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ABSTRACT

ASSESSMENT OF TWIN TUNNEL INDUCED GROUND DEFORMATION
BY EMPIRICAL AND NUMERICAL ANALYSES (EURASIA TUNNEL:
NATM PART, ISTANBUL, TURKEY)

A] b aBpru
Ph.D., Department of Geological Engineering
Supervisor: Prof. Dr. Tameropal

January 2019809 pages

Presupport systems become very important for irgigr shallow tunnels especially
while applying New Austrian Tunneling Method (NATM) which requires some
deformation to relieve the stress. Previous studies about assessimgghiéude of
surface displacements caused by twin tunneling do not include the effects of pre
support system argtress release by deformatidvioreover,most of theestablished
empirical equations were obtained by using data from tunnel passing thilaygi c

soil.

Objective of this thesis is to introduce a detailed procedure for obtaining
modification factor including the effects of psepport system and of rock mass
guality and which can be used as a reduction ratio in prediction methods used for

twin tunnel induced surface settlement.

Twin tunnel induced surface settlement data comes from Asian side of the Eurasia
Tunnel excavated by using NATM method and supported by forepoling and umbrella

arch method.

The steps that need to be completed in ordeckeeve the determined objective ;are
i) performing numerical analysis on the selected 12 cross section lines along tunnel

routeto update thegeologicalprofile at whichthere is no boreholdrilled and to
Vv



approximate the results of numerical models tmadield measurement in terms of
maximum surface settlement), conducting parameter study in which the distance
between pipes in the psapport systems was used as a varjaiijeobtaining a
statistical formula that presents the decreasing effecpresupport systemon

maximum surface settlement.

It was concludedthat twin tunnelinduced surface settlementainly depend=n
deformation modulus of thgeomaterials around tunnel. Deformation modulus was
obtained byevaluatingrock mass quality whichs controlled by fracturing and
surface weatheringA new formula predicting twin tunnel induced ground

deformation is proposed as a modificatiom ct or of Her zogds equation

Keywords:Eur asi a t u nFmielelemeitMadificationu factor NATM,

Presupport systenturface settlement, Twin Tunnel
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SAYI SAL VE AMRKREKBRDI MI YLA KKKZ T! NEL
KAYNAKLI ZEMKN DEFORMASYONLARI NI N DEJERL
(AVRASYA T! NELK, ,NABWAKBS®M, T! RKKYE)

A] b aBpru

Doktora JeolojiM¢, h e n dB °sll ¢ ¢
TezY ° n e t Rraf. Drs Tlamer dpal

Ocak2019, 309sayfa

¥n destek sistemi, zemimi kgtearri |dreefsa rnmans yaozn

duyan NATM( yeni Avust urniemit te kmekjeihai-riaa éyicades é]

te¢enell er i-in -ok ©°nemli ol makt adkeldr . KKk i
oturma miktarénén tahminini yamene °ncek
deformasyonlazemin ger i | me sal énéeme etblwiluindiur @ meé
Bununla birlikte, var olan ampirik denklemiemn - loij lul i zemi nden
t¢nell erden gelen verilerle elde edil mi ki
Bu tezin amacé, °n destek sisteminin ve
i ki z te¢gnel kaws&klie iyneg zkeuyl | @an@d mn t ahmin
orané olarak kullanéelabilecek modifikasy

prosed¢r sunmakteéer .

Kkiz t¢gnel kaynakl e y¢zey oturma veriler

boru iledesteklee n Avrasya Tg¢gnel i nin Asya yaka

Belirlenen amaca ulakmak i -in t asondaml anma
bulunmayaralanlardag eol oj i k prof i | i gencell emek ve
maksi mum yg¢gzey ot ur ma®slé ¢am¢énseé nydaaknl agket ré-renka

g¢zerbgphuenca se-ilen 12 kemsyapéelimagsgi Ade
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dest ek sistemi ndeki borul ar araséndaki me s
parametreneéwapekima’sre dest ek ssiismhuenmi ¥ B e yma k

oturmaseé ¢zerindeki et ki sini azaltan istatis

Kkiz te¢nel kaynakl & y¢zey oturmasénén esas
deformasyon modg¢d gmec ubnag | eaDreéfldnuégmatséyron  mo d ¢ |
kér el maeyveboyzsukmasé il e kontrol edil en kaya
el de edkilzmitkg n eyl¢ zkeayy noatabhnienedes Elarzeg denklemine
modifikasyonf a k't °r ¢ ol ar &lkneyenimikkitn rf or mg¢l

AnahtarKelimeler: Avr asnyeal it,¢, Kst anbul , Sonlu el eman, |

NATM, ¥n destek sistemi, Y¢gzey tasmaneé, Kki z
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CHAPTER 1

INTRODUCTION

Nowadays, inner city traffic load has augmented because of densely populated area
and transportation troubles. This causes to use of subway transportation systems such
as metro tunris. Even though they have many advantages, tunnel construction may
bring about undesired effects on civil structures, particularly through weak materials
or many existing structures. Some of these disadvantages of tunneling may cause
major ground deformain and groundwater level variation. Therefore, safe tunnel

design and construction requires the following items:
1-Stability: Ground characteristics should be considered while opening the tunnel.

2-Surface deformation: Surface structures above tunnel nwyaffected by
excavation induced deformation, this effect should be considered during design

stage.

3-Effectivity of supports: Temporary or permanent tunnel support should have
sufficient capacity against the existing load. Hence, it is vital to understend

current loads before the support is app(khir and Taylor,1996).

Underground tunnel going through congestion of inner, aitysites which hasot
sufficient spaces for geotechnical investigations and also in sites with
unconsolidatedsediments a@n induce a number ofdifficulties for engineers.
Therefore much more time and cost should be spent for theseiesduring
excavation worksMitigation of ground deformation is ree of the mainssuesfor

inner citytunnel construction (Fowell, 2003).



1.1. Research Statement

|l st anbul 6s transportation i nfrastructure

improvement. Together with rapid population growth and economic development
lasting for many years; considerable pressure has been added on the existing
transportsystem. The transportation between the two continents has become a major
issue with thethree existing bridges presently operated over their capacities as
evidenced by severe daily delays in crossings over the Bosphorus. The Eurasia
Tunnel Project is plared to alleviate this pressure by providingfaurth road
crossing of the Bosphorus and bringing essential benefits to passengers in Istanbul.

Researchers and designeysnerally use presupport techniques for underground
excavation and these are dividedointwo fundamental techniques: (i) support
employed in surrounding area of the crown above the face and (ii) face support
(Kumar and Prasad, 2016)The pe-supporttechniques become very important for
innercity shallow tunnels especially while applying WeAustrian Tunneling
Method (NATM) which requires some deformation to relieve the stress. Previous
studies about assessing the magnitude of maximum surface disptasecaused by
NATM-twin tunnelingdo not include the decreasing effecttbé pre-supportng.
Moreover, established empirical equations were mostly obtained by using data from
tunnel passing through <c¢cl ayey s digher. | n

maximumgroundsettlements than thoseeasured in the field

The purpose of this studys ito introduce a detailedorocedurefor obtaining
modification factor based gore-supporting techniques amdck mass qualitywhich
can be usedas a reduction ratin an existing equatiofor calculatingmaximum
surface settlement abowepenings otwin tunnelstructure based on the real surface

settlement data obtained from the Eurasia Tunnel NATM Part

To complete the course of action, a number of specific tagke completed;i)
performing numercal analysison theselected 1Zross section lines @hg tunnel
alignmentto update the ground profile in which there is no borehole drilled and t
approximate theesults ofnumerical modealto actual fieldmeasuremestin terms of

2
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maximum surface settlemerand ii) conducting parameter study in which the
distance between pipes in the {3xgport systems was used as a variable, iii)
obtaining a statistical formula that presents the decreasing effect -cuppert

system on maximum surface settlement.

1.2. Location of the Study Area

The Eurasia Tunnel Prajeis locatedb et ween Kazl é-ekme and G°
km route including a total 5.4 km twiminnel thatcrosesthe Bosphorusinderthe

seabed, with an aim talleviatel st anbul 6s t r aload Additohallyn e nt a |
a road tunnel to cross the Bosphoruse Hurasia Tunnel Project also includes the
enhancemerandbroadeningdf current roads that lead to the tunnel on both sides of
theBosphorus for 9.2 km in totdh this studydataarecomng from the part ofAsia

NATM tunnelsthat join the Asia Transiin Box (ATB) at km:9+52Q The twin

tunnels are about 900 m and 1000 m long at Westbound astdobad directions
respectivelyand they end at two portals at the Asian siflpproximately 11 m

diameter tunnels are roughly elevated by480m towards the #ian direction. Depth

from the ground surface the tunnel axis varies from average 31 m (ATB) to 16 m

at the Asian side. The two tunnels follow parallel routes 25 m apart tilBK®E0

and then separate#igure 11).
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Figure 11. Site plan of NATM m@rt ofthe Eurasia Tunnel

1.3. General Geologyof the Study Area

Carboniferous aged Trakya formation and Cretaceous aged volcanics are observed in
the investigation site. Geological propertiestlid geologi@l units areexplained at

the followingsection

1.3.1. Trakya Formation

The Trakya érmation comprisesof intercalated sequences of sandstone, shale,
mudstone angiltstone. They areharacteristicallydark greygreen or greyistiorown
owing to weathering. 8ndstone is the moabundant rock type in this formation, and
limegone and conglomerate interbeds, &mkes are found betwedre layers. The
thickness of the Traja formation varies between 600 ahd00 megrs (Eroskay,
1985). They are believed to labeen deposited by submarine turbidity currants

generally from marine origir(Pettijohn, 1972).The Trakya formation isisually
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exposed in the west of Istanbylarticularlyi n | ki t el | i , B eleibketca kk,°
Levent and Gazi o oweandesixaad dial@dylkes, op te 10 mb r
thick, are widespreadin the study area, and generally follow a N8& direction.

Dips are between 8%and 83 and inNE-SW direction.When theyarefresh, theycan

be easily identified in the fieldHowever, in the highly weatherecconditions,
yellowish brown dykes can only be distinguished with difficulty from the
greywackes (Eroskay, 1985). The Trakya formation ranges in age from late
Tournaisian to late middle Viseg@arboniferous)The Trakya formation ifighly
fractured, faulted, folded, and also weatheredspeciallyalong thediscontinuities.

The major structuratharacteristicof the area are NVBE and NESW trending
faults. Dense crack surface developmentseasminedand rock masses aestirely
fractured in sameplaces. Usually, three or four clearly defined major sets of joints
are determined. Minor sets or random joiatso occur in study area. The strike

directions othejoints are almost NWSE and NESW.

1.3.2. Volcanic Dykes

It is known that numerouasndesitic and diabasic dykes and sills are observed in the
Palaeozoic rocks inthi¢ st an b u l regi on. drdydlowdoybkiges | n
and green, highly fractured and massive. Locally catactawere observed along

the contacts of the dykes with the surrounding sedimentary rDgks.thickness has

arange of 1620 cm to 1611, butdue to the deformation and tb&posure condition

of thedykes, theycannotbe followed for bng distances along the strike.

1.3.3. Artificial Fill

Artificial fill is encountered with thickness of 7.0@7 8.00 min the area that is
found on D100 highway.Thickness otheartificial fill is 4.00 m in the west area. In
other areas, thickness tife artificial fill reaches 2 m. It is identified that these were
of sandstone and mudstoag&gin. The artificial fill is encountered as embankment

on the slopes.



1.4. Research Methodology

This study focuses on introducirgg detailed procedure for obtaining modification
factor including the effects of piupport system and of rock mass quality and which
can be used as a reduction ratio in prediction methods used fotunviel induced

surface settlement.

Therefore, firstly, gotechnical parametersprmally obtained from laboratory and

field tests were determined properlyHowever, in the scopef this project
laboratory and field testwere not sufficient, various ades, standards and state

the-art reportswvere considered. Since granular soils are not suitable for sampling in
routine site investigation work, field tesigere used to determinéheir engineering
properties like strength and compressibility. In thisdy, standard penetration test
(SPT) is the main source for correlations. Few pressuremeter tests (PMT) are
available. Laboratory tests were performed on some of the sarBae=hole logs

and descriptions, core photographs, laboratory and field teséslbemn studied to
determine the rock profiles and the rock mass characteristics. Most profiles are
composed of sandstone, sandstone/mudstone and mudstone layers. Occasionally
there are diabase layers. The Geological Strength Index (GSI) system approach has
been found appropriate to use in the interpretation of the geotechnical properties of
the rock masses relevant to design of temporary support system for tunnel excavation
and reinforced concrete lining in the long run. GSI was introduced to estimate the
reduction in rock mass strength for different geological conditions. It gives a GSI
value estimated from rock mass structure (blocky, block size description etc.) and
rock discontinuity surface condition. The direct application of GSI value is to
estimate e parameters in the Ho@&own strength criterion for rock masses.
Sandstone and mudstone have been separated inrtm#sibn terms of RMR and

GSl values, namely; sandstone units SO, S1, S2, S3 and mudstone units MO, M1, M2,
and M3. Moreover, rock masmiality was found for the mudstones and sandstones as
poor to fair categoriesseotechnical parameters of these-gsunlis were determined

by considering both RocLab results and literature correlationswesedengineering

judgment of them.



Secondly, fiite element program Ph&s@Rocscience, 2012)yith Mohr-Coulomb
elasteplastic material model was usetb model the rock mass behavior
Axisymmetric finite elementanalysiswas performedin this thesis Axisymmetric
models were executedin the planestran analyses todetermine thefactor of
relaxation Sincethe tunnelengthin third dimensions extremelylargeaccordingto
the tunnel cross sectionthe two dimensionalplanestrain model was utilized to
simulatethe tunnelingIn the numerical modelhé material sdéning methodvas
utilized to specify the amount ofdistortion before installation of rock support
(Swoboda, 1979;Swoboda et al., 1994Vlachopoulos and Diederichs, 2009
Tunnelling was modelledby renoving the elementsinside a tunnelbourdary. The
top heading, bench and invezkcavationorderswere applied in the planestrain
analysis. Twelve cross section lines were selected aldhg tunnel alignmentto
perform numerical analysiaccordingto sufficient number of field measurement
points (at least Foints) representing each of the twin tunnelsd at the location
where distance between tunnels are within the range of aatinelinteractionand
avoiding pocket tunndFigure 12).

; Gaziosm asa
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Figure 12. Site plan of NATM part of the Eurasia Tunnel withetive crosssection
lines



The third step was toonductparameter studin which the distance between pipes in
the presupport systems was used as a varidbl&as performed to get the relatio
betweenpercent decrease in maximwurfacesettlement andlistancebetweernthe
pipes in forepole and umbrella arch systefhikis correlation was then tested
whether it wa statistically significant or notThen this obtained relation was
accepted as mdeation factor (i.e. reduction ratian terms of presupport effects

for anexistingprediction equatiolf twin tunnel induced surface settlements.

Flowchart of research methodologgiopted in this thesis presented ifigure 13.



Determining
appropriate
geotechnical material
parameters

Use laboratory and field tests for stress-strain parameters
of intact rock units

Use RMR and GSI classification for assessment of
rock mass engineering properties

Performing 2D
Finite Element
analysis on 12
cross section line

Synthesize the RocLab results and literature correlation with wise
engineering judgment to determine deformation parameters of rock

Perform axisymmetric analyses for decision of initial relaxation factor
determine deformation before rock support installation

Determine 2D forepoling material properties

Determine material properties of plastic zone outside the tunnel periph
using disturbance factor, 0.7 (activated after excavation)

Determine composite liner properties

Determining
Modification
Factor

Construct the excavation stages (modeled in 12 stages - top heading,
invert construction-)

Adjust the models until numerical analysis were compatible with the f]
measurements

Execute parametric study on the
distance between pipes in pre-support system

Get statistical relationships between decreasing of maximum settlemg
spacing between pipes in pre-support system

Perform F-test to determine whether the statistical relationships a
statistically significant or not

Insert this reduction ratio into existing prediction equation and verify the
equation.

Figure 13. Flowchart of research methodology



1.5. Thesis Outline

A reviewof previousresearcheabouttunnel inducedgettlement prediction methads
numericalanalysisof tunnel constructiormnd presupport issuesvere preseied in
Chapter 2

In Chapter 3geotechnicainvestigationsvere discussedtield and laboratory testing
were presenteth terms oftheory andapplication.Rock mass classification and rock
mass strength determination are also discussed to determitedgpical design
parameters forock.

Chapter 4 supplied information about Finite Elem&nalysis and relategrogram
Phasé2D. It is comprisedf the primarytopicsof theresearctwhich involve finite
element analysis (2D), evaluation of the geotechnicalparameters utilizedin
computationsand application of the 0 s tbyspt egxoavation. Moreover, the
axisymmetric analysis performedn Phasé was scrutinized and the output of

analyses we interpreted

Results and discussions wepeesented in Chaptéds; it includes theoutcomeof
maximum settlement calculated by previous formulas. Then parameter study was

performedusing 12 cross sectiohs determine modification factor

Chapter 6 concluded the thesis and some recommendations were given in this

chapter.
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CHAPTER 2

LITERATURE REVIEW

Assessment of grourgkttlements antheir effects orabovestructuresare essential
stage in the design of tunnel structurBhe surface settlement trough is the
manifestation of the movements from around the tunnelyceésatveral methods and
approaches ameow obtainabldor evaluatingthe direction and relative magnitude of
surface displacements causedimneling

2.1. Prediction Methods for Single Tunnel Induced Surface Settlement
2.1.1. Empirical Methods

Empirical metlod suppliesthe easiestcomputationand hencewidely utilized in

functionalpractices

Theform of the surface trough above an undergrotumhelconstructionwvas firstly
analizedby Martos (1958) whofferedthatgroundsettlement could beorresponded

by a Gaussian or normal distribution curve.

Peck (1969)proposeda resembleshapeof transverse troughhat appearsabove
single tunnels for ground movements ahfirmedby many sitenvestigationsand
centrifuge testsHigure 21). The semiempirical approach has been adopted for

computingground deformatiobbased on Equation (2;1)

YUY Qon — (2.1)

where;

Sv is thevalue of settlement

Smax is the theoretical maximum settlement atttimnekentetline,
11



X is the lateral distance from the tunnehterline, and

i is the lateral distance from the tunroenterline to the point of inflection in the

Gaussian distribution curve.

Settlement volume, V. =25/,

v max
£ \
Sy max \
. A

v Settlement, § =S o(x2/24)

14

AN
N\

Lateral distance, x

0.606 S

v max

Inflection point

Depth, H

Ground loss at
tunnel, 7,

Not to scale

Figure 21. Properties of Gassianfunctionsused in prediction of surfacettlement
(Peck, 1969)

Due to the nature of the cutting process the bored shape of a tunnel will always be
larger than the final shape creating a set of displacements towards the cavity. This
phenomenonhdseen described by the toftenusedfigr ound

ovolume | ossd (Peck, 1969) .

Peck (1969) defined thahe ground settlementsvere radial displacemenia the
direction of the cross section and longitudindéformationson the tunnelaxis
(Figure 22). These two movements have proven difficult to separate, and therefore,
assessments of volume loss have been determined by considering -stizlane

scenario.

In other words,tunnelingis a threedimensional problem. Fornalysis purposes,

some studies have separated this into two;dinmensional problemsH{gure 22).
12



These are the transverse settlement troughbane, referred to as the plasteain
scenario) and the longitudinal settlement tio@gz plane).

Extend of surface
settlement trough

Tunnel key:

_~ Crown -

— Shoulder
Axis level

Knee
Invert

Figure 22. Settlementabove a progressingtunnel heading (Attewelland Yeates,
1984)

Methods of tunnel construction fall into one of two categories. Mdaiaylor (1997)
definedthem asan open face (i.e. NevAustrian TunnelingMethod, NATM) anda
closed face (i.e. tunnel boring machine, TBiMHneling where open faceinneling
has easyentreeto the tunnel face and closed fanenelingutilizes a face support

technique

For open face tunnelg-igure 23) the mainreasonof settlements can be specified

as

13



A. The groundnovementowards the nossupported tunnédhce
B. Radial ground movement towards grémaryliner.
C. Long term adial ground movement towards thesiin

round length

Figure 23. Principal components of groundeformation:top view of open face
tunneling(modified fromEImanan and Elarabi, 2015)

In general, the longerm settlements occur because tunnels act like drains (it is
considered here that toel lining is impermeable relative to surrounding ground). In
the shortterm the volumeloss around a tunnebpeningshould besimilar to the
volume of the surface settlemeptofile. This is mainly due to difficulties in
gatheringfield measuresround he tunnebpeningwhereas measurement of surface
displacements is relatively straight forward. It is usual to denote these two volumes

as:
Viris volume of O6ground | ostd around the bor ec
Vsis the volume of surface settlement trough.

Therefore, m the undrained caser Vs, and \ is volume loss usually expressed as
a percentage of the tunnel cressstional area. The volume of theoundsettlement

profile can beobtained by

o (2.2)
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where D is the bored tunnel diameter.

Integrating Equation (2.1) twice shows the relationship below;

® W JDY (2.3)
where \4 is volume of surface settlement.

In order to determine the magnitude of settlemenggiation 2.2) and Equationd.3)
canbe combined to produce Equati#y);

Y @ pe— (2.4)

where [ is volume lossn percentageand D is the bored tunnekdneter.

Smax controls the magnitude of the settlement trough and i (or trough width)
determines the extent.

VL is ground loss and calculated from equatior=V *u*D where u is given in
Equation(2.5).

6 -0— OO o (2.5

Where D is tunnel d i aymsaéfoenmation modulus arquradi S S 0 n

tunnel periphery! is unit weight of material around tunnglis tunnel depth.

The other parameter which has an effect on the maximum settlement is sdttleme
trough width, i which is closely related to the deformation modulus of tunneling

medium and deformation modulus is dependent on the lithology, weathering, joint
condition of rock medium. Therefore, in the literature, i value is generally related to
tunrel depth andunnel diameter andidely used formulas for i are given irable

2.1

15



Table 21. Equations foii-value proposed by several authors

Atkinson and Potts (1977

Autor i - value Remark
0 ( &
Peck (1969) Y q_) Based on field observation
n=0.1t00.8
i =0.25 (3 + R)

In case of loose sand
i =0.25 (1.5 + 0.5R)
In case of dense sand and ove
consolidated clay

Based on field observation

O'Reilly and New (1982)

i =043+ 1.1

In case of cohesive soil
i =0.28g-0.1

In case of granular soll

Based on field observations
UK tunnels

Mair (1993)

i = 0.5z

Based on field observations
worldwide

Clough (1981)

ENIEN

a=1and n=0.8

Based on field observations
USA tunnels

i=0.38%

Based on field observations

Ar éoj l u et]| aln.cas¢ dnbstohe-marn, |[Kst anbul - Mev
consolidated clay tunnel
Based on field observations
Aréeojlu et]|] al . i0204+2.92 Kstanbul - Mev
tunnel
Based on field observations
Aréojlu et| al(2iD)(=2.082 &pD)"® Kstanbul - Mev
tunnel

Chakeri (2012)

i = 0.6054 (0.87Z+ 0.13D) - 2.8561

Based on results of numerid
analysis

Note: 7, is the tunnel depth below surface and R is the radius of the tunnel

Short term settlement (undrained case) was more draatiddhg term consolidation
settlement (Sugiyama et al., 199R)is observedhat quantification of the long term

settlements above tunnel is influenceddogep behavior of the clay, and th&in
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supportused in the tunnedxcavation phaseould berougHy modeledby the tunnel
periphery with permeable flow Moreover, thebehavior of longterm surface
deformationincludesa combination otonsolidation, ground stress relief acreéep
(Wang et al., 2012)

The prediction of susurface displacements and itheffect on underground services
iIs commonly based on extrapolations from surface measureriénise( 24).

Wu and Lee (2003) haveerformeda numberof centrifuge model tests of unlined
single and parallel tunnels with plane stramndition to investigate thsurface
settlement especially subsurface settlement trough. A shallower tunnel produces a
narrower surface settlement trough at a depthy@ng it could be regarded as the
surface settlement trough induced by a tunnel echdt the shallower depth of (z

20). Therefore, Equatiorf2.7) is applicable for determining subsurface settlement
trough andd is width parameter andn®:20iS maximum subsurface settlement of the

subsurface settlement trough.

. 2.5 X
;—‘ X
A A
Smax
Surface Settlement
Zo trough
io
____________________________________________________________________________ C
4 . )
‘\‘ ’/’ Smax‘m
Subsurface Settlement -
trough

A
A D
Y

Figure 24. Surfaceandsubsurfaceettlementroughs(Mair et al., 1993)

— T[&w p — — (2-6)



and

IO G ¥— W (2.7)

Subsurface movementse proneto be ofhigher order ofmagnitude tharground
settlements particularly in deeper tunnels with dense soil®n the contrary
deformation in unconsolidated or compressible materials may be greater at the
ground level than at the tunnel levaltransparent soil modelhich is developedo
examineboth the tunnel inducedsurfae deformationprofile and also settlement
distribution of soilaroundthe tunne(Ahmed and Iskande2011)

Hajihassani et al. (2013) concluded that the geotechnical properties of sod play
crucial role in planning, designing and construgia tunnel The surface and
subsurface deformation can be influenced by the types of soil, for example, clayey
soils create higher settlements than other types af Boil instance, irgreenfield
condition, the relative density of sand and cover to diameter ragotdfie surface
settlement (Marto et al., 2015). Lee and Rowe (198%ervedthat the ratio of
independent shear modulus to vertical modutostrolled the settlement trough
form. Moreover, theynotedthat thesurface deformatiowasnot muchaffected by

soi l stiffness anisotropy i n tleecanssofof

tunnelingin soft clay in which soil plasticitgontrolledsurface settlement

Fattah et al. (2012) stated that there amajor inequalities between empirical
solutiors to determinesurface settlement trough because of diffemhmentsand
database collection by differemesearchers Moreover, a majortrouble is the
incompatibility of soil condition and applicability of the empirical formulas to

different types of sits.

The empirical techniques to ewtite surface settlement propdbe ground surface
settlementrough similarto normal distribution. In addition, this method cannot deal
with complicated ground conditions and other factors causing settlement betause o
containing limited parameters. There are some crucial limitations of this technique

such as excavation methods, unsuitability to a variety of ground conditions,
18
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subsurface settlements and horizontal movements. Moreover, they cannot produce
solution of tunnel with liner(Yahya and Abdullah, 2014).

2.1.2. Analytical Methods

Verruijt and Booker (1996) derive amplicit formula by utilizing homogeneous,
isotropic andelastic half space equations. Thesgiationsccomprisesome effect of

the tunnel deformation and epressibility of the soil (first suggested by Sagaseta,
1987). The tunnel deformation described consists of radial contraction and shape

ovalisation Figure 25).

- = = Original shape Deformed shape

Ground surface

eR oR

o SN
\\ T
O

=l

deformed shape = (a) * (b)

Figure 25. Deformedtunnelshapegivenby (a) groundossand (b) ovalisation (after
Verruijt andBooker, 1996)

Compressible soilsequirea v al ue of B,dessshmmoM50 \serruiadt 1 o
Booker (1996) estimate settlement by;

Y t-Yp ] — QY (2.8)
where the radial strain was given by;
- ——— Sagaseta (1987) (2.9
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and the ovalisation ratio was given by;

1 — Verruijt and Booker (1996) (2.10

and Wk is the radial deformation around the tunnel diameter.

Verruijt and Booker (1996) considered the uniform radial ground movement around
the tunnel for the shoeterm undrained condition, the predicted settlement troughs
are widerand horizontal movements are larger than observed values. In practice the
radial ground movement around the tunnel is not uniform butshaped. Therefore

the previousmethodsmust beadjustedto incorporate the neaniform radial ground
movement arounthe tunnel (Park, 2004for the sort-term undrained conditions in

the soft ground (k=1 and,%0.5), the displacements can be obtained for the deep

tunnelas follows:

o] 2_ ando m (2.11)

and fora shallowtunnel

8

0 — — —I11i 0t — (2.12)
) Lo i1 heT — (2.13)
whereEb,= undrained Young6és modul us, r is the d
the tunnel boundary, d is the pod&amthe coordi nat

tunnel radius.

Loganathanand Poulos (1998) proposedhanalytical method based on shallow

tunnel volume lossasesdue tothe fact thatVerruijt and Booker (1996) under

predictthe maximum settlement. The reasars/ the authors gave for this were that

soil exhibits nodinear behavior and therefore the ground movement at the tunnel

soil interface was not realistic. LoganatlamPoulos (1998) considers the situation

when the ovalisation, a, had been equal t o z
20



lining. Loganatharand Poulos (1998), therefore, attempted to model construction
conditions generated by &aBM method and compared this ground movement
monitoring data takewluring construction of the Heathrow Express Trial Tunnel.
This method uses a 6égapbdb parameter (or i
defines the ground displacements prior to the installation of the lining. Gap
parameter will be explained thefollowing paragraphs.

Consideration must be given to two key factors influencing possible deformation
near the tunnesupport in modeling tunnel openingoremost, disturbed soil zone
around tunnel will be produced by tunnel induced local stresses. The linfitsof t
zone will rely on labor and excavation factors such as rate of advancehehdl
performance.Consolidation of this disturbed zone will bring about a volume
decrease of the soil unit, therefore supplying extra space for settlement of the

overlying sol.

Secondly, soil in front of the tunnel face will move both axially and radially towards
the heading with the progress of the tunnel machine (Peck, 1969). Thereby the soil
that forms the final cut surface of the tunnel will have originally been placsaha
greater distance from the tunnel axis. The volume between the final cut surface and
the initial position of this soil represents a loss of ground. Extra loss of ground is
represented by theadial void which is the difference between the tunnel diamet

and theouterdiameter of the support

The final result of these factors may be almost incorporated in plane strain analysis
with respect to a space containing not only the ground loss but also volume variation
of disturbed soil. The extent of this spamay be stated in terms of gap parameter. If

the tunnel invert stand on the underlying soil, then the gap is the vertical space

between the tunnel crown and initial position of the soil directly above the crown

The o6égapb wi kuhnelidgenpcine,doil type, andheeperience and skill
of thetunnelingmachine operators. IRigure 26t he o6égapd i s shown
the physical clearance between the outer shield and the lining (Gp), allowance for

out-of-plane ground movermés (up)) and all owances for wor ki
21



al . (1983) assumed o6gapsod bapdPoulmse(h998) 0
proposed the following expression to predict vertical settlement;

Yo otop 7Y —Qon — (2.13)

gap =G, + Ugpp + W

Figure 26. Definition of Gap parameter (after Rowe et al., 1983)

Franza and Marshall (201S)ated that the analytical solution reveals poor prediction
of subsurfacadisplacements of tunnels in sands due to the assumption of a mean
compressibility parameter that negkethe complex volumetric strain mechanism

above tunnels in sands.

The analytical solution isbtainedfor a specific case and probleh.is notsuitabe
for all types of the case and canndie interestedn complicatecconditionwhich is a
limitation of analytical methodecausehe groundenvironmentthe mechanicaand
physicalcharacteristic®f rock and soi] the tunnegeometryare different in stdied
areas(Yahya and Abdullah, 2014). However, Pinto et al. (2014) showed that the
analytical predictions can achieve very good representations of the distribution of far

field deformations induced by tunnels.
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2.2. Prediction Methods for Twin Tunnel Induced Surface Settlement

A number of prediction methods have been outlined up to this point in order to
estimate thetunnelinginduced movements from single tunnel arrangement.
Relatively little literature documenting the behavior regarding twin tunnels amd the
interaction has been published. It is because of this reason perlap$eh
prediction methods exi¢Dival, 2013)

If tunnels areassumed to bparallel then it could be stated thasually three twin
tunneling arrangementexist 2D idealizationsare shown inFigure 27. It can be

seen that within these three variatidissde by side geometry means
tunnels have beenexcavatedat the same horizontdevel Stacked/Piggyback
structureis composeaf vertically conseative multitunnels. Offset cabe defined
asmiddle ofthe Sideby-side and Stackeldyouts(Dival, 2013)

v Surface level Surface level

Upper zo
Z Center to center spacing (d) a Lower zo

< |

- " Vertical separation (d) |

__ ________ --ID ______ _ ________

) ) I
Side by side Stacked or piggy back

v Surface level

|
Upper zo I . )
" I

I Lower zo

Offset

Figure 27. Idealizations of thdéhreetwin-tunnelingcasesin the yz plane(Divall,
2013)
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Empirical and analyticamethods do not include the interaction effects of twin
tunnels. Relative separation and soil propertiestlagenost important parameter
while analyzing the twin tunnel interaction. Wang et al. (2003) have studied on the
interaction of twin paralleiunnding by using numerical analysis and concluded that
for the relative separatiofspacing between tunneldunnel depthjs larger than 3,

the interaction can be ignored for shallow tunrfaksinel depth / diameter <.5fhe
deeper the tunnel, the less theeraction is. Moreover, soil properties heavily affect
the pattern of ground settlement.

It was statedthat the excavationof the lag tunnel produces extremelyarger
settlements due to decreasstgesscausedrom the constructionof the lead tunnel
while considering parallel tunnel arrangement (Peck, 1969)

Ma h mut o] |pwpogsegdhatiiu@tyationsin the settlementrough due to shield
tunneling areassociated witmot onlythe grounddeformation but alsthe type and

thickness of the rock aboverinel opening

Chapman et al. (2004) stated tkata coming from selective twin tunnel cases may
develop the empirical methods predicting twin tunnel induced ground settlement. On
the other hand, most twin tunnel cases do not generally include settlbateim
necessary places and are commonly produced as a total settlement trough, this means

that they do not present the profile for twin tunnel tunnels separately

A number of methods are outlingdthis partfor the estimationof settlementdue to

twin tunneling. Relatively little literature documenting the behavior regarding twin
tunnels and their interaction has been published. It is because of this reason perhaps
that few prediction methods exist. The complexity of any twin tunnel prediction
method isfurther exacerbated by the near infinite possible geometric arrangements
(Divall, 2013).

2.2.1. Superposition Method

It is defined asa methodto estimatesubsidencebove any twin tunnedtructure A

surface settlement prediction is produced using oneeofrtbthods used for single
24



tunnel induced settlement. Assuming that the second tunnel is of similar size and
depth then theimilar settlement trouglis placedover the centerline of the second
openingdisregardingany effect from thelead tunnel These twooverlapping curves
were summed up to descritiee whole settlement igure 28).

Lateral distance from the mid-point between two tunnels (m)

-40 -30 30 40

— Superposition

- - Greenfield first tunnel 40

predicted settlement

3 50 :
[ 2 ¢
- = Greenfield second tunnel Tunnel 1 Tunnel 2
predicted settlement

Vertical Settlement (mm)

Figure 28. Superposition method O6 Rei | 'y and New, 1982)

O 6 R eandiNew (1982) provided a formula for twin tunnels syyperposition;

YOY Qi — Qéb—— (2.14

whered is the horizontal distance between the two tunnels cénésr andxa is the

lateral distance from the centiame of the first bored tunnel.

The ame tunnel diameter, volume loss and settlement trough wialshconsidered
in above mentioned equatiohlowever, it is possible toonsiderdifferent tunnel
depthand widthof settlement trougby wideningthe expressionviore importantly

the tunnel interaction is indirectly disregardedhis equation
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Fang (1994) suggested that the superposition method could be used to predict the
settlement trough induced by parallel tunneling if the z/D ratio is greater than 1.5 and
two tunnels are spaced 1.3D apart (center to center), because the plastic zones
associated with each tunnel will not overlap.

Do et al. (2014) stated that the superposition method can be used to obtain a
preliminary estimation of the settlement curves abdwgizontal twin tunnels.
Besides, they concluded that the existing tunnel is affectedtitical extent by the
construction of the second tunnel. However, the existing tunnel only causes a slight
impact on the new tunnel. The behavior of the new tumeimilar to that of a

single tunnel.

2.2.2. Herzog (1985)

Herzog (1985) assumed that the building site is an elastic medium, than a model
would be true, which defirsghe volume of the settlement trough and the opening of
tunnel as the same. Although the bunlgl shallowlying tunnel in many cases is
heterogeneous and anisotropic, it behaves because of the low shesatio of the

stress to the rock strength is generally less than mi3st nearly elastic.

From the primary rock pressure (surface logdupn i t wei ght o2, , over burde

and coefficiene¢l)of earth pressure o
n n ra - (2.15)

and the radius R=D/2 of the approximately circular opening and the deformation

modulus of the rock masssHn Figure 29 radial deformation will be assumed as

0 phln YO (2.16)
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Figure 29. Settlement trough over a singlebe tunne(Herzog, 1985)

With the angl e odtheintlinaionrofaslip planes ic the astve £ ar
Rankine state - V , half of the calculated width of the settlement trough

according to Figure.20would be like
0 — CYOWE - (2.17)

If it is assumed that a circular pathtbe settlement trough and the highest value of
the settlement is f, the cresectional area athe settlement trough woulde 6
"Q0). Since it is assumed that the cross sectional area of the opening should be the

same 03 0O

A1=A> would be the expected relation between peak of the settlement trough and the

ground loss at the single tunnel

Q 0T T (2.18)

In the case of multiple tunnels with two tubdsglre 210) where the spacing

between tunnels is a<B, the equation for the peak of the settlement trough

Q 0 O— (2.19
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Figure 210. Settlement trough over a twin tunr{elerzog,1985)

Substituting equationgl5) and (6) in equations(18) and (9), we obtain a
relationship between the peak of the settlement trough and the main parameters

N — N T Y— (2.20

Q —n Iy (2.2)
The largest inclination of the settlement trough is approximately (parabslic)
¢'qo.

2.2.3. Overlapping Zones

Fang et al. (1994) considered the displacements and strains associated with twin

tunneling. Thework considers a disturbed zone surrounding each of the tunnels

created during a construction. If the second tunnel construction generates stresses
within the zone created by the first constr
could be expectedriginally from HoyauxandLadanyi (1970) and redrawn in Fang

et al. (1994), used the finite element method to analyze the stress distribution

surrounding tunnels driven through soft s¢isgure 211). This study indicated the

plasticzone was mainly influenced by the sensitivity of the soil deposit, diameter of
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tunnel and depth of tunnel. The varied sensitivity is represented by the two trends in
the figure. These trends were derived from 22 tinimel profiles which found the

Z/IR ratos varied from 3.2 to 18.1 and the d/D ratios varied from 1.3 to 2.7.
However, the lag tunnel wouldslightly affect the lead tunnelwhen large spacing
between tunnelsxists The authors postulated at what spacing between the tunnels
can be considered @ enough to avoid interaction. If the criterion of Z/R>3 has
been used for insensitive claygen the plastic zones do not overlap and the
interaction is negligible. Fang et al. (1994) also state that superposition could be used
to estimate settlementsb@ve parallel tunnel construction if the interaction is

negligible.
¥ Surface level
b Plastic zone
% r
Y
—>
Centre-to-centre spacing (d)
1.2 -
1 o
oy 0.8 1
2 A
;__ 0.6 - : —O—insensitive clay
N \_ —A- sensitive clay
0.4 4 N i &
0.2 1 O\C o
Z/R
0 T )
0 5 10 15 20

Figure 211 Plastic zones induced by shield tunneling in soft ground (after Fang et.
al., 1994)
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2.2.4. Design Plots by Addenbrookeand Potts (2001)

Addenbrookeand Potts (2001) carried out an extensive numerical stadgxamine

the effect of a second tunnel excavation depending on an existing. tArnseiies of

finite element analyses were performed using alm&ar elastieperfectly plastic
constitutive modelto represent the soil. Various geometric arrangements were
considered, either side by side or piggy back, and all tunnels were modeled as having
equal diameters. The analysis comprisedekeavationof the lead tunnelin short
termandthe construction fothe lag tunnelin long term When considering side by

side tunnel arrangements constructed using similar methoddortineof the lag

t u n ngeoundl settlementprofile was estimated to belightly similar to the lead

tunnel. Therefore,a methodto reguhte the estimatedsettlementtrough of the lag

tunnelis recommended

Two designplots were introducedto predict the twin tunnel induced settlement
trough, the first one is used to get eccentricity of thdéargestsetlement and the
second one is utiled to obtairthe increment igroundloss of thelag tunnel(Figure
2.12). The chartsshownthat decreasing of the central spacing between the tunnels
results in increasing lag tunnel inducealume loss. The increase gmoundloss &
presentedn a multiple of groundloss from thdag tunnel construction, ¥Tunnel B,

over volume loss of the first (greenfield) tunnel construction,g¥eenfield The
revisedgroundlosswasdeterminedo getthe ground deformation folag tunneland

then itis able to beadded upwith the original ground deformation foleadtunnelto
estimate the whole settlement. As with the majority of the previous methods

discussegthis method is only applicable to surface settlements.
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Figure 212. Designplotsto determinean eccentricity of the maximum settlement
(right) andthe increnentin groundl oss of t he secotmdght unne
(left) (Divall et al., 2013 after AddenbrookedPotts, 2001)

The design charts presentech t he wor k ar e paramétdrRilar i n 6 p
width is thelength of centeto-center spacing between twitmnelsand expressed as
number of tunnel diameteiThis allows for any possible distortion of the tunnel

linings.

The chartpointed aut that thelag tunnel inducedolume lossbecomes largeas the
horizontal distancébetween theunnel axes becomes smallefThe second tunnel
settlements can beorrected when the modified volume loss has been folimen,
for estimating the total settigent,therevisedsettlement®f lag tunnelcan beadded

up with those of theriginal leadtunnel.

2.2.5. Modification Method by Hunt (2005)

Hunt (2005) provided a different method for predicting movements above twin
tunnel constructions. This, finite elementsbd, study used thmodeling package
ABAQUS applying a small straigstiffness model and the modified gap parameter to

analyze2D plain strain undrained tunnel constructions in Londtay. Attempts
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were made texaminethe construction delay biyvolving a variation of stiffness
without long-term deformationThe outcomesof these numerical analyseausethe
author to propose modification factor tothe surface settlementsducedby alag
tunnel. This method wanfirmedby a number of case studies.

This method modified thsurface settlememtf thelagt u n n e | iyimg region
andthis soilhave beersupposedo bedisturbedby theleadtunnelconstruction This
is illustrated inFigure 213, taken from the study.

Smod=F & (215)
whereSmog is the modified settlement,

S. is theoriginal settlementdue tothe lag tunnel, and

O p 0 p =2 (2.16)

where Z=(zo-2)

A is the trough widtltoefficient(usually taken ag.5 or 3)
d is thecenterto-centerhorizontal distancef the tunnels,
K1 is K-valuein thezoneof theleadtunnel, and

M is the greatesnodification factorspecifiedoy Chapman et al. (2006).
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Surface modification factor
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Figure 213. The modificationfactor for the settlement above the second tunnel
(Hunt, 2005)

The maximumincrementin settlementis stand in linewith the Tunnell axis and

becomezero at soméorizontaldistance from Tunnéel.

Fang et al. (2015) stated that the maximum surfactemsethts induced by each of
the twin tunnels generally increase with the decrease of the overburden thickness.
Moreover, Zong (2014) stated that surfaettlemeninducedby twin tunnelingwill

be decreasedue tothe existence of the underground passage.
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Fargnoli et al. (2015) stated that the subsidence solely induced by the second
excavation is not symmetric with respect to the second tunnel axis, being the
displacements higher on the side towards the first tunnel. This effect should be
related to the ragted stiffness of the soil in this area due to the former accumulation

of strains as a consequence of the excavation of the first tunnel.

226.Chaker. and [ nver (2013)

Three metro project constructions namely Istanbul, Tehran, Mashhad in the Middle
Eastexcavaed by EPBS (Earth Pressure Balance Shiel=)e chosero present

better equations in estimating the maximum surface settlebased actual data set

from sever al tunnel projects and numerical
Equation for estimating hmaximum surface settlement value based on numerical

and observed results are given by:
Y 0o Y (2.17)

where Saxis the maximum surfacgubsidencgeA is the factoassociated wittunnel
diameter andiepth of the tunnednd Sis relevantto tunnel depthunit weight, traffic
load cohesion, face support pressure, modubielasticity Poissonds ratio
internal frictionangle Relationships which require tlpgedictionof the value of A

and S areshownin equations 2.1-89.

0 pYPYCwH (2.18)

. . . 8
Y po@w® 8 _p i p OBI (2.19)

where! is the unit weight (KN/f); Zo is the tunnel depth (m);s is the surface
loading(kPa); c isthe cohesion (kPa);t is the required face support pressure (kPa);
E is the modulusf elasticity( Kk Pa ) ; 3 i s t hsdahe Pternatfgscion 6 s r at i o

angle(®) and D is the tunnel diameter (m). The unit of S is assumed as mm.
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Considering previoug obtained parameters from relationships 2.18 and 2.19 and
putting them into Eqg. 2.1gnecan obtain more accurate relationship for estimating

maximum surface settlement value (Eq. 2.20).

, ., . 8
Y op &Ur — — p T p ORI (2.20)
where $axis the maximum surface settlement (mm).

2.3.  Numerical Methods

A simple empirical formula in predicting the tunneling induced ground movement
can be used for a preliminary assessmentvameh there is relatively no important
structure or utility around the construction area. However, in a more complex
situation, it is suggested to carry out finite element analysis and perform a study on

the soil stucture interaction (Liong, 200&ImananandElarabi, 2015).

Nowadays, considering the sudden increase inldpweent of computational tools

and capability of solvingthe complicated issues, the finite element methods are
widely used.Severalrestrictionsof the analyticaland empiricalmethods an be
eliminatedby the finite element method. In addition to gexhanical properties of
materia) depth, the stresstrain conditionand geometryf the tunnel structurean
influence the ground deformation depdand on the excavation procedure. Finite

el ement met hod can consi der +yhsitse pedx cnaevt ahtoi
(Katzenbach and Breth, 198&alli et al., 2004). Ground surface settlement is more
sensitive to tunnel geometry rather than height of tunnel placement (Hosseini et al.,
2012). Talebinejad et al. (2013) stated that since multilayer tunneling is a three
dimensional phenomenon in nature, 3D numerical solutions must be utilized for
analyzing effect of perpendicularly crossing tunnels at various levels. They
concluded that numeral modeling and determination of the appropriate distance
between the tunnels are essential before starting excavation of another tunnel under

or around existing tunnels in urban area.

35



The most helpful way for estimating tunnel induced surface settlemetite
numerical method whiclcomposed ofcontinuum and discontinuurmodeling
Continuum modelconsists ofFinite Element Method (FEM) and FDM (Finite
Difference Method) and Discontinuum modelolves Distinct Element Method
(DEM). It is pointed outhata variety ofparameters influencingurfacesubsidence

can beextensively conceived by the numericalanalysis which can accurately
estimatetunnel induced surfacgettlement(Li and Zhu, 2007)Numerical methods

can handle with complicated boundary coiegis, numerous rock and soil
parameters, different tunnel geometries and temporal computations. They have a lots
of helpful features such as colorful output of the results and plots and automatic
mesh generation. It was noted that finite element progranatheantages applied to
any specific situations, for instance for a bedded soil with different elasticity
modulus or nostircular sections or different density (Vafaeian and Mirmirani,
2003)

A comprehensive analytical solution coupled with numerical niogle$ necessary

to model the surface settlement. The finite element elpkigtic analysis gave better
predictions than the linear elastic model with satisfactory estimate for the
displacement magnitude and slightly overestimated width of the surftitsmsnt
trough (Fattah et al., 2012). Furthermore, Fu et al. (2Gi&ded that the soil
deformation mainly occurs in the elastic range, which further highlights the

importance of considering elastic nbmearity for modelingthetunnelingproblem.

A redistic tunnetdeforming pattern combined with a soil model that can take
account of stiffness decay at small strains can lead to a more accurate prediction of
tunnelinginduced settlemengrofiles (Whittle et al., 2003:u et al.,2016).

Tunnel constructio is threedimensional in nature and time dependent. However,
threedimensional coupledonsolidation analyses are still fairly rare in the literature.
Constitutive model for numerical analysis can be an elasgerfectly plastic soil
model, using the [ackeii Prager failure criterion with a neassocited flow rule
(Ng and Lee, 2009¥ligliazza et al., 2008).
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Farias et al. (2003) concluded that characterizing a NATM tunnel excavation should
be performed by using 3D finite element method. Methods of settieirontrol

during NATM tunnelingare partialface excavation, free span distance and support
activation and they can be simulated appropriately by using numerical analysis.
During analysis for a proper displacement forecastappropriate constitutive el

is of utmost importance. The effect of partial face excavation will be more significant
for elastoplastic models. However, a staged excavation is essentially-laean
simulation even with an elastic linear model. Besides, Karakus and Fowell (2000)
stated that sequences of excavating a NATM tunnel face must be reproduced in any

numericalmodelingundertaken.

Nowadays, numericahethodis still limited to 2D models, since 3D modelling of

tunnel excavation is highly compelling with respect to capasitytime of computer
operation. There are a number of methods recommendbtérature Dr agoj evi | ,
2012) for the modelling of excavation stages utilizing 2D models, namely;
progressive softening method, stress reduction method, the Gap method and volume
loss control method. Stress reduction method is generally used for the 2D modelling

of tunnel construction. It is presented in the 2D model by relaxation factor standing

for percentage of initial stress relaxation before installation of tunnel support. The
relaxation factor depends on initial stress, unsupported length of tunnel, geometry of
tunnel and soil properties. Smaller stressduction factor causes smaller

deformations and greater support forceBr agoj evi i, 2012) .

When assessing the damages caused by the excavation of shallow tunnels on pre
existing buildings, it is often necessary to thoroughly study thestwoitture
interaction. For this purposeve need numerical models capable of reprauuthe

field of surface displacements induced in grfield condition. Altamura et al.
(2007) stated that differential release technique is used to numerically reproduce the
field of displacements induced by the excavation in green field conditiondijras a

step to model the interaction between soil and the existing surface structures.
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2.4. Pre-Support for NATM Tunne ling

Inner-city ground usually composed of unconsolidated material and/or rock mass
which has dense set of discontinuitid®oth types ofunits are subjectto major
displacements duringexcavation These deformationscontrol the whole design
stageglue to the project limitationsyith regard tahe desigmecessitiesnayrequire
extralining systemssuch aget grouted colums, ground freezing,ropipe jacking
(Volkmann and Schubert, 200Coulter and Martin2006 and Croceet al.,2004).
Presupport preconfinement, auxiliary methedand preimprovement $ong et al.
2006; Lunardi, 20085adaghiani and Dadizadet1Q Basiratet al., 201p areextra
mearng of primary presupportused in tunnelingvhen support of the tunnel face
required(Oke et al., 2014).

Awidespread prs u pp or t s yedpaesysters, which is atsassignedo

in literature asSteel Pipe UmbrelléOresteandPeila1998),Umbrella Arch Method
(Kim et al, 1996 Ocak, 2008 Pipe Foreple Umbrella(Hoek, 2003),LongSpan
Steel Pipe For®iling (Miura, 2003) oiSteel Pipe CanopyHibbs et al.2002), Pipe
Roof Support (Volkmanrand Schubert, 2007), Pipe Roof UmbrelRipe Roofing
(Gamsj 2 ger an bteebRildr Gahapy, (Gilzbd €& @al), 2007), and Spiles
(Trinh et al, 2007).These terms all contain the words for describing this sydtam.
approvedthat thecommonterm for the presupportstructureis an Umbrda Arch
(Oke et al.2014).Consequently, a standaterminologyof support types iprovided

to guarantedhat tumeing engineers andesearchesnake conduct with each other

efficiently andfollow a commonlyheldstandard.

Furthermore, e Umbrella Archpre-support can beseparatednto threedistinct
classesaccording tousing supportcomponents Thesecomponentsare suldivided
based ortheir physicalfeatures(Oke et al., 2014)These suldasses composeuaf:
Spiles (smaller than theinnelheight), Forepoles(higherthan the tunneheight)and
Grouted (simply consighg of grou. Groutng is commonly used in tuniieg
projects as a preventive measure to control water seepage. It is also used to

strengthen ground material, fill voids, secure bolts, raasl, in the case of drilled
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holes, act as anchors (Warner 2004)e main contrast between spiles, forepoles and
grouted are that the systems vary in their respective stiffness, costs, and time
commitment (Volkman@andSchubert 200/T un- demi r2). et al . 201

The design parameteos the presupport system angresentedn Figure 214. These
are the forepole elemetdngth(L), the length of forepole overlap k), the center
to center spacing of the forepole elementg)3hickress of the forepole element
(t), outside diameter of the forepole elemdn)( the installation angleagy) of the
forepole element, the coverage angle of the forepole elemepts (Oke et al.,
2014) The parameter.is not able tdbe optimizedoy numerical analysibecause
there existdoo manydesignfactorsout of geotechnicsThe Ly, relieson financial
aspectsborehole precisignequipmentavailability and ability of ground conditions
to drill. The length of forepoles is beyond thie successe plasticareaaround and
faceof the tunnelwithin these weak rocknits (Kumar et al., 2014)The Lo is able
to beoptimized byutilizing relatednumericalanalysis This intersection ares vital
to asure systenstability and groundeaction Overap is half of theotal length but
variesfrom 1/3 to 2/3 of theotal length (Oke et al., 2014Y.he ana is describedby
theyielding processnore than thénstinctive reactiorf the structure Forsettlement
controlledfailure mechanisms, it is mokgell-knownto utilize 180 coverage above

the tunneheading
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Figure 214. Constructional planf the umbrella arch

The forepoles may be installed in shallow angle from the horizontal in longitudinal

direction of tunnel alignent. The ideal condition of angle magry from 3 to 8

with spacing range within 260 cm center to center. The spacing is based on the

requirement to create the arching effect means overlapping of forepoles. The arching

effect of forepoles islescribedoy thegeometryof the forepoles, which hawe wall

thickness of 510 mm andan external diareterof 60/ 168.3 mm (Tuncdemir et al.,
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2012). Forepoling should be densely installed to reduce the influences from stress
release at face and the crown (Warnef40

To prevent or indeed to decrease the effect of tunnel induced settlements, some
authors suggested a way that minimizes the ground deform&iicelebi et al.
(2010) suggested that grouting of the excavation void should be performed as fast as
possibé after excavation of a section as a precaution against surface settlements
during TBM tunnelingMoayed and Izadi (201Presented that the application of the
singlebench top heading method decrease the magnitude of surface settlements to a
half of indue@d settlement which is found in the ftdiced headingHasanpour et al.
(2012) showed that tunnel roof formed by the pipe roofing provides a restraining
effect, reducing deformation and ground surface settlement by up to 65 %. Yasitli
(2012) showed thatmbrella arch pipe is very effective to minimize the surface
settlement during NATM tunnelingZzhao and Qi (2014) concluded that the large
pipe-shed (LPS) ground stabilization can be utilized to perform ground stabilization
prior to the new tunnel excavatio They also indicate that the LPS ground
stabilization can significantly reduce the settlement of an existing tunnel caused by
the excavation of a new tunnel, and the ground volume loss method has proven to be

an effective approach to estimate the effec¢isPS ground stabilization.
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CHAPTER 3

GEOTECHNICAL EVALUATION OF STUDY AREA

Geotechnical investigations aessentiafor properdesignof a tunnel. Selection of

the tunnel alignment, cross section, arekcavationmethods isaffected by the
geobgical and geotechnical conditions, as well as the site constraints. Good
knowledge of the expected geological conditionwiial. The type of the ground
encountered along the alignment would affect the selection of the tunnel type and its
method of consuction(Hunget al., 2009)

Geology pays a dominant role in many major decisions made in designing and
constructing a tunnel, from determining its feasibility and cost to assessing its
performance. In tunnels, unlike other structures, the ground attenhp as the

loading mechanism, but as the primary supporting medium as well. When the
excavation is made, the strength of the ground keeps the hollow open until supports
are installed. Even after supports are in place, the ground provides a substantial
percentage of the loachrrying capacityThus, for the tunnel designer and builder,

the rock and soil surrounding a tunnel is a construction material. Its engineering
characteristics are as important as those of the concrete or steel used in other aspects
of the work(Parker, 199%

To calculate activeearth pressure on tunnel support system and on lining,
deformationshear and momeifbrces finite element methodreused.This requires

the parameters; internal friction angle, cohesion, unit weight taled¢ coefficient

of earth pressure, deformation modulusBadi s sondéds ratio to calc
deformations and to analyze ground displacements behind earth retaining wall and
base of excavationThese required parameters for soil used in FEMIyasis are

determined to specify settlement of the buildings originated from tunnel excavation.
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Geotechnical parameters are normally obtained from laboratory and field tests. If
these are not available or sufficient, various codes, standards anofstetart
reports are considerebh this study, there were not sufficient field test then available
correlations from literature and wise engineering judgment were evaluated during
determination of material parameterSince granular soils are not suitabler f
sampling in routine site investigation work, field tests are used to determine

engineering properties like strength and compressibility.

In the following sections final parametevgere specified forthe Asia NATM
Tunnelsof the Eurasia Tunneproject The soil profile mainly consists of fill (made
ground) (and in some boreholes completely decomposed rock layers) overlying
bedrock. Standard penetration test (SPT) is the main source for correlations. Few
pressuremeter tests (PMT) are available. Laboraestg were performed on some of

the samplesTo determine the rock profiles, borehole logs and descriptions, core
photographs, laboratory and field tests have been evalublbedrock profiles are

mostly composed of sandstone and mudstone.

3.1. Sources of Gotechnical Information

Field tests such asandardpenetrationtests (SPT)pressuremetetest andwater
pressure (Lugeonjests laboratory tests for soil and rock formatioasd wise

engineering judgmentereused to determine geotechnical design patars.

3.1.1. Boreholes

In respect to NATM Tunnel 8ictures, the total numbers ob8reholegAppendix

A) that aretotal 415.80 min length were carried out. Lugeon tests wereriear out in
S-AS-105, SAS-106 andS-AS-107 boreholes Pressuremeter testarried out in
NTB-1, NTB-2 and NTB3. Borehole logs are given in Appendix B and core box
photos are presented in Appendix C. The borehole numbers, elevations, coordinates
and depths are tabulated Tmble 31 and locations of botwles are presented in

Figure 31.
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Table 31. Borehole Informatiorior the Asia NATM tunnels

Coordinates Groundwater
Borehole Elevation Borehole Depth from
No. N E (m) Depth (m) | Ground Surface
(m)
S-AS-105 | 4541614,8] 417483,6 27,81 51,00 5,00
S-AS-106 | 4541676,9] 417764,0 43,09 50,00 7,50
S-AS-107 | 4541627,0|1 418032,6 35,75 40,00 5,70
S-AS-115 | 4541610,3| 418128,0 27,45 25,00 8,60
NTB-1 4541568,7| 417171,6 11,61 64,80 9,70
NTB-2 4541586,9| 417309,8 16,25 58,30 5,50
NTB-3 4541690,1| 417597,7 36,51 67,70 4,40
NTB-4 4541698,2| 417867,7 39,85 59,00 1,60
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Figure 31. Borehole location along tunnel alignment

45



3.1.2. Standard Penetration Test(SPT)

Standard Penetration Test (SPT) \wasformedat the boreholes &AS-107, SAS-
115, NTB1, NTB-2, NTB-3 and NTB4 in soil and completely decomposed raitk
the maximum depth ofboreholeat rough 1.50 m centers. Thevestigationwas
executedconsstent with ASTM (2000). According to the energy conditions of an
automatic hammer (), the hammer energgfficiency wasconsideredas 73%. A
total of 31 SPThaveaccomplishedat chosenevels Ngo values recovered according
to 60% of energy of theorett freefall hammer. No valueswere calculated for

these boreholeg able 3.2)

Table 32. SPTFN4s and Nyo Valuesfor the boreholes open along the Asian NATM

tunnels
Borﬁgole D(erﬁ)th SPT Nus Nio
1.51.95 21 15
3-3.45 18 13
S-AS-107 4.54.95 18 13
6-6.45 19 13
7.57.95 16 15
1.501.95 34 24
3.003.45 44 31
4.504.85 >100 70
6.006.45 34 24
NTB-1 7.507.95 30 21
9.009.45 70 44
10.5610.95 >100 59
12.0612.45 >100 56
1.501.95 51 36
3.003.45 20 14
4.504.95 16 11
NTB-2 6.006.20 >100 70
7.507.70 >100 70
9.009.20 >100 70
1.501.95 63 44
NTB-3 3.003.13 >100 70

46




BorNesOIe D(enﬁ))th SPT1Ngs Nso
NTB-4 3.003.17 >100 70
1.51.95 17 12

3-3.45 8 6

SAS-115 4.54.95 15 11
6-6.2 >100 70

7.2-7.55 >100 70

3.1.3. Water Pressure Test (Lugeon Test)

Fourteen_ugeontests in borehole of-8S-105, 6tests in borehole of-8S-106 and

6 tests in borehole of-8S-107 (in total 26Lugeon testswere performedvith single
packer An inflatable packer is set at the top of the intereabe testedThe test
would be run at pressures of about 3, 6, and 9 Kg/Wvater intake readings are
made at Bminute intervals. The pressure is then raised to the next step. After the

highest step, the process is reversed and the pressure maintaifedifiotes at the

Same pressures.

Table 33 describes the conditions typically associated with different Lugeon values,

as well as the typical precision used to report these values.

Table 33. Condition ofrock mass discontinuities associated with different Lugeon

values (afteQu i 1 -®Roze, 2010)

'-Ffag[f;: Classification Roﬁ'ﬁgﬂi‘iﬁfw Condltion of Rock Mass Procicion
ange (cm/sec) (Lugeons)
<1 Very Low <1x10° Very tight <1
1-5 Low 1x10%6x10° Tight 0
5-15 Moderate 6x10°-2x10" Few partly open *1
15-50 Medium 2x10%-6 x10™ Some open 35
50-100 High 6x 10 1x107 Many open + 10
>100 Very High >1x10° Openclosely spaced or voids >100
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Water pressure tests were carried out in accordance with terms @fSB&, 2001)
Borehole no, elevation and Lugeon values, permeability and descripticorsliagc

to Lugeon values are given irable 34. Waterpressure test elevatisrand Lugeon
values for the boreholes opeat transition box on Asian sidéRock mass are
classified according to their permeability basedtlo® Lugeon slues. Sandstone,
mudstone anddiabase may be impermeable depemty on their lithological
characteristics. Permeability values obtainedh®testsbelong to theliscontinuity

and fault zones. Especially, Lugeon values are quite hitreirelated discontinity

and fault zones. Water leakage and/or seepagjgeitest zone are associated with
directions and dips, fillings angersistenceof the discontinuities.Results ofthe
Lugeontests indicate that the permeability valueshaf sandstone range frof.61

to 32.55Lugeon Unit (LU) and havanaverage value of 10 LWAlong NATM part

of the Eurasia Tunnelit is considered that the water leakage can be under the control
of the fault zone and related discontinuities. Rock mass can be described as
permeable ad low permeable. In this section, rock mass is described as low to
medium permeable according Table 34. Lugeon éstsresults are presented in the

Appendix E.

Table 34. Waterpressure test elevatisrnd Lugeon value$or the boreholes opeat
transition box on Asian side

Borehole Depth Lugeon Lugeon L Permeability .

No. (m) Pattern Value Description (m/sec.) Lithology
. Moderate

3.004.00 Laminar 6.78 Permeable 3.14E05 Sandstone

6.00-7.00 Laminar 5.46 Moderate 2.43E05 Sandstone
Permeable

9.0010.00 | Laminar 9.85 Moderate 4.11E05 Sandstone
Permeable

S-AS-105 | 12.0013.00| Laminar 1.2 Low 4.57E06 Sandstone
Permeable

15.0016.00| Washout | 21.82 | Medium 9.47E05 | Sandstone
Permeable

18.0019.00| Laminar 13.46 Moderate 5.48E05 Sandstone
Permeable

21.0022.00| Vo 061 | YeWLOW |5 63E06 | Sandstone
Filling Permeable

48



Borehole Depth Lugeon Lugeon I Permeability .

No. (m) Pattern Value Description (m/sec.) Lithology
Void Very Low

24.0025.00 Filling 0.61 Permeable 2.63E06 Sandstone

27.0028.00| Laminar | 11.62 | Moderate 4.41E05 Sandstone
Permeable

30.0-31.00| Washout | 10.91 | Moderate |, op 05 Sandstone
Permeable

35.0036.00| YO 10.91 | Moderate |, ap65 | sandstone
Filling Permeable

39.0040.00| Yo 1455 | Moderate | o165 | sandstone
Filling Permeable

43.0044.00| Laminar | 1212 | Moderate | g qpns Sandstone
Permeable

46.0047.00| Laminar | 3.64 Low 1.58E05 | Sandstone
Permeable

7.008.00 | Washout | 15.88 Medium 7.38E05 Sandstone
Permeable

15.0016.00| Washout | 32.55 Medium 1.41E04 Mudstone
Permeable

17.0018.00| Yo 579 | Moderate |, oiphs | Sandstone
Filling Permeale
SAS-106 Moderate

21.5022.50| Laminar 6.84 2.97E05 Sandstone
Permeable

41.0042.00| Laminar | 4.69 Low 2.38E05 | Sandstone
Permeable

. Low

43.0044.00| Laminar 2.01 Permeable 9.79E06 Sandstone

15.0016.00| Laminar 17.79 Medium 8.37E05 Sandstone
Permeale

18.0019.00| Washout 21 Medium 9.11E05 Sandstone
Permeable

22.5023.50| Laminar 9.99 Moderate 4.47E05 Sandstone
Permeable
SAS-107 Moderate

28.5029.50| Laminar 7.35 3.46E05 Sandstone
Permeable

34.5035.50| Washout | 15.47 Medium 6.71E05 Diabase
Permeble

39.0040.00| Turbulent| 9.5 | Moderate |, qor o5 Diabase
Permeable

3.1.4. Pressuremeter Tests

Pressuremeter tests were carried out in various depths ofINWNBB-2, NTB-3 and

NTB-4 boreholes. Results afhe pressuremeter tests are given Table 35.

Pressuremeter test reports are presented Appendix F.
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Table 35. Pressuremetdestresults

Intact
Borehole | Depth |\ quus | Lithology
No (m) (MPa)

3850 243083 Sandstone
NTB-1 4450 287947 Mudstne
52.60 971722 Mudstone
NTB-2 37.80 578073 Sandstone
NTB-3 38.40 168469 Mudstone
3310 155560 Mudstone
42.00 526160 Sandstone

NTB-4

3.1.5. Groundwater Levels

Groundwater levels were measured after expirations of drillaigdifferent time
intervds. Static groundwater levels were determined and these levels were assumed

as groundwater levels. Groundwatiepth from surfacare given inTable 3.6.

Table 36. Groundwatedepth fromthe sirface

S Ea | Ea | Ea | Ea | Ea | Ea | 22 |E8~
¢ | 28|28 | 28|28 |88 | 28 | 2§ |&3
@ o N o N o N o N o N o N TR = O~
o 5 © 5 0 5 5 o 5 o 5 o 5 Q T = E
3] n < 0 0 < n n 0 < 0 N S5~
5 32 8 & RN S 3 & 8 N ST |23
2] = = = = = = = o (O
S-AS-105 - 5,00 5,00
S-AS-106 4,30 4,30 7,50 7,50 7,50 7,50
S-AS-107 - - - 5,70 - - - 5,70
S-AS-115 8,60 - - - - - - 8,60
NTB-1 - - - - - - - 9,70
NTB-2 - - - - - - - 5,50
NTB-3 - - - - - - - 4,40
NTB-4 - - - - - - - 1,60

3.1.6. Laboratory Tests

Rock samms collected from the boreholes were classified and identified at the
Zemar Soil and Rock Mechanics Laboratory in order to determine the mechanical,

index and physical properties of the rocks. Index and mechanical parameters were
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calculated by using necesy tests includinginit weight, uniaxial compression test
(for rock) with elasticity modulusando i ssonds r at i oindexiesti nt
Brazilian tensile strength and water absorption tesll tests were conducted in
accordance with the ASTI4719 TS 17025and ISRM2007standards.

Laboratory tests on disturbexbil specimensobtainedby field test (SPT)were
carriedout to obtainthe index and physicalharacteristicof the lithological unit,
these areAtterberg test, moisture content, natuualit weight andsieve analysis
Results of laboratory testse given in Appendix D.

Laboratory Tests for Soil Units

Soil mechanicahnalyss were conductednd outcome of thdab-testcompletedby
ZEMAR arepresentedn the Appendix DResultsbelong tothe soils of completely
weathered sandstone and residual soil. Soil tests results are summariabteiB7.

The sieve analysis tes$ utilized to determine the size distribution of particles.
Coarsegrained soils have more thaf% retainecaboveNo0.200 Sievethen this is
classified as Sand like in our case present in following table. The Atterberg limits are
a basic measure of the critical water contents of agma@ed soil. If plasticity index

is more than 7, then the finese classified as clay. If plasticity index is less than 4,
then the fines are classified as silt. Clayey sand (SC) indicates that fines are classified

as clay and silty sand (SM) indicateattffines are classified as silt (ASTM, 2000).

Table 37. Sdl test resultsof the samples taken from the boreholes
Sleve 1) I pL| Pl |wnl Gs
Analysis
=200 Classification
(%) | (%) | (%) | (%) | ()

Boring Depth
No (m) +4
(%) | (%)

NTB-1 | 9.0012.00| 54 18 26 | 12| 14| 11 | 2,72 SC

1.50-2.00 61 12 - - - | 16| - -
NTB-2 | 3.007.50 | 57 22 35|18 | 18 | 13 | 2,62 SC
- 0 34 | NP|NP|NP| 30| - SM
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Seve LL | PL | PI |Wn| Gs

: Analysis
B?\Inon ’ D(en[:;[h +4 | -200 Classification
(%) | (%) | (%) | (%) | ()
(%) | (%)
NTB-3 | 1.501.95 | 66 10 | 28| 19| 9 | 11| - SC

Laboratory Tests for Rock Units

Rock mechanics tests were carried out on samples taken from various letreds of
borings to determm intact rock mechanigsroperties Also, unit weight and water
absorptiontests were carried out dhe intact rock taken from various leveds the
lithological unitsto determinetheir physical featuresAccording to results othe
tests, unit weight, lastic modulusPo i s s o n dndirect tensilé strength, water
absorptionratio and point load strengtlindex for intact rockwere measuredRock
test results are given in the Appendix D.

Uniaxial compressive strength shows changes depending on wegtlendition

and micro discontinuities ofhe intact rock sample. Also, uniaxial compressive
strength can be affected by other conditions such as crushed, tectonic factors etc.
Therefore, values of uniaxial compressive strength are ranging 3r8dnMPa to

95.14 MPa, and accordingly, values related to modulus of elastigjtyaiiges from

0.34 to 10.89 GPa. Valuestbfe uniaxial compressivarength used in calculation of
geotechnical design parameters were determined according to average resulting value
of uniaxial compressivstrength for rockmaterialand point loadndextess (Table

3.8). It is reported that for 50 mm diameter cores the uniaxial compressive strength is
approximately equal to 24 times the point load index sandstone (Broch and
FranKin, 1972) and 20 times the point load index for mudstone (Rusnak and Mark,
1999) Then this average values were used in Rocbdtivare (Rocscience, 200D

get geotechnical design parametefsthe rock massefAppendix G) Moreovet

software values demd on lithological features of rock.
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Table 38. Averagevalue of g aslaboratorytest esults

Unlaxuéltr(é(r)]r;;t%re53|ve Point Load Strength Index Test Average
Lithology Value of qu
(Mqlga) qu'\?&?a) ISs0 Qu=Isso*k un(l?/IaI;na) (VP
10,04 1,43 34,32
21,09 1,01 24,24
9,97 0,78 18,72
95,14 0,98 23,52
20,91 1,11 26,64
25,51 0,40 9,60
89,90 1,88 45,12
Sandston 41,08 38,54 39,81
56,20 6,23 149,52
58,00 0,89 21,36
53,50 0,63 15,12
8,70 2,29 54,96
5,30 2,53 60,72
65,30 1,43 34,32
55,60 0,89 21,36
13,51 0,37 7,40
39,00 1,26 25,20
9,60 1,55 31,00
Mudstone - 20,70 0,75 15,00 19,66 20,18
- 1,11 22,20
- 0,60 12,00
- 1,24 24,80

3.2. Geotechnical Design Parameters for Soils

Unit weights (kN/m) used in thawin tunnel induced maximum surface settlement
calculations are bulk (wet)d, saturated‘ca) and submerged' @ ) uni t wei g
Submerged unit weighdf the soilis calculatedby (‘0 at - ‘w) where!y is unit

weight of water {, = 9.8 KN/n?). It may be taken as 10 kN#raxcept incalculations

for uplift of underground structas.
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Since granular soils cannot be normally sampled in the undisturbed state codes,
standards andther referencesra employed in the assessmefte same is true for

cohesive soils if no samples are available.

Internal friction angle othe granular sds is very difficult to determine under field
loading. When drained triaxial compression test results on reconstituted -coarse
grained soils or on undisturbed figeained soils are available their mean value are
used.If no such tests are available recormaled values in codes, standards and
technical papers shall be used. Since standard penetration test is usually performed in
the investigations, correlations that use N nuslaee briefly summarized below.

Hatanaka and Uchida (1996) made comparisons oftsesf triaxial compression
tests on undisturbed samples with SPT number N in Japdiurkey donut hammer

and cathead with 1.8 turns are used and 45 percent energy level is approandte
therelatedequations are

. PO QT (3.9

A lower bound for the equation 3.1 is given as

. P g pu (3.2

Deformation modulus imhe coarsegrained soils under static loading is regarded as

drained modulus. There is wide range of values depending on grain size,

uniformity, relative density, fines percent etc. Numerous equations and/or graphs

proposed in the literature reflect this variat{@urland, et al., 1978 D6 Appol oni a et
al., 1970, Bowles, 1988)Some of thes mainly based on SPN numbers are

summarized below;

E (MPa) = (0.6 ~ 3.0)*N (3.3
E (MPa) = 21 + 1.06*N (3.4
E (kPa) = 500%(N+15) (3.5
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E (kPa) = 1200*(N+6) (3.6

Pressurmeter tests are also used fohe measurement of isitu moduli.
Pressuremeter modulus is divided by an
for clays, silts and sands respectively, all nallynconsolidated) (Baguelin el

1978).

Poi s s omnforscoanseagrained soils are reported betweerD@2AASHTO,
1995.

Measured values of shear wave velocity by PS logging shall be preferred if available.
When such tests are not available standard penetration test N numbers shall be used.

Some correlavns given in literature for coarse grained soils are;

Vs =290 (Nso +1)°2 (ft/sec) (Dickenson, 1994)

Vs = 80N"3 (m/s) (JRA, 2002)

Based on various correlations outlined in this section geotechnical design parameters

of the soils are summarized imable 39.

Table 39. Geotechnicatlesignparameters fothe ®ils in the Asia NATM Tunnels
area

. Vsat C ) E A\
Type of Soil | Label | (N4s)ave o v
shoe | Nmdy| (Pa) | ) | (vipay (mis)
Fill
F 21 20 0 35 20 0,33 240
(Made Ground) ’
Completely
Decomposed CDR 15 21 0 33 30 0,32 200
Rock
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3.3. Geotechnical Design Parameters fothe Rocks

Hoek et al. (1995) states that rock mass classificatan be very helpful if there is

not enough data about rock mass and its strain and hydrological properties while
preliminary phase of a project design. Classification of rock mass have been
improved to provide rocks collecting into resemble groups.ifibal well-arranged
schema was presented by Dr. Karl Terzaghi (1946) and then a number of systems
created by others which are more quantitative (Lauffer, 1958; Deere, 1964; Wickham
et al., 1972; Bieniawski, 1973; Barton et al., 1974; Hoek and Brown 1368&k

et.al.,, 2002Grimstad and Barton, 1993However, three of the above classification
systems have been more frequently used in correlation with parameters applicable to
the design of rock foundations. These are the Geomechanics Sybein Mass
Rating, RMR), the @QSystem and the GSI System.

The six factors are used to categorize a rock mass utilizing the RMR scheme:
uniaxial compressive strength of rock materlRbck Quality Designation (RQD)
discontinuity spacings discontinuity conditions groundvater conditions

discontinuity orientation

In the Asia NATM Tunnels area due to limited data about the strike and dip
directions of the rock masses, the degree of favorability is taken as favor (RMR

rating of-5 for slopes) for all rock masses.

Boreholelogs and descriptions, core photographs, laboratory and field tests have
been studied to determine the rock profiles and the rock mass characteristics. Most
profiles are composed of sandstone, sandstone/mudstone and mudstone layers.
Occasionally there ardiabase layers. The Geological Strength Index (GSI) system
approach has been found appropriate to use ithgpretationof the geotechnical
properties of the rock massrelevant to design of temporary support system for
tunnel excavation and reinfagd concrete lining in the long run. GSI was introduced

to estimate the reduction in rock mass strength for different geological conditions. It

56



gives a GSI value estimated from rock mass structure (blocky, block size description
etc.) and rock discontinuityurface condition.

The units in the Trakya formation at the site have been plotted with depth in all
boreholes. RMR values have been estimated in all layers making use of borehole log
descriptons, rock quality designation (RQD), total core recovery (J;Cfore
photographs and laboratory strength data.

Sandstone and mudstone subits have beesseparatedn terns of RMR values.
Sandstone units SO, S1, S2, S3 and mudstone units MO, MIgrid2vi3are shown

in thegeological profilegiven in AppendixA. Range and average &MR valuesior
each sulunits are given in Table 310. RMR values found for the mudstones and
sandstones generally vary from poor to fair categories.

Table 310. RMR and GSI valuefor each subunits

RMR and GSI Values
Sandstone Mudstone

RMR |Average RMR |Average
Range | RMR GSI Label Range | RMR GSlI Label

0-8 8 25 SO 0-7 7 32 MO
12-21 17 29 S1 8-11 11 35 M1
23-29 27 39 S2 22 -39 31 41 M2
30 - 67 42 42 S3 41 - 59 47 45 M3

There are several different test methods available to estimate deformation modulus of
rock massesWhile all methods are used in estimating modulus for design purpose,
only the following seven have been standardized: the uniaxial comprdssits;
uniaxiakjacking (and flatjack) tests; the pressuremeter test; plate load test; pressure
chamber tests; radial jack tests; and borehole jacking tests. In addition, there are
numerousempirical methods which correlate classificaterhemeto defarmation
modulus. RMR correlation between deformation modulus and the RMR

Classificationschemavasproducedby Serafim and Pereira (1983):
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O pm for RMR<50 (3.8)
O ¢YO'Y p mior RMR>50 (3.9)

Eq is deformationmodulus of rock masén GPa). In both these correlations, the

RMR is used without the adjustment for discontinuity orientation.

GSI approach proposes the following expression for modulus: A correlation between
deformationmodulus andhe GSI value waproducedby Serafim and Pereira (1983)

by substituting GSI for RMR in equatid10with reducing & as value of ¢ falls

below 100 MPa.

0 00 & , Tpmrepm 7 (3.10)

Geomechanics rock mass classification (Bieniawski, 188@pliesfriction angles

and a cohesion value interviar thein-siturock. Hoek and Brown (199 and Hoek
et.al.(2002) provide charts and equations to estimate cohesion and angle of friction.
Commercially availabléhe RocLab program developed based on Hoek et al. (2002)
gives cohesion and friction angle using GSI value, unconfined compressngth

of intact rock {), parameter for rock type (ntogether with specified type of
construction (tunnel, slope, generahd disturbance factor (D) which is accepted as
0.3 in calculations since mechanical excavation causes minimal disturbance to the

surrounding rock mass (Hoek, 2012).

Deformation modulus for the rock mass can also be estimated with reference to
uniaxial compression of the intact rock, and degree of fracturing from the equation
3.11 (Hobbs, 1974).

o o, (3.11)

where jis a mass factor related to the degree of fracturings khe ratio between the

deformation modulus and compressive strength

58



Finally Table 311 summarizes mechanical properties of the rock massidbit rock
units. Strength parameters are based on HByekvn failure criterion presented in
form of MohrCoulomb criterion (Hoek and Brown, 1997; Hoek et.al., 2008
RocLab software based on Hoek et(a002) yield high friction angles, and they are
reducedaccording to Japan Highway Public Corporation (1986) recommendations.

Table 311. Geotechnical design parameters of rock mass

Ur_lit Cohesion Fricton | Deformation
Symbol Weight © Angle Modulus | Poisson's

9 (kPa) (f) (E) Ratio

(KN/n) A (MPa)
Mudstone @ MO 22 65 14 95 0,32
Mudstone 1 M1 23 80 18 120 0,30
Mudstone 2 M2 24 150 28 300 0,28
Mudstone 3 M3 25 240 37 750 0,26
Sandstone|0 SO 22 90 18 160 0,30
Sandstone|l S1 23 150 28 300 0,28
Sandstone[2 S2 24 200 36 500 0,26
Sandstone|3 S3 25 300 43 1100 0,25

3.4. Evaluation of Ground Conditions along NATM Part of the Eurasia
Tunnel

Ground profile of the route & prepared according to the data obtained from
borehole recordings of NTB, NTB-3, NTB-4, SAS-105, SAS-106, SAS-107 and
S-AS-108 and field observations. Along the tunnel route, sandstone and mudstone
layers belonging to the Trakya formation were iifesdt. Geological profiles
belonging to the location at which boreholes were drilled are presented in Figures
3.2-3.6.It is noted that geological formations were subdivided according to their rock

mass quality.

Moreover, the artificial fill at the top ofhe profile is observed in almost all
boreholes. Its thickness varies between 0 and 7.5 m. There is a completely

decomposed rock layer (CDR) under made ground in some of the boreholed (NTB
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NTB-2 and NTRB3). Its thickness varies between 1.2 and 8.4 ne dtoundwater
depth ranges between 1.6 m and 9.7 m. The Trakya formation underlies the artificial
fill and CDR. The sandstones are more frequently encountered rather than the

mudstones in the boreholes.

0 m E
©
<
0m Q
) 4 0
0m o — '-i) Li)
= g ~Zﬁ67 (2] »

Fill - Sandstone 2 . Mudstone 3
. CDR - Sandstone 3 i Diabase
Sandstone 1 E Mudstone 1

Figure 32. Geologicaprofile around the borehole NTB
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Figure 33. Geological profile around the borehole N-BB
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Figure 34. Geological profile around the borehole N‘BB
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Figure 35. Geolaical profile around the borehole N¥Band SAS-106
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Figure 36. Geological profile around the boreholeAS-107 and SAS-115
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Simplified 3D geological profile including the proper rock mass type around tunnel
excavation was anstructed by using borehole information and extracting much

detail, thin larers of rock mass (Figure 3.7).
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3.5. Ground Settlement Bolt

Field maximum ground settlement comes from the field monitoring technique named
as installation oground settlement bolt. Ground settlement bolts are simply 1 meter
long rebar inserted in ground and protected by steel covering to avoid any damage.
They are measur ed wrFigure 39.rTeecrieasurad rdatacafe N 1

compaed to the first data; consequently vertical displacement of each unit is plotted

in the form of graphics.

Figure 38. Ground settlement bolts and taking measurement in the study area

There are 367 settlement bolts in thepeof the Eurasia Tunnel project. However, a
total of 78 settlement bolt data along all the selected w®s#on lines were used for
this study.Settlement data along the selected cesgion lines were given ifiable

3.12. The hrgest value of maximum surface settlement belongs to section Km 9+630

at which there ishickestgeaomaterial with lower rock mass quality.
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Table 312 Settlement bolt data along the selected esess$ion lines

Km 9+542 Km 9+585 Km 9+615
Measurement Smax Measurement Smax Measurement Smax
Point (mm) Point (mm) Point (mm)
ATB-Z41 47 ASK-Z02 8,6 E5-Z05 25,4
ATB-Z38 6,6 ASK-Z01 12,6 ASK-Z03 22,6
ATB-Z35 51 E5-Z01 13,6 ASK-Z04 18,2
ATB-Z32 6,1 E5-Z01B 23 ASK-Z05 13,3
ATB-Z29 6 DLH-Z02 21,7 ASK-Z06 9,2
ATB-226 6,4 DLH-Z03 18,1 DLH-Z09 10,7
ATB-Z25 5,6 DLH-Z04 15 DLH-Z08 19,1
ATB-Z23 49 DLH-Z05 12,7 DLH-Z07 19,9
Smax 6,6 E5-PO1 25,5 E5-Z04 28,2
Smax 25,5 Smax 28,2
Km 9+630 Km 9+645 Km 9+660
Measurement Smax Measurement Smax Measurement Smax
Point (mm) Point (mm) Point (mm)
E5-Z06 28,4 E5-Z09 22,1 E5-Z10A 17,4
ASK-Z07 26,7 ASK-Z09 23 ASK-Z11 18,5
ASK-Z08 24 ASK-Z10 21 ASK-Z12 20,1
DLH-Z10 26,3 DLH-Z11 17,6 ASK-Z13 11,3
E5-Z07 30,7 E5-Z08 25,3 ASK-Z13A 12
Smax 30,7 Smax 25,3 E5-711 111
E5-Z10 18,3
Smax 20,1
Km 9+681 Km 9+695 Km 9+758
Measurement Smax Measurement Smax Measurement Smax
Point (mm) Point (mm) Point (mm)
ASK-Z15 114 E5-Z14 8,6 ASK-Z24 7,3
ASK-Z14 12,3 ASK-Z16 6,2 ASK-Z23 12,8
E5-Z13A 12,1 ASK-Z17 6 E5-225 13,2
E5-Z13 12,7 E5-Z16 8,6 E5-724 13,4
E5-Z12 10,5 E5-Z15 9,8 E5-7223 9,3
Smax 12,7 Smax 9,8 Smax 13,4
Km 9+789 Km 9+996 Km 10+016
Measurement Smax Measurement Smax Measurement Smax
Point (mm) Point (mm) Point (mm)
ASK-Z26 10,5 TZ34 3,7 TZ35 3,6
ASK-225 10,5 TZ33 4,6 TZ36 4
E5-Z26 13 TZ32 4,9 TZ37 4,2
E5-Z27 13 E503 35 E5-04 33
E5-728 10,9 E501 5,9 E5-02 59
Smax 13 TZ29 6,1 TZ28 2,4
TZ30 2,8 TZ27 2,8
TZ31 2,6 TZ26 2,7
Smax 6,1 Smax 59
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CHAPTER 4

NUMERICAL ANALYS ESOF NATM PART OF THE EURASIA TUNNEL

In metropolitan areashé enhancedrequestof mass transitand the shortageof

horizontal spacéring aboutan increasedecessityfor subway transport system

Despite the fact that conveohal analyses areasyto utilize and providewell
results, they areestricteddue to presence of different solution methods: stresses are
usually obtained by elastic solution, movements are determined by using empirical
methods. Therefore, finite elemenethod(FEM) is preferred to handle complicated
issues such asmodeling the complicated ground conditions, excavation orders,
actual behavior of soil material, complicated hydrogeological environments,
interaction between multiple tunnels, consideringrsland long term conditions, soil

structure interactiofDavid and Zdravkovic, 2001)

Nowadays, considering the sudden increase in development of computational tools

and capability of solving the complicated issues, the finite element methods are
widely used. Several restrictions of the analytical and empirical methods can be
eliminated by the finite element method. In addition to geomechanical properties of
material, depth, the strestrain condition and geometry of the tunnel structure can
influence theground deformation depending on the excavation procedure. Finite

el ement method can consider -yt sp@ xmatvhao
(Katzenbach and Breth, 1981; Galli et al., 20¥4ng et al., 2015; Panthee ait,

2016; Zhang et al., 2@}
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4.1. Finite Element Method

This study is focused on introducing a detailed procedure for obtaining modification
factor based on prsupport technique anmebck mass qualitywhich are used in an
existing equation as a modification factor for cédtmmg maximum surface
settlement above openings of the twin tunnel structure. A parametric study was
carried out for this purpose to determine the effects of ceéotegnter distance
between pipes in preupport system of the tunnel on surface settlenmem finite
element analyses were performed by using the software PRRs¢Rocscience,
2012) geotechnical finite element package. This chapter is devoted to introduce the
details of the finite element modeling, constitutive models and construction

procalures used in the performed parametric study.

Despite the improvements in hardware and software, 3D modelling of tunnels is still
a timeconsuming task because it involves incremental phases to simulate the
excavation and, most often, incorporates matewatlinearity (Trinh et al., 2010;
Mazek and Almannaei, 2013; Shabna and Sankar, 20tEi; et al., 2017 Kilany et

al., 2017.

Calculation processes of modelling using FEM generally includes basic steps:
determining model geometry, determinationéterial parameters, meshing, and

delineation of boundary, external and initial loading circumstafi®esraeve, 2010).

Tunnel opening is modeled by removing the elementsinside a tunnel limit.
Excavationorders(top heading, bench and inved)e appliedin the planestrain
model Thetunnelsupportstructurecompriseof; pre-support (forepole and umbrella

arch), the outer lining (shotcrete) attie inner lining (finalshotcrete for esthetic

purposek

Jaeger (1979) pointed out thainbels areextremelystressed in all directionshe

vertical constituentof stressproportionalto overburdenweight over the tunnel and
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there is also a horizontalonstituentof this stress.The insitu horizontal stress
components are greater than the vertical ones at ¢th@tainrange

The vertical stressan be computed by multiplying relevant depth with unit weight
of overburden rocKEquation 4.2). NonethelessSheorey (1994formulatethe earth
stress model to recognize theechanism otorizontal stress amearsurfae and
deep levels Therefore the ratio of horizontal stress to vertical stregk) was
proposedEquation 4.3):

. [ (4.2)

where
sv = the vertical stress
g the unit weight of the rocbove tunnel

z = the deptimeasured frongroundsurface

N Mg v XO Mrmp- (4.3)

where Ey, is the meandeformation modulus of the rockbove tunnebnd z is the

depthundersurface.

It is suggestedhat mesh dimensions famwo dimensionakimulatingof tunnels. It
was supposedo take 3D from tunnel axis to the bottom mesh boundary, abd
from the tunnehxisto the vertical mesh boundarjeshere D is the tunnel diameter
( Mei ssner , 19.96; M|l |l er, 2006)

It is also important to check that boundary conditions are fedtafg the results. To
assure that boundary effects are eliminated, pdar@@n conditions should be
reached. In other words, the simulation of the tunnel advancement procedure should
be performed until steady state surface settlements and lining faneeaxbserved.

The mestsizeis finer near the tunnel boundary acmiarser at both ends to minimize
mesh density while maximizing the mesh length. The simulation of the tunnel

advancement is repeated until the steady state conditions are reached.
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4.2. Material Parameters Used in the Analyses

There aresightnumbers of borings coverirtgetunnel alignment ofhe AsiaNATM
Tunnek. There aregenerally fills andsands as soil layers on top. The Trakya
formation was reported to extend along the route. Borings dseldhat this
information is composed oftarnating layers of sandstoa&d mudstone almost at
all sections. It is1otedthat theyareintensely folded, fractured and weathered.

In this study,12 crosssection lineswere selected alonghe tunnel alignmen at

which interaction between tunnels are activeperform numerical analysiigure

4.1). The analyseswere executedin these sectiongccording to the following
criteria: rock mass quality type of presupport andsuitability of number of
settlement bolts along section lifeundamental information abotite tunnel section
along these selected cross section lines are givealle 4.2.

Legend

@®  Settlement Bolt

Figure 41. Selectedwelve crosssection lineslong twin tunnel alignment
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Table 41. Tunnel data alonthe selected crossections

Overburden Tunnel GWT
No Km Spacing Depth Support Type Diameter from
(m) (m) m) surface
Westbound Eastbound Westbound Eastbound (m)
1 9+542 | 17.71 33.21 26.40 ST-3 ST-3 11.2 8.90
2 9+585 | 22.29 31.54 25.54 ST-UAL1 | ST-UAL 11.6 6.40
3 9+615 | 24.33 33.13 26.38 ST-3 ST-UA1 11.4 5.80
4 9+630 | 24.90 33.28 27.20 ST-2 ST-UA1 11.4 5.80
5 9+645 | 25.24 33.40 27.31 ST-2 ST-UAL 11.4 6.30
6 9+660 | 25.40 33.55 27.78 ST-2 ST-UA1 11.4 4.80
7 9+681 | 25.21 33.75 28.36 ST-UA1 | ST-UA1 11.6 3.90
8 9+695 | 25.10 33.95 28.90 ST-3 ST-3 11.2 3.30
9 9+758 | 24.10 34.43 31.20 ST-3 ST-3 11.2 0.45
10 | 9+789 | 23.50 34.71 32.23 ST-3 ST-3 11.2 0.10
11 | 94996 | 25.80 38.54 35.37 ST-2 ST-2 11.2 5.20
12 | 10+016| 27.40 38.89 35.49 ST-2 ST-2 11.2 8.00

The choice of an appropriate material strength model stad action in finite
element analysisNumerical analyses in this studyere praciced using the finite
element program Phéasweith linearly elastic perfectly plastic constitutive model with
Mohr-Coulomb failure criteriorthat is acommonmodel extensivelyused toshow

shear failure in rocknd soilunits

Based on various correlationsitlined in Chapter ,3geotechnical design parameters
of soilswere presented in Table 33@d based on rock mass quality, RocLab results,
laboratory test results, literature correlations and wise engineering interpretation

geotechnical design parametefsockswere presentedn Table3.11

There are therenaintypes of support systems usedfie selected 12 cross sections,
namely ST2, ST-3 and STUA-1. These primary support systesn consistof
shotcretelattice grder andwire mesh. Shotcretégttice girderand wire meshvere
simulatedas composite liner in thaumericalanalyss. The characteristicof the
supportcross sectionare: (i) the shotcretewidth is 25 cm for SF2 and30 cmfor
ST-3, STUA-1, (ii) 3-Bartype oflattice girderwith 1 cmspacingwas not applied to
invert part in ST2 and ST3 type of support(iii) the double layere@Q221/221 type)
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wire mesh.To simulate the hardening behavior of shotcrete with timesth ot cr et e 6 s
Y o u nmoaldus is increasestep by ste@mt 1 m lengthcycles behind the tunnel

heading then stage factor was used as 25% for the first application of shotcrete
Forepolingfor ST-2, ST-3 and umbrella pipefor ST-UA-1 techniquewereused as a

pre-support to decrease the effect of tunnel induced surfacensettiehrough weak

ground by reinforcing the ground above top heading.oApletesolution needs to

use 3D modelsbut suchmodelsare infrequently utilized for ordinary feasibility

project for tunnelingTwo dimensional modeling ahe forepoling will be eplained

in the following section.The crosssectiors of the tunnelrevealing three basic

support systems argeps oexcavatiorareshownin Figure 42 andFigure 43.

Due to tunnel excavation in the rock massjistribution for stresses occurredin
surrounding tunnel. By developing the plastic zone around the tunnel, radial
convergenc@roceedsresulting in the reduction of stresses in rock mass (Golshani et
al., 2009).Disturbed zone was specified a rage of2-3 m offset fromthe tunnel
peripheryand while determining its parameters, disturbance factor was selected as

0.7. This material has been activated after excavation.
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Figure 42. Typical tunnel sectiorof the Asia NATM with ST-2 and ST3 type
support
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Figure 43. Typical tunnel section dhe Asia NATM with ST-UA-1 type support

Tunnel lining was modeled using a linear elastic material model and the

corresponding materiakpperties are giveim Table 42.

Table 42. Tunnelsupport parameters used in the numerical analyses

£ Poisson's Compressive| Tensile
Support Type (MPa) Ratio. n Strength Strength Dimensions
' (MPa) (MPa)

Shotcrete 21 000 0.2 28 2.2 25-30 cm
Lattice #95 - #115
Girder 200 000 0.25 400 400 Bar Size:22-32 mi

Wire Mesh 200 000 0.25 400 400 Q221*Q221

Forenolin Steel pipes (E= 200 000 MPa), 30 cm spacing, 70 mm

poing diameter, 4.0 m length, angle of 9 with the tunnel longitudinal axis

Umbrela Steel pipes (E= 200 000 MPa), 50 cm spacing, 114 mm

diameter with 6 mm thickness, 9.0 m length, angle of 7 with the tunnel longitudin
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4.3. Determination of Initial Relaxation Factor

Although tunnel excavation is 3D issue, the 2D modelling of a tunnel lls sti
preferred nowadays, because 3D modelling needs more time andIrabat
relaxation factor used in the plasgain analyses was determined by performing
axisymmetric analyses. 2D plast#ain analysis is utilized due to simulate the
tunneling whosedngth is too large in third dimension. In the numerical analysis,
material softening method is applied to specify the deformation before rock support
installment (Swoboda, 1979Swoboda et al., 1994/lachopoulos and Diederichs,
2009; Mehra, 2016; Anguiaret al., 2017.

The axisymmetric model wassed for determining the reduction amount of the
deformation modulusf the geological formatioraround tunnein the selected cross
sectionlines The generic case ofxisymmetric models shown in Figure 44.
Axisymmetric analysis was required this studyfor the units of sanstenl,
sandstone, sandston@ and mudstone2 sinceonly these units are found around
tunnel present in specified cross sectiofise results othe axisymmetric aalysis

are represented by totdisplacement curveHgure 45-Figure 48).
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Figure 44. Generic model ofxdsymmetricanalysis

Determination of Initial Relaxation Factor
for Sandstone-1
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Figure 45. Total disphcement grve of axisymmetric model for thasdstonel
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Determination of Initial Relaxation Factor
for Sandstone-2
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Figure 46. Total displacement curve of axisymmetric modeltfa sindstone2
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Determination of Initial Relaxation Factor
for Mudstone-2
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Figure 48. Total displacement curve oxisymmetric model fothe mudstone

The results of the analyses for all of the geological units encountered along the
tunnel axis are presented Trable 43. The softeningratio reachegt1.1 % for the
sandstonel, 20.8 % forthe nudstone2 and 52 % forthe other geological units for

the cumulative displacemeat 1 m ahead of the face (round lengshown by red
color. Hence the softening ras were multiplied with the defornation modulus of

the rock mass.
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Table 43. Axisymmetric analysis resultsf geological units encountered along the
tunnel axis.

Rock Mass Deformation Modulus
i Distance to Total Softening
Geolog.|cal Tunnel Face | Displacement Ratio In-situ Induced
Formation
m % MPa MPa
0 0.00554 26.6% 220.1
0.5 0.00722 34.7% 195.9
1 0.00856 41.1% 176.7
Sandstone-1 15 0.00975 46.8% 300 159.5
2 0.01074 51.6% 145.2
25 0.01150 55.2% 134.3
30 0.02081 100.0% 0.0
0 0.00322 33.2% 334.2
0.5 0.00417 42.8% 285.8
1 0.00506 52.0% 240.0
Sandstone-2 15 0.00573 58.9% 500 205.6
2 0.00637 65.5% 172.7
25 0.00679 69.8% 150.8
35 0.00972 100.0% 0.0
0 0.00144 32.9% 737.7
0.5 0.00187 42.7% 630.3
1 0.00228 51.9% 528.6
Sandstone-3 15 0.00258 58.9% 1100 452.3
2 0.00287 65.5% 379.1
25 0.00307 70.0% 330.2
30 0.00438 100.0% 0.0
0 0.00554 13.3% 260.0
0.5 0.00716 17.2% 248.4
1 0.00866 20.8% 237.5
Mudstone-2 15 0.00981 23.6% 300 229.3
2 0.01075 25.8% 222.5
25 0.01142 27.5% 217.6
35 0.04160 100.0% 0.0

4.4. Two Dimensional Modeling ofthe Forepoling Technique

The realprocess of tunnel excavation and reinforcement is very complex where the

deformations of tunnel face are a 3D phenomenon (Dias et al., 1997). However, the
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usual practice of tunnel calculation still relies on 2D numerical simulations to
estimate both the siace settlements and structural efforts (Kitchaimd
Benmebarek, 2016). Moreovenaximum vertical surface settlement conditions are
studied in the scopef this thesis, and settlement field measurement dat@and to
bereliable in the 2D sections.

Analysis of thepre-supportsystemdike spilesis currentlymorecomplexthanthat of
theface stability.Hoek (2003) pointed out thatereis no rule of a thumbfor the 2D
analysis ofthe forepoles andhereforein the absence of such rules;pamitive
equivalent model is used in thisesis The crude modedupposedhat aprocedureof
weighted averages can h#ilized to find the stressand strain of the zone of
Gtrengthened o ¢ k dinstanEedhe uniaxialcompressivestrength ispredictedby
multiplying the strength of eactlementby the crossectional area of eaciement
and then dividing the sum of thesesultsby the completearea. In this case, the
stagesin the top heading of théunnelwas essentialo establishthe forepoles are
nearly0.6 m deep and hence a rock beam 1 m wide and 0.6 misleepsidered in
this study Crosssectional area othe steel and grout can be calculated by

considering the number of pipes per unéter

The ground around the tunnel is reinforced before thevetiom using a umbrella

arch systemlIn the scope othe project, there are two main pseipport types,

namely, forepoleqST-2, ST-3) and umbrella arc(ST-UA-1). The forepole is

composed of0 mm diameter steel pipes of 4.0 m lengtith aninstallationangle of

9A rel ative amlthe ldngtudinal spaced i80&m. iTle umbrella

archwith injectionis composed of 114 mm diameter steel pipes oind thickness,

9.0 m length with an installation angle @A r el ati ve to the t un
longitudinal spacing i80 cm.The number of pipes per umitetercan be determined

by considering spacing value aAdipes/m and 2 pipes/m existtime forepole and

umbrella arch systesn respectively. The equivalent quantities involvedin the

selectedL2 cross secti@are given infable 44.
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The strength of rock material existexh the Forepoling areaFigure 49) was

calculated by weighted average method if more than one geological Tinait.
resultantstrergth of rock mas for this reinforced concreie Product/Area. The
correspondingock mass properties can peedictedby iteration ofthe HoekBrown

failure criteria(using the program RocLab). Note that the Disturbance Factor D = 0

in this case since therepoling is assumed to be undamagltese parameters only
apply to a strip of rock material (denoted
the tunnel crown (Henfy et al., 2004).

Forepoling Area

]

Top Heading

vy

Bench i

T Invert

:

Excavation Boundary

Figure 49. Sample 2D geometry of forepajiimodeling in Phagsoftware
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Table 44. Parameters for equivalent modeldetermine strength dhe forepoling

material
Westbound Eastbound
Km Component '?rrn%? S(tﬁgg)th Product '?rfz;i S(t'(fl}gg;h Product
Support Type ST-3 ST-3
Rock 0,58 0,77 0,45 0,58 0,43 0,25
Steel pipe 0,02 250 3,85 0,02 250 3,85
Grout 0,00 28 0,00 0,00 28 0,00
9+542 Sum 0,60 4,30 0,60 4,10
Presuf)gsrt%?e(:(MPa) 7.2 6.8
Equivalent
Deformation Modulus 9470,3 9065,3
(MPa)
Support Type ST-UA1 ST-UA1
Rock 0,58 0,13 0,08 0,58 0,13 0,08
Steel pipe 0,00 250 1,02 0,00 250 1,02
Grout 0,02 28 0,46 0,02 28 0,46
9+585 Sum 0,60 1,55 0,60 1,55
Presuf)ggrt%?ecg(MPa) = e
Equivalent
Deformation Modulus 4424,2 44242
(MPa)
Support Type ST-3 ST-UA1
Rock 0,58 0,13 0,08 0,58 0,13 0,08
Steel pipe 0,02 250 3,85 0,00 250 1,02
Grout 0,00 28 0,00 0,02 28 0,46
9+615 Sum 0,60 3,92 0,60 1,55
Presu?)ggp[%?e(:(MPa) 6.5 2,6
Equivalent
Deformation Modulus 11205,9 44242
(MPa)
Support Type ST-2 ST-UA1
Rock 0,58 0,13 0,08 0,58 0,13 0,08
9+630 Steel pipe 0,02 250 3,85 0,00 250 1,02
Grout 0,00 28 0,00 0,02 28 0,46
Sum 0,60 3,92 0,60 1,55
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Westbound Eastbound
Km Component '?rr:z? S(tﬁgg)th Product ?r?z? S(t'(/?gg;h Product
Presuiggrtgtr';: f(MPa) EE A
Equivalent
Deformation Modulus 11205,9 44242
(MPa)
Support Type ST-2 ST-UA1
Rock 0,58 0,13 0,08 0,58 0,13 0,08
Steel pipe 0,02 250 3,85 0,00 250 1,02
Grout 0,00 28 0,00 0,02 28 0,46
9+645 Sum 0,60 3,92 0,60 1,55
Presuf)ggrr?rrg; (MPa) 6.5 2.6
Equivalent
Deformation Modulus 11205,9 44242
(MPa)
Support Type ST-2 ST-UA1
Rock 0,58 0,13 0,08 0,58 0,81 0,47
Steel pipe 0,02 250 3,85 0,00 250 1,02
Grout 0,00 28 0,00 0,02 28 0,46
9+660 Sum 0,60 3,92 0,60 1,94
Presuf):)rg‘:]tg,ir:ecz)s:c (MPa) e =
Equivalent
Deformation Modulus 11205,9 4293,2
(MPa)
Support Type ST-UA1 ST-UA1
Rock 0,58 0,88 0,51 0,58 0,88 0,51
Steel pipe 0,00 250 1,02 0,00 250 1,02
Grout 0,02 28 0,46 0,02 28 0,46
9+681 Sum 0,60 1,99 0,60 1,99
Presuf)ggrtggr]eg(MPa) 3.3 3.3
Equivalent
Deformation Modulus 4452.,8 4452.,8
(MPa)
Support Type ST-3 ST-3
9+695 Rock 0,58 0,88 0,52 0,58 0,88 0,52
Steel pipe 0,02 250 3,85 0,02 250 3,85
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Westbound Eastbound
Km Component '?rrn%? S(tﬁgg)th Product '?rfz;i S(t'(/?gg;h Product
Grout 0,00 28 0,00 0,00 28 0,00
Sum 0,60 4,36 0,60 4,36
Presu?agg?t%:eg(MPa) = =
Equivalent
Deformation Modulus 9786,1 9786,1
(MPa)
Support Type ST-3 ST-3
Rock 0,58 0,56 0,33 0,58 0,34 0,20
Steel pipe 0,02 250 3,85 0,02 250 3,85
Grout 0,00 28 0,00 0,00 28 0,00
9+758 Sum 0,60 4,17 0,60 4,05
Presuf)ggrt%?ec:(MPa) 7.0 6.7
Equivalent
Deformation Modulus 8987,0 8912,1
(MPa)
Support Type ST-3 ST-3
Rock 0,58 0,45 0,26 0,58 0,34 0,20
Steel pipe 0,02 250 3,85 0,02 250 3,85
Grout 0,00 28 0,00 0,00 28 0,00
9+789 Sum 0,60 4,11 0,60 4,05
Presu?)ggrt%?e(:(MPa) A &
Equivalent
Deformation Modulus 8881,2 8912,1
(MPa)
Support Type ST-2 ST-2
Rock 0,58 0,88 0,52 0,58 0,88 0,52
Steelpipe 0,02 250 3,85 0,02 250 3,85
Grout 0,00 28 0,00 0,00 28 0,00
9+996 Sum 0,60 4,36 0,60 4,36
Presu?)ggp[%?e(:(MPa) 7.3 7.3
Equivalent
Deformation Modulus 9786,1 9786,1
(MPa)
10+016 Support Type ST-2 ST-2
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Westbound Eastbound
Km Component '?rr:z? S(tﬁgagl)th Product '?rfz;i S(t'(/?gg;h Product
Rock 0,58 0,88 0,52 0,58 0,88 0,52
Steel pipe 0,02 250 3,85 0,02 250 3,85
Grout 0,00 28 0,00 0,00 28 0,00
Sum 0,60 4,36 0,60 4,36
Presuf)ggrtg,;?eg (MPa) = =
Equivalent
Deformation Modulus 9786,1 9786,1
(MPa)

The crude equivalent model is the only ahat is able to capture the expected
reduction in the crown convergence when other support members are installed.
Analysis of this modeis found that while the crude equivalent model might capture
empirical trends of reduction of the crown convergenbés tethod does not,
however, captusethe true longitudinal mechanical response of the umbrella arch.
This is because when the forepole elements are installed without other supports, there
is no significant reduction in the crown displacement, as dermteke 3D analysis
results (Oke et al., 2014).

On the other hand, the forepole as a structural element cannot, however, be modelled
as a homogenous region due to the lack of mecharstiavior even though the

homogeneous results are empirically accdpté@ke et al., 2012).

Compared to the stiffness of the ground, thghhstiffness of the steel pipes
positively influences the stress distribution ahead of the supported section. This
effect and the radial support around the heading decrease the sdtttenmamts
(VolkmannandSchubert, 2007).

The center to center spacing of the forepole elementsovesiderechsa key design

parameterput it is unableto be easilyobservedn full scale 3D numericamodel
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Consequentlyjt is suggested thaa 2D analys should be utilizedo observethe
largest spacing, dependingon representative size anstiffness of the forepole
elements (Oket al., 2014). Therefor¢he center to center distance between piges
selected asariable in the parametric studynd presented in Chapter.5

4.5. Modeling of the Tunnel Construction

Numerical analysewere started by creatingthe external boundayylelineating the
different material layersand specifying noncircularexcavationboundary,and then
generate the finite element meshh graded 3noded triangle

It is suggested that mesh dimensionstieo dimensionakimulating of tunnels. It

was supposed to take 3D from tunnel axis to the bottom mesh boundary, and 5D
from the tunnel axis to the vertical mesh boundamdsere D is lhe tunnel diameter

( Mei ssner , 1 9 9Tdherefod,’in thisestudy 52 d @dén)centerlines of
both tunnels to vertical boundaries and 33 m to bottom bouriBayyre 410).

| D=11.0m |=—

33.0m

55.0m | I 55.0m =

Figure 410. Boundary ondition of the twin tunnels for this study.
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Since the top of this model represents the actual ground sutfecegquiredto free
the top surface. Boundarycondition for bottom part of the model igero
displacement, i.efixed, and for right and lefsides, roller supportahich restrain
only the horizontal movements and vertical displacements are letirgassed.

The initial element loading is one of the most difficult concepts to grasp in Finite
Element (FE) modeling. Basically, in FE an elemeah have two initial internal
loadings, initial stress and body force. If th@s no external load ogeomaterial
then it subsidesunder its own weight and thgpermostsurfacegoesdown. If the
gec-material ha®nly initial stress then it éendsand tie uppermossurfacegoesup.

If both of them waslefined then thegeo-material is in equilibrium anthenthere is

no surface settlemer(Rocscience, 2018Field dress determines the initial-gitu
stress conditions, prior to excavatidgbravity field stress was usedebause the top

of the model repesents the true ground surfadde values of K-total stress ratio

for out of plane and in plangeretaken as 0.5 and 1,.0espectivelyby regardingthe

currentgeologicaldataon the study area.

The water table is defined in view of field data coming from borehol@swater

table was cr eat ed wi t h t he nAdd Piezometric
groundwater/ hydraulic parameters for each ma
Hydr aul i c Pr op ¢uvalueissimplp g factoobetweenrChaad 1, by

which the vertical distance from a point (in the soil or rock), to a Water Surface (i.e.

Piezo Line) is multiplied to obtain the pressure head. Hu = 1 would indicate

hydrostatic conditions, Hu = 0 would imdite a dry soil and intermediate values of

Hu can be used to simulate head loss due to se¢Ragscience, 2012)

Live loads due to highway and construction are taken into consideration with 20 kPa
(AASHTO, 2002) In addition, liner properties are defthand tunnel support system

is generated by using composite liner option.

It is required to define the material properties and assign the correct materials to the

correct parts of the model. Because of the nature of the excavation, a distribution
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zone or e-called plastic zonalways developsround the excavated rock mass.
Degree of the plastic zone is variable; it depends on the excavation méthibel.
detecting the thickness ttie disturbed zone, material type was selected as plastic,
then performedthe finite element analysis for yielded elements around tunnel
periphery.The dsturbed zone was specified as a range-8fr offset from tunnel
periphery(Table 45) and while determining its parameters, disturbance factor was
selectd as 0.7. This material has been activated after excavation.

Table 45. Thickness of plastic zone alotige selected cross sections

Overburden GWT .

Spacing Depth Support Type Tunnel from Thlck.ness of

No Km Diameter Plastic Zone
(m) (m) m) surfaceg m)

Westbound EastboundWestbound Eastboung (m)

1 9+542 | 17.71 33.21 26.40 ST-3 ST-3 11.2 8.90 2.1
2 9+585 | 22.29 31.54 25.54 ST-UALl | ST-UA1 11.6 6.40 2.8
3 9+615 | 24.33 33.13 26.38 ST-3 ST-UA1 11.4 5.80 3.3
4 9+630 | 24.90 33.28 27.20 ST-2 ST-UA1 11.4 5.80 3.2
5 9+645 | 25.24 33.40 27.31 ST-2 ST-UA1 11.4 6.30 3.4
6 9+660 | 25.40 33.55 27.78 ST-2 ST-UA1 11.4 4.80 2.8
7 9+681 | 25.21 33.75 28.36 ST-UA1 | ST-UA1l 11.6 3.90 2.3
8 9+695 | 25.10 33.95 28.90 ST-3 ST-3 11.2 3.30 2.9
9 9+758 | 24.10 34.43 31.20 ST-3 ST-3 11.2 0.45 2.9
10 | 9+789 | 23.50 34.71 32.23 ST-3 ST-3 11.2 0.10 3.4
11 | 9+996 | 25.80 38.54 35.37 ST-2 ST-2 11.2 5.20 1.6
12 | 10+016 | 27.40 38.89 35.49 ST-2 ST-2 11.2 8.00 1.6

General view of the finite element mosgdbr the selected cross section linase
presentedn Figure4.11- Figure4.22. Lastly, 11 stagesnodelingthe drivingtunnel
excavationorder (top heading, bench and interare spedied and presented in
Figure4.23. In the first constrution stage initial stress dlie ground was generated.
Then presupport was applied at the top heading of the tunnel to prevent the
excessive settlement at surface and relaxation factthreafindstone3 was applied

at top heading to represent the thiichension of the tunnel construction. Thirdly,

top heading was excavated and initial liner was applied at the top heading, at the

same time relaxation factor tiie sndstone3 was applied at bench tfie tunnel.
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Afterwards, bench othe tunnel was excavatieand initial liner was applied at the
bench, relaxation factor ahe sndstone3 was applied at invert othe tunnel
concurrently. Laterinvert part ofthe tunnel was excavated and liner was applied at
the invert. After completion of the left tunnel tfe twin tunnel structurethe same
construction operations were implementedthe right tunnel (stages11).
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