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Abstract

The prolepsis of surface settlements is always critical in tunneling, on the
ground that whenever settlements take place, not only buildings above the
construction sites, but also the tunnel usage in operation is affected.

The diploma thesis on hand, deals with the study of surface settlements that
were observed during the excavation of the tunnel built for the extension of line 2
of the Athens Metro from Argiroupoli to Elliniko.

The excavation of the tunnel in this part of the project was done using an
Earth Pressure Balance Tunnel Boring Machine, mainly in alpine formations that
consist mainly of Athenian Schist, where meta-sandstones and meta-siltstones are
also found, while the underground water table is lying above the tunnel, for the
most part of it.

In order to draw safe conclusions during the study, the calculation of the
expected surface settlements was attempted through the making of numerical
models using the finite element software PLAXIS 2D.

The simulation of the excavation was achieved using advanced models and
the results were compared to the measured values of the surface settlements from
the geodetic and topographic monitoring of the area.

An excellent simulation of the surface settlements was achieved using the
Hardening Soil model (HS) in this part of the tunnel, with the measured values
being within the range of the geotechnical monitored values.

In order for the factors that affect the manifestation of surface settlements to
be determined with the utmost clarity a parametric study was conducted in part of
the tunnel.

Concluding, this thesis highlighted the plethora and complexity of phenomena
that cause surface settlements, whose parameters need to be evaluated and
thoroughly examined in order for them to be treated with the most suitable method

possible.
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Kolosah dYyed (92) 20 kN/m?
Fgseece (c) 5 kPa
GysalU AKaryPopwdely 32U
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shoed Poisson (3) 0,30
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Kolosah dYjed (92) 21 kN/m?
Fgssece (c) 40 kPa
GysaU KGrvUU;seed ¢)obed (0G) 30U
zyUyj 6 KaUGUsahUqUUG (A 120 MPa
shoed Poisson (3) 0,30
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Kolosah dYyed (92) 23 kN/m?®
Fgsecece (c) 25 kPa
GysaU KarvUU;seed ¢g)oabed (0G) 33U
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GysaU KGrvUU;seed ¢)obed (0G) 35U
zyUyj 68 KaUGUsahUqUUG ( A) 300 MPa
shoed Poisson (3) 0,30
zyUp 6 KaUGUsahUdqUUG o9d)] 790 ¥%d 600 MPa
63aelisYiUUUs Uye Ege s0aU0URUqU
209 Egsdeeﬁg’SL)Ez;Jﬂsﬁqz’ ( K »oe 810 MPa
zeseUsTﬁUUU”G zyUy 6 Ege a000URHUQU 1620 MPa
Egsdgoaldihy Uadidd (K
zUsj6cy haoU goce zy{Hgeeg sAkiUkhiikds] 480 MPa
FgsUUaUOGUed BgliyUD) v3 qdetGUxs 0,40-0,60

Yas3 UsMd zdeUssa¥Y j Uy UaUd)ostlUsay¥Y EceodqeUUslea



[55]

2gFIPET) J)N)TEENLEELET) ¢tZAE. i
ZAgNgUg ]
Kole¥fhed (92) 23 kN/m®
Egsecece (c) 20 kPa
GysaU KarvUU;seed ¢g)obed (0G) 340
zyUp e AKaUGUsahUqUUG ( K) 120 MPa
shoed Poisson (3) 0,30
zyU; 6 AKaUGUsahUdqUUd o9d)] z90) ¥%d 240 MPa
g3elUoaYGUUUG Uy e Ege oUGURUJU
S0s Bgdan; Gpidd (A T sz
63aelisyYiUUUs Uyre Ege os0aU0URUqU
;gsdeaﬁg J’eﬁgfﬂi&qgg(A 1o o7>MPa
ZUsj ey h3aoslU goce zy{Bgeeg sAlaUiniirda] 192 MPa
FgsUUaUGUed BguyUP) vr3 qdetUxs 0,40-0,60

Ybas3U#s8d zdqeUssay¥Y jUJUaUdyotUsay¥Y Ecde UU:

¢ U eelUarvid Ueg zyUjyeg AKaUuUsahUqUUJd KA
Usgd "~ Uy U ¥3y OGecdeUUslCesid, H ¥vd UsUGy, U0

U @UUaUa U UaUdiod Uxys osUze3slea 3 jledli
Uds oaUUUidgstd Udd UGGYaUsUd Usg ¥4 298609.

5 yeu0dyUxyd, d Usese Usg zyUjyeg KaUGUss
Aogo9oU Usgd GecdeUUslesi d, "8g aUebhyY3UUUs
soUss 89dqUsace, U'h Uesgd eUal0UdqUy @, UsBHebY
Uy heesU y3 o0 oUdid "~ Uy UsUyyx U eelUavid
Ua Ue UGei dU eudoelU
sUe

GU¥3 @8 aslcai Udd

[l

e 83 Ua 30 o2a3U0s U @
aUs “sdUsit d U~xs U’
Gdey UooU(d.

yies UlGeyyY GUc 9208 UKaUGY UGecdeUUsleai
U st GU¥3 “~jeei Usgs su0sUalU; U ccUedeoeyd o

S]
0

Cc

Uy sUze3sayd Uesoaseyd “~8g UsaUUayaUdaUs. ]
aUebY3UUUs 099U Ue eyU;e UaUBUsahUqUUG Gg

o

FeeUUsGeagi 2 oaUs GielGyaU €U Usgd eUalUqU



[56]

o

y6eg3 UaUUaUGUUa 028U UU

C«
Co
(@

dedeUUslieh, hH *vd YoorlUU oaU0UUUUssa3ziasggas oalUs ¢
zUGc > Jee OUU 9 oaUs

A 5 aye3 025U Uess g eeacogtaiifallelye UsigieygliU, t
vydelGUw3 6 o6Jdioece 8oeddalU o9sU Uss GecUlUsUlceh
g hyd uUUbteeysU U f U a UR 6g UBoescyd
UsUaedde Usg bYOGUs Ue Usyossat1 3 OGeylGUvs
oUsUg3saY y) ddefmdrgAddmBBuUBs¢E oUs Us 0y y Uy
U saycddoelU Us "~ Uj U ¥3sy Uijed Useit 3 Usg Ggs3sUUa

j UGlGse
aUs

Co



ndépd me . 8. A" T w [~ >w (B

ANTIMPOZQMEYTIKH TEQTEXNIKH TOMH AMO X.0.

14+067 EQZX 14+130
[£0.00) pAfS0 Emipdveia ESGpoug
= . .
- Iy 1:TeywnTE EMywoe
(170 4680 X KVNTEC ETTIX I
5 Ex. 2:Tuvekmikd Kopnpamkd YAikd
(5.10) pada0
|
H ) gl
¥ fﬂ*‘ﬁ“"“ . X 3.1:Me iTEC-MeTaihud/ubor (MikTi ©d
g ——— —_——— ¥ 3 A:MeTaypappiteg-MeTa 1 (M) ©aon)
=

- ¥ 3. 2:Metayappitec-MeTaihuoMBo (EGagiki @don)

i' Y. 30:Metagappitec-MeTaihuwoMBor (MikThi @daon)
/ h

N . . o
g EHPATTA TEM IX. 3. 1:MeTawappitec-MeTaiduoibor (MikTi ©don)
8 a

]
ﬁ g

QR\(Eppepd yipadng) _ _ _ BBIO) e

N

ﬂ Iy 3 MeTmpappitec-MeTaihudMBor (MKt ©don)

(-25.30) pddd0

o Iy 4. 2:Madpoc Apyihkdc Dyorohboc (Edagikn @aon)

ZONH YNDKERERDN

(28.80) GIAT0

Koo :8UtUUcsos0e gece 1 Udd Fey UooUd ¢gdz (Vs



(58]

ANTINPOZQMEYTIKH FEEQTEXNIKH TOMH AMO X.©
14+130 EQZ X.0. 14+735

E; (000, pBLE0 Emipdveia EBdgoug
. (15 GpALOD Iy 1:Texvnreg EMiyuwoerg
| #——“ . Y. Z2TUVEKTIKG Kopnuomed Yaukd
= .28
I i, >
= X S:Mavhiac ATogddpuwonc MeTapappmwy-MeTaihuohibuw
(-10.00) pAd o8

HEY.D. -1230]

¥

]

IX. 3. 2Metayappitec-MeTaihuoMeo (EGagkn @aon)

E|

X 30 :Metaappitec-MeTaihuoMBor (MikT] ©don)

Iy 3. 2:MeTawappitec-MeTaihudhbon (ESagxn ©aon)

/<\—w1.rr.nm

=

- X 3. 2:Metagappitec-MeTaihudhBon
" {EGapikf ®don)

X 3. 1:Metayappitec-MeTaihudMBo

5l |
;4 . (Mgt ©don)
o |
|
g | = Iy 3. 2:Metapappitec-MeTaihudABon
\ " (EGagiki ®don)
1) Eoded wipotgg, oo, avsn 1Y ,zf _________________________________

N\

/ Ix. 4.22Madpoc ApyINKGS EXoToMB0c

/' (ESagkn ®don)

— - Ix. 4.1:Madpoc Apyivkoc Dxiorohboc (MKt ©don)
§ E A Ix. 4.2Madpoc Apyinkoc Eyiorohboc (ESapikn ©aon)
E Ix. 4. 1:Madpoc Apyinkdc Dxiordhboc (MKt ©don)
p Iy 4.22Madpoc Apyikoc DroToiboc (EGagkn @daon)
(3100 oBdLE0

Ko942:0rvUUc39s0e ¢gsce 2 (JapofwmpsUairld da0UdUsace)




[59]

~

ndcd® ms . <
WL VOPOPDP mMmpbnpmy

1 > h ¢ h ! rl.{h"(.‘w 1 A" GCoB

dbyadUs Udd Usseafhodidd Uxs ullieeyszrs Ux
"38d Usd UGgsdealUd “~e6g glGaUUsUUs GUe <z UG
g3yYady AHUs 69 oUxvxesosoayd oUs oUxUUcssoeyd
"UsUsi elUsd Uzse s0UaU, GieldyrsU U Usgd ¢!l
ZUds "~ Uysece Usg e6olfheg eUBaslisUGUeeUUcd
UsaUUayaUdoaUs UGgsaasdyWdyd7 U3 By e dylwd , 8 7nd
"aolU@lGpeoUsyUU;dd dyYadd oUvxUUcssoeed yy Ug:
ge od) reUUsosed oUxyU0G[ 3 ddwad ey jeliglglUd” j sy ag
3UlGeyosa¥Y eU Usgd oUvasossesid GecdeUUslceai
3 Wizry 6 3 U d,UpUavvgU ¥

Cc Co

Co C Co

3 BEUes UsgseeU Udd oi)JoUd GeypUooUd, U f Uc
14+950 UeiGiUsaee3UUs @5 ~UjUsa¥YUxy GedeUUsiec

A¢gUcsdqUyd U o6t GUsd (EFEedeUUslGehd 1).
"96l 0U¥3 UU3 g dnUsahvdUa0e@ U Udd oi ) sUd

o~

o

GUescUaU Ux3 bUGsoat3 oUrxU;edUxs.

C

ARBg3sUsaUsoay¥Y o063 deUUsoayY gpemodg (FeagggU4ddls
GgaUaUsa¥ o863 deUUsa¥Y gasay¥Y "~ UjyegisyvyeesUUs
UGi 3tiU0eosu8bBg, ovadllOUsasdossed alUs yUeesUs:

AzUsuiUd U slGYdyrvidde®UUJpPeeoativrs, ~Yca
Uya " 6g (FedeUUslGefhd 5).,6B gUmaefotadidge!l
Gi add, UjegloYeseUUUs U Ud ee6y) e GUdG)ed
eU0UyUeesUsoaed GialUGdd

o, o~

AEcdeUUslehd 080V
(EcdeUUstehd 3). ¢ oUxUUcssoe Gge Ujsiiay
cUj UaUdy o900y a2t @ WWededed ) Baag UUs G.e AR (B3 1
ahovr Oleadieesthd G U@ GgooalUoea)scysa UseeU Uesg

-

eOUUUyUegeald uUsUUedeysas oaUs UsUUat d U 80Ud

gegé&oeadys, "Yeegd 1



[60]

dytdUsd g @) xxaiteagd Yeeag eU cYasaUd. BYUpaegd
by Uit iudq UeeelUUU UsllPywUerwadid eyU) sdg UosdUdy ve
s3Ustlreysasag, eU oaU0UY dyaUsd "~ UyegtalU se¥31L 3
U addd Us oy3Us €993 “egaeualUf Uel¥ssiddd cUa
dedeUUslliesai “"6g "~ UyoayecUs Ues GgooaUsj};osecy3as 68} ga

3 BEUs UsgeelU Udd oi ) sUdj .Gk UbsvY50 Uy fid UGds

15+051 UeiUsase3lUUs s ~UpUsa¥YUxy GcdeUUsleca U

o

A¢UOcsdqUyd U sct GUsd (FedeUUslGehd 1). EU fe
o9t 3 9U0d GeypUooUd UsUs ase3UUs U  9(i'U3;Uxg Usgr aUs

gesasm sl 3 U scL 0U¥s3

ABEgsUaUsoa¥Y o6} deUUsoayY Ugaas sy, ( Eweeegldl sdl,eFHng
GgsUaUsoa¥Y o6} deUUsoea¥Y gosay¥Y "~ UyeglosayYseslUUs «xd
Ujyosatitdd Yeead eU eYoasalUd, UGiszsul0Ues oaUs 27

Gial0add.

AgloeUsUxvyeysa oUs UGgs3UsaUsoh pollfidsed gos:=
BcodeUUs O #RJd 36 .UB) a2hor s13d 6 GcdeUUstehd ~ Uy g
Yy eayd UsUesceced (U R eyUysU UGdUse yvd eyU} sU ¢
dyadUsd slcgy fh), abdidd (=8lpey slhteli svoeyeda g6 ¢ U G Y a5 o !
Uy UsaUdyacsOUUs vd "eai eUalUosh yrvd Goady h oaUs

"slaelUf G0 oeYesoaUd oaUs U UhoesoalU gosaY).

GesUGeye @sUalUUs U UU U331 0U; U o263 eelUU oagya
cBaoavys, UU 6 6aU UaszUs eU0UUyUeesUsoaed "jeyalg

AEg3sUaUsafhd oaU0Usahd 0,6 dg w@wl=sige A(dE 6 d¥dldlpd ¢ ¥
6.1). Yy haUslUUs 29U Udas UuUGsee (G¥Y¥aGd Ueg UGad
UyomagL idd Yeeasad eU UsVapaWUUs UadcUpai e Ual
Goady h o9Us GgsUeaUseah yuUlGed, Us¥yYasoU eU Us ~@
gaoBYUs afhoy OGedeUUslehd tUosUlGeye 8sU0alUs U f
*d “36d Ud GiaUUGd U¥ys cUaaers, UU 6 6aU Uas
"1 Yleseg 6jLeUU0cd.

A taeghasdgodsafhasdaes Ue g 3UesoU3W@jiad’, 69 YGcag
(EcdeUUslGehd 7). HYyhaUsUUs 295U Ujosafhoasdse ol



[61]

o

eUjoUyoeai UabpUadUsaadsg, "6g 6UjUasaUdyasUU
Y, o0906d gydeedd. aWlUxyeohdgUs (g UeiUsas U
aUUg 6 -Updyidsic " Uoyd eU eUjoUyafh GgaulUsah

GgooalUoeayseysae UeeeU Uesg ¥yjo86909, 8 GecdeUUsC
(VUiUGosoe) eaye Usg, GiceclryrsU U edqU; iU 20
Ajpamllhasdes Uesg 3UsoUzaei d(Ea drellydi €%,d3 n
cdeUUslehdg UelGUsasUOUUs g fh e6yile eUyoUL
UGy Y U eGUdy) veys3acg, 8 6 °6aed U 'R Y eyd
GdUsed y¥d osGcgy) hd.

Cc Co Co

A taghoasdgodsahoasdeleosUdawg d,3 ~ Yeelyda @g 41

(EcdeUUstehd 7). YyhalUsUUs o9sU Ujosahasdas
eU Ud GgsUsaUsese (UUUlGosoae) eayGe Usg, Gics
"0y s8Ge.

A¥yeoUas Uoyd Usg 3UsoUsasid, ~Y®egd Bl, -
GedeUUslehd UeliUsabelmUvwe yhs ege jailelg 6 Uoa
yr*rd o90cgjed UsUsced, oUa¥Y UOGgoocaadeyse ol

Usg y¥j30208g, 8 O0cdeUUsléggUlid heywmg OYs e (¥
i eldvy3U ¢l GWUyesdldds “~U) ssce.

Co

j 3U0Uey3U00Us Uz oy3Us €903 “elas0Uf UelyYs

U¥s GedeUUstet 3 "8g "~ Uysycegas Ue GgooaUay st
FdqeUs1 30U0UUs U atdd fUs, dq UsUGey e e8adH/
UaUUyy vdU3s Udd ja0Us1 40HRd530 ,i "eUlbaq UUsa Us 3 9 ¢

(@)

3 ofhory " UyodOeasavyedld0gllyzdrees UUs UUaUaxrd

cdeUUslGeaa.

Co

neéT o 14T, T gy T AN rs 4t h
15+051)
isU Uess "1 60losey)aleh Uq 0 yedse(dly  aUlsag

d
GgooalUoa)seysae eUleuosyYiUdeU UszsegasgoeddoalUs ol
eUUjelUsd " sUsccseydput OsUpPpBaUdgysUs sdlU
Ugy i U0y d,U 'y she'eeeg Uoayy cUUUs d oijsU Gey Uoso



[62]

Fi celGr3UUsegglU); e Wt¥adoUscey Uy v3shyed gy@éaesUUd
UsUes asUUUs GU b¥Yded "Ujya eg U K 4,5 y¥d 18m.

gy vd oaUs GUes zUGelUsYWaldiale s wdiceUpadld o950 U
3U GdeUsydUa hUs ) eUUjetUsd spPddge3liyde dc
"3 UoeUUB @6oseddoalUs GUe Uyasd Udedy dsdUdedd g olyeady U
"Uyeshlieg Uesg glijeacosoai -wleddhb(xeediUs B UWh B
t UsegUyjaegeaaacg), 6 HUOU 93 a300U0Us HUs d @i
g hoUsy¥s guyYUyxs UsUsGUescUa GUU ecUedeahUUOy U U
aUUY Uds goje Uvdgdaeiewgd gtthoUseg gujeiifhy)ag
GosUeesy Gt 30UUs gydehUU; U, tdaUtue 80U €990 AUV, 6

A addd d UsUeiegUsldq Udd GUy¥dedd Useg g Ho
siUaalUUs oaUs GUds gujeeasdeasosse OGge Ujsiiay
e casd Ui 0,60dUg oUs Us iyed Urs UUescGlGUsysoalL 3
U Ues 6 8ae UzU; UYUUs d UjeilGeustiaU Uesg.

gU; UayYUxy "~ UyeglsyYesaaslUUs 65 Useyd GecUlUsUlcea
GedeUUsllet 3 Uesg zUGeclUsUGUeeUUcd 8 eyar Uxs
dey Uoo U:

AZcdeUUslehd 2 °Wiseck = 8,85 x 10

AZcde UUaLiie3fpdyY 3 k = I°mmdéc. x 10

AZcdeUUslehd 4 °¥lseck = 1,75 x 10

AZcde UUsTiieblpdY 6 k = I°mfséc. x 10

AEcde UUsliehd 7 ®hi/sec.k = 7,90 x 10

AZcdddalichd 8 Yemiséc. = 9, 50 x 10

AEcde UUsliehd 9 ©ilsec.k = 2,00 x 10

nCDyCD n]5+_*5;/\‘¢WI J’h’h>|5 oYt 1151‘h‘>
ZiclGrsaU €U0 Uds Uszssahodiad Urs uGUleeys¥s
oUxUjetUsd aUs zUGcliasyYaUdeU oa8dilgdd o bsi j 4l
U eUUeay e UUU Ur3 UjyoU0GUdy sUsa 3 ieasctl 3 )G
GeUusUGeagi Urs UsvyUyy; v oUxUUcssat 3 UszesUeUvxs.
“"yeluseyosteh Uxs oUrUUcssoat1 3 "~ UpUeyUpys GecUuos

o

Usgd eUalUdUyd, W8 Giepdi®easfhs Rochab Udd Rocs



[63]

UUzsszeeetlUsd aUUY GSI (Marinos & Hoek, 20
Uds "~ UjyeiaU UpoUGaU, 95U Uds by UcheUsU U
"UyeglioYeegs e£9aU0Y cUjUalUdyoatBeadagUUUspJ!

GUGoesoecid GedeUUstesgid 6)jdises sseddal Uy

Co

(@)

isU Uess oUdeyosteh Urs byUcyilt s aUs 0VUUG:
Uzoseasgoedda Us, U’ h Usgd eUal0UdUyd, 3

GgooalUoeayseysa UegeelU UdlgdgpdeggUg¥Upsdosds Usl
Urs GUj L aU0U¥3 6y dises 8seddoalUs “~jrvUUjcoaY
"0y 99090y Ulle, Ud Giad oaUs Uds UsUesce Uxs G6
by Ucytt 3 oaUs UuUGsoat 3 s¥313 alUs uUgUUy Ugh:

S

o

U} UayYUxy Ydgasglis "~ as3UsalUd U UU edecUsscs

sUvyaco9013 GedqeUUstet s Usg g h eUayUd Ucec

CEiy2kTy A Tegaegger| PETAE S
ZAKEgNgUET
Koslisah dYyaed (9) 20 kN/m?
Fgsaeece (c) 5 kPa
GysaU KarvrUU,seed ¢g)sbed (0G) 320
zyUyp e KaUGUsahUqUUG ( A) 20 MPa
shoed Poisson (3) 0,30
zyUyj 8 KaUGUsahUqUUG o9 z908) ¥yd 40 MPa
63aelisyYiUUUs Uyre Ege sU00U0RU
209 Egsdealﬁg’SL)Ez;Jﬁsﬂqj’ ( K $oe >4 MPa
63aelisYiUUUs Uyre Ege sU0aU0URU
;gsdealjg’ Jgeg);fﬂiﬁq g $oe 160 MPa
zUsj 66y haolU goece zy{Hgeeg oAeilhiikd 32 MPa
FgsUUaUGUed BgliyUD) v3 qdetGUxs 0,47
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Cgi12eTy Gy A Tegaegger| PETAE O
I KENEUgT
Kolosah dYyed (92) 21 kN/m?
Fgseasce (c) 40 kPa
GysaU KarvUU;seed ¢g)oabed (0G) 30U
zyUp e AKaUOUsahUqUUG ( K) 120 MPa
shoed Poisson (3) 0,30
zyUj 6 KaUGUsahUdqUUd o9d)] 790 ¥%d 240 MPa
63elsYGUUUG Uy e Ege oU0GURU
209 Egsdeal‘Jg’SL)E:‘];Jﬂsﬁqg’ ( K »oe 320 MPa
63elisyYiUUUs Uyre Ege sU00U0RU
;gsdealjg’ J’eg’j)fz]f[]i&qgg(ﬂ( »oe 260 MPa
ZUsjecey hsaoslU goce zy{Bgeeg sAkilihiik 192 MPa
Fg3sUUaUGUed BgliyUQD) v3 qdetUxs 0,40-0,60
Bas3 Us10dzdec U3 dlg¥oejUdy st Usay¥Y EFeodeUUslGeai 2
CEi1PeT) i A TegAteger| PETAE Y
ZAKENgUET
Kolosah dY)yed (92) 23 kN/m®
Fgsece (c) 50 kPa
GysaU KGrvUU;seed ¢g)pobed (0G) 28U
zyUy 68 KaUGUsahUqUUG ( A) 120 MPa
shoed Poisson (3) 0,30
zyUj e KaUOGUsoahUdUUd o4&l z90)¥%yd 240 MPa
63alisYiUUUs Uye Ege s0aU0URU
209 Egsdeal‘)g’SL)Ez;Jﬁsﬂqi’ ( K 1o S20 MPa
63alisYiUUUs Uye Ege s0aURU
;_gsdeeL"Jg’ J’Gg@)zfﬂiﬁqgg(A »oe 260 MPa
zUsjec) haoaU ¢goce zyFBgeeg oklellihgp 192 MPa
FgsUUaUGUed BgliyUQD) vr3 qdetGUxs 0,40-0,60

a3 UslldzdecUssayY

j Uy UaUdyostUsayY EecdeUUsleaqgi
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. . gtz AE O
2FF)PET) FINTEENLEEET C KENgUgT
Kolosah dY)yed (92) 23 kN/m?
Fgsece (c) 170 kPa
GysaU KarvUU;seed ¢g)obed (0G) 50U
zyJUs KaUGUsahUqUUJ ( K) 800 MPa
shoed Poisson (3) 0,30

zyU; 6 AKaUGUsahUdqUUd o9d)] z90) ¥%d 1600 MPa

z6368UsYGUUUs zyU; e Ege sU000/HUd

§ . L 2160 MPa
oUs FKFgsadeaUdsg)uhypUsldd (K

6368UsYOUUUGs Ujye Ege BUOGIHUeA
¢ ° i ,,Zy ,,4 . J Hale 4320 MPa
EgsdeaUd | "edi)hy Usldd (A
ZUsjyecy haoslU goce zy{Hgeeg sk 1360 MPa
FgsUUaUGUed BguyUW) r3 qdetUxs 0,35-0,60

YBas3s Us12dzdecUssoayY j Uy UalUd)ostaUsay¥Y EcdqeUUs

: : gL AE UB
2EFIPET) FIAN)TEENALEELET C KGN UET
Kolosah dY)yed (92) 24 kN/m®
Fg3ece (c) 300 kPa
GysaU AKGrvUU;seed ¢g)pobed (0G) 55U
zyUyp e KaUGUsahUqUUG ( A) 1000 MPa
shoed Poisson (3) 0,30

zyUyj e KaUGUsahUqUUG o9 z90)¥yd 2000 MPa

z83clUosYuUUUe zyU; e Bogps yag iz OHID

. . L 2700 MPa
oaUs FKFgsadeaUdsg)uhypUsldd (K

8368UsYGUUUG Uye Ege s0060/0
¢ . ) ”Zy ,,J . J hud 5400 MPa
EgadeaUd | "ed)jy Usudd (A
zUsjecy haolU goce zy{Hgeeg sAkiUhiikd 850 MPa
FgsUUaUOGUed BguyUL) ¢F qdedU 0,35-0,60

a3 Us13dzdeUssayY j Uy UalUd)staUsay¥Y EcdqeUUs
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Cgi12eTy Gy A Tegaegger| PETAE O
I KENEUgT
Kolosah dYyed (92) 21 kN/m?
Fgsecece (c) 50 kPa
GysaU KarvUU;seed ¢g)oabed (0G) 35U
zyUp e AKaUOUsahUqUUG ( K) 100 MPa
shoed Poisson (3) 0,30
zyUj 6 KaUGUsahUdqUUd o9d)] 790 ¥%d 200 MPa
63elsYGUUUG Uy e Ege oU0GURU
209 Egsdeal‘Jg’SL)E:‘];Jﬂsﬁqg’ ( K »oe 270 MPa
63elisyYiUUUs Uyre Ege sU00U0RU
;gsdealjg’ J’eg’j)fz]f[]i&qgg(ﬂ( 1o S10MPa
zUsj1 663 h3ol goece zyUfgey LBIUGRIDH 80 MPa
Fg3sUUaUGUed BgliyUQD) v3 qdetUxs 0,40-0,60

Ybas UsM4dzdecUssayY

j Uy UaUdyotUsayY EcdeUUsleagi

CEi1PeT) i A TegAteger| PETAE Y
ZAKENgUET
Kolosah dY)yed (92) 23 kN/m®
Egs3e(ge 140 kPa
GysaU KGrvUU;seed ¢g)pobed (0G) 55U
zyUy 68 KaUGUsahUqUUG ( A) 850 MPa
shoed Poisson (3) 0,30
zyUyj 68 KaUGUsahUqUUG o9 z908) ¥yd 1700 MPa
63alisYiUUUs Uye Ege s0aU0URU
209 Egsdeal‘)g’SL)Ez;Jﬁsﬂqi’ ( K »oe 2295 MPa
63alisYiUUUs Uye Ege s0aURU
Fasdsold ) ) Us0dg (& T o
zUsjecy haolU goce zy{Hgeeg sAkiUhiid 680 MPa
FgsUUaUGUed BgliyUQD) vr3 qdetGUxs 0,35-0,60

a3 Us15dzdcUssayY

plPYBYaWdFEcdqe UUsliegi 6.2
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Cgii2eTy Gy A Tegaeeger| PETAE O
I KENEUET
Kolosah dY)yed (92) 20 kN/m?
Egsecece (c) 15 kPa
GysaU KarvUU;seed ¢g)obed (0G) 32U
zyUp e AKaUGUsahUqUUG ( K) 35 MPa
shoed Poisson (3) 0,30
zyU; 6 AKaUGUsahUdqUUd o9d)] z90) ¥%d 70 MPa
g3elUoaYGUUUG Uy e Ege oU0GUR[U
209 Egsdeal‘Jg’SL)E:‘];Jﬁs&qz’ ( K »oe %5 MPa
63aelisyYiUUUs Uyre Ege sU00U0RU
;gsdealjg’ J’eg’j)fz]fﬂisﬁqgg(ﬁ( 1o 285 MPa
ZUsjecy haosU goce zy{Bgeeg sAkilihiid 56 MPa
FgsUUaUOGUed BgliyUQD) v3 qdetUxs 0,40-0,60

Ybas3s Us16dzdcUssayY

j Uy UaUdyoatUsayY EecdeUUs

: : gLt AKE ©
2gi 1 PET) )N TEENLEELET _
ZAKEgNgUgT
Kolosah dY)yed (92) 23 kN/m®
Fgssece (c) 40 kPa
GysaU AKGrvUU;seed ¢g)pobed (0G) 35U
zy Uy 6 AplUulibe ( K) 250 MPa
shoed Poisson (3) 0,30
zyUyj e KaUGUsahUqUUG o9 z90)¥yd 500 MPa
6368UsYGUUUGs U, a e sU0GUARU
zv : 2y { Eg hud 675 MPa
aUs FKEgsdeaUds)uhy Usldd (K
636lUosY0GUUUG Uye Ege os0GURHBG!
¢ o , ,,Zy,,J . J et 1350 MPa
EgadeaUd | "ed)jy Usudd (A
zUsjecy haolU goce zy{Hgeeg sAkiUhiikd 400 MPa
FgsUUaUGUed BgliyUD) vr3 qdetGUxs 0,40-0,60

Ybas3Usl0dzdcUssaY

j Uy UaUdyostUsay¥Y EecdeUUsi
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ZARAg U T
Kolosah dYyed (92) 23 kN/m?®
Fgssece (c) 25 kPa
GysaU KarvUU;seed ¢g)oabed (0G) 33U
zyUp e AKaUOUsahUqUUG ( K) 120 MPa
shoed Poisson (3) 0,30
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Bs Ueg Usyseayd oaUs UsUagUsoayd opticimd g
530263 d UsaUaedadd U¥ys oaUdsscetUxys “~eg dU
e; UooUd fAerd d UsjyablUsU Uxs U sUUaUleYUr:
j oUOUyd "~ Uy Ulteeyd taUU 30 € e63yylaeags 30U UG
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S(X) = Smax Aexp( )

S(x) d aUdasdqid U U pGUUGd y U h Uess ¥Ysza
Uss ¥Y383U GgeeaUUygoalldb ) aolal)Ubss d S( x) .

Vs = V2T Bmax

Smax = =

(tantanB -z +R)  (2,5Xi)
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Smaxd eyo90U0Ud oaUdasdld GUds U sGyYsUsU Ueg UUY
9Us R d UsUasU Uesg ogeassaaesi UseaosesUUs(d.

_(25Xi—R)
tanﬁ——z
b d ors3aU iUs¥Yegldd Udd U 1t aUsUd hHooeasg “ag
g UjeUseysseg Udd UestGaUled
Aji = k A z
ji d U AGUO0UGd Ueg GdeUasg oaUe ©d U H Ue3s ¥Y3a3
:[tan_3+§)
2,5

¢

Bs 83 96hA3UsUd e0U00Ug alGUs¢p dldlmaeg ddiUdlzdg=, 0 gd
eyoo0U0d Usee Usgd 3U bjpatalUUs 6Ud dyad Uesg
aUdsgselUrs (x=i). ¢ eyostUd Usee Ua3UUUs U f

_+i
Sh,max= 0 ’ Qr&xq?)s

o

¢ U fheasldq Udd U a

2UsUd U silivyalaBgelUpsUgs Us}
eyoo0U0Ud Usee "6g Ua3UU

JUs U Uds Geyld:

Sv.max
maxS3= 0, 66 7A)

L

(EelosUshd, 2018)
2.5x;

Volume of sttlement, Vg
! X;

.

Surface settlement

.

I Smax S(xi)s

~Point of Inflection

N
S(P\) = Smax exp (‘X.zfzxiz)

Subsurface settlement

Zo
C

Ground loss at tunnel, AY
(Tunnel contraction)

Note :
( j S(x;) = (0.606)Smax

Ko®l: FecdeUUsse jJ3U UpyaUUGd TUdasdidd GUds A oiGYsUcs

Zy-Z
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Ly L L s L 11

18,00

16,00

14,00

12,00

10,00

8,00

4,00

2,00

Total displacements |u|
Maximum value = 0,02399 m (Element 2588 at Node 11554)
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-32,00 24,00 -16,00 -8,00 0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00 [*10% m)
(| | L | 1 | 1 | | | 1 Logatyagl | | 1 | 1 | 1 | | 1 | IR 17,00
16,00 —
. 16,00
800 1500
3 14,00
000 | 1300
= —— 1200
.sm_: —— 11,00
= —— 1000
16,00 1
- —— 900
= —— s00
-2400 _|
| 700
32,00 = 6,00
= 5,00
-40,00_: 4,00
= 3,00
18,00 7] 20
= 1o
-56,00 _|
i -

Total displacements |u|
Maximum value = 0,01650 m (Element 2588 at Node 11554)
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-32,00 -24,00 -16,00 -8,00 0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00 [*10° m]
I N U B P RS TN PUEE U N PR SR T P P P PETE PR P ST FET P RS PR ST S e e S 4,25
16,00 —
3 4,00
=
1 375
800~
b | 3,50
0,00 7 3,25
3 3,00
00 275
= 2,50
-16,00 2
- 2,25
3|
= 2,00
2400 -
= 1,75
3200 1,50
e 5 1,25
40,00 1,00
= 0,75
-48,00 5 po
= 0,25
-56,00
| 0,00

Total displacements |u|
Maximum value = 4,140"10~3 m (Element 2488 at Node 9600)
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32,00 24,00 -16,00 8,00 0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00 (*10° m]
| [N R ey wure | [ I T TN I W S W I N IS N NS NS NS Few| Lical 4
1600 — 0
I 380
E 3,60
8,00 7|
3 340
= 3,20
0,00
,0C — 300
= . "
s,oo{ 250
— —— 240
1600 | —— 22
3 1
2100 180
= I 1,60
3200 —— 140
= Y 1,20
4000 1,00
3 0,80
I 0,60
Lk x
.| 0,40
= 0,20
56,00 |
B 0,00

Total displacements |u|
Maximum value = 3,856*10'3 m (Element 2488 at Node 9600)
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-32,00 24,00 -16,00 -8,00 0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00 [k/m2]
o | ool N F 2500
_E 0,00
sm_E -25,00
E o
0,00_% 75,00
= -100,00
E %%###&ﬂ?“““?ﬁﬂ#”?ﬂ?%&?@ﬁﬁhaa;‘ oo SSSe et A
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_f 250,00
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— 275,00
=N na
-4000 -] |
_: 32500
_: 350,00
48,00 x
— -375,00
3 woom
56,00 |
= -425,00

Principal effective stress o'

Maximum value = 1,095 kN/m2 (Element 1258 at Node 3398)
Minimum value = -418,3 kN/m2 (Element 1533 at Node 15506)
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Principal effective stress o'
Maximum value = 0,9619 kN/m2 (Element 1104 at Node 11292)
Minimum value = -397,7 kN/m?2 (Element 1533 at Node 15506)
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Principal effective stress o'
Maximum value = -10,68 kN/m2 (Element 1261 at Node 16669)
Minimum value = -405,0 kN/m2 (Element 1533 at Node 15499)

K988:TUUU3sesee A3Ujo13 KoYexllwWs
Uy Uoosleysd | 3Yagld -14495@

% icy3 dlw s a ¢ HIBU 1

uds

||||I||||

£

o

om
-wm_; é%gv‘v‘v;v‘v‘vggmﬂﬁaﬁv ) AVNA‘;Q‘VAVAV YA AvaVAVﬂ
— g’« \VAVAVAVAVAVAVAVAY. *'gVAVAva . AA'A"'"“‘VAVAVAVVAVAVAV
E h,huuvmuv‘vﬂqm PATAVAVSL33, % SPAVAYAVAVAVAVATATAS
a0 LVAVAVAZAVATY ‘yeﬁg AVAVA%%;% AVAN
N\ AV

IJ|III|

&
8

8
I

vl

s
8

I

Ll

s
5
x

g
B

1l

Principal effective stress o'
Maximum value = 4,000 kN/m2 (Element 1305 at Node 9861)
Minimum value = -400,5 kN/m2 (Element 1536 at Node 15472)
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-32,00 -24,00 -16,00 -8,00 0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00 [*10 3 l/m]

16,00_7 il I PR T N N T e Liaalaaal Licataaal Licalaiil [N TR S W NS NS WS WS T 1
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-8’00: 10

-ss,ni

. Axial forces N (scaled up 5,00* 102 times)

Maximum value = -930,4 kN/m (Element 28 at Node 9596)
Minimum value = -950,1 kN/m (Element 21 at Node 11743)
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Bending moments M (scaled up 3,00 times)
Maximum value = 2,886 kN m/m (Element 1 at Node 9596)
Minimum value = -5,990 kN m/m (Element 23 at Node 11516)
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Axial forces N (scaled up 5,00“'10'3 times)
Maximum value = -930,2 kN/m (Element 1 at Node 9596)
Minimum value = -952,8 kN/m (Element 8 at Node 8304)
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l Bending moments M (scaled up 3,00 times)

A
3
=
3

o
g
=
=3

Maximum value = 1,691 kN m/m (Element 1 at Node 9596)
Minimum value = -4,922 kN m/m (Element 5 at Node 7018)
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-32,00 -24,00 -16,00 -8,00 0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00 [‘103 Ki/m]
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Axial forces N (scaled up 5,00*10'3 times)
Maximum value = -769,5 kN/m (Element 15 at Node 11121)
Minimum value = -907,5 kN/m (Element 22 at Node 11707)
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Bending moments M (scaled up 3,00 times)
Maximum value = 1,519 kN m/m (Element 1 at Node 9596)
Minimum value = -5,311 kN m/m (Element 4 at Node 7042)
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Axial forces N (scaled up 5,0!:)“'1(]'3 times)
Maximum value = -742,0 kN/m (Element 15 at Node 11121)
Minimum value = -950,9 kN/m (Element 7 at Node 7647)
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Bending moments M (scaled up 3,00 times)
Maximum value = -0,4438 kN m/m (Element 2 at Node 8924)
Minimum value = -3,706 kN m/m (Element 18 at Node 11243)
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Principal effective stress o'
Maximum value = 1,474 kN/m2 (Element 21 at Node 2853)
Minimum value = -400,4 kN/m? (Element 949 at Node 8433)
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Axial forces N (scaled up .‘.'r,OO“'lCI'3 times)
Maximum value = -750,8 kN/m (Element 14 at Node 5413)
Minimum value = -938,9 kN/m (Element 22 at Node 4934)
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Bending moments M (scaled up 3,00 times)
Maximum value = -0,4951 kN m/m (Element 5 at Node 2237)
Minimum value = -3,492 kN m/m (Element 11 at Node 4418)

K99822: FTUUUseee Ae 13 F¥Yeydd U Ues z83Uyas HS o9sU

Uds j.U.-14+23006 7



[119

Bs " Uy U ¥s3y aUUUseeyd Uszessat s ((e) Uars
eU Uds Us¥Yegld o95U-148950y gV 18ad7355sU00a)
GgoalUseayseysad "~ Ujya Uxad s Useyd UasUs oaUl

%)

ey Uoneg Usg eUosUeai UUye iysegd g UjoalUseysrs.

peénd BT s <w I >h b RgTt >t U473 AN <

bPn dMP [ 477> L >y OO-A4+W3D b MO N

Z0d 3 dgoaUsayseysad dyadd Ggs3UszUiL3U0U0s VN

o

UUc3dqUit 3 U st GU¥s oaUs GgsUsUsoat 3 o6y de Ul

UsUaGUsscU. ¢ UlUs¥Ysesad o2a3U00Us ogjard ¢
eU0UyUeesllUByageaadys, e9aled oaUs UuUlssce
GeostdUhasde GUe aUULUU;e UeeelU. B GaedeUUs:
5 |

gyjard Ujosasafhd GeostUfhasded e9alUed oaUs U
UsUe aeUUUs GBGBU Usmi¥s §oUUdqUsg UVuYlGegd o
g UjeUseysxys Udd Gey UooUd UasUs 14, 8m.

bU) UeayYUy (GUa3U0UUs Ue UUUlGesafh "~jceleesare!l



-32,00 -24 00 -16,00 -8,00 0,00 8,00 16,00 24,00 32,00 40,00 48,00 56,00 64,00 72,00 m
N YT BTN REEN PN FES P TS P R FTEFT PN ST T TN FWN Rl PN T P ST ST e P S S| 70
Bm_%
3 e e e I e T £ M =
LE PAVAVAVAYAVAVAVAVAVAVAYAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY
E J N % % v
E S SNSRI SO AASISOSISONAS %
800 S 2 N 2 P NV NSNS S SNANZ 7
-1s,ou_§ mu'vAmnuyAvmmﬁfnvs" ' RN AVAYAYAYAVAVAYAVAVAN AN AN ANANAN w
-4, 'w__E Pl P VA VA VA VAV AN VAVAN VAVAN VAN ZAY ZAV VAV A A ARV AV A a0 . o AN A A AN VSV AN N TNV VAN AN ZAVANZAVAN X VAVAVAVAN KN AN N
E LA ALAININ LA AN N IS NN AN N LA TN N LTSN IN IS L AL AN L AN L AT L AN AL AN N LA AL AL A TN AT AL A TN N AN N N TN L AN TN L~ TN 30
32m_—5
1
— 20
-40,00_:
48,@__5 % 10
56,“)__5
- 0
Deformed mesh |u| (at true scale)
Maximum value = 7,338*10'3 m (Element 78 at Node 15512)
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