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ABSTRACT

Effect of Soft Ground Tunnelinthduced Displacemesibn Railway Embankments

Hongyu Su

With the rapid development of urbanfrastructure certain transportationlines, utilities and
pipelinesare needed tbeexcavaed under operatingailway lines When a tunnel under a railway
is excavated, it will inevitably cause disturbance to the track structures, and the distathddce
influence the safety of railway operations. Consequently, the alleviatiogronind surface
displacement is of great sidgicance to ensure the safeof bothrailway operatios and tunnel
construction. This thesis@é&fundamentastudyof the surface displacemeriue totheconstruction
of both shallow (neaisurface) and deep (away from the surface) tunnbhe analysis of
displacement along the surface of railway embanksisgerformedvia two-dimensional finite
element modéhg. The freight trainoperatngspeed, tunnel diameter and tunnel depth are the three
key factors that affect the surface displacem&mé results illustratéhat a3 m diametertunnel at
deptls greater than & or a4 m diametettunnel at any depth greater thanmi@an be constructed
beneathan existing railwaywithout significantly affecting the safety of railway operatidns
considering subsidencmontrol standargl Thus, his thesis contribugeto determiration of the
maximum displacement of railway embanknsantuced by tunnel excavatias a function of
variousfactors consideredAlso, the findings of thighesis can helpo guidefuture tunnel design

and displacement controleasures for excavationaderoperatig freightrailway lines
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Chapter 1 Introduction

1.1Moti vati on

With the rapid development of urbamfrastructure, agreatnumber oftransportatiorlines and
pipelinesare needed tbe constructedria tunnelng, under existing and operating railway lines
Theseexcavations wildisturb theoriginal stress fieldvithin the railway foundations, theoould
lead to an inevitabke deformation ofground surface and railway embankmednder these
circumstanceghe safety of existing railway operatgshould beatop priority. Therehasbeen a
considerable amount of research donaréalict ground surface displacement induced by tunmelin
However,comparativelytfunnelingunder arexisting railwaywasrarely discussedh this context
Any surface settlement of railway embankments can lead to deformation and misalignment of the
rail that can easily lead to derailment of traifisus, the grond surface displacement is influenced
by a set offactors, which ar¢he trainoperation speed, tunnel diameter and deptte effect of
these on the displacement of railwemmbankmentat the ballast levas the topic othis thesis.

Toillustrate the type of failure can occurezent railway incidertan bentroducedoy S h aanni d
T unn e (2DaLIAKunnel boring machine (TBMyvasdriven underneath anain freight and
passenger railwalne at Rastatt in Germanysroundfreezingcollars wereinstalledto prevent
ground deformation duringonstruction period. However,590 mmsubsidence failure occurred
beneath the railway trackend led to buckled railsas seen irFi g ulrl.eThe reasorfor this
subsidenceavas found tobe the displacement of the liner segments behiiratunneling face
leading to water break through the construction fagld groundurface This incident resulted in
altering routs of 370 trains per datp avoid thecollapsel area.The area waslosedfor about two
months.Also, a TBM costing 18 million eurcs was buriedbecause of the backfill concreteee
Fi gl e

Fi gune€olplsasd nkhol e beneath the ebxuicskthiendgvayur f
tr a®kaannid Tunz2nOell 7T a |l k



Figua@oncrete backfil (S& aanriice Tcwn2nledl pTsaeldk t unn el

120bj ecti ves

This research aims to deter mine 1 Ide pdfhf eocnt tohf
ground surface di sdplmemesmeomtal t hmroodeedh ntgwo A par

performed i nlfhthivserne £@adr cdhhsep |baacl el raesntt saul rof nagc e
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1.3Met hod of Analysis

Although there can be a great variety of situations under which an excavation is made under an
existing railway line, this thesis will adogbmeassumptions that are set tgprepresent the
majority of cases that are consideredth@emodels:

Only astraight section of a railway will be considered
Theenvironmental factors likeemperature angind will be neglected
Lat earnddlongi t udiokmiensdbte consi der ed
Friction betveen rail and wheel will be ignored.
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The modeling will be carried out using &wo-dimensionalfinite element methodFEM),
representing a section along the rail line, under the rails. The tunneling will occur perpendicular to
the direction of the raild=rom a thoroughiteraturereview (Chapter 2)key parameterwiill be
compiledto build representativenodels.Before establishing thee models,a mesh convergence
study andmodel verificationwill be performedto validate the accuracy ¢fEM modek and
analysis(Chapter 3. Afterward,a unitthickness railway embankmemtverlayinga clay ground
will be simulated.Train loading under different operation spewdls be exerted on thenodeb s
upper boundary to simulate the moving traiBsbsequentlytunnebk with different diametes;
excavated atarious depthbased on thehosen tunnel depitiiameter ratio (H/Dill generated

in the modelsTherewill be a total of three scenarios th@omprise gparametric studyf the
influence paramete(€hapter 4. Scenario 1 studies the ground surfdsplacement causeoldy

by moving trainsScenario2 incorporateghe effect oftunnel excavatiomn additionof moving
trains; thus, e tunnel excavation is the ondyfferencebetween Scenario 1 and \&/hile as a
baseline,Scenario 3only examinesthe influence of tunnel excavation on the ground surface
displacement

l4Summary of Findings and Contribution

According to thepreviousoutline, thefindingsarebriefly summarized below:

1 The relationship of the maximum ground surfdisplacement and operation train speed is
linearin the absence of tunneling

1 Shallow depth tunnslwith alow depthdiameter ratio (H/D) generate significant ground
surface displacemeas compared tdeepy-buried tunned.

1 Only a certairH/D combination otunnelscan be constructed beneath the existing railway
within the subsidence control stand§t®mm)

1 A onemeterincreag of tunnel diameter for a smadhallow tunned affects ground surface
displacementonsiderablymore than a large shallow tunnel

1 A large tunnel diameter generates more ground vertical displacemeatstinat tunnel.

Upon analyzinglata from the modeésults this thesis contribusgo our understanding of railway
embankment deformations due to tunneling that can help fuitlre tunnel design and
displacement control undeperating railways lines



Chapter 2 Literature Review

The main objective of this thesgssto investigate the effect ainnelingin clayey ground under in

use railway trackswhich are subjeetdto dynamic loading from passing locomosvaulling a

string of freight cars In order to ensurehe safety of operating railways durirtge tunnel
construction period and beyond, the deformation induced by tunneling must be in an acceptable
range. Hence, this chapter will review the ground moverpeadiction using empirical and
numerical methodduring tunneling and thedynamic groundesponse induced by passing trains.
Furthermorethe relatedstudy of relevantparametes will be reviewedas well Also, FEM is a

widely used numerical method to sim@dtinnel excavationThus, he salient features and
methodology of FEM will be introduced in this chapasrwell

21Empi ri cal Met hodfsSr d uMadvRerndednidaitciean by Tunnel i ng

Many empirical methods have been develojpeatédict the ground surfaceovemeninduced by
tunneling insoil in the lastforty years such asKnothe (1957)Peck(1969) Clough and Schmidt
(1981);006 Re i | | y (1982 dRanking988) Mair et al. (1993) etc Most of them were
deductedfrom considerable field measurement alalevertheless, the mosobmmony used

empirical expressn in engineering practice was developed by Peck (196%ssumedhat a

Gaussian distribution curve cdascribehe transverse ground surface settlement troaggbhown
NnFi g2l e

The formulatiorby Peck (1969)s expressed as follows:

@ 2.1
Y Y Agb— 1)
cQ

where Y is the ground surface settlemgmtm) or(m) at a horizontal distanc® (m) from the
tunnel center;3 is themaximumverticalground surface settlemefmim) or(m); Eis the
trough width parameter, which is the distance from tunnel center to the inflection point.

Original ground surface 0 I

inflection point

Smax

Fi g2r eTransverse ground surface settlement t
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The trough width parametef is used to define the cressctional width of settlemerithere are
otherformulations that are dered by different researchers, as follows:

a) Eis related teoil propertyfriction angle« and tunnel deptfiO, wasproposed by Knothe
(1957), where3 is the friction angle osoil:

0 2.2)
e OA1 8

q
b) Eis decided by the tunnel diameter D and def@itproposed by Peck (19683:
. O = (2.3)
E ™ 3 zZ(rke Ty pdt

c) Eisdetermined byhe tunnel radiusd and depth'Q was providedy Clough and Schmidt
(1981)

e 2.9 (2.4)

Y
d) Ereliesonly on the tunnel deptii, propo sed by O6 Re i | |foy colesiv@ Ne w
soils:
E ma pp (2.5)

e) Eis obtained by the tunnel deptiO and coefficient of settlement trough width |
proposed by Rankin (1988)

E +0 (2.6)
where + , is takenas 0.5for practical purpose

To characterizéhe maximum ground surface settlement indusgdunneling,the volume loss
ratio (w) is establisheds an important parametéfdir etal. 1993. Volume lossvaluefor most
casef soft ground tunnelings normallyaroundor belowl % when the grounds treated well
(Mair 2008. The parametew amounts to:

. Tw (2.7)

(L) —_—
1] ’O

where w is the ground surface settlement volume Eaation (2.8) showsand O is the
excavatedunnel diameter

©w W za@ty ¢®QY (2.8)

CombiningEquation(2.1) and Egation(2.8), the 3 is expressed dsquation(2.9):
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: w" 0 . (2.9)
(N T ™ pwO

¢®Q  ¢dQ Q

Themagnitude anghape ofisurface settlement curegeonly decidedoy the volumelossratio
w and the trough width paramet&whentunnel diameter s known (Xie et al. 2016)

Empirical methodshatare used to predict the ground settlement induced by tunneling are relatively
simple andcommonlyused in practice, especially the early stage o& design. Based on well
known construction conditions, the results that are provided by the empiricadsetbuld be
reasonable and trustworthy.

However, empirical methodgly on existing projectsn whichit is difficult to generalizall field
construction situationfer different tunnel geometrieground conditions, construction techniques,
etc.(Loganami@an |1 ® P Besides the empirical methods can only be applied to
relatively simpletunneling conditionsP ot t 2d B a d k ® § $tated thaempirical methods
usually usauncoupledelastic solutios; however the realistictunneling problem is coupled with
many influenceparameters Xie et al. (2016)indicated thatthe empirical methodsre not
appropriate to predict the ground surface settlefioedrge tunnel (diameter larger than 10 meters)
projects

With the developmenif computer technology, numerical analysis is mardely used inthe
current engineering fieltb conduct stresstrain analysisising relevant geotechnicgroperties
and construction schem@@ot t s and Z)dTherefokeptheisel ofer@pli€alimethodss
preferred tdbe combinal with numerical methods~or instance, empirical methods azften be
used to verify the rationality of the resuttistained fronrnumerical methods

22Numer i calf avre t iroaddir otuMane mémduced by Tunnel I ng

In this sectionsome typical numerical methods will beiefly introduced Also, the reason to
choosethe FEM in this thesiswill be outlined Themain part of this sectiois usedto discuss the
applicability of FEM analysisn tunnel excavatioin the pastdecadesThus,somemethodsand
resultsof modelassemblyusingnumerical methodwill be studied.

2.21Ty p iNo emk r MectalH o Geso ti enc EBnngii cneeler i n g

Fourtypical numerical methodsre widely useih geotechnical engineerirfyla i d | 2 @t al

Finite Difference Method (FDM)
Discrete Element Method (DEM)
BoundaryElement Method (BEM)

1
1
1
1 Finite Element Method (FEM)



The finite difference method wasainly used in geotechnical engineering betbeedevelopment

of the FEM (De saan @ h r i 4 97). ams methodhas difficulty in applying to nonlinear
boundariesthus, itisnot widely used intunnelingMa i d 1 ehtT hae .di2s0clr et e el e me
i's desihisoleveotnat act situations for t hdcirdusssheemdb | a
stones ( Mgnpave b#n thg @®@AOndary.element methgdonly the boundaries of the
simulation area will be discretizeistead othe entie modeMa i d | elt Thexdfore BEMD 1
islesscomputationally Bpensive at theostof only capable of simulating elastic material behavior

TheFEM was first presented by Clough (1960). It is a methashicha continuum is discretized

into small finite elements. The FEM assumes that displacement at any point within the element can
be obtained from the displacement at the nodes through interpolation fundéiobst(2010)
Moreover both plastic and timdependent behavior of ground @odnelsupport can be simulated

by FEM(Ma i d | et Thus|the FEMB dwell-establisheanethod fomodelng of tunneling.

The methodology of FEM will be introduced in Section 2.6.

Chapman epraposead01bprnt nfoEsM aahddorpR Bedtiduentneeng pr oj e
ioontinua,. sbecmoadi sm@lhisk e brodBcBkdend BERuiI t abl e.

2.2.2Nu me r Mectah io flusn n e lg

There have beeanumber of numerical analystasean two-dimensios andthreedimensiors
conducted to assetinnelinginduced ground moveme(Roweet al.1983 Lee and Rowe 1990;
SwobodaSwb®da®tal 1992 anet and ;G/hitleea al. 2009BRt t s and
Z d r a v R0@lyKarhkus and Fowell 2005; Gong and Zhou 2008; Gong et al. 2012; Chakeri and
Unver 2014; ZhaandQi2014Z h an g e tBiaadtal. 2@6, Xidet al. 201&ronymaki et

al. 2017.

The gap parameter methodas proposed by Rowet al.(1983).1t was appliedn a plane strain
elastoplasticfinite elemenfrogramto estimate the grourdkeformation induced by the tunneling
machine installation of a lined tunnel in soft clay grouih@lso helped to perform a parametric
study for the parametersifluencing the ground surface displacement, suckogsproperties,
grouting pressuretc.A gap parameteas showrin F i g 22, i the void between actual tunnel
diameter and the outer diameter of tunneling machins alsothe predefineddistance between
thetunnelcrown and the initial ground position before tehtonstructiorin afinite element mesh
This methodncorporates the tunnel construction proaessthefinite element method. However,
the predefined gap parametertire simulation procedurés essentialbut hard tobe precisely
determinedy tunnelboringmachine and lining characteristics, workmanship quality, and soil type
Roweet al.(1983)used a drained condition but did not provédeydraulic situation. It stated that
the results obtainefifom ground surface displacement under the drained condition contain both
shortterm and longerm deformation.



Initial tunnel
position

gap

Final tunnel
"~ position

The gap = Dm - D, at the crown,
and is always fixed to zero at the invert.

Fi g2 e The gapmankdlhiordg ftounhhetlt £ xarmd2a@ @ oy Ko v i

The gap parameter met hod was Isnuptphoaitre da rbtyi cLl ee
di mensi omlaastilasftioni te el ement technique was
sur f apclea cckime nt of t I @ rusnudrrraoi unneddw nogolonsddi iitin, iomg an d

another case, with a compurenel ilngiatg oHaltlhew s
to displacement, which occursndtutcerdamaget he
utilities Mamae olveeirll, abd miikle d todr eeshsep| acemeat eoccul
studi ed.

Panet and G@u ompotce(ddgerdd@oniinement methqdvhichis anapproach to
simulatestress relieof the process between excavation and liner installaidannel faceas
shown inF i g 23 le this method, thenloading ofinitial soil stresses,, by thefactor p

_ is applied atthe nodes on the excavatimoundariesbeforeliner is installed where _ is

graduallyincreasing fromO0to (Pot t s an d 2 @ @ Thalines stresss indicated bya

prescribed value of  to express the liner installation.

Potts an d(2001)intedukedtheivdlume loss control method Li ke nwvlee genc e
conf i ne me maumemassishprestribed on the completion of excavatioaplaces the
proportion of unloadingP ot t s a n d 2081k aarvakkowsiséeE 0 @ B} €0 , the
equivalent nodal forces on the tunnel boundary, represents the pressure exerted by the soil to be
excavated. The number of incremerntsdivides the forces to YO, which is applied to the
excavation boundary. The equal but opposité”'O is then exerted at the same boundary for each
increment of excavation and after liner installation. The volume loss can be monitored at each
increment. When the desired volume lsseeached, the tunnel liner is installed.

Swobd¢d® 79 pwolmdacdet al. (1994) developed a method called progressive softening
methodfor modeling the New Austrian Tunnel Method (NATM) tunneling. The soil stiffness
(elasticity modulus) within the tunel excavation face is softened by multiplying a redudactor

I (Potts and2@Rpasahownaivii g 25 e
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Whittle et al.(2001) combined theanalytical methodas shown inF i g 8.6) with numerical
modeling to predict ground deformation due to shallow tunneling iflinear, inelastic soft soils.
However, the results onlgffer a primary understandingf the roleof nonlinear inelastic soll
behavior also,the three independent cavity deformation parameterdased othe simplified
assumptiorof linear material behavior.
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", \\Llﬁ
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—

Uniform Convergence Diﬁtf_iﬂi(_’“ Vertical Translation Final
(Ovalization)  (Downward Movement) Shape
Net Volume Change No Net Volume Change

Fi gaa e Def ormati on modes doaoradMsrihgat tl® wet uain.e |

Similar to Whittle et al.(2001) leronymaki et al (2017) adopted a twalimensionalFEM to
simulate twintunnel construction by Earth Pressure BalgageB) machines in London clayhe
massivedatabase of laboratory results of London aleasused tocalibrate thesimulation results
of ground movemenwith different soil models (Moh€Coulomb and MITS1). In addition the
analyticalcavity parametersf ground movemenwvereoptimized by numerical analysis

10



Bian et al. (2016¢valuated the Shanghai sofay responséo shield tunnelingor bothin short
term and longermtime frameby two-dimensionaFEM. The stresseduction methoavas used
to simulate the effect dinnel excavatio. Gong et al(2012 took alarge diameter metro tunnel
project tostudy theinfluence of EPB shield tunnelingn ground deformation. The model was
simulatel using a threedimensionalFEM. The resultsprovided hree main phasesof ground
deformation which includel before shielding arrivingshield arriving, andbacKill grouting.The
percentage of total ground deformatadfithe thregphasesvas 32 %, 45%, and 23%, respectively.

The tunnelconstructiorinduced ground movement not only affects the ground surface structure
but alsoinfluences the existing substructurethe groundZhao and Qi (2014) investigated the
effects ofa newtunnelexcavatedinderneatlan existing tunnel The threedimensionaFEM and
analytical equations were taken to determine the subsurface displa@smderiume lossinder

two situations, witrand without théarge pipeshed (LPSground stabilization systernfihe results
proved that theexcavation of the new tunnebuld lead to asignificantupward movement at the
bottom of theburial existing tunnelithoutthe LPS system

The finite difference methoDM) is also auseful tool toobtaina detailed and precisesultof

the prediction of ground deformation due to tunnelidgakeri and Unve2014 incorporatech
threedimensional FDM analysis tehe analytical solutiondo obtain anew equationfor
determining the ground displacemefitie actual data of existing tunnel projects verified the
accuracy of the new equatiomheir paperalso investigated thgercentage of tunnel and soil
parametergffects orthe maximum surface settlement.

Anotherthreedimensional FDM model was establishtedsimulate a large diameter EPB shield
tunnelin Shanghaby Xie et al. (2016)Field datawas taken to validate the numerical analysis
results Also, both field data and numerical restilisstrated that the grouting pressure and quality
determine the surfaaksplacement rather than the supporting pressuhewatorking facein order

to guarantee the safety tife tunnelconstruction process. Besidéise empiricalmethod (Peck
1969) andield observation providithat the ground volume loss should be controlled withid®.2
to keepground surface displacemenmithin 10 mm.

None of the above numericahalyses involvethe tunneling under an existing railwayhichthe
next twojournal articlespecifically targe

Gong and Zhou (200&hose a site of Shanghai metro, whigdsshieldng drivenunderthe Hu-
Ning railway line.In order toensure the railwapperation has no disturbance due to tunnel
corstruction, a threglimensionalFEM model was established tovestigate thesffect of tunnel
advancemeniThe maximumground surface displacemeants 23 mm asthe tunnel advancd,
which kept increasing with tunnel excavatiofihe locomotivetrack dynamic coupling modelas
chosen tosimulate the train loadiny usingthe derail coefficient and the rate of wheel load
reduction

A mouwd=ilng a shield tunnredil Wwavwgleiersaaabéer shpdebi
al . (2014)-di meoddEiMoalstiwau|l at e the existing rai
trdoamad (si mdliateed olaydi QR})anwd o ram fl werdt eachd conce
t hiempédattor modelthedgeh of ( Gle@agpgpet he train spe
crucial ipmanametlevray .§Figm@fsebhows the traiinrl oad
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(a) Worn wheel (b) Worn rail surface (c) Wheel flat
(d) Dipped rail joint (e) Misaligned joint

@,

(f) Rail corrugation
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factor for freighiEquataidpnns (o2n.lly, as shown

TI8T TT WOC ( 24)

O

whermd s the traii s ptelead Whkendlh)di ameter (m).

Whil eMi ntilset ry of PRapl way Bé d®WEi60 @fr o@hidreas t he
obtain the ,gdiymweamias: factor

| p T8 TID ( 25)

wheowés the train speed (km/ h).
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24Load Transfer Mechani sm

Af tleirst hpeogs stiybpees of theackodorceains fiemdndateihq@anti e

badirempsfeecdr om tr aslked percsy bimal | @as t, ,saansdh oswnb girna
Fi gt 2As mentioned befores| etehpeerisntaenrdf ale &l |baestt:
Ssubst raumcdt uglepe Whemnucctounrsea.der i ng | oad tnnadiresfer

Ssubst rtuhcitsurfiende i s adoptrai n ol watsihtd @ ivmumloa éles

t he (Shaighi @OddlOBmaclasnded t hat |tolmed d urarnesrte rp rme
isrom vertical sttahteg c Iwilhi esenl rri&bouatdessedhe rotiuagidard sn u mb
of sl eepers.

Half body load

A

Wheel/Axel loads

Rail seat }__&% m M m m _ &L Rails

loads —= 1 sleepers

N ae;

1l
Hi
1l

T3 Py, IR N = m 4 g GEE

o. A
5
T
c:.{

A

. bee
Formation Fass
A I A R R R H R I A AT

)

Sy -.
ﬂ . .Q-?Q I

Ch% ey o ghe
sp gt foogd.
’{‘;"‘-_ : !.:?7 Ballast
=27
b, .1\ 4 W !

Figalr2ze Typical wheelatt aald ¢l stdrabatnanet nal

Raskat viaowgddsh f f er entocalteapearwsay from t.Adeappl i
ma x i muam | sie® @ olfwhaede do mt dvsel ea@perect It hwehuadl e

nei ghbor isnugp psolrete padarbsa hgr ePda |l s hRWg2dr3F her ef or e,
onltyhhree ateepéifomnethec| ARBEMA. (200¢stt sr mi ni ng
maxi mum railt heeatpphbeoxd enay @age of wheelf cdknoad di
i ndi vidual sl eepmer shEye glrdesosweivee rs,p aPcrionfg,l | i di s
toonsider t hei gtarid b oshegad 8 ul cocaeds swihv e Issilifaees psdinese p e r
by the i nfwhueeenlc el oodafid Roi ngeBlr 53 hadyw nd 0 w hte & hsel leegde r
di r eucntdleyrb o 2tdhfei r st nei ggbodywgf et espeond nei ¢
sl eePiemi ,IMamliystry of Rail way of (t2hOel 6Rle ccpaltesdds tR
t hdei st ri boatobrome sl eepers i sc@l &ull &tad:isthlpeedpte rO . 2
ball astexenrtteed alcye dgeaml b WRE tgléren d s
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0.25Q G.YQ - 0.25Q
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Sleeper

(b)

R K
T S S A S DS

Q
0.25Q D.éQ 0.25Q

Z Fu 3% 39 2 s

=
7
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S S S S S S

Fi gar3Rai |
i's crosstie spacing

70 480 510 530 560 580 610 630 660 680 710 740 760 790

65

& g % 2

Percentage Axle Load Carried By Single Tie

&

35

30

seat | oad determinati on

Center to Center Tie Spacing in Millimeters

19 20 21 22 23 24 25 26 27 28 29 30 3I

Center to Center Tie Spacing in Inches

(Zhang

et

Fi glArdEst i mdnaexd miusnt di but oonaf ac,h gANRENA E@)per
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P =20 t/axle
rail

| sleeper|
| |
! !
[ 4 I |
! L7 L_J [_71 L[] |
| 7% 2%  40%  23% 7 % |
| |
Fi galre Wheel | oad distribution?2®Illéedng success
7 v V] v V]
0.1P4 0.2P; 0.4P; 0.2P; 0.1P,
Figalée Rail seat Mimadtdiystorfi Ratiilway( of the P
2016) ,0 whedtygneawh e¢el | oad.
Th e verage dartsaoctcadrieds wrveeriaget hbadtl addapr es

a
mo d e | s TAMRUEIMMAL 1(@n0dWwi)ded an equation to calcul a
at the interface between sl eepers (ties) and

560 ¢z0 p '0GOWG (2.

wh e riei s stthaethiece | | o dQ@0 s gitnfipeabc)t; facagd@Oi sheerce
di stributionadgé@ld eawreriangepebraclelnast predbssrehat
arexzoonftf mctéd), e(iurawi diton of i mé « ddpefngd jHeepequat i on
det er®®o s e

o® ( 27)
p Tt
whermd s the trai Oispedd Whielak/hld) amet er (

00

Some nsetdisdee e fl feengtashivemefp er i tnrsldeenagdishb todffplr e t h e
ef f elcen yashl eoefpemet mod £ war el aib2leusshr ahedwwasnsumma
S ad e(® ol
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Tabdle&ommonl y wuseddeetqgeuramii mminnrsg feofrf ec(tS asrcke g heing
2 021

Developer Equati ons
Schar(aenine 1980) 0 O(TQ
Cla¢(Reyle 1980) 0 oo

Australian Standard (20020 & "Q

Notdai:s the total O0liesn gtththe befnfepdl de & gikerss Idehsgt @eam c e
bet ween thentrearn |ameaaddgasoshowe. isheEipgure 2. 17

LA IS L SIS A AT S SIS,
s P /:"’/ e

ST S S

S LSS L LA

P B

— -

Fi galr7e Effectiaskeéepagtboupport aAt. rail seat (

To be nottevdi measj onasl thenuwialtli vas e@antacad aul t
thickoessh&Ehmeldehdgyfe hsl| eepefromwiddl el dtm ng t he
pr esesxueeret ed in the model s.

25Key Par ameMeds| of t he

Model s inarteheat etddesosi nvest i gatthee trimend awakfmaeand
over |l aypyimog ealesogquisl manshs duhnrdeead a voact ci uorng hneehii |l vea y

Il sopaer @i pmesent a reliable mbeekbkgetas wmeaalskoeya bp ¢
rangess pe cviaflsichkehrcaeascoamposnant he mdrezi lswayy msy
natur al guouned, dhdrefore.,eatcthi $ as aatefitseenm aodr dolip e
component
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251Rai |l way System

(@Fr eilrgahitn s

Freight talaoicnosmoctoinviea amneldfghth oader t o esti mat e
atrain weight and relAdtseodt hax Ine dliareed sii dos e qu ie
deter mine the t radioarn glnogadtiundgi Whad e bstediotsaveaentiearb | e

par arhedriefrfferreecnghtt ypepredaet ati ve mimeldh an asnert
200Ba phar amestnet rr oadsu cfeaTlT d bdd@es u mmat hzeds ypi cal axl e
frecgaasouhd wWaml3dd.r ovi des the nominal axle | oa

Tab22&@ypi cal heavy axle | oads of IBeight cars

C o urnyt Axl e Tooaads]|
United States and Ci33
Australia 3385

South Africa 2680

Brazil 27-32. 5
Sweden 30

Chi na 227

Tab2a3d8lumber of axles and weight per axle of ¢

Car types Numbeax | e Emp(k¢N) Loaded
Tr ams 4 50 70
Light rail 4 80 100
Passenger coach 4 100 120
Passenger motor 4 150 170
Locomoti ve 4 or 6 215 -
Freight wagon 2 120 225
Heavy haul (USA?2 120 25850

Each type of freightowdameafss oo c eFxnagiRd Men,dh as |
Tab2de | | utshdei antear sf oaisgdlifockposgpedudiencal on.
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LO LO

A2
/]
N4

So“'z S'[ S] ? S'[ SO S]‘ S S]‘ SO"‘Z

Lo - Overall length of railcar measured over the pulling face of the coupler

S; - Inboard Axle Spacing, the distance between the inside axles of the railcar

So - Outboard Axle Spacing, the distance between the outside axles of the railcar
St - Truck Axle Spacing, the distance between the adjacent axles of a truck.

<

—+©

Vv
Vv

Figar8ypi cal di mensi on 2f0dlrl)a rail car (Dick e

Tab2d®i mensi ons $aomrd |forceoingohtti vcear s ( Dick et al

Type O (inch Y (inchY(inch?((inch
Siaxl| es

Locomoti ve 7 4 11. 89 34. 79 6. 83
Foax!| es

Sand/ Cement 41. 96 6. 71 23.58 5. 83
Coal 53.08 6. 75 34.67 5. 83
Long Hopper 69.00 6. 71 50. 63 5. 83
TOFC 94. 67 22.83 60. 17 5. 83

Rai lblgega s t he s pandidrdd sedbfd srifaeidinindah eiOP 4 Di f fer en
regihane f f erent duggidgins piio&rg édba |IT hgea oomonsotn v al ue
1. 4n8.5

Tab25ai | gauYelainid tudesd 4

Locati on Gage ( mm) Gage (in.)
North Americalé435 56. 5
Europe 143%68 56-65. 7
Soutrhi cAd 1065 41.9
Australia 15246 76 476 3

Chi na 1435 56. 5
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() Train Speed

As s holvarbh2G6ent he nmaxiimgithm train( 3peamdseusal 130 ki
train speed during the t unrebleé¢cook sif{Znbuaantigi arl . s h

20LR%hus, the most aoahfawvarabl eadi bhgat s oAwshean tr ¢

noter,o zt rain speed means the train is stations
Tab2lé®axi mum speeds for different railway | ir
Typeaiolfiwae s Passenger traFreight train
Branch | ines [/ 30 km/ h

Secondary |1 in8@a20 km/ h 6B0 km/h

Main | ines 16200 km/ h 10-D20 km/ h

Hi gh speed | i 25800 km/ h /

(c)SI eeper (Crosstie) Dimension

Sl eepers (crosstiesf) thiombmar | yc meoednebdee emaandd sst &
e a stiocelrt tah aan caomdc risatibedesl o, s tceoenls itdieersabalrye expensi
ti EBlse conpeefwerlthi eosn r esi st i ncgt umoivregneprto b Ibeum o ¢
ser iuomutehhei glycdnad | mpact |l oadg efighiinntleavgptshauekt
2011)

For t ispbbeeitnhgei enost g dpeulsarantdyap abe adaymeaefsd gaad f or

traiinmnsNorth 6Amme@r mcar 0. 127.8m9m n nl ehregtghhitan.dvi @t &2
The tiethmhmgpasxcgangi,ng bet waebhhtaehkeasesedeg podmthdrsa,l u
m (1 ¢N.cHiSeeslaintfat a © 80 me ttyipei cdailmensi onfa@7e i | | u
Al sca,essesca tl iomensi onsaroe | as tF8 gyt e fidlin g 22 Ce

Tab2a7@gypi cal t i(®eldindeetndsd $bh s

Location MateriWidth (trLength (Spacing |

Australi aWood 21-D60 20043 61-D60

Concrel / 6 0-®8 5

China Wo o d 19220 2500 54368
Concre24®90 2500 56

Europe Wo o d 25 2600 6 3-D0 0
Concre25800 23@2®mO0O0 692
North AmeWood 229 2590 495
Concre?286 2629 610
South Afr Wood 250 2100 700
Concre20354 2057 700
23800 2200 600

N
w



250 mm ‘350 mm 800 mm 350 mm 250 mm

4
!

250 mm

’

. / 2,600 mm

i

/seating zone Plan view

Fi g2alr9%e Geometrical charaschestandasdodgatgebtr:

2014) .

7" GRADE CROSSTIES

- g ol —— 8" —» - g .
FACE T TOP FACE i FACE

SIDE SIDE| 7" SIDE SIDE 7" [SIDE SIDE

7"
FACE l l FACE FACE

6" GRADE CROSSTIES

- 8" -n—?'—pl

FACE _T_ TOP FACE
SIDE  SIDE 6" [siDE SIDE

‘—O’z—b

FACE FACE

Fi g2a20 Si ze ca-t agbrianacdh Bcorros’sti es ( AREMA 201

dSbstr Cotmproment Materi al Properties

As discustshmalbsétoaceéeure of i sampdvakgéelelnbsatn,k mewnht b
anslubgAader dtimeg gwgge MAI ¢ 2 O dfei) AiRHemt h oifs bal |
requtioe@e i ncimen§ or 3@ agnaj alrhde t ot al depth of bal
iI's needed to satisfy themmDnifmemental ceuntri2ds
organi zavaohnsud$ awvfeanunibrae kenaettinetrl inalge.aét abt i mlas
arcehosen ofcmomygavmati abilmisst, bvehiacmhgul ars,t ruomigf,or
and dusapp er td st raanitinareaodai i srta &6 me d i(It n dmar at n.a et a
Noni nal bal lmm&o0me zk asmdaaeelGt@decrkn sstuicvhe @s aghadit ¢,
car boma(tkssREMA . S0ldB®alshas be gr aaqd rae gcameetse rii
crushed stone, gnawvehalt unbpal cous muarcuusBhbeedgy ree d s
homogeneous mixt urTea ba8a dtahb8.bs? hmat sroimael st.y pi c al
properties of ballast and subball ast
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Tab28&lat eri al properties of ballast, subball e

Material ElasticityPoisso CohesiccFrictio
( MPa) rati o (kPa) (

Bal |l ast 127. 49 0. 2 0.00 45

Gravel sL196. 13 0. 3 0. 00 35

Tab29®angd acft i cf omo dcwlusPaged menenec)di ve

Name El astic modul us ( MPi
Crushed stone 15800
Tab2lléeMat er i al properties of rail way embankme
Name ThickiFrictCohes Unit Poiss Young
( m) Angl ¢(kPa) weigtratiomodul
(A) (kNI ( MPa)
Graded gi10. 40 60. 0(0.00 19.6 0.15 119.9
ABgroup sO0.1 30.0(20.0019.6 0.15 60.00
Filled sc0.1 30.0(15.0019.1:0. 2 15.00
Gravel s10.40 60. 0(0.00 19.6 0.15 119.9

Tab2leMat er i al propertiessLof etmal wag0embankme

Name Density) Poissoni(Modulus (Thicknes
Ball as 1. 76 0. 3 276 0. 3
Subbsatl 1. 92 0. 35 138 0.15
Subgra 1. 92 0. 35 41 i nfinite

Tab2lleMat er i al pr olmd rlaaisls b a (alnisg kst A D

Name Resilient moduPoissondsFricti@A) a
Ball as 14950 0.3 465
Subbal 5505 0.-03. 4 250
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252Nat ur al Ground Materi al Properties

I n this thesis, the ground is defined as a so
by the tunnel c otnlsd es@ielr & @ mn dddlsspd cadkeeememnd t unn
constraawmdt aon opeha@nphadedi ¢ar mati on wi | | be exr
conditions could determine the belWdawiremaagfe soi
actual optruonneeclt sconstruction in soft ground, ¢
conditiohswi wh be | nBavaddi cen talse fgrldwmwd.soi l f
i n Appendhe functional par anerderf s dadadlyes of
The unit weight is a basi c-Cpar amdt eronasft i & aitli.v
I nternal friction angle and cohesion deétser mir

modul us and Poissonds ratio are two parameter
materi kleppaTlaeneeéers expaesisl the property of

Tab2le¥he credible range of soil functional p
Name ' (KNY m 0 * (I w(kPa)O( M)
Mucky c¢clal6-18. 1 0.853%59 .-100. 0 14-16. (/
Cl ay 16.5 0. 35 14.0 20. 0 20. 0
Silty c¢clal7-19.4 0.P83¢13-3.(14-18.(5.-258.¢(
Hard clay17. 2 0.40 20. 0 25. 0 28. 0
Cl &y |t 19.0 0. 35 27.0 40.0 30.0
Sandy sil 18. 2 0. 24 30. 3 3 45.0
Dense sanl1l9.0 / 35.0 / 24. 0
Very dens 19. 5 / 35.0 / 30.0
Notfeuni t weR ogihstssonéd nt @ar ina ) fOcacheéesOnvaumglos,
modulQuwo, d o dtaite,r al earth préxXseretcaéeffi20ildnt

20 1Ch a kaenridin v20 1 4 ; Ercel ebi ét Zahala@i22001141;; Hucoa ke t2
2011;armXd af£h0alnlgy, Zhang @anWeal0.082005; Cao

253Tunnel

Ther e &reey gemanet ri ¢ ggrhager ahesgoobumnudnsel face
such uamshiedmetuanel d&hpawh.207LTahle frod |iomfior mati on
sectionrepasondebkbtunmmalgedi amebéni aed Tepmhexi s
pr oj edins asdodriet itoynp,i c alp atruvammeetle rssu papnadr tt un A s | s ha
we.l |

(@Di me nsaTam ncefl

According to reported engineering cases i n r

summari zed as follows. Generally, Dbasreadngoens t h

fromm .tdo7 m4i. R 7diCameti elering thel ieaxd¢caeatcieomfd

ground surface di spelsarc ebmetnih , shadlilsow haersd sddeg u
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data, the typical cradmegeedfinmmeébae maldinO deddide ptnh o0
depth/ tunnel di mersi aars (ath/ D)mpiog thaeH¢po tpidfe 8 meg h e ¢
tunnyepli cal val uEab2ldele shown in

Tab2lleRel ati on between overburden depth and e

No Nametunohfel OverbuExternaDepth/ Di
depth di mensi ( H/ D)
1 Yingbin San Roa 14 14. 27 0.98
2 Power cable tunl1l2 6. 6 0. 33
3 Il stanbul Metro 9 .-176 6 -63. 54 1.2445
4 Tehran Metro Li 20. 8 8. 85 2. 35
5 Shenyang Metro 15 5 3
6 New Jiuyanshan 22 13.8 1.59
7 Suzhou Metro Tu1l2. 4 6. 2 2
8 Bi nhai Mass Tra 22 6. 2 3.55
9 Tunnel A 20 6. 34 3.15
10 Shanghai Metro 9.-101.0 6. 2 1.4579
11 Heat hrow Expres 19 8.5 2. 24
12 Thunder Bay Tun 10. 7 2. 47 4. 33
13 Barcel ona Subv10. 0 8.0 1.25
Extension Tunne
14 Bangkok Sewer T 18.5 2.66 6. 95
15 CrosBrajéct Tun 35 7.1 4. 93
Not e: References displayed i n oHrdeal.ebiXiet eal
an@cak (Qmakder;i and | nver (2014); Yang et al.
(2011); Xiao and Zhang (2011); Zhang et al . (2
and Lv and FEbgangt2an/) andanPeala@sd BHRHABI)E) ;
Loganat han anadnldeeuleds a(l1998)092) and Pal mer an
and Poulaondded®%9I&) and Romero (1997) and Phienw
(198B8Ramasamyl él1O0B8Ynaki et al. (2017).

Latoeirrn ehearcmpothance otf udHi/®dd wiid | e bteabl i sh a
overburdenhdeptuh esorad itnuenmndeilbow t he two par amet
magniotfudger ound surface deformati on.

B Tunnel Support MermdsuRei nf or cement
For construction of tunnel structures in a s
preservédetame nlgoaxdpacity of the surrounding ar
to contron idnefaomr mnaddept abl e scale. According t
are two main measures that are normally used.
Linjasga preliminary,hted mprse lresxuawpactrttobmetploomh g. A
grouting is an efficient and cruci al reinfor ce
in a tunnel @anstir 4 tZiacdhm gar@dla al . a(t adbhiéehi 9 Mmu
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Struct uraestaiscraung irel mggyh mo d eldaidn d hreeignhmer eame mig
compression modulTa$2lakf d asb@léd ummastsdmdlRami ng and
grouting fpamda metaded s construction projects.

Tab2léPr operties of tunnel l'ining (Xie et al

Tunheéeh ThickneDengiktgy Younmaddul us Poi sson

Val ue 0. 6 2,500 28, 800 0. 167

Tab2ledhe parameters of t he -sshuepdp)oa (t@iBnBgd 4s)y st em

Prope Bul k mShear nBul k dFricti Cohesio
( MPa) ( MPa) (kY m (@ ( MPa)
Val ue 600 210 2,350 40 0.250

Tab2leCompari somebbaweend apfairgaimeatle rans( Zrheoiunf or
et.2®&10 2)

Soi l Unit weYoungo6s mcCohesi (Frictio
( KNy m ( MPa) (kPa) J
Original 18. 3 3.74 13. 4 20. 2
Grouted 19.1 5.41 18. 7 26 . 4
Enhanced / 45 40 30

Tab2aléePr operti es of anudnnzlod8) ning (Gong

PropeThickneYoungds modUniwei ght® Poi sson

Val ue 0. 35 30 24 0. 3

(c)Tun®edpe

Hurnegt al . (2010) i ntr oducaesd sshdbnneg 22 li@ahses isceal le cttuine
of tunnel gepaema smamsntett heng met hod Thedcgraewhércao
isormal ly comsnhneluch esdinbgsTdmals hithnlkee shapelias ¢ o
t @i mutl hbitree t hec anodiedesr ed i n the thesis
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resulgumagi ons are solved sati ofbtiang tthe ok
di spl acdédmeretng i re prrEoMedolr ed pPpsinithreodBoetds bynd
Zdr avide®wpiol

(@QEIl eninstcr eti zati on

El ement di scr e,t iwldhitadaghe o nse far tphr eoicpetsssb mamy s mal |
Il herms efemeni aecer Ndidesd cetaaxihn .ealnéddoe mt t he el em
bounddarsyt hese finiteta&ned¢@umewndlsemtssmaenbh, whi ch r
obproblemmd womensi onal f i ntirtied mgaqtudae inlt a & @ gahirlyes € Is e m
nor mal (Fy ga# pd

3 Noded 4 Noded
6 Noded 8 Noded

Fi g2 Typi-ctiarhernsvoonal Hadtntisg eared1eZh®ng sk o v i |

Thfei ne mesh ofi semalibrreid g¢g memtaTour aftiene etslué t me s |

mi-sli de nodes between nodes inAantbakemamte b o um
el ement saws hibdedcdt hzesgr n | ead t da hlea rsghdo wdmarbohrys, itrh e
bet ween the | ongest and shortest fsogrdadr ioff ataenr

el emdmitasdlaeé @& ma nceo mmoand og/pftoerd e xgianv atiwmoenn s i on al
model s&mul ati on
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WPri nvar y Apdreo x i (maits plnAgemexiit mat i on)

The pmuinkamoywywn qduiasnptliatcpesietoits t he di s,whacamemtr i fei
over the momded wadeomail amal st r aihre diwtou gtl iodbmd, di s
Oandcharather diz e pl aaemabrto ofrideilndatien di r dbei ons,
approxi mat i oan siismptloe apsosl wniee midd Is pfl arcra rafdesatc hc o mp
el eméemeandi speacemenéas ap mpabtrnee nesxspr etsesreds ®f t hel
at t heFomrodseosme el ement s iwittelh pfoulnactceiadonnse xderse s st h
el ement displacement and el ement geometry

(©)El ement Equations

El ement @eaguenrnonbe deformati onaThbedawgqoat odn
derived by upsriinng ievdogei iamhum npdt ent i al energy)

v YQ yY (2.
wh e r e is the el ementYQsitsffthesvemabri of i ncrem
di spl ac¥Yneinst st;he vector of incremental el ement

(dGI obal Equations

Combi niangp atelipet @toifeoancsh etl @ me etnihle gelqoubaatli wh s c h
progda dseti ffness relation faegrantheadotrimeed systen

v YO yY (2.
wher @ i's the gl obal Y3tisfnédes ambtorirecmeht al n .
di spl ac¥Ynenst st;h e avidncctroermeonft a | el ement nodal f ol

(e)Boundary Conditions

ppl pobogdar ys c owddiiet hdeerf i ned by | oad Retdp ds estpl a
p the glbbadi systcwanidi ds oleisn e blao ®@eésapdedbody f o
ff&¥tDi splacement badrdd&n¥ oc edhidmetni goinesmal str ai
robltehnmes , prescri bmdstdi bplf aleed rmeumidtcd 8 d coor di nat e
il rections.

MHSolution of Gl obal Equations

Agr enautmber of si mul t aneouaf teeqru aa s toanbsl iwsihliln gb et h
matri x and adding boundary comdetvabonesdahe s
di spl ac¥Omeanst spri mary gqaampAfttacerssoenr s ses aasnd st
secondar yc agnu abret ietviaelsuat ed
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27Convergence Criteria

Thenwergenétenite eilaenemmplaghkasiyssussgeed i n t hi s
(RS)2usasolni nearsusbgreiatgsd ntgd ex plodhier fi oai t e el emen
pr octenses conwrirgemic® and tdrei tilReeoesdiieomc e hlerpm.i n
rel ationship betOwerech tthhee daipspg b aevde nheosatd

0°Y O (2.

wheme s ntodnd near stiffness fafncgproinn gif 06div.sipd aale
Finite el ecmenve nhaF§gueseents the response of

P
A

(n+1)

(n)

| Y F»U

() n +1)

Fi g2a23® The€imemar response ofoasspnechk@p9to appl

Accor dFing@2t® hper ocess of fincae o6bkemxmpt asakdt i
Assunmiengsol ution fYori sdikapwacleofeedegtrpl i ed @go t he
Before theopiewd dadt he s@mimgsi dgthimsepgr nftiGgr ces| f
which is in ®qgUheéidirsplmaoweYidinst s unbcjreecmed| i @ dt h
| o@dd .Thkeiys toduppgdha®emeapmitohreesdl uTheonfirst
i t ersatta rotmsa Ifcrudlimeaingg@nt stidf,aess hebowpyi)ng

o f t heThceunr,v etnfpeart loif nedha@fnt erdsect s At tthhes poi
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isplacemenS"tiY firrlocrmevjmteeltfderrstjbdiererﬁﬁiam(s@cnutrh&ant

i spl acementY i sYupyhpat addt a newOiind etr aniiammleef or c e
pr.Thg |l oadoirmbaraecerrior 40, tWwhbsahk tld gediasy ed
i gR2Z23T he purpose iof Mallaliys etsc@atn @chsce thbe | oa
zerMdh.e nexttoi tcearbactlileoayiadbnee w di s p'Y a c @ mapriptet sh e

same .Accordi pgevproqudgediurcean hebtdaisp!| aceMivent i nc
Therefore, the c¥rrantYWi¥y!| andewntee i s®l f or ce
can also b&heevad men@d.n thisisi trercalt i omlaé | er

previ oAs oherptooaeass , cdarhtei mb@dd nce and the d
I ncrembdbotgleate ng small er dodawawppdoaochiecmgszary
stwipngi teean dheed puce etsiegi meen t he ardeguwlatt el ar el o
t reeal solution.

d
d
S
i

The wRiS&@gram wi | | check twmbcsoddieategpnandtabbelt
cri tser E(pmat(i2o @2 . f2®Rrh e ctrwa eri ons arersebpwot asge
AN © [ N QO @MAAIOVH QI HE OQ (2

> w ¢ € W

Y o 0 ' Lo
0 0O NN (2.
— i N QW MEXOW e wQ

wh e remiplt8n titse iteration number.

The absolcutié egntadiy gneatnison can st op whnecrr etnheen tc U

isufficgmahnltéeémet Wamdspl akement. Oabsbkbubehtor bani
only conlsaad rismddeen ntchee cur r elnegc d nmeasd a msbmad laln cfe
t hceurrent , | bhd claene eshtto po.n

28Constitutive Models for Soils

Thi s eotviares the background i,nfwhincahsi cnas corfi L
physhehdvi loensae e Biodallha set | €( Hwooodkeel & aadll @gmit)a st isc mode
( Mo-Go ul ovmhb )l be .introduced

2.8.1El a svioid e |

Hookeda&srirasitraestsesses and strains f Brudahul)lR®eddda, i
gener al stFratg@2¥ed asti-essadaterscsons {( Huoattd ovdaBfle qu a't
Hookeds$lodw ow:
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wherOeis the elastic orn PoYosmngds) amddaoclexs al
strannX, Y and, ,Zz ang acti mms ;macttam gtelses el anes
t o hXx, Y and Z @axx¢dsare shearatmsdlir andisare shear
straanseXsy, YEZI amerselsXpectively

VA
4 O, €_ ;
T:.JL'
TE'-.‘" sz
T}, - Ao
- O, €,
v
Txy
U}., €,

Fi g2a24e General state of stress (Budhu 2010).

There are thre¥oeh@®&s i mopulrasne hfkemiss shimdamadrday ,i o
only two of theeede@aiparevebtienbsa a dlgi nieaot s oipli €.
For i nsshteaanrc emodul us C¢taowmbegdet eeochuhed and Poi
Equat2aob4)

O 2.)2
¢p U
Hookedss lazw atsh €icth jeen gi n e e rTihreg efqiuelt d soinmptbeer miso ar
det edimy neonst anBuiptatrea@gnestieinpstsief itlehideg h raeds sst r ai n
condi tTlhenehiomeaist saaliaasstsn €t i t u twievpa onpoodseel ds, suc

DuneCchhaegamod € pyuchyamo d &r een el ast ied amadel t(hhrey
hypd agmoadet(ti 20014
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2.8.2E1| a-B ta dMoide |

Var i @oluggsltasti ¢ mpod@losewene® exprhedeasclihdsgeisoi $udbdle
adresca, ,WohQdl Ilsemd Dfuaipeamadv aret¢ emgltasti ¢ mode
suchlhaadmnc@am!| ayMdat s iNaka iweke e lacspefdel| 12804 ce

t he advanrceeqs imdgekeclist i ¢ par amet earst ftd amsli abmode
araeppliined hi s research

Thel agsamltasti cwemaededlesvel opeed apdastrdcng héeor i e
contain rigid plastic theerty aamd riedeali opmsahs tpist
FigRB2%The rigtdeept wnsawmoeusnatnhoet s oi | bdeef foorremartei aocnh |
yi ehsgt r(epstshe strraneaplhdssoc] def ormati onf,r omvhi ch
the boundasogyeehdi st ogbFsQueahTEa cihckaal hbhastic
t wo sttahgee sseterfai n r el at i Dalsihneghaars T hsetsraiirns tr eol naet i
beforeess ,r.®acybiengdi nigt okt etcived e = | pl astaischedef or
second dlthaegef orieg p ptrhoea cdftiimeapiganythegge e dimyndoundary

condi( Fi ou r2ey (L ( 2004 eildesdlicplastic model i's w
model s. The most Coedombd éntshe$s. tnhaet eMohhars e mo id e |
this rMasedrochhe general availability of tabul

sect.i on

ol ol
Oy g
19) r3 0 1

(a) (b)

Fi ga2% Riaggpldasti ¢ modeaeleal (lp) asltast model (Li .

e strength of mactoenrdiiatli oi nn dw hcearit refesanid|ttaler ras hecel caosisr
Uexgprthaesst er i al f diil 2iC® d4d pimb e D keayal aftd odhef i ne
e |linear relationshopmbétwéeegBsbepnanusgpaiakhg?l

I

T Q, 2.)2
t @ , O0Al (2.)2

wherfis sheardi st rceomgatsdigommal; » dtsr ésnst er nalThfer i ct i
failureoecmua spawvwingh®ecaac hc eartiat ombi nati on
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Ay

Fi g2 Mohr circle defining the conditions a

TheMohr caierpalees ecrotmebdi bogcena t (| 2.n2 G gtanr nfuol at e a gen
mat hemat i d ®@li ed miutseglchzearki a2 0 lur)eheccur sl whlkeacomes

to the Coué¢((dmbadzmmlvhed toaptseh eafr stress aatn df aniolrunrae
s at iEsgfuiast(sizo &n(d2 .:2 8)

+ p . 2 .)2
G
2.)2

Combi ni ng( Z.gfie)thi cerg 2 awv(d2n, M8 hGoul omb f aiclaunr e cr
be adotphe dyiaeslcd rfrersptoihdn o g otf e ptrii e i,p a,l stress

.. OBl GAI-O m . )2
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Figa27e ME€buoul omb criterion iPtéattr pszoaozrzakalis

An i rhegalgamal p ydri amei@dp iriorm ctihpraele an rles sd sfpiaced
set of six eqasatEqQa8tid® hgeoemettyrpeceatl r uusezrcnesa k 2 (
showrmi g2 ZThe csreocstsi on i n t hies ocephesemt el an
hexalgoanm ssopmat er it @aleCoMiolhgrimé | d sur face i g 2eX3@res s
i n t esrtmsesosf (ODwear eantdab .2010%U8 0 ;

0. .. —_— . e s e n e
O —0OPFI v Al-O \;P_OE—IOE'I WA O T
o Mo

2.)3

wh e e

Oi she sftiriremstsa ra ant,, ., ;
e i s thefriinateighm j
Ois stelcedrdi at onv atir en,s, , y » " " ;

—i s theglleoder amgrs wridmf i,nes , ;
wis the cohesion.
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Chapter 3 Generation of FEM Models RepresentingTunneling Under

Railways

I n this chapter ditmeensg emedaltFsEdvwi bF bwodi scuss
|l iterature review presented in the preceding
substructure of the track system and natur al
3.1.2mdeée the | oads due to trains. Materials
|l ayers for the substructure of the track syst
I ntroduces boundary comddelémmssu rteh atth ewig u albiet yu s
of the FEM models, an i mportant mesh convergen
model verifications wil/ be p&EMoorlmetd othe @amd)
anal yti cafl a emredood® ¥ 6 &&rad encon ( 1Pi6Vgy s svde cthi o3
3. 2.

31Pr oceesg adfi i Mohdienlg a

I n this section, the process of establitéli ng
mo d e | geometry, a sufficient nsiazda iagppdlny idnognada onc
trainload is vital to the analysis. The actua
along the boundariesmotitveeamddal fferghothrail
wi || al so be discussed, corresponding to the

311Rai |SysyGEGEm met Mpd&hametry

The geometry of a typicaFi g3l ewapresmkeabkmgnt |
ection along théiwmghadlog.all tewihmaicninmubmgualtuhe s
y AREMO010) . There are two systems hnhhaedcomg
uperstructure that contains the rails, faste
ubstructure, whi dhhlHastt hrsawd bad mmesrnte mtngd: subg
aken as the foundation of Fiba2edbi be nhoaekl ¢
ail track, the fastening system and the sl ee
ehaiveootr the aim of this thegesiwsval eat hleoaditngsa
allast interface wild!@ be applied.

o model an adequate amount of soil by avoid
dopted is to take the geometry to bedatrihgast
[ scenari os and to -gerdarcat itdre, ainmouwdas ode anodl
o be taken the same external size, which is 1
f =D4dn.l n addiat ircant i o alfent Wrempdalh dwerthunrmn el di ame
ruci al parameter to deciswielilt hkee tuetned p ewictalv a
rom 1 iocBememhtiso orfeplresent the typical rang
recedptnegrMohaover, the tunnel dimmed etrhd rmax it
al ulemowhbé |l usned he simul ations based on real p

38

<T "TOO 9 9 — T~ T noow



ESE Ballast
0.3 m| Sub-Ballast
@E Subgrade
Fi g3l e Rail way embankment components with thi
E |H—140.0m—>| ﬂ
Natural Ground
139.0 m
Fi g3 eTypi cal model geometry with di mensi on:¢
I n order to verify that the model 6s geometry
an example situation wil/ be con$dndettcckgeBOTr
overburden depmh aodl the ey achigmeRdnésont nidrearl dire
I s m4f0or al | mnFeg83 edsn sMmowncase, the distani

the tumreel otwer bou
0

dar ym,o fwhtihceh mosd ell. 4witlilmebse t
According t h

awmfing@k ptbeedtirecm BEBtri
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| ower bnoavinndt@ar nyin Ssotrrne ss2 8 W, ekPiagni fying that t

not cause

refl ect iboonu nadfahrety haee tl aoiw esr
referFiiguyr & o3f @r amnlde D& )t fh emat doepl

Cby sefpiag.an es

Fi g83 e Model

speed

oading.

Sigma 1
min {stage): -2.87 kPa
-100.00

35.00
170.00
305.00
440.00
575.00
710.00
245.00
920.00
1115.00
1250.00
1385.00
1520.00
1&55.00
1790.00
1925.00
20€0.00
2195.00
2330.00
24€5.00
2€00.00
max (stage): 2567.83 kPa

Fi g34&*tress di

speed

oading

str

buxli4o,n =H bR,
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312Loading Conditions Due to Trains

The | oad tr anséapeas anercch atnriasimm firsondi scussed i n t

from moving trains to the subgrade is a compl

procedure in this thesis, several assrmarpdfiems

mechani sm.

Thus, only a str atirgaudthk Iselce i oonoifdar ediithevatyhe

friction between rail and wheel will be ignored.n addition, tloeé he e mpe

envirahmewbdtl | be neglected in this case; ther

l ongitudcaasedobgeshem.Verti che Ctoadsderiedfr om

train, which either a&aié@ahisheadytadnowiamigly sipends

trainload calcul ati on.

The | oad transformati on 1 Bceoma daec tf raane awhbesd Iwetem

(or crosstiesdé) bottom and the ballast surfac:

t he em@®@d t op @droiughhdtargnglae t o the tunneling di

di stribution is along the | ongitudinal direct

I n thismbbBéeéesioftenhesed | ocomotive and freight

the simulations. Theé&ab3lparameters are shown i
Tab3l&ey parameters for chosen | ocomotive anc

Locomot Fr eicagrht

Type GE MW Greenbrier 6250

Weight (kg) 192,800127, 728

Wei ght ( kN) 1,891.31,272.62

Length (m) 22. 3 20. 67

Whedlameter ( m) 1.07 0.91

Axl es number per 6 4

Axl e |l oad per whel57.61 159. 08

Axl e center to ce?2 1.78

Bogie center to 14 16.5

The met hod (t2hG@O PWRiEAMAd t o cal cul ate the cont act
and the balahadte nd ainhied clei tcehragptt Elme mpewicews of | o
from axle | oad to wheel |l oad, then to rail s e
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According to the previous inf-bamhasbnfotheheol
and the freightTachd2anidi H8E bresmowwnhi Vval y. Il n or
units, which wil!/ be iddedbei nal RS 2t,r ainmspgesrriraeld un
contact pr ebsaslulreestofartehae. ti e

I n this thesis, the tie width, according to t
was chosem &I mdl adl vy, the tine dFmwmaci2nbg swarsu | sad
thickness of the model I's one meter, which me:
and model t hickness. Il n addition, the tie sg
(AREMA 2010), wdiich @HaaplhdeddcRirs steloweevase. AREMA
(2010) only provides the maximum distribution
to all the sl eeper s aHroonfgi( |2IMikdMsormimgsiRtauyd iwdhay| odi
the Peopl eds ROpPQblsltiacneaf wibdaétin acoul d affect fi

Foaodal cul ati oandoaveguni emmreeg trhdeas seohnearbéljee di rectl y
wheel carries the maixs mgimvemi DF s2atO0l adFomwht
i's given as 0.2 for the first tie and 0.1 for

Tab32€ontact pressure between sl eepers and tF

Parameters Val ues
Trap@eed (km/ h) |Vi=0 V2=4 0 V3=8 0 V4=120
Tr apeed J(hi | e Vi=0 V2=25 V3=50 V4=75
| mp éacctt or 0 0.196 0.393 0.589
| mp &acctt or i n pe0% 19 %6 39 %3 58 %9
Whellad (kN)/ (I 157/. 33432
Contaaed® ( m 0.23

Contpaessure (kPa

Distrfabutobed(0./68. 70 82.17 95.65 435.65
0./136.96163.91190.87217.83
0./]273.91327.83381.74435.65
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Tab83Contact pressure between asrlteiegaetr s and tF

Parameters Val ues

Trapaeed (km/ h) [Vi=0 V2=4 0 V3=80 V4=120
Tr apeed J(hmi | e V1i=0 V2=25 V3=50 V4=75
| mp éacctt or 0 0.229 0.458 O0.688
| mp éacctt prericrent [0% 2 2 %9 45 %8 6 8 %8
Whelelad (kN)/ (I 159/.38B763
Contaae€d® ( m 0.23

Contppaessure (kPa

Distrfabuobed(0./69. 13 85.22 100.87116. 96
0./138.26170.0 201.74233.48
0./]276.52340.0 403.48466. 96

g 85raenkli g8Gceor respond to the | ocomotive and fr
e babtastrespéctively. Al so, t h(et raoxelkg edi sttoa
nter distance for both | ocomotive and freigl
e |l ocomotive and the freiggt seati oast atn®at
rcsdase scenario, the | ocomotive is at the cen
e train is |l ocated just above the tunnel ex:

t he | oeccaocmotsiviee ofnoar adldli t lmo dewldd lme rfer eiisght ¢ a
O connecuwtterd dar Threseaeceh tsingge.can sowmehate t
l e grodme suthbaaed axl e spatesgobetiwveehoth
freignht Thar aixd e3 spacing bet va®kTnh & wloe taadijlasc

i n | oadi hgtshhed| 6t aniolbleh 2 o n owpn dbeoru nddiafrfyer e nt t
diatrieonsl Appgermttexds@mar.ate figures

O -S> ~—0 30D o5

S
0]
e
a
n
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#Pd L'05Pd T0HPd ¥04Pd TOHPIE0 #PIT0 #PF 0 4PLT0 #PLD #Pd L FPd Z08Pd #04Pd 2 05PdT 0 #PIZ 0 FPAF 0 FPZ 0 4PdL 0

oooooooaaano oooobooooaad

FPLL0 FPLT 0 FPdE 0 FPAT O HPdED Fod LOHRd Z04Pd P OHPA T0HPL LD
OooQoo oDooQooag

#PdL 0 ¥PSE 0 4PdED FPIZ 0 4R L0 FPAL D FPIT 0 FRSF D FPSZ 0 FPELD

rem o laddoy paisnod 0Gz9 Jelquesio

len ybiai4

wggl

w/g'0z

cont act press:|

average

on of

but

Fi g3 eDi stri
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3.13Mat eri al Properties of the Ground

The primary ground material i s sof;t pshielpteyr tcileasy
arseummai mab3dtdhe parameters collected are from
tunnedxscaweaeted, and the average published valu

from the real eenfger esent ad apAgmmaepdew A&

Tab34s8lat ural ground properties

Name Materi [ Q04 OWEOA « J 0 OEOA

Nat wr@aun Si Icltayy 18 16 2 2 0.3 15,0
Notlei:s uni toi Wwe icgpthtei;ssi ofnr;i ¢ Vii sn Pangls®nodés rati o]
modul us.

The substructure of the r awHhiwaly aryes t @wme rhlaysi ntgl
gr ourmdr.operties ofuseed hi nc otmpeo nnednd B35 har & as h avwaty
tracks are perpendicular to the tunnel excava
systesn lliolo&k three tdhinme nlsasioygdeerdsl i n t he t wo

Tab3b58ubstructure component properties

Name Mater Qa « J OGEOA!r QWfa 0 OEO0A
Ball ast Crush 0.348 O 21. 2 0.:225,
Stone
Subal |l ast Grave 0.333 O 18.9 0.:138,
Subg(pd dhec ed) Harclda'0. 430 15 21 0. :65,0
Nothe:is the thick;reisss forfi cetaicehn cnaalt geksé parh;i 0 wei g h
is Poissonbds rati o; E is Youngd6s modul us.
A liner, used as preliminary suppbatulod té&deéucd
the possibility of ground surface dTalpd6é@acemen
representing a Tthyepitcuanlnetlunnenlerl ipnreorp.erti es ar
reducing the possible number of wvariables i n =

Tab3d6&unnelerl propamdi 2B ¢ Gong

Name aa 0 OEOA I Qi

Tunheler 0. 35 0. 3 30,000, 2 4

Notde:s the thiokse®Poiebohibser at ifoishueniis Yvweu mgha:
Al l materials of the substructure of track sy
el amltastictmather ifalid ur e

crit-Eoubombe Dbéehl Beéel
an elastic materi al. |l a dddi hedncoatl t sonl ma |
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3.14Mesh Convergence Study
To

Cc
;
e
d

g

I
e
w
m

o

BQIU“OBEQ(DDO*DCDQ_(D

0
e
I
i
e

n
s
h
e

x

O 7O 70 T - C SOV nmO

investigate the appropriate mesh el ement de
nvergence study is used to compare how the
sGalctcaur acy. How to choose a suitablsofelaemme nt
e ment i s also the reason tamatlryeswl ds .af Ween
scretization density is increxged,setshe Hownmly
netrhael software could compute more accurate a

this thesis, ri apgottaceebdementsgwatdihds mes

t
he excavat iaodnt rpereo bnloedna,| ui snisnegr tv

pecially for t

iwahs chosen for the FEM generation. The gr ado
sh around any boundaries in the model, t he
stance furthedaaway. fFom tihies bmesh type, tr
ternal and materi al boundaries is deter mine
faul t number of nodes on the excavation b
tabl sehednbyup 80 segments to produce a fin:
mber of nodes on the excavation boundary 1is
tio of the average |l ength tod tdhesclrengtzlataofond
the external boundari es, at the maxi mum di
mber of nodes on the excavation boundary i s
ables the indryeasBeecafusme ol deéresinature of t
adation factor should be considered an appr
s chosen as: 0.01, 0. 02, 0. 05, 0. 08, Qedy O.
rrow materi al | ayer sf arrme dnoared otf t lesn pf roo bgleenna
der to solve this problem in the model s, t
fine mesh el emedtas | st deeh dwi bkt e abte, | esnen t I
fferent mesh settings and discretization de
w they affect the ground surface vertical
spl adiesnemd g ncsyf hbl e di sfpakaceaerharcth W&hs obt ai
del s with high mm;s ht demefidrye, wtatse 2édgqBat i on

00 &GO 0E 6 ”:;‘”Qms (3.

Tabld7i f ferent number of el ements and nodes
di spl acement of the ball astvmaurdmd et h en dduicsepdl
di scrépanthe shaipih e =Hnbmll,eskF\ 2l0m/ h

Number of Number of Symak mMmm) Di spl ad smoe reftpis

2471 1067 18. 9 6.9
9583 4539 19. 4 4 . 4
10366 4920 20. 4 -0. 5
11330 5476 20. 3 0.0
14793 7068 20. 3 0.0
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Table 3.7 Difdlegameitt snuanbcernmdes correspondi |
di spl acement of the ball astvmslurdmd et h en dduicsepdl
di screpancy for the sampkFe 120 d@&dmthi Fudd m, t

%
5

Number o Numboefr el e mm Di spl adiesnemé po
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| mab3l7anki g37% et he convebdankcd @d¢ @unmeosntdatn ¢gé d ror es |

di spl acement di screpancy. On the oth®rf dand,
coarse mesh without advanced mesh refinement,
the displacement di scraegiamg ye ldeemea reta scen swii ttyh., t\
mesh esiemengual b9476satrgkrl thad results can be
mesh el ements sBd@dbd broslitanrmpedre letsh atnhe expr ess

bet ween mretshnLer‘nteemre and each critical 3d8 mens]
summari zed the number of mesh el ements and no

4 8



e me notfs eaancdh nnooddees!

e |

Tab38Rel ant u nvbeenre sohf

me Number 0 f

of

d¢eNumber

di aTunnel

Tunnel

OCoOMNMNANTONM
MNOT OO OMm
N0 ©O©WOOWwmOo
N—=IO0WMNOOO
00 O MNDNDNDMNDNNIN

NI TOWOHO OO
MO TN MCO
O A TOMO N~
O OO0 MDD
<SFTOOMOMOMOM

AN LW - <
M OO NN

MO —EAOANMNO N
VOUOITIOHOON
O EAMNHOITO
— © O 00 O MN~IMNIDM
MO ANNNNNNN

< T ANDNLW 0 0N~
<SS NNOOO0OO MO0 LW
A0 AN M
LOANTOOOMOMmM
e B I I B |

N O O < ooN
<O A A NNNM

O NOMMOAWWMN~NMmM
FANMNMOO -~
DA O AMNOMIDMN
MNMNOOWWLW S
ANANNNANNANN

M T O T 0
NETATOMO LW
NOMNMNU S MO
MM ANNNANN
e

13433

oumwowmwouwwao
DDA NNMMM<

N ATANNM I N~
QO OWWWOWML M
OFTOMN~MNMO MO
OCUOUOITITOMOMAN
ANANNNNNANN

O MM~NNOLW
oML O OON
O T NOOMNS
ANANANANAAA
Ll B B I |

1115

N0 T O ON
O A=A NMMT

48

OO0 O LW
—AMOOMOOo -
LNOITLOOITO
ITOMANO© AW
ANANNNNNANN

MO N0 OO O
OITITTHMOO
DO OO~
A A A4 MON
Ll B B e B e |

<tH0OWOANO O
M NN S W0

49



of mesh dCeménnsednd noc

number

.88e |l ati ve

T a b3l

me Number 0 f

of

d¢eNumber

di aTunnel

Tunnel

MMAN—AO0 O N
LOLOMOANTLW NN
—1 00O MMN~MO
O NAALONO
NANNNMANNM
OCOoOoOTOMNSTAN
DO OMOMN~N M~
MO AN 0 O

NANHOOHNOST
D B B B B B B B

O T NOOWO
O AN T IO ©

S MOMN~NOMN—HO
OMNNNOOOOO T
OCOT100 0O
00 OW OO
MO ANNNNN—AN

NN O O~ —
OANL AL OITN
A0 MN~NN—ANO®
COMANMANMNSON
A A A A0 O -

OO MAN
O A NM<T O O~

OO0 L O
OWWOMOO MO
QO T MOKN O
IOANOOMNSNNOOWL
MOMOANNOMOMNN

O TOWWOWOoO o
NMM~NMNSNUOMNMANLW
—O©OMMN’O LW
~MNLOOMWLLW®MAN
S B B B B B B

olololelNelelole)
A ANMIT L O~

10

26801

13090

11

e N O |
N O©OoOLwmOow o
OO O <N~
O LW O© 00 o™
NANNMNANN

NNOWOS< N
OO OIT T O N~
N A A0 N
NANOOUOUMS
L B e B |
NMIT WO O~
NMIT WO O~

31247

15286

12

AL MOMOOMML N
OO NMMMNSN
O A TN MO
O MO MNDMNDMNO
NMANANNNN

ONANNSOWN
ST OUOUANT O A
A ANMOMOMmMm-
M ONMMHmMT
L B B B |

< OW0ON T O
NMJT O~

50



Tab3 .88l ati ve number of mesh dCeménnsednd noc

Tunnel di aTunnel d¢eNumber of meNumber o
13 13 18110 37029

26 12786 26267

39 15350 31429

52 12946 26535

65 14604 29809

78 14508 29619

91 9739 20156

104 17086 351095
14 14 13000 26679

28 13452 27533

42 14234 29181

56 12496 25603

70 11988 24547

8 4 145814 29905

98 12632 25815

112 13672 28007
The tunnel di ameter in the models is the vari
boundary and ground surface. The tunnel exca\
segment sisemaFlolr t unnel s, t he rledradti eddhih hechob ¢ seg
tunnel s. Therefor e, the mesh el ement siane i s
i ncrease in mesh density around the excavat.i
external bouindead ilkey tilse dleeregtmh of di screti zatdi
smal | tunnels have a short I ength of discret.i
short I ength of discretization andi&@ms.increas

315Boundary iComei FEMNBOdeEeI

There are three types of boundary <conditions

mo d e | boundary has a restraint atmowdmemtor i Whin
in the weetiioonal bedcause the ball ast surface ¢
trainload in a vertical direction wil/l be mucl
free to move, essteynge asdpypcacrteatimdgl mabtetod d el o @i
both horizontals arcd ewé¢i tnigc al pdinmedt isampport. T
any restraint, which allows all theFino&l8es al o

il lustrates the compl exlesnmotdien n élb tai@ptt tuanidre | s pla
oft 2l0m/Thhe det ai |l s (oM= tlr2d®idk rel/tdrdidbiuntgisb @ ohna |l tfh emo d
top boundary Apmpe ndFioxp IGalyle dotimer model s, the b«
the same throughoséequbedecentire simulation
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The initial el ement | oading for all materials
el ement is in equilibrium under the material 6
stress type itsheegtr aal ugfaagrerdssvhgch i s the top
This setting in essence defines that the init
bal ance the materi al body force.

F 83& e Modéhdiwmog and boundary conditions for

i g
14, tunne=sllldiept hadlth 2l8m/ele.d

3.16Par ameMordiezlesd i n t he Simul ati on

Al | FEMwagealesaat ad f unhoet e o buaotlieo pafr ameiyber e H

i's the tunnel dept h,Thansd rCatdieot ehitedigphst nmaele | d id & o
each tunnAkd anmnaimiditeestt wuran e lodesn cc etnht @ ag o saixtiison of
and diiasmessheBEwg89%®he range of H/D is frlpmag to
di scuss.Ndt het samdi rld Decao n s tteret t D nanbé la rdgeepAdu.r i e d

a result, for each tunnel di ameteBasddheore @h
iteratuCleapteei e, the ransgel et ¢dei numnmies Wh e
with an imWhielee,ntstpaeitrdli s sel ected to be 0 ki
0 kmiiimtchr e ment sAsdfat4 @ nkam/gh rsd it guhatt i toempwoddes e nt e d
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train spewhlitlihee OGakm/mu;m al | owadlres iogphesr dt2i@a rk md he
Corespondi ng .20 ttdvemcttaicotn p3r.elssure betwedmrsl| eej
| ocomotive asdekeetgdt oodhlee egraoend@6smotiate f ¢
conditi omgdda@amsdt 3B84]I

Ground Surface

Tunnel's Central Axis

Fi g3d®ketch indicating the,pasnidt iHormanadf Dt prame

The ground surface in the simulation represent
for fromcéheemguiwmatdidfeace. The tunnel di ameter
circl e; the | iner 1is inst aldlseedntwiatl hianxtibsa & so utt
crosses the upper crown of the tunnel

32Veri fication of Numeri cal Model |l i ng

I n numeri cal model i ng, a verification of t he
before starting any detailed model anal ysi s.
compare their resul ts wi t h t bé& apdtnaasityitci crmdt esr
respectively. The <c¢cl asandalQ®d&kr)s ccha ne gpuraetd iocnts
tangential stress and displacement fields for
to a hydrostatifd:ed:dmplSdasna’;il\aelytréss ap lcayd tiincd r |
materi al nder the same stress field, Sal enco
tangential stress and displacement in both el

321Compari semicfal NMmdel s and Analytical Met hod

The selected excavation is a typical tunnel (
conveyance tunnels and similar. Thesgeamet 2P
assumptions, it I's equival ent to an imfinite
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excavated in an isotropic, i deal el astic mate

from 80 segments. Hydrostaéedct comepsestsue nsiet rf ensesl
The tunnel radius was assumed to be small eno
conditions are approPFi glletel RE2t UatesMbheatodf
resulting RS2 model . The aeeduwirlnaatl e rbaglu mgthugacdhr iiilse
fixed (pi nnetdo) roenp neeascahh i snii @ eee prheasnle t ype -was ch
noded graded mesh with 8744 mesh el ements. Th
byamesh convergence study. The study had test e
33088. The totall dcirsopwna ciesmeants taaitmitiwhneneedt hal oen
of el ements reaches 8744. Trheaway efrrnarm tbloa ntdwr
Tab39eunam i zes materi al-spavameebedssandssthe in

e

a0

25
A

-120 -100 -50

Fi g8l Configuration of RS2 model for the ve

Tab39&l astic materi-altpafoeketPestsr asd (B

Parameter Val ue

O MPa) 10,000

0 0.2

) 35

w( Ma) 10.5

0 0

[i a) 0.027

vh ( Ra) 30
NotEe:i s YounglWwiss mBdiusssindsfriat®iopncalhegiiden:;
unit weight.
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The anabyyt Kalrsch eqamdi GOFIK]Jaegers pb)ar co.
wherikes the di stelammcesl faoeomt er tei shehexamghedf pc
spring line to the point. TheFsegdlulp Tfhoer etghuea tKi
for determining the radial and tangenti al stre
0 O ) 0 0 0 od)A'l'é— (3.
» c p‘l C P ‘| C
0 0 “ 0 0 OG)AT@— (3.
5 0 0® 0 0 ‘ c‘bmg (3.
10 | 10 tev i G
wher,eang represent the radiad iand hteama@antailaldi s
Wis the radius of a tunnel, G is the compress
(6] (3.
¢p U

wherfOed s the Youngos sMothel P, samahdébs rati o.

Fi g3lrle Parameters f or akidr sCo89hF ke)quati on (Jaege

For any point, the radial and tangentitahe stre
x-aXi st hteuonmmerdttee rt henpodhnsi. icsaeste 1t8xt, hbeghi ch i s t hr
the tunnel diameter. The compari es®smo Wwkitguereen ai

312F gwBAd &nki g8lr4e respectively. The conEbgusefroc
315Fi gt e nBi gt & or radi al and tangenti al str
respecltaib¥lespyesents the error in RS2 anahliyssi s
el astieci mb.
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Distance from tunnel centre (m)

—Analytical a RS2

Fi gBlrde Comparison of radial tdkesyi sstcf@emeamte!| di s
center todpgdientdesi gnat e

Sigma 3
min (stage): -0.01 MPa
-1.00

Fi g3lre Contours of radial stress from RS2 an
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Sigma 1
min (stage): 29.95 MPa
29.00

30.55
=7 32.10

] 33.85
35.20
36.75
38.30
39.85
4l.40
42.95
44.50
46.05
47.¢€0
49.15
50.70
52.25
53.80
55.35

I g v g v
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o
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— T B e e R L sy o sy
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Fi g3lree Contours of tangential stress from RS

Total
Displacement
min (stage): 0.00e+00 m
0.00e+00
1.10e-C
2.20e-

3.30e-C

4.40=-C

5.50e-C

1.10e-C
max (stage):

Fi g3r7Z€&ontours of radial di splacement from R

hrough this
onverged for
nalcyosmpsd o t he analllyd i \vae rsiange hemdo b ngeamrtei al S

compari son bReSt2wesa nmutl haet i aonna, | ytthiec as
the tunneTlab8kds awmatait heeem  r ®lr a off |

T
Cc

a

| ess W Whinlhé& ma xsitmaensiis&ér%an@.%, r esptelte ilvedwyti on
t hteunnel hbowndattly proves tpatosd ee RSabosrot ee $ 0h
anal ysis f os ednastthiec onahteerrrilbaddids p It shcee nednaiemeurns o
8 . %, wh iscohc aattiedl 8mal otnlgea x f s amhteunoaehAEt hough t hi
di spl acement analysis in RS2 has a relatively
i's betthaerahyt i cal met hodmmpndwRS2hsbsuai bnmi se@
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Tab3llder r or n RS2 analysis relative to analy
Aver age Ma x i mum
Radi al stressO0.% 1.9
Tangential st 0.9 0.%
Di spl acement 3.% 8 .%
322Compar itven ReBwrhdrsi odl and Anal yt asal cM#&ahed:
Using the same test case of a circular t-unnel
pl astic mater i at¢ o neptlhhea np rtohcee sesl aisst intorper obl em.
the excavation undergoes twieeillMbibn g mbnd afi diulr er &
Two cases were tested, one using an associ ate
noassociated (dilatancy = 0) fl ow. The basic n
Section 3t2clmaikeeipallapaTabBédder s are shown in
Tab3leE|l aplt@dsti ¢ mat ., miidlu [fdoed rhensd rienstsedn(nal pr

Parameter Val ue
O( MPa) 10,000
0 0. 2
O 35
w( Ma 10. 5
r('ubd) 027
Q(I‘ﬂa) 30
U(I‘ﬂa) 0
' - 0A 4166.667
e nJ om
NotEe:i s Young®iss mBdius seceindsfriacdiopnc alhgdsieoum:i t
wei @ghti;s comprepgpdisvairmadulons;,angl e
The analytical met hods eé va siteidcaph@arses odnud ona. i At
to Salencon (1969),i st hgel vyeinelbdy :zone radi us
- 7
. o\ ( 3.
. ¢ Y0
()
0 L
PO T
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wher e 5 P o] =]] (3.
p OBl
n cOdAiv *j¢ (3.
According to t heTlapdlda nehe rysi eslhd wnonemy adwhiushi s
is measured from thdet passli veemrtaent.h pressur e

determined by thewhmatdesr ieaglu aflr itcot i3o n Tahreg luen,i a x i
nhwhi ch i s r el-Gdauwldom <three tMipthir pPar amet er s, was

The radial opressi ati hher edasti s:

P > , ( 3.
” L!) ch n
I n radi alihgégorsdirrestses (@nd radial displacement
- - Y
” 0 o, (3.
i
- - Y
L0 6, Y (3.
i
.Y . ¢0 nop (3.
(0] — U : T
¢O V] p 1
While the stresses and radi al di spl acement in
) " ;g L ( 3.
0O p 0 p W
UL S B (3.
o p O p W
6 ! 0 0 L (3.
c"OC P 0
p U P n Y Y
0 Y0 P ® i
p L P - n i
. 0 0 - =
v L p
wher e
o p i Q¢ ( 3.
p i Q¢
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For did0gt(amw)c,y the comparison between the analy
tangential stress andFigalrdli gl ®pHiagd2me Mth ei s
contours of streebetafinma@d RIS X pderal® 6 in@dh s tgrua e

322 nHi g323 Manb3llg t he error in RS2 analysis rela

associated (dilatanagsecifaiedi di amglheyy.andOn
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Fi g8lr% Compatramsgen toifal stressax i st iteudnmmteil on s
cent edetso @ndaienet =DAY d¢ase.
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f radial di-apilackememt dis
DAY dc¢ase.

Fi gB20 Comparison o
t unnelt oc dehseedpnoaitnet =

Sigma 3
min (stage]: -0.14 MPa
=1.00

[
i
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| Sigma 1
| min (stage): 11.2% MPa
11.00
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{ Total
{ pisplacement

4 min (stage): 0.00e+00 m
1 0.00+00
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5.202-03
7.80e-03
1.042-02

1.30e-02

1.56=-02

[
v
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| max (stage):

I L Lt T e A
0

Fi g823% Contours of radial =8A)spdase.ment from

r didfatiandyno#d)n,gltehqd comptahmaenadrny tbh etaweeret hod
r radi al and tangenti al S tFri e B8 4-ai ngdd.2 Baanddi a | d
gl¥x6e The contours of tresses &ndlAAJES mlua ee me
&

str
nkli g832% Al so, the yield zone Biro33nld the tun
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ThRS2rror ramsadlytss sariea bdiesip® agadtihoea xofeumor i n
RS2 stress$eobsotahnm@llayngdi scdcasieast t he tun@relt e un
ot her hand, t he maxi anuanlfyosrirtthrebéavmdat gll 8c e men
m al ongxi $ehtewomnenTlkee avesadge sesr ochfaonr 5bot h cas
RS2 stresses and Thies Yli @a¢ emelntEl amepiskRclomd otua |
describe the degree of yielding su(ralosuom ddanlgl ed
perfectayvi eladihngldeapesr ceehnptc, &8s skbd givadmre oy tthe
number of yielded el ements by th@SfoUalkrniabe:
20L0Ther etfhoer el,ar ge degntéee ofvoistti eheldapgens im Fig
surrounds thectr emas eilsn cwaatdhssat daoebacye f r om t hlen t unn e
addi heopl astic zone radius fmr.omht lse van dileytmsc &1
t hRRS2 sodstslhh&EwgB83I® which is | arger byoh &m.2t he a
Combinngesul Fs gur8aw3B.pIr oves that RS2 can provid
cylindrical taMom@d ulexmla vad tear ii al

Tab3legError i n RS2 analysis relative to analy
= friction-asms@lce)atendd (don atancy = 0) flow c
/ roomd [ o™

Aver ag Maxi mum|{Aver ag Maxi mum
Radstaless 1.9% 7.9 1.9 6 .%
Tangesnt eas 0.% 2.9% 0.% 3.%
Di spl acemen|3.% 8 .9% 4 .9 8 .98
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Chapter 4 Discussion of FEM Modeling Results of Tunnelingnduced
Displacemens on Railway Embankments

Basemhe preceding discussion of creating FEM
obtained from solving the model s wil/l be di s«
surface dssa@abatemeeael , ddeapaeitdea i ntgapeedt i wi |l | al
analyzed in the discussThen iamfdl uienntceer pafetlkady om
determined by adopting the vertical di spl ace
I nfl uence sifneccet si tt hdei rseacfteltyy aoff train operati
di scussed in this <chapter. I n the first sSce.
def ormation wiblyl ibeebtidthdemnhedophe scenn@ndo scen
consi dheefrfsectunmdl i ng wuhbteddmdtferenatl vaoi ders
I nvestthgppgatuad sur f aicred Watesumineed e meimdtdhwaitti drhe ef f e
train opehatt bnr d s caesnlaifenios i sfcomasugadbsd iosnh ehdo w t F
depth (H) parameter and tunnel di ameter (D) p
To be noted, tthiee bididlealsst issurtfraecaet eedn as t he gro

41ScenairTihbre 1l nf ITueamnone Opfer ati on Speed on the Ba
Di splacgment (S

This scenari o is tospoecbetde nught hbeetfieat adbf onr a
i nduced trainloads applied on tdief fbeaad d mtstt rsaiirr
on the wvertical di spl acementi | &1 obneg Fiitignked € a lglaad
il lustrates the trainl odmwa@idti mdyi ndailstdii maldd ioomn a
di spl acementadssdfrbodbbut heasn spPpeed®, c8Psiad@0e &k
showhi g#2rel stdleo c aotfi oma x i mu m idse fionrdnractguéidenel 1 n
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Distance along ballast surface (m)
-70 -60 -50 -40 -30 -20 -10 O « 10 20 30 40 50 60 70

0.0 /v: :,\
-50.0 location of maximum location of maximum
-100.0 deformation \ deformation
-150.0 gaq N

—&—V1=0km/h —A—\V2=40km/h —e—V3=80km/h ——V4=120km/h

Fi gda2Ver ti cal ground displacement al omg t he
wiht train speedksm/olf. 0, 40, 80, 120

Corresponding t oFitghti& ertehseu lttrsaisnhloonand icnan gener a
the c¢clay ground. Al curves of displacement a
shapewadfong the bald atshe spa o iaktcoeo of nooltf icoves gahmted t r a
axl e alreepplsi ed. The mawc onum-7and lamsaldmxo fwh3 ch ar e
positions of the sleeper undgreftero hmigpdine t wio e
Fi g4 e The vertical di spl acement cont durguate f o
43( a) 3¢o. 4The value of the maxi mum vertical di

in FidgQure 4.

Frofn gd3(ea) 3t(d) 4. it can the qlrwarnwde dnotvieast d own v
i ncr etarsainmlhoeadgappl i ed trainloads compress the
di spl acememal lad sothngs urhfeace does not chralhget Wwée
val ues Thme rekatsaei.l s difs ttrriabtt thbeal looha dnondgesi e t op bou
under different &arsehionwhlppaedidng dcCondi tions
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Vertical

-2.

Displacement
min {stage): -2.3%e-01 m
-2.

40e-01

lée-01

.92e-01
.63e-01
Ldde-01
.20e-01
.60e-02
.20e-02
.80e-02
.40e-02

.00=+00
max (stage): 0.00=+00 m

Fi ga3 e ( a)

Ver

Vertical

Displacemsnt
min {stage): -2.%0=-0l m
-2.

40e-01

.6le-01
L32e-01
L03e-01
. T4e-01
.45e-01
.1lge-01
. T0e-02
. 30e-02
. 90e-02

L 00=+00
max {(stage): 0.00=+00 m

Fi g e (b)

Ver

c al

cal
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g
g
g
2
g
g
2
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WVertical

Displacement

min (stage): -3.4le-01l m
-3.50e-01
-3.15e-01
-2.80e-01
-2.45e-01
-2.10e-01
-1.75e-01
-1.40e-01
-1.05e-01
-7.00e-02

-3.50e-02

0.00e+00
max (stage): 0.002+00 m

Fi gax e (c)

Vert

WVertical

Displacement

min {stage): -3.95-01l m
-4.00e-01
-3.60e-01
-3.20e-01
-2.80e-01
-2.40e-01
-2.00e-01
-1.602-01
-1.20e-01
-3.00e-02

-4.00e-02

0.00=2400
max (stage): 0.00=4+00 m

FigaX e (d)

Ver t

c al

cal
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450.0 y = 1.3003x + 238.18
400.0 Rz =0.9999

350.0
£300.0
E 250.0
£200.0
o7 150.0
100.0
50.0

0.0
0 20 40 60 80 100 120

Train speed (km/h)

Fi gé4dMaxi mum vertical displ aceme

nt al ewmng the
mak f or t he dcoouwursitdreaiend ksOehetdd , 80, 120

Fi gd44sehows t hevwadbtlovueds hef fB 8ur train speeds con.
foll owtaehid@meand i ne i s a v&0y 9@&lekoa dfi intgdtyo 1t e
induced by train operation kant/ ha ccearnt abien psrpeede dc
equati om thewhi gur e.

42Scena-Tium n2 | Excavation Unded ndnh u@meratoifndr RBi
Speed on the DMespiaadms&Sorfase

I n t hi st lsec evnarrtiioc al di splacempnindaloead bynesibmal
train operationiangrtesmemeéledexdav dSteicom ormrrs 4. 2.
3m) and maxli4mu mt y rOnteelr sd,i arnees pecti vely, are cho:
the data. thAhe ¢xpeaect e gceaadatnts ture nlcaes othnhe he ar ec:
the tunnel. The vertical di spl acemendgwifl It he
be examined in Section 4.2. 3.

421Ex cavat+3mliupn hhe bat ¥ad i @uwpstShush j e dnt &lidma doi n g

Fr orm g45(ea) 5¢dt)ide vertical di spl acement distrib
3m at mul ti pt bBterdaepnt hiss whni logper ati on wint/hh tarrai n
di spl ayespgichncdat g memectar] f raxm etshudotnd yf chral f of
mo dand e pilRoitgide&rdea) to (d) .
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Distance along ballast surface from tunnel's central axis (m)
-70 -60 -50 -40 -30 -20 -10 0
| -160.0
Tunnel's centradxis —»
i -180.0__
| £
| -200.0&
I Uy
| -220.0
' -240.0
X =-7m, location of § .«
—a—-H=3m —2—H=6m ——H=9m —=-H=12m
—4—H=15m —e—H=18m ——H=21m —>*—H=24m
Fi gda5 e (a) Symmetrical di spl a=@Benmerxtc awiat h ominb u
oper at g¢vagOk m). h
Distance along ballast surface from tunnel's central axis (m)
-70 -60 -50 -40 -30 -20 -10 0
. -180.0
| -200.0
Tunnel's Centrahxis ——> -220.02
| -240.05
-260.07
i -280.0
t ' -300.0
X =-7 m, location of & .
—a-H=3m -—»--H=6m -e-H=9m -&-H=12m
——H=15m ——H=18m ——H=21m —»—H=24m

Figd45 e Gpmmetri cal di spl acemen3tm caixstawiab i toino n
oper at gva4 X m). h
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Distance along ballast surface from tunnel's central axis (m)
-70 -60 -50 -40 -30 -20 -10 0
| -230.0
| -250.0
Tunnel's Centrahxis —>|
1 -270.0 =~
. S
| -290.0 £
b 310007
| -330.0
' -350.0
X =-7 m, location of § .«
—-H=3m —=-&—H=6m —e—H=9m —+&-H=12m
—a—H=15m—e—H=18m ——H=21m —%—H=24m
Fi gd5 €c9 y mmet ri cal di spl aceme=3tm cixsctawiab & toino n
oper at @¢pB=Hd &K m). h
Distance along ballast surface from tunnel's central axis (m)
-70 -60 -50 -40 -30 -20 -10 0
| -260.0
_ | -280.0
Tunnel's Centralxis —> -300.08
| -320.0E
| -340.0¢7
r -360.0
| -380.0
4 ' -400.0
X =-7m, location of & .«
—-a-H=3m —=-—H=6m —e—H=9m -=-H=12m
—4—H=15m —e—H=18m ——H=21m ——H=24m

Fi gd45 e Gydmmet ri cal di spl acemend3mdeixdawidttuit o o n
oper at @vagl 2l0m). h

75



Correspdndam(ga )t Odo, 4ighiestSri buti ons for the mod
of 3 m under the f osra mer B banpckroesmasyi mngassu dtehlel otw ati
speed iAlclr eawawe sorvelréeap with each ot her. The
same patsi® imon ast & gunedisenr Fii gddeweho ¢ h Hha s cluesesre d

i n SecBawved 4amMm .t he di splacement scales from th
D=3m under tr aiam nospiegrnaitfiiocnanhtasi nfl uence on the
comparison to the casdhwi tahaentda gneatdrii andne(rd&macckei n |
bet wewndd ®r 3Dimrder di fferent atrirdiasi tmdastpre eha lxloen d-
The | oddneaxinmwm diisf faetr eébrdheeen tt uBMted x B8 er age and |
di f f edeemroedaessre t he itnrcaiem ssepse d o mAD shidnd it eutnon ell 2 0
deepehaver age and max d enaw Inf indpiu 6 fela rddept ddeg v er ti ce
di spl acement c»3m aur HE8qmw htvadi®m/t®ai n | oadi ng.
471 | | uss heasame tunnel=2ddnwimeh ers ame dtepaihn Hspeed

TabdlAver age and maxi mum Wandpepemce £ %3 rmeu ek
train speed conditions

/ Averdaggéerence ( %) Maxi nufinf er ence ( %)

H Vi=0 V2=40 V=80 Va=120Vi=0 V=40 V=80 V4=120
(m)km/ hkm/ h km/ h km/ h [km/ hkm/ h km/ h km/ h
3 1.1 0.9 0. 8 0. 7 3.0 2.5 2.1 1. 8
6

1.1 0.9 0.8 0.6 2.6 2.1 1.8 1.5
9 1.1 0.9 0.7 0.6 2.3 1.9 1.6 1. 4
12 }1.0 0.9 0.7 0.6 2.1 1.7 1. 4 1.3
15/1.0 0.8 0.7 0.6 1.9 1.6 1. 4 1.2
18 1.0 0.8 0.7 0.6 1.8 1.5 1.2 1.1
21 /1.0 0.8 0.7 0.6 1.7 1.4 1.2 1.0
24 10.9 0.8 0.7 0.6 1.6 1.3 1.1 0.9
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Vertical

Displacement

min {3tage): -3.9le-01l m
-4.00e-01
-3.80e-01
-3.20e-01
-2.80e-01
-2.40e-01
-2.00e-01

-1.60e-01

-1.20e-01

-3.00e-02

. ~2.00e-02
0.00e+00

max (stage): 0.002+00 m

Fi gaa\wertical

Vertical

Displacement

min (stage): -3.9%2e-01l m
-4.00e-01
-3.60e-01
-3.20e-01
-2.80e-01
-2.40e-01

-2.00e-01

-1.&0e-01

-1l.20e-01

-3.00e-02

. -4.00e-02
0.00e+00

max (stage): 0.00e+00 m

Fi ga47n eVertical

di s gloacdwilebiht= c3o nnt,o4r £2 3G km/ N.

a
3
-
-
-
3
-
-
-
-
-]
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-
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-
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3
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3
3
-
-
-
3
-]
-
3
-
-
-
3
-
-
-
-
-]
-
3
-
L}
iy

B

di sgnoawe e rt 3cmnt Bku Fl 2204 knm/ hV.
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The vertic di &p lga@iGaamid mtiricaodhit cautres timat t he di
patterns s 'l follow the applied trainloadsbé
The most ¢ tical | ocat iogn s .arCh mpabelndgunder t
c
t

a l
[
i

t

r |
Fi ga3(ed), tdmenr e@iifd ea e n@ea nbdentSwees hdwn in the C
| abwhisch i s induced by=3mheBmusrd @k mek) .avWwWhemnt K
tunnel i's excavawiedrlagtk md eaptclontdi t enoe beewdehnf
ma@ Ndmak 8mm as seen Fi mattebnpgd(edipn addi ti on, t he
comparisons al so pr oveayv athiaan tate voarreilcdutsn vdeaipytnhes
smal | i mpact on the Whe uddat siulrd acfe tdrediom mad a di
hal f model on the top bouxn=dalr2y0 okfm/nho daerles suhnodwen
Appendi x C.

422Ex cav ab+lodmTuonfnLe t a t ¥ad | &@euwpstShusb | e drt ®lidma doi n g

Fi g48(ea) 8t 09 MMowy etrte cal di spl at amoedwti Dl dit ri but
at mul ti pl & hteregpitmhsi svhiiheoperoaf@, oA 0 wi 8kbOm/ghmn ai @ 2
respedthleoebhy Sgnaast odi fferent tunneiln deipd hrsear 4.
to 4.8 (d

Distance along ballast surface from tunnel's central axis (m)

-70 -60 -50 -40 -30 -20 -10 0
il 0.0
X =-52 m, location of § ,,for H =14 m, 28 m and 42 m f/. -50.0
—n ?-100.0’5\
B A2 N AT oo =
S R3 SN N~ P g 2|
-Q§$$;§”§n;4¢°‘f R S\E =‘= & o0—6—8 S —E/E/E‘ -150.097
\\::.iz:‘ % X X X i S - 9 " © N i %
*— T ﬁ -200.0
v
-250.0

X =-7m, location of & ..,for H=56 m, 70 m, 84 m, 98 m and 112

3

—a-H=14m —=-—H=28m —-e—H=42m —+&-H=56m
—4—H=70m —©—H=84m —<©—H=98m —»—H=112m

Fi g48 e fyagymetdii €c@mll acement di s=tlrdn beuxt d asvmattfioon mo
statito@amok m). h
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-70 -60 -50

.

-40

Distance along ballast surface from tunnel's central axis (m)

-30 -20 -10

X =-52 m, location of § . for H=14 m, 28 mand 42 m

TEAIN =1
t‘g&‘:\?\ ,/ﬁ’= 2 E\H§-
\\'\:\x\”;.‘/,‘ A\ N
NS S ZZEANW

£X

V4

LY,
O
X))
o D
X)) [Z]
OX() 1
OX() Il

ALY

>

X =-7 m, location of & .., for H =

56m,70m, 84 m,98 mand 112 m

—#-H=14m —=—H=28m
—4—H=70m —e—H=84m

——H=42m —+&8-H=56m
——H=98m ——H=112m

-80.0

-130.0

-180.

S, (Mm)

-230.0

-280.0

Fi gd8 e Epmmetri cal
oper at gvag4d K m). h

di spl acemeritdn

dei xsct awiialtt i t oi no n

Distance along ballast surface from tunnel's central axis (m)

-70 -60 -50 -40 -30 -20 -10 0
X =-52 m, location of § . for H=14m, 28 mand 42 m f
S y sl
S—X S AN T — A~

9 :\‘:\w e e/ = & //.
\\§\:\ /"'z A \‘ﬁ-“/ . N
M\ N S~ O \D | O—a
\St"'i:/"' N\ = o\
N ; s X AR N ﬁ

P QD
X0

PP

b

A

X =-7 m, location of %_maxfor H=56m,70m, 84 m,98 mand 112 m
—#-H=14m —=—H=28m -e-H=42m -8-H=56m
—4—H=70m —e-H=84m ——H=98m ——H=112m

-100.0

-150.0

-200.0

S, (M)

-250.0

-300.0

-350.0

Fi gd48 ecSy mmet ri cal
oper at @v/smg3 & m). h

di spl acemenitdn
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Distance along ballast surface from tunnel's central axis (m)
-70 -60 -50 -40 -30 -20 -10 0
¢ -150.0
x=-52m, location of g .., for H = 14 mandg28 m ///- -200.0
L/ a 2500F
m % -300.007
ﬁ -350.0
x=-33.6 m, location of 3. for H =42 m
-400.0
x=-7 m, location of & ,,for H=56 m, 70 m, 84 m, 98 m and 112 m
—a-H=14m —=—H=28m -e-H=42m -—&-H=56m
—4—H=70m ——-H=84m ——H=98m —>—H=112m

Fi g48 e Sdmmet ri cal di spl acemenmnién del xsctamwiialtditoi no n
oper at @l 2l0mM). h

Fi ga8(ea) 8¢ ©) 4stehvaetalt he di spl acement mag=lidt udes
m have more distinguishabl=8mdi Tharensabéeéebaase!
f ntedn di ament ¢ ran flrdocand s3 t o deeper tumnhHg IDadv er bu
s thBMosameghewimngnel rdeisaumeniose @ ns iayefi d 1 ratmit o n .
ach train ,shpe eadv ecdaamgdei thinddfi emadxme dreuen@i)dF & r D
l14amel | ustTradbd2edhda nl ocati on of tvhare snawiftrhem eadit f
unneba mdr pati s. Fope anb d e | H = 14 m,i RBcan,i A2 ins aa
undseeln a x s daelrl f our ;ftorraimo dseptetetel sc e rna,l axi s |
f maxi mum dif t e @aé mcésOp eaeridd/ Bithsednendhtloi.roinz s hi &k by

o 1We 6 m fr ddmetnhe att uraxess 8f4o rma hitndlela i H,asnpme e d s
mo d e | Ha 6&a w2 Om KFm/rh .mo d e | H =ua8em ahd L1dD2r mtr
tihbocatsi o/n0 m a wayondeal rotnr & |h eids ti s eobpovihn d a rMpo reed g e .
details about tdeptimfwiulelnchee odi stcunsnsedd i n Sect

0
i
e
t
t
0
t

As di sfcoursDstelde 3 ,m tcltas etsr ai nl oad i nduced maxi mur
position under the middFetrhwh eeXc doviiantmedldon@oofmot i
under dirfafi ar @mptesr alt b @®d ispmaexd mum dawpthtEeeaeant
tunnebaseplt HuRsitgrddraeerdi g 48(e) d.Whdn ®preaidn i 40, 80
m/ hSSembher=1Hn, n 8ahzhisl ocatxed 2mt whedier edt liys und
he second feebgbt.Ohlacdaotwihamie sS untheddt aewheel
B bogile®cfoormhdame tunnel ipd 5hénx cnd, 0 a8 den@a8rad 1dle2
However, when t hlem/thr,aitnh e pleafdarti istounn2dwdnli Sdept h
ndesetberd frei @gwheeatrhbes I|foigerasteéim@mnuncf tImoet searme a
train speed opeortahteiron wenonned i tdieopntsh

k
t
0
m.
u
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Tabd2dver age

andi frfaexri emuare v (@%)d pnwibeet nw ele n= Sl 4

four train speed conditions
/ Averdiggéerence ( %) Maxi muimf er ence ( %)
H Vi=0 V=40 V3=80 Va=120Vi=0 V=40 V3=80 V=120
(m)km/ hkm/ h km/ h km/ h [km/ hkm/ h km/ h km/ h
14/50.341.1 34.8 30.1 (92.175.163.354.3
28|44.836.6 31.0 26.7 |[67.855.2 46.6 40.1
421(39.231.9 27.0 23.3 |51.842.3 35.7 30.7
56 |[33.327.2 23.019.9 (40.132.8 27.8 23.9
70(27.522.3 19.0 16.4 |31.125.5 21.4 18.5
84 121.617.5 14.8 12.8 |23.619.6 16.3 14.0
98 |15.512.5 10.7 9.2 17.413.9 11.9 10. 3
1129.5 7.7 6.5 5.5 10.89.1 7. 4 6. 4
Vertical E
Displacement .
min (stage): -l.48e-01 m | [ =
-1.50e-01 H
-1.33e-01 g
-1l.1l6e-01 E
-9.90e-02 E
-3.20e-02 E
-6.50e-02 E
-4.30e-02 E
-3.108-02 E
-1.40e-02 E
.3.00&—03 g
2.00=-02 g
max (stage): 1.34=-02 m -

Fi g4 e ( a)
km/ h.

Verti cal

fadirs plo @ed dreyn=ttHito,ouF\D o ur

81
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WVertical

Displacement
min (3tage)

L93e-01l m

-1

-2.00e-01

-1.80e-01

-1l.80e-01

-1.40e-01

-1.20e-01

-1.00e-01

—-g.00e-02

-6.00e-02

-4.00e-02

-2.00e-02

0.00e+00

max (stage): 0.00e+00 m

f dbir s pm oaddes Imdewni t£ Hheho, n2td 0 r

i cal

Vert

Fi gd% e (b)

km/ h .

hEtEbiEE DN e DD DO DD O DO DO DR D RO DD DO DDA
=

E
H
—“
=} =]
] =]
o +
=] LY
=+ =1
s — — — — — — ™ ] ] (==
oo =} o =} =} o =] o =] =] =
L] 1 1 ] 1 1 ] 1 1 1 + =
LY i L Lo L i LY L L LY u
B [t =} [t =} [t =] =] =] = =
[ e T B = [T} [ B [T o] =R
ME. . . . . . . . . . -
&' ™ ] — — — — -~ 1] [ o
ﬂwm_ l l [ 1 1 [ l 1 | m
0 om om m
- - —
n@nIH.m
(=
£ aH

f dbir s proadoed Imdanni t£Hheho, nst=\8 0 r

cal

Ver t

Fi gd3 e (c)
km/ h.
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Wertical

Displacement

min (stage): -2.88=2-01l m
-2.90e-01

-2.6le-01

=y
2
-]
-
-]
-
-]
-
-]
-
-]
-
-]
-
-]
-]
-]
-
-]
-
-]

-2.32e-01
-2.03e-01
-1.74e-01
-1.45e-01
-l.1lés-01
-3.70e-02
-5.80e-02
-2.80e-02

0.00e+00
max (stage): 0.00=+00 m

Fi g4 e (d) Vertical fairs pnloabDed meyvntttro,oard 8 0 r
km/ h.

Wertical

Displacement

min (stage): -2.18e-01 m
-2.20e-01
-1.93e-01
-l.66=2-01
-1.3%=-01
-1.12e-01
-8.50=-02
-5.80=-02
-3.10e-02
-4.00=-03

2.30e-02

5.00=e-02
max (stage): 4.€62e-02 m

-y
-]
-
-]
-
-]
-
-]
-
-]
-]
-
-
-]
-
-]
-
-]
-
-]
-
-
-
-]
-
-]
-
-]
-
-]
-
-
-]
-
-]
-]
-
-]
-
-]
-
-]
-
-
-]
-
-]
-
-]
-
-]
-
-
-
-]
-
-]
-
-]
-
-]
-
-
-
-]
-
-]
-
-]
-
-]
-
-
-]
a

Fi galrCe (a) Vertical fai s pnlod@ed deynttliicAo n\0o u r
km/ h.
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Vertical

Displacement

min (stage): -2.6%=-01l m
-2.70e-01
-2.38e-01
-2.06e-01
-1.74e-01
-1.42e-01
-1.10e-01
-7.80e-02
-4.80e-02
-l.40e-02

1l.80e-02

5.00e-02
ma¥ (stage): 4.06e-02 m

Fi
k m .

Fi gar®e (c)

km/ h.

Vertical

Displacement

min {stage): -3.21le-01l m
-3.30=-01
-2.93=-01
-2.5€=-01
-2.19=-01
-1.82e-01
-1.45=-01
-1.08=-01
-7.10=-02
-3.40=-02

3.00e-03

4.00=-02
max (stage): 3.54e-02 m

Ver t

garC (b) Vertical fadirs pnoabed aeyn ftHhcr ntVb Q r
/ h
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cal fairs pnloabDedl mhayn #tHhcr, st\® O r
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Vertical

Displacement

min (3tage): -3.75e-01l m
-3.80e-01
-3.3%9e-01
-2.98e-01
-2.57e-01
-2.1lge-01

-1.752-01

-1.34e-01

-%.30e-02

-5.20e-02

. -1.10e-02
3.00e-02

max (3tage): 2.98e-02 m

"y
=
-]
-]
-]
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-]
-]
-]
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-]
-
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-]
-]
-
-]
-]
-]
-]
-
a

Figarld (d) Vertical fairs pnloabed deynttticAo n=M\Mo2ulr
km/ h.

Fi g49(ea) 9¢d) #Fagdlr®a) to (d) il lustrate the ver
model &A1 4 under four traisanldseperedldBcondspeonisv:
The detail s ofi bturtfadomn stl loea dlinanlgfh emdatdogplr boundary o
various train speeAdp pceonnddiirxit @i eat)lae ec sdolvanws Ina b
t hpasitivevp@ cattuhees nwé |, Sbvwh it colst huepdw acradt es o i | move
the tunnel bott om. But the same tuenxélthenbhder
upward matviienemet tlakm.gd4r®a) 1tod)4. t he upward soi
at the t hsaledppbecatrteodn But t he upward movement

in train speed. Largeestsbabanteadsas Whpewtadn éelo v s |
wi DAl i s excavatedld#dt tunnelcbepbodimo,damigi ¢dh xe
doesmomwvea niggm r et hi addi ti on, the tunnel | jither i s
soi l i's only movi mMgusyrs ottlkeudn rseble | bt cathtnoenh wwhii Il le mo v
the train | oadi nggrsouanrde compressing the

I n order to enxpdeammtn 3t AeS5Sabovehas been introdt
equilibrium with the body force. Tunnel excav:
to a reduction of the body force. Therefore,
behavior (isnressemgg aod the ground. I n this <c
effect of t he proceeding trainl oad, whi ch n
di spl acement can offset part of the deformati
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423Ver thi s@ll aoé nBah #Sastatc duhe € sAxalsg)( S

I n Section 4o.fl,grddahsepdfaecaemenrets di stri buti on and
operation have been discusagc.staeniesas,lt adencetli on
excavation under eixmd dsgunrgf aacae | dvasyp logpceernaetnito nf or
3m) and maxlidmun unbhel di ameter, respectively. /
tunnel excavation disturbs the ground and caus
i n the area above the ttumeneuver tTihccaolé f dbitheep | baacteln
surface at the dtginhelroal tenthrealmoiare i seRMByludrnechee

39Al seres hl t b s scwimbbhsb&eichi on 4.3 and 4. 4.

| Fi g4lrfea) U(ad)4. ¥ he dashed | ines represent the
by the different cteonfitiem Ibadd a8d 3 ey fviktbbe t B e
reference datum, which helps to determine the
by other parameters. The only effect of.incre;
But the dif fvecapdgiBs bienmadadeugneSer various train s
since the tunnel e X cRivgdtTidinl usdsthrd ahtreee loantl igV¥ ev ad ii fa
(Sw-Syp)bet ween tr=aiOn &smphehe/dt OV km/ h, at.Fdig#fFFr ent
anl%ligmr@re anaFiogéluds etxocept that the camp@ri so
km/ h ver SWsakvd/=W120 km/ h, respectively. Such r
train speed. Therefore,onmhehenadi mMuecandmaS b etw
appears whenasst rladh kmp/efejded sn | 6 edoxret o fantdi nchied n
wi || be di scsds3edRrRdgdalSa) i oo 4. 11lwh(edn) tshheo wisu ntr

di ameter is increasedgdaomme ds es 3atn Hloé D & rlalr e
i nce®alkhe di f fdeercernecaes eisn aSmong di fferent tunnel

H/D
1 2 3 4 / 5 6 7 8
0.0 0.0
-50.0 © -50.0
€ £
£ -100.0 s : -100.0E
7 .150.0 4 - : = -150.0 97
S 4 =§;\'\§ f—

-200.0 e—%——3%——3 ——%——§ § 2000

-250.0 -250.0
——D=3m —e—D=4m —o— D=5m —a—D=6m
—e— D=7m —e—D=8m —¥— D=9m ——D=10m
—*—D=11m —e— D=12m —a—D=13m ——D=14m
- = =Svwv-c (mm)

Fi gdarle (a) Vertical di spl atcuennmeenitd so fa ginhierVabl a | al;
=0k m/ h.
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H/D

—x—D=11m —=—D=12m ——D=13m ——D=14m
----Swv-c (mm)
Figame (b) Vertical di spl acement ofvgl Ve
=4 & m/ h
0.0
-50.0
-100.0 =~
S
-150.0 £
-200.0 ¢
-250.0"5
-300.0
-350.0
—>—D=3m —e—D=4m —o— D=5m —a— D=6m
—e—D=7m —e—D=8m ——D=9m ——D=10m
—*—D=11m —e—D=12m —a—D=13m ——D=14m
----Swvv-c (mm)
Figaméc) Vertical displatamenat ofunpe/sdal ¢tar
=8 & m/ h
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H/D
1 2 3 4 5 6 7 8
-150.0 0.0
-50.0
-200.0 -100.0
=S -250.0 s -150.0 €
S " 200.0<=
g v ——y e
o5 3000 ‘ ; —— -250.0 45
— - —— = R
-350.0 F¥—8%—8%———3 y - ~ '
__________________________________________ -350.0
-400.0 -400.0
—>—D=3m —e—D=4m —o— D=5m —a— D=6m
—e—D=7m —e—D=8m ——D=9m —+—D=10m
——D=11m ——D=12m ——D=13m —>—D=14m
----Swv-c (mm)

Figame (d) Vertical displacement ofvgl Ve bal
=120m/ h.

0.4% . ’ — ——1 /7
L 0.2% 7 f—,\ =:="_
'-/V 2
0.0% & e
1 2 3 4 5 6 7 8
H/D

—>—D=3m —e—-D=4m ——D=5m —&-D=6m —e—D=7m ——D=8m
—+—D=9m —4&—D=10m—*—D=11m-—=-D=12m—=-a—D=13m—¥—D=14m

Fi gdXx@he relative dinEf &r cemddet IMaet Wwé eoknmYthh e
di fferenceamaeag Yyeen S

8 8



Relative difference (%)

H/D

—>—D=3m —e—D=4m ——D=5m —&-D=6m —e—D=7m —e—D=8m
——D=9m —4—D=10m—x—D=11m—-&=-D=12m-—=-—D=13m—>D=14m

FigdY3F he relative didff@®rilemkcle ireddekkenh hd ov
di fferenceamaegeen S
_3.0%
éol
o 2-5%
(&)
T 2.0%
g e
= 1.5% 5
L1.0%
©
[0)
&) 0.5%
0.0% ~
H/D
——D=3m —e—D=4m ——D=5m -&—D=6m —e—D=7m —e—D=8m
——D=9m ——D=10m—%—D=11m-—-=-D=12m—=-—D=13m—¥-D=14m
FigdaxXx& he relative di=f flrlm/cte bwdlavidsmthd/ ovn
di fferenceamaegeen S
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43Scerniagl Bf |l uence of Tunnel Depth (H) admntghe Ve
the Ground Surface

As discussed in the previous section, the tuni
operation scenari o aendc avhaet isoinmua ntda nteroaiisn tamenre
di spl acement induced by tunnelhndx&athatiegmnatoao
shown as:

Y Y Y (4.
wherYis the vertical di spl acement awiotnlgo uth et Ibe
effectrafnt(hmmdi sgt he vertical displacement a
by traimnll(gramdi;ngasngd the vertical di spl acement
generated by tunnel exnxcawnvetmo)dewst h train | oa:

With thenwaesmtghdeati nfl uence of (tHinodref ftewemevlat i
di ansethdrrea Xx i mum dviesrptliaccaelment al onf§forheabbltashe:
(D) hmreaxi mum wahdvearoifwiSt | Hbe ¢ o mpasarte d hteo sthied | D w
whircédhsul t s i n tdhies pllaarMgeahsetingv d3rmtoienndl 4D aursee d as
examplnesSection 4. 3.1 @tnkder4 . dBi.a&2me treesspoe crte svuellty:s
Appendi x B

Threel at i veSedkif ivenStemdceer (vari oudetfumreal adept hs i

“Y w (4.
2
~
whenre i s rteHeat i vei ndiSdietshéshceat shal l:oomesst de
t h'y for other depths

431Model Dw3ni-Re lianfg n nDelp&lhf | uemnvce on S

Theertical di spl acement al ong onhle babltasespendai
to various tunnesll3mdentlihn Vleosrt | tuagreddle Dhe verti
di spl acement di stribution alongvitrmm) batl | disft f e
tunnel de p=t3ims s ( 81 oTRaperi ®p r @ Sdking tsanc e ad |l carsg  tshue f
Thew@lue is repaeasesntediopw Bheoyrepr elsheent s t
| ocattihben nbostelnax s i s Hi gPATehyeerde fibrhe cur ves ar e
with respaexcits.to the vy
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Distance along ballast surface from tunnel centerline (m)
-80 -60 -40 -20 0 20 40 60 80
: ; 0.0 ! -

T

Xx=28mto-70m. X =28 mto 70 m=5

St (mm)

| Tunnel's centrahxis
y

-8.0
—+—H=3m —+—H=6m —-e—H=9m ——H=12m

——H=15m —=—H=18m ——H=21m -—-&-H=24m

Fi ga4are Di spl acement distributi=3m,af\0kmyg hhall a

orrespomei ngrstgbulrse i me di spl aderdtmtwsdsiismirliabru tsi
Gaussian curve. Inm ttame700r nZ 9mo wTeldh,svfSoromd i 28 er e
nnel dept hs foow=e3DBl,a pwheiacchh iost hndoear g e Dasasf or
g4 The di st28mc ¢ otfeur rdneeelwalx i s i s equal to 9

amBeewee2ndn to2 8 tWlerders vari ousotluongkerdepel
e maxi mum vertical di spl acement alh#@akg i s8he

cated at the Fugo#6kotdhat eSrt realc ha X ius.nFeill g wWreegp t h
displagbat heei ndaSH fromB8mce o ot her tunnel dept |

—

I galr@nki gaalrexpress that the shdl)l eweatvat umme ld
he rai lkweynte mbhaen mangt s st me eammachriegn&am | st dmmelt he e
odel Da8imtThhe maxi mum di spl acement of the ball a
trainid=6lkad/ )V i s reduced by tTheeaxnomuemasiahgeoftif
bet ween the shal3m)owaersd tttherneéedgds 3i Btny n nwehli c(hH
corresm@maeAmMdad etloat i vei dunSxf ahesceneans that a dis
r aite9 %@as he tunnel depmt ht ann2c4r eases from 3
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£
ur

7.0
6.5
6.0
5.5
5.0
4.5
4.0
3.5
3.0

9 12 15 18 21 24
Tunnel depth (m)

—8—V1=0km/h

——\V2=40km/h

—%—V3=80km/h

—+—V4=120km/h

Fi g4lree Tunnel

dept hhmdH¥ roiunf It y @an me sEBmd

R(Svt max)

0.0%

-10.0%

-20.0%

-30.0%

-40.0%

-50.0%

-60.0%

Tunnel depth (m)
9 12 15 18 21 24

—=—V1=0km/h

—e—V2=40km/h

—%—\V3=80km/h

—+—V4=120km/h

Fi gaar7e Tunnel
condi tf3mmn s,

dept hhmd{xHli v ef O &frewere ataredi n

D
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432Model wit hReD a=t ilMdg munnel Depthos I nfluence

For | arge tunmédUn,ditehme tmarxs muink e eD ti cal di spl a
onl¥mak under trwiORml badiahgng¢Vthe ballast surf

centr,alasaxgdsogMir 8 The same phenomenon =H3sn,o0bser:
the displacement magni tude is increasing when
The shall owest tunnel excdvapli acdd@mam)t gginelXdat e
dept h. But for the deep2@mBt uhmelratihe ima xa pnutr
dept=hlad, m8 anmd, 42he cur viesagnarbeo tdv etrhleaplpeft an
Therefor e, thgy i mhhelkenercaveti oh. 3B (ih ias vtaH a
di ameter.) to 46.08Dt,omwhCAshthe fuamel over burde
curvenl omhgSthe ballast surface become fl at.
Distance along ballast surface from tunnel centerline (m)
-80 -60 -40 -20 0 X 20 40 60 80
€
E
or
22000 Tunnel's centrahxis
y
-250.0
——H=14m —*—H=28m ——H=42m —e—H=56m
—»—H=70m -—=—H=84m —<—H=98m -&-H=112m
Fi g4r8 Di spl acement distridbluj oWk ml bng ball a
| i garXE tvhned iIST f er ence b edtewceresna dtédihxer ecausniciregst h
The cuFivge&2®me oV eaviledaxphe burhtelretrhmeorma g nvmbude of
for the same tunnel in different {sahDn mModdl n
(F14n, =#H4n, 1=0km/ h) mm; 200 .nPrs f10T5 .md dre | =H(4D,
V4a=120m/ h) . T&% rree d iscvabodmt wener5 t he two train | o
that the magfndart utdlee oHasgse at mnmeni trhe d het iionrc,r eas
| oadi hgnealnso |l arger train | oading can resist t
but there i6%da frhaxeieamuee0®mV h s« b dlON/ h train | oad
Smakorsame timunmelder to investigate;thladiodfgl uer
the ground su0 fracteo fx o=n 0 =m f or model s of dif
under trad nO0 skpm/eld a&r e chosen as a reference d
ot her train Tshpeeed fdionpgl ay dehlsl.e 4. 3.
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St

250.0

200.0

[EnN
a
o
o

=100.0

50.0

0.0

20

40 60 80
Tunnel depth (m)

100

120

—=—V1=0km/h

—6—V2=40km/h

——V3=80km/h

—#—V4=120km/h

Fi g4lr%® Tunnel

dept hhmdH¥ roiunmf It y ean me sgre &8l
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-40.0%
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20
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40 60 80

100

120
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—¥—V3=80km/h
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g
m .

4203 unnel
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Tabdlddi spl ays the aver adyies palnadci emheanrit@iSmtewe=2 mt V v e
0O km/ h and otheratoagnt bpegauoarddsdtardtizeegd ¢ toh

average and maximum relatyvei dhftleereemug mentr e
except models H =38 BOukdthéeh, taadnHspe8d, VH =
m under ts=ailn20s pkere/dh Vof D = 3 m. Thesetheve mi
maxi mum rel ative differeaglat Itnhadwerttiiong!l Taibs
speexd 40 km/ h have a range of averiangge wditfhf emoedre
ati=V 0 km/ h; the maxi mum difference is from 0.
V3= 80 km/ h have a range=00 &wéhade odii Of &r ém d «
maxi mum di fference is flrsomtO.t@&a%hs pein/dd Voa
average di hitfefDehméhwi shf¥Yom 0.4 % to 4.9 %, a
1.0 % to 14.6

Tabd3dver age and maxi mermeaSecdnag itvhee ¢rRoOund sur

/ Averrabatiffer enc|Maxi malmadiifvieer enc «
V. (km/ h)
D (rH/ O O 40 80 120 0 40 80 120
3 1 0 0.4 3.0 4.7 0 1.7 11. 14. 6
2 0 0.8 1.2 4.9 0 2.7 4.3 14. 6
3 0 0.7 1.3 2.5 0 1.9 4.6 8.1
4 0 0.7 1.1 2.0 O 2.3 3.9 6. 6
5 0 0.5 1.3 2.1, 0 1.6 4.5 6.5
6 0 0.4 1.1 2.0 O 1.2 2.8 5.7
7 0 0.5 1.1 4.9 0 1.6 3.4 13. 4
8 0 0.4 0.9 2.1 0 1.2 2.6 7.0
4 1 0 0.4 0.7 1.5 0 1.4 2.6 5.1
2 0 0.3 0.7 1.4 0 1.3 3.0 5.3
3 0 0.3 0.7 1.4 0 1.1 2.5 4. 8
4 0 0.3 0.7 1.4 0 1.1 1.9 4. 8
5 0 0.4 0.7 1.4 0 1.3 2.7 4. 8
6 0 0.3 0.7 1.4 0 1.0 2.1 4 . 5
7 0 0.4 0.38 1.5 0 1.4 2.6 4. 8
8 0 0.4 0.7 1.2 0 1.1 2.1 4 . 7
5 1 0 0.2 0.4 0.8| O 0.8 1.3 2.5
2 0 0.2 0. 4 0.8 O 0.7 1.5 2.7
3 0 0.2 0.4 0.8| O 0.6 1.3 2. 4
4 0 0.2 0. 4 0.8 O 0.6 1.4 2. 6
5 0 0.2 0.4 0.8| O 0.7 1.3 2.5
6 0 0.2 0.4 0.8 O 0.7 1.5 2.8
7 0 0.2 0.4 0.8| O 0.7 1.3 2.7
8 0 0.2 0.4 0.9 0 0.8 1.5 2.9
6 1 0 0.1 0.3 0.5 O 0.5 1.0 1.8
2 0 0.2 0.4 0.6] O 0.5 1.0 1.6
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433A1 | ownalxlielbi mip |l at @mseurd e | @meyr aSa itye n

Zhang et al . (201
def ormation by tun
t htathe upheaval di s
ovegablund surface

di spl dpéddei hfymiihe
t hreai | wayopemmoi s

'S nsot ienxgi gr ound erf @irref drhcee meanitl way

4) provndaddrthabdtmwdheecmrabdadmohkvr
nel ¢ ameAtl rswoédraan d n Z(B2B0EgEladk eb e
of the npraomwdnd hsur
& ehtatmhm3mMeu b ssehapund mdts | ye,ls sks®& n  a
subsidence controlThatseandand mine |t heixsc atbhaa 4 ibsa. |
maxi mum rail way embankmémret

pl acement

ISesmamt hahetOt he

mat this

fdinspl ace nktnr &i n

tunnel can

criterion is only

starts to

reinforcement bef or e ootrhedrurtihnagn ttuunnnneell cloinnsetrr u
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44Scena-rlind lience of Tunnel Di amétiesmp | (alz)e mean tt h e
The tunywelameeeptrhrati o (H/ D) decides the tunne
Al t hough tunnel depths for differ enctridieameotner
conduct the influence rotfi ctallnnseulr f dlEeegqddRibsrp| @ ¢
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Tabd5d heel ati ve
i ncrement

D change with In

increment (m)

H/D=1 H/D=2 H/D=3 H/D=4 H/D=5 H/D=6 H/D=7 H/D=8
3 41 135% 131% 127% 124% 122% 119% 116% 113%
4 5| 73% 70% 68% 66% 63% 60% 59% 57%
5 6| 50% 47% 46% 44% 42% 41% 38% 36%
6 7] 38% 36% 34% 32% 31% 29% 28% 25%
7 8| 30% 30% 27% 26% 24% 22% 20% 18%
8 9 27% 23% 22% 21% 19% 17% 15% 12%
9 10 22% 21% 19% 17% 16% 14% 11% 7%
10 11| 19% 18% 16% 15% 13% 10% 7% 3%
11 121 17% 16% 14% 12% 10% 8% 4% -2%
12 13| 16% 14% 12% 11% 8% 5% 0% -8%
13 14| 14% 12% 11% 9% 6% 3% -4% -16%
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Tabd46eT heel ati veofdimdd lea efgrecem t unnelothhex 3 umne
di ameters

D (M) | Siumaxgrowth factors from = 3 m to otheD tunneldiameters
HD=1 H/D=2 H/D=3 H/ID=4 H/D=5 H/D=6 H/ID=7 H/D=8
3 0 0 0 0 0 0 0 0
4 1 1 1 1 1 1 1 1
5 3 3 3 3 3 3 2 2
6 5 5 5 4 4 4 4 4
7 7 7 6 6 6 5 5 5
8 10 9 8 8 7 7 6 6
9 13 12 11 10 9 8 7 7
10 16 14 13 12 10 9 8 7
11 19 17 15 13 12 10 9 7
12 23 20 17 15 13 11 9 7
13 26 23 20 17 14 12 9 7
14 30 26 22 18 15 12 9 5

FroFfmguw2eé nTdabd46e it can balapfgeetvadel hdt amet er

ground verticabasmalslpltawcremelnt Ashacthi scuss@&8d i n
m at al l eight depths ar e pairhagawd dvatya bren ec d mstr
Smakrom ta3metlo Dbt her tdabhdblpraoivametseras cilmar st
i nfl uence oForp arnasndatmacre eD .azlle,ptdo f cD4H/A D NN e l I s
times | argapf =E®mA.n t he S

45Summary

n this chapter, three scenarios were establ |
eformation. The first scenari o, S eacttii fofne rde. nit,
rain speeds omethecdqlal dhspldaeapmactement i ncre
oadi mges.eTahsee smaxi mum swkRsiodemce ed S at t he midc
ocomotive bogi ewmalilTéhde amalginnd aird er eolfatSi onshi p wi

unpgbtcavataexi spleergpt i ng rail way was the secon
n SectlinontloZ.adi, fferent (tfurmmeit3on)ildwment er ased i
I mul dhieomedel s=m dmdh4ied webe chosendiassplheaxya mp |
i mul at iMonderless uatt sot her dti raenedws rt s fdo If If ew esit miml
antdese aedsiusiptishypepe nicMex tB c al ball ast surface d
tunnel excavation with train operation above v
As an explanation, it was reasonable that tun
iniltisaress theory, field stress setting and b
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Section 3.1.5. On the other hand, train opera
surface; tunnelasoastamicdthleepSe Elpeas aisorvé het bas
results i n tvlwaetr et hsemawal leure st hoafn SS

The | ast toceiadriuasifd erence bet wednnnéle pxeav at
i's the only Ssanaanbbdisaestudse2Zygr ound surface di sj
by t unonmelTwu mmye | di ameterrdawd ¢tuunoiedl depapt ameat er
vertical ball ast saortaséendi sphaeémdept hWi thei |
I mpact on gtroeu ndedséuirafraaicaet i on . Moreover, sl arger
generated | arger deformation of the ball ast st

def or wasdopt edntno BHheref or e, Tachd4er @ upra3med iarDg t o
deptmh md m9 mM,2 mM,5 M, 8 M 12dand t u=MMmelt Ddrptnh0 26

m, m@8 m2can be constructed whilemahiemimas pese adve
12l0m/Cho.rresponding to t 8 elRdtibh ctuhses iaovne riang €S eacntd om
di fferenceedaamrge,n wholsdrdmilltle awder t i c al di spl aceme

withe model s &t Ot rRamkem asilpeoeanda &4 econstructi on un
speetsise s ame.
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Chapter 5 Conclusionand Recommendations

Thicéd aptuemmat hezefd eayddamdgscontri buti onsSioricreeht se r
wer e a mwruenrpntaddfens n t his thesis, therdedeare s
consdfdoerr ea future study

51TheSummary

h t hien vaeiismh gogfahe t nhionespeedt, tunnel di amet
face dt @il mersneonn g |l wedrEeM deovie|lBEpERdr e est abl i

mames s, convergence st uadwvwe rpagenrdf omaonccedb | veai € i
ur &&EWnoodien he resultsthel conmvatr g d&nbeastthc c ur s
ment s, cor %edpeptangme o twahd icshch eeepamnnsolyer o f
ment s g3 leaunldadd 7Aloer most omodéehsn s.iTdakei ImMmozdeed r
i fications were performed by comparing the
m Jaeger and Cook WHIiI9I7&, tama tSradiem come € d 9i69
km/ h, 8O0krk/Aiclt oarmddhneg2 @ pat ure r evSeon iigan Ch.alp.
i n | werdep pdtsdelde i nterface between ,baWwhash a
presents the gr ounldhes urafia cwes gisne otbhaes knatacnd lasd o
ground,wawhpiechfiie¢ed. Af cdepapyl yr aign It oastwe htghs ,di f f er e
di ameters awewmsmrdiedwes .dept hs

*q-h_"<(DCDQJ""(n§

Al l FEM model s were generatteidoasf aHfFDnpai @me O
i's the tunnel depth, and D is the tunnel di am
of. € range of the tunnel wd®ameter $4sml ectbkdal
ofmIher efeomre,arntre 96 models for each t MThiemleoad
artehnree scebaei osntiheepaeadamet ric studytoéi bhhe
speed, tunude d eSpctetnmaertiebt hle nsgtruoduined sur face di spl é
by moving tranoerdt&eatedrfiecct2 ofi nt uanchdarld vaeoxngatvaa t

trains; t hus, the tunnel excavatiomairs$ ot 8Be ooh
examined the influence of tunnel lenx cSac\egantaima@no ot
3,het model s of tunnel D = 3 m and D = 14 m wer
resul ts, t hat msitmaitneusm tahned sma xuiamu no nt vonfn e | di ame

52Concl usi on

The fifnrdd maensaloyfsirsesuddammanihodd oavs

T The grouwersuchacg@dhspkcesaeamene traini hoadin
the absaenodlh®mhgnaxi mumSsmd)o sa dewnrcreed at t he
of the | ocdohmotrievleatBiokgasedi ppeft ati on train sy
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T When the ground swr fiasc eumnddesrpltaltcee miemfald i( €&gc e
and tunnel excavation, the displacement T
| ocation of maxivmdkmi i ag lteeceamarwte WS t h di f f

T Shall ow dewt hh dbpdibadmet er genéematéeHHgD) f i cant
ground surface damyritasecnenneelnt t han deep

T Lareg unnel sgéemaemeatee more grounds maltludésn al di s

T Tunsweiltim 8i aamet@awnwegr bde poethu nnel sndwiatme t 4r at
depth deeprcan hlaenw dédnstamecisdi hgniedahkway
subsidence commr owi tshtoauntd aarddd i (t1li0o n a | measur e

T Correspdmadibaiye trrme tienrc eocefast unnel di ameter f ol
tunnelt e beatds sur face di spl acememwhithizege e t h

overburden ratis,ameH/ D) remains the

53Li mi t ati ons

Temostel evant weamamdtdeerrsed i n thieseshuoueystiodWwe s
that coul dt mer eopsé cies ald gturbdhien clomadThnep mai | way
t r avask as s umesd rtadeghido aldivre awekmet concer nefldhein th
cur vedcdgreancbrartter i f wgalt hfeaatead 4c a u sfeo rucneesq uoanl t h e
a.iAll smoh,es¢lr acke aodtabt batweer ddlk amndidemeel, at i on
hat means the fricti on wfemmcdsEatveatdwereme i thal wfh
iteenperanwirpnedaanl s@ead t o ot her ;kibnudesr eobfe Wt erna cikn tfoc
c cduwnnttrhaei n d aladuAetse mahi ng t o | ncrearfatica i eotn ale
heel ,arme rhaiglh raitheéessmpendtand-rahé whdekcedtdl &
orce are the compaglnead otnepdal Icautl eirraalo m ,réodochkd of hog c
dgi fficult twdismenud iaddaly) mnmdae elper atl sroe af f ect t
he rail., t hat can r eCounlste qiuratettaiygi t oddney ¢ ah
i mpl i f iceadn sbhigpa@georntliyc a.l | oadi ngs

he natural gogredmyg,i sshseth ¢ ci & rmasnomdednecdwisom,

he soiplr ofgradhend imutl tlafp eoefsso uinsree@ad ndiltn oaddi t i on
rowmadwarsoitncor gor eabhdesdilhe advancing process of
ail way sbtiamkisant e ilst tdhen hel p to understand
round surface along the tunnel construction
unneling on the railway embankment is the ma

104



54dFuture Work

Some s wgagneds tiimprfowre me mtcgarnes bwaotrekd b asedhroee t hi s
di mensmiodreals ar e rheeclopmnse nnduelsia ttt ap.ad ovio pndsld ot ssatree

realfiisetlidc c ohhosrt e ogveebriy@daenra I syhsoiusl d be consi dered
behavi odi Wwihkdtewmdeedterrai ned saxmdhdundmoai nedAloeeandi t i
t i me dedp esnpd eabceehmeewritotr hen 9 diteb dmublegd consi der ed. F
|l oading calcul ation,prtalcée i eanVi t(ocauréwndcdoIn dd rae voanns
calme perfor medmionesi mulmarieometdadi stic situatior
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Appendix A: Soil Properties

TabA-l®hysical and MechanXicel20Pla&lamet ers of S

Na me h (r (kNJ m (kP «J O(MP 0¥

Muddy silty ¢6.0 16.5 11 14.10 0.

Muddy cl ay 6. 0 17. 4 11 11.10 0.

Sandy silt 9.0 18. 2 3 30.45 0. :
Silty cl ay 9.0 18.1 14 21.25 0. :
Silty clay wil6.118. 4 22 15.22 0. :
interl ayer

Fine silty sa38.119.5 2 31.60 0. :

Not éavierage ;thBuwlkhesmsidti sweiodrheitssi ofnr;i c Diiesn angl e

Youngbés mbduPaosssonds ratio.

TabA-2P hysi dhkelc hamd c al P a rChakesi ind Ursrer 2004 Soi | s (

Na me h (mr(kNJro(kPeed O(MPe 0 0
Fill 1.2 19.0 29 3515 0. (0. ¢
Silt, clay 8.0 19.0 40 2730 0. (0.!
Silt with gr 11.619.0 30 3580 0. :0. ¢
gravel

Welglr aded sil basel1l9.0 20 38100 0. :0. ¢

with gravel
Notés lmveragri $ hbelkl e®sist cwdiegd tofr;i c Oii an angl e
Younmaoddubius ; Poi s;9o0insd se arratthh opr essure coefficient

TabA-3 hysi dkelc heamd cal ParEanmnetl ed )l eft Sdi.l s (

Name h o Y «J 0O r r 0O0AOI AA
(m) (kP (kPe(kNY kNAr(% (cm/s
Fill 2.%810 13 20 8,0((19.813. 8 - 1.0
Very sti4. (20 85 9 51,(18.212.7331.00
Dense s 5.((35 40 35 24,(019.013.5 - 0.5
Very de13.(64 50 35 30,(019.515.0 - 025
Hard cl| bas<45 15012 90, (18.614.045 1.D@
Not™@ishi ckineisssasmndard peneiriatnidormi memdbesthear st
i snternal ;fQiiYotuinognd saengtldam a@ sepdias i sat ur al uni t
weigghtidry uni®Owdiaghti city i ndex
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TabA-45ome general geotechnical properties of
Na me ( (0] @ b ;W o SPT
(KNYy ( MPa( k P, ( %) 30
Fill 18. 05 1 0.310 - - 10
Sand 18. 325 1 0.235 - 105t0104 40
Very dens¢l18.530 1 0.330 31 10to®145
Cl 4dBungor 16.520 20 0.314 - 10t 0®160
Hard (Guay 17. 2 28 25 0.420 35 106%o0®° 70
fr.)
Notrei:s bul k (Onist cwerpghets;siiosn cnoohdeiussi uoknr;i cdi on an
is watewipenmeability; SPT 30 is standard pen
TabA-5Materi al properties of @heat2ad|Ifd)r New Ji
Name h (10 (MPa™O(MPa"” (¢ B +J O(kPa
Medi um sanc34. (560 22 1,650 1310
Stiff sandyl6. (690 35 1,850 1520
Clayed | o0oe<34.(1,200 48 1,950 1850
Weat hered <51.(2, 300 69 2,100 27 70
Shal e 24. .36, 000111 2,400 42100
Notéss lmveragei shbaokhk&msed wlhesa;r” inso ddue huksi;it §

frictionsanghesi on

TabA-6Physi amelc ha palraonelt er s of s oXilasom cda nA2hOatrdg) er i a
Na me " QA ® QO & o E (MP 0
Ball asted | & 2.00 - - 130 0. 3C
Mi scel l aneou 1.96 26 11.23.11 0. 314
Silty clay 1.90 8 27.E57.40 0. 33
Si |t 1.92 32 17.111. 2 0. 36
Silty clay 2.02 12 30.C5. 27 0. 37
Silty sand 2.01 23 9.5 5.79 0. 33
Silty clay 1.98 33 19.17.65 0. 38
Cl ay 2.05 30 25 12.20 0. 38
Grouting | ay 2.10 - - 2580 0.29
Lining 2.50 - - 34500 0. 289
Not’ei:Bul k un;iati sweiodtteitssi ofnr;i ¢ Oii sn Yan g lg é0si sm

Poi ssonods

rati o.
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TabA-7 hysi areelc heamd cal paZbhaepg26865pF. soil s (
Name Spo . Q0 O@ROd 7 DO 00 0
a
Silty si36.:18. 4 6.0 30.00.19 0.931.14
Muddy cl52.1!16.9 14.0 9.0 0.79 1.281.14
Silty c¢lI36. 17.7 14.0 20.50.50 1.271.0
Sandy c¢l128.(19. 2 3.0 35.00.10 - 0.7
Si |t 27. :19. 7 3.0 36.00.10 - 0.6
Noteis waterisobuéfkt wrnist cwelidgsh t;m;ef fi ci ent of
compressilgi firt ¢0i®©dsn gqaungdli®;p vodexratio
TabA-8Physi areelc heamd c al paCaared eV 89f soi |l s (
Na me h QO QO «d 6000 U SHP Q
(m a
Mi scell anecO. - - - - - - -
Brown ~ yell. 18. 4 130 19.5. 45 £E28. 0. ¢
cl ay
Gray ~ yelll. 18.1 8.0 24.10.2!0.326. 0. ¢
Gray silty 6. 17. 4 17.016.3.11 0.5t40. 1. :
Gray <cl ay 4. 17.7 16.011.3.14 0.£539. 1.
Dark green 3. 18. 3 18. 013.5.41 0.£5841. 1.
Not eavierage ;thbuelkkhessioti sweaiodrletssi Ofnrlcbucsn angl e

compression
cont®@nst ;vo. d

modub us
rati o

elulth mpodwliwiI)ksdcadvat erci en

TabA-9 hysi arelc hamd cal paHame&®ndnddl)of soil s (
Na me S5(%) r(kNyno(kP «3 8 (MP: Q

Silty cl ay 30.0 19. 4 21.312.5.61 0.8
Silty cl ay 32.7 19.1 18.110.4.66 0.8

Silt and silt27.0 19. 2 8.7 27.12.0z0. 8
Silty cl ay 32.1 19.0 17.4 14.5.38 0.8
Noteis wateriscsobuékt wrnist cwdrieigdi to:nr;i cbiiesn angl e;

compr eanogdiu@ uwsl k

m@ csu lvws )d
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TabA-le®Physi delc heamd cal ParZametgrd 4a@fl .Soi |l s (

Name h (r(kN) @0(kP «3 8 (MP 0¥ 0
Mi scell aneous 2.117.9 9 24.7.47 0. <¢0. ¢
Brown ~ gray <0.818.6 24 16 5.38 0. 0. ¢
Gray mucky sill1.817.7 15 11.3.48 0. ¢0. ¢
Gray sandy sill1.718.8 7 28 12.50. 0. ¢
Gray mudhkhky <cl i3.617.5 13 11 2.99 0. :¢0.:
Gray mucky <cl ¢6 16. 8 14 9 2.29 0.°%t0. ¢
Gray mucky ¢l e3.817.1 15 10 2.67 0. °%t0.:
Gray silty ¢l es.817. 8 17 13.4.32 0.:¢0.°:
Gray silty c¢clel.4127.8 10 24 4.85 0. <¢0. ¢
Dark green ~ «¢- 19. 5 4 4 16 7. 72 0. 0. ¢

Noteavierage ;thBuelklessiati sweiodeitssi ofnr;i cBiisn angl e
compression modud us (kulek athodwalrda ) Ppriesssure co
Poi ssonbés ratio.
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Appendix B: DisplacementDistribution , Sit-max, Rsvtmax (%) for Models from D
=4 m to D=13m, Referring to Scenario 3
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Distance along ballast surface from tunnel centerline (m)
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Distance along ballast surface from tunnel centerline (m)
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Distance along ballast surface from tunnel centerline (m)
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Distance along ballast surface from tunnel centerline (m)
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Appendix C: Train Loadings Distribution in the Models
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