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Abstract

The EPB (Earth Pressure Balanced) shield TBM method restrains the ground
deformation through continuous excavation and support. Still, the significant surface
settlement occurs due to the ground conditions, tunnel dimensions, and construction
conditions. Therefore, it is necessary to clarify the settlement behavior with its
influence factors and evaluate the possible settlement during construction. In this
study, the analytical model of surface settlement based on the influence factors and
their mechanisms were proposed. Then, the parametric study for controllable factors
during excavation was conducted by numerical method. Through the numerical
analysis, the settlement behavior according to the construction conditions was
quantitatively derived. Then, the qualitative trend according to the ground conditions
was visualized by coupling the numerical results with the analytical model of
settlement. Based on the results of this study, it is expected to contribute to the
derivation of the settlement prediction algorithm for EPB shield TBM excavation.

Keywords: EPB shield TBM, Surface settlement, Face pressure, Tail void backfill,
Injection pressure
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z 5

EMA €= TBM 32 71E(51= 53 AHof 23 A 2Py e Siishe 3 os, A5 22 S A1
£ &5l AN ES AAllshe Aoz LA Sl SRR of7ds] A1t 27, B 7], IRl Al 2700 os A
= fie ARE S HEASHE 7ot wbA 2[Hbdst GFeiAlel oft st 75 Ete Al ofsfistal ol g 7S
B AE T T 7 ARRSHE B7Id H Tt vk 2 Atolite B A= TBM AR A9 ARS8 9
QIARET} s A v UEe] R oH** I (analytical model)= AASHAIL, A5 278 7Fet QIARSel thet
oS S-S Al 7S S5l st alnt. sAlsh BaHE Sl Als 2330 vt Mot A ES R =

[e)
Fstolom, Mot s melate] A léﬁdﬂ b Z70] M2 AAHQ A Akt B AT ATS Bl E
UA] A= TBM Zo] et HslolE R e wEof 7]efg Ao F|rFrk

20§ EMA At TBM, AHHs] 274eL HY Holt Sz, Ske 0=
1.ME2

7]&E0] W= 5351 B 22 H] Wt TBM (Tunnel Boring Machine) 32 7| A4 © 2 24 2|9k ot
SJolo] ATiA0 2 483} 5ol A7 Mgste] sl olo] A1 FE B4 BAS 5T 4 9lo] 58
el 2o el

2 ek ERFNATM 31} vl wsto] 22k 8] Bk, T12]00 2| H Ajjo] A&2] 0 = )
of| ZAZQ1 A0l 7Fsstth TBM 352 4“‘ 2| K ey o o] whe} 7
= L, AT TBM2 270H 2| B 48) of 5o} 32215 97t Hhe] o] 215 HiAlof| whet thefolA| -7 eI T
WG Mechanized Tunneling, 2000). ©] % E?}@'(Earth Pressure Balanced, EPB) €= TBM-2 71 A& 59
AxlshH, =5 Fet T 2| Hof| 2712 AE|o| = S o] i of| 22 WS 29 P ol F/d-& ShH St
=3Hog I 2 & TBM Al5 A1) 5 o =th(Lee et al., 2011).

EQA 4E TBM 392 A& o)1l 88201 22H3 5ol A|5He] S X Adloh= A o2 dejA] QA9

et agle] ofa| ARSI sk= AAlolH, o] = Qlt A d2Ew A|FH =] &40 = lsf A
2| &7} vido] Attt EQFA] A& TBM Z2to]| ofet X[9Hste] Gakeixh= B'd o] 271} Zlo|(Melis et
al., 2002; Chakeri et al., 2013), Z|5t F-F(Selby, 1988), B} (Lambrughi et al., 2012; Comodromos et al.,
2014), H|Y o= S =AU F T FUA A (Suwansawat and Einstein, 2007) 5 —L &7} thFs A AlA 1 H
v} Ik, whebA] EQFA] A& TBM =2tof| ofet 2A[RH]st wlAU S-S ofalisto] =8 FFIAE sk, 27}
of| o2t st As ol Z o7} Qlrk & Aol EFA] A E TBM =2 ot 29t HARE 919t of
412 Slj(analytical solution)& A|A|SFL, Zt QIZFE2] X5} ks 2 0 = mjetslr] flsl 2ol 53t v
7N iAle Rl e =M st A A o= Hrlstarlt shltt.
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2, EA EE TBM =20 28t 2|15 Hj#LIS

7| = o ARk ISRl mEt Al &%OJ*J—S—E}E‘JrﬂL oz 53 A

TopA sk ] ol 231 9 1H T ]EZHE MX]O}O% 2|5 HRIE AofoteS At wheba dyut
291 B'g =2 A Aok AA| @5F S Alg 70l ool 22| TSt EAYSk= 73, 13l A H
o] mlEstAL A A= -0l AYSHA HH, g DobH Bld 2| Hef X[ Alo]of] AJ7HA, F7HA g oA
H=(gap)°] WAYSH= 8- ARSI HEASRITAL o 4= Sk, = TBM 22t 9JA] U3t 2
= =, A7 22 271 B'd ko) AIRH, 11 75 Gap parameter® 23 0J51al o] = {15f of7]H
Zlgte] gt 1l A4 HEF-S Z|F &4 (ground loss)ZE A 2Joto] o] 22 0 2 BAE|ITHLo and Rowe, 1982;
Rowe et al., 1983). &= TBM Al-5<]| &J5f] WH¥ok= 2|6t A2 M) 712] A2 LR 4= QIth(Lee et al.,
1992). %41 27 2| H7F 2745k TBMI HA 0] Hj o] A& Q1 73-¢ 2= TBMO] H]|o]H %(tapering) #1€
5| =9] of=(over-excavation), ~12]11 T A TTHE (segment lining) HA2] H|Y B | =(tail void)oll A B2
O = WA= Z|HkEAT) ub 2| B 7R ERE 79 2]Hto] Ziujof] a1} Q1 dste] (A= ARkEA, T 1

[¢]

TBM} 31 Hjdo] ok ut 5o ol 4152 o5 24t 49 WAsH: THEgh 22l oJgk 2ukeAlo]
ZAIGIE, elshie, 2 TBM Aol ofgh Aol 70 el o Al B4 9 s A, B

5t
O] 21783} Zlo], B 2| B4, Sk AH 54, 120l dheRt 22 9l Aeke 1E 5] AA| @] Afalet
o] Tt 7 & A 4 Sl
2% Bl'd 21t 2] wol= o)A 2|3 o] 2]Hk]o} A2 X5t ERtE(settlement trough) 2 7 2]
&, o= 7FAIRE 22 J;’-G‘_(Gaussian distribution curve)= T2+ .02 A2l Utk Peck, 1969; O’Reilly
and New, 1982). 7h¢-A|QF 123 341 0 278 35} ERHILO] JAf(S)2 tah 2ol Hehd 4= 3lom, ol5 4
2oto] st ERFLO] ThOAA( V)= offiel ol 75t

2 rlo
n [

S= Smax ¢ €XpP (_ y2/2i2) (1)
V= v2m iy )
O S, = N 21782 2]cf oy, yie B S0 2E] A2, ik e Z4].0 20e] o} Evk Wxy
_q 7-]‘1] _Ju]oh:} z]o} Ea]-u_q 31_1_73(1 o oldkx oz o}aﬂg} 7o 7_7:1]% Zr= 7/—\]9& %}E:]X% glu}

(O’Reilly and New, 1982).

i= Iz 3)
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ojuf 2, = El'g 9] F2F 70|, K=o} ERFE ¥M<(trough width parameter)©|™, o} E=}I ¥a= Z|QFo] &
Foll met B = HGENA 0.5, AFEESFAFEOA 0.259] gl 2= 202 AR KO Reilly and New,
1982). o|% FEAS 2 e 9l BrH o2 HYENA 0.5, AFE B AoA 0359 gh& b= 2o =
3el= v} QJck(Mair and Taylor, 1997). o] 251E] 22 A] it Aubdsls Aok o 2 risly| $Jste] Hst
Egao] 3ok ThIA A} A A B]d WA Q] H]E A4 &4 V,; volume loss)Z 7 2Joto] A & Alg THA|

oA E--=51 .

Vy=Vs/ (WTDZ) “)
ol p=Ede] 27S oJulsitt. €9 FohH s} Ertis A& TBMO| 2718] weh Ha} 2 xo] o2
20 2 =2 7O AR B I FEfE mE = 2l 0 2 Ul A 9tk Attewell and Woodman, 1982). SFA|9t FTH
H 35F 5412 e TBM =2 S 4TAE = 2449 ke 7] tiizoll 432kt el = melshr| of g gt
AIE Zh=rh gRbz o2 & TBM 22} ofal dAlehe ek AREdshe Arixs), wPddst, d=ist &
HHs) A7 dskE 2R 4= Itk Sugiyama et al., 1999).

oA Bl AAIDH-S 7150 2 Gap parameter©]| 2]l A ok= 2|HHe] HgS 2|Ht &4 2 Aot o] =2
FE ZF A5 SAME 2 0] FH G )& B Rlot ERF O T2 (V)2 2l 7Hgstdt:. ol =

2y

(0]
ﬁ
il
e
o,
e,
)
e

ofx] ol sk Istet AlE o] gatel] ofgh 2Elofa) ZY(steering gap)l 1]
o] Aela.0 2 2] ufe] £ Aol Al D5k QIgLor], B4 3 wee] ofs)
A7V AISME AthE o 2 wPego] 218 Bt o} Al o] gl ofs] ghgH 0w
of nk7 kA2 et pstek. Ao =, ofele] Ak o] s A G, v A
E(G )RR H S, )& EESGON, 0|22 0% Wgshy] ofele 2 BN A ©

/33 et ofdt A4 WES REgstr] flsl B Al (o, )8 U
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i MBS 24 BR8] Sl Lee e
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5 2ol £ 2ol Eeet 2] 4
5]o] 521 3ol 1517 epom 9] 2 Aeiba 2ok el o] the Tl Al st
AJgto] 411 olal ol 24 WA 2742 ISal Hk Wl wgae] Eghut 2 Al 35BSl
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SRIARREE 2X5k= B8t @A Tl 23 A e st 2[Hho] fE T o] Higo] A7 ARt} o
e §-9le 22 Ao thef w5351 DAYsH= A0 2 7SI rEb A 2 G0 HEl o] A4S 2
2 0 2 Lro] Z|5F QIYTH 6, m) 2= 53l o & T =X A 2 o] t-g-5te] ug ol o] 2|5t ¥
&SI tK(Fig. 1).

ftlo

no4E
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Unit advance (Ay)
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— Muck inflow (8,)
Ground pressure :f; ﬁ: Face pressure
(9y) || Y (FPR - )

TBM advance (= Ay)

Fig. 1. Schematic diagram of ground loss due to excavation face instability

2] HE TBM2 Z1-8-3(total stress)= 71552 = 2R Astol™ 2|42 A= =2t57| whzofl A4
AA(E,, kPayE ALESIFIE o5 Tl AlE ol et et Esto] A EP A €]

ofel] A1} gro] £ 4= 9k
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of wlp:
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>
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o
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ol d,,+= Y Ho|E9] T (m)ell s o, = Z[5Fe] AZHRF 2-32(kPa)= SJn|hct. AA| Al Al S

A= ol22]el HlY Hol=o] A KT} oF 20% oA} Zulsle] F9l5He2 PAE T 9] O U(Suwansawat
and Einstein, 2007; GEO Report No. 298, 2014), Z|4t}o] wHkS 112{5}A] 9211 €] Ho|t Hujo] S 1}
ER7] flste] B|d Ho|=o] FAE 1l 2 ARESISITt Fig. 29 o] 12k-¢-’Ale] =44 =(o,,,, kPa)¥
EEIAHM,,,, kPa)y= T4 o] Algto] whet §stsiA|gt, 7 @%nict th2 7| A= 12929 24
T A5 eolA BARY 4= gl AE 2=tk

-{O]l

Ground Ground
Ground 0y | oy o,
A A A T
. Ogre» Mgre T/A Ogrt 8 Mgy T Mgy ¢ T dty : Tail void
Shield Tail void Tail void thickness
Lining Lining Lining
«— Ay —> «— Ay —>» «— Ay >
> Time, t
Injection point Adjacent segment After initial setting time

Fig. 2. Schematic diagram of tail void backfill grouting properties transition

ufba] o]t B/ AdHl(transient state) S 214 HAFSH= Al B421Q1 P oA 12k R A o] 54
A= 271 73} A(initial setting time) 2] gl 21-86He= Aot Kt ekt 28-S ffolo] HIY Hol=
2 133 =% &(numerical) ©|sll7} 55HE H Q71 QL
At oz 4 (5), A (7), A (8)2HE A= TBM 2] wh2 B'd F4=ol|4 2] 2| 513K S,,,, )2 oFel
Al Zo] Lrehd 4 Qi o) 1,000 2 HskEe] ©91E mm = 5571 9fsl 7= 3.

_ 1000 ) (1- FPR)o, N
Smax \/271_ R KZO X [OZ (Wa ) {1+ E +ﬁ 7T[(1 ((I dt’u) ]>< M (9)

TR FFHFRE Y AA 1 el sigste BE ol 54 13_101(20,m), = TBM®| Z22H21%(2a, m)2t 2|5t
F330 sfigsh= Aot Bzt M k), vlHlr AN £, , kPa), 12|31 =2} 2310 sfidshe el 27712
(Ay, m), 533 H(FPR), %ﬂiﬂﬁﬂ %‘?ﬂ‘% (0,1, kPa) B 27] 75‘?}*]@ TER AR, kPa), HI
HolE £7(d,,, m)7F = ITk. ERF 2]9He] A% g (o, kPa) it 578 -2 (0, kPa) 2] THIF:

Fh =2t Zlolo] sfgohes A5 W nhd e Fofl =2 o v
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3. #2534 S Set EYA 2= TBM =23 2A}

9P EQHA] A1 TBM 22 oJ8l i 7155 Aidsho] AU S ot -0 aRelate] me 5
up Aol et s 1S wEehAr). aE o] B8-S SllAE BAAN o, 5)7H 22 270 wre
o1 WSl A AT A} ek b S sle] WA B el 3
o ofk st A% wrt AWl Botskaat st

3.1 EQHAl £l= TBM 22} pdl2|
AL 22 WS HAE R RARE ] 8ol FDM 7[HE ARSI 2 77309l [tasca AF2] FLAC3DE ARE-
SHAch A5l melg) o] HE-S $fafl EHA A= TBMS ARESHHISI Z]5kd 754 FALR] Al Hlo[El S
28519 tH(Chakeri et al., 2013). 2 ZHE2 2|5}47 EA161A] 20 HELF A E, 244 o] A9 U] 7] 2%
© g FAx] o] 9t} ZHzko] A2 Table 19 A5

Table 1. Ground properties of target site (Chakeri et al., 2013)

Ground |Classification| Thickness | Unit weight | Cohesion fri(f‘:il:;n;igle rr]f(iiiitlllis Poisson’s
layer (BSCS) (m) (kg/m?) (kPa) (degree) (MPa) ratio
Layer 1 Filling 1.2 29 35 15 0.30
Layer 2 ML, CL 8 1,900 40 27 30 0.35
Layer 3 GML, GCL 11.6 30 35 80 0.27
Layer4 | GWM, GML Base 20 38 100 0.27

ML.: Silt, CL: Clay, GML.: Silt with gravel, GCL: Clay with gravel, GWM: Well graded silty gravel

AJekE- 57 d(homogeneous), 58/d(isotropic), Tr4J(elasto-plastic) 7152 Hol= A2 Hil Hol-3
1d(Mohr-Coulomb criterion)< 5ol ARSI F3ts| B2 2|WkS 7Hgs17] flote] 22 21 4(D)d =
FEHCNH) 2P H B 22 598 (y-axis) O£ 90 m (-H+3D), B2 P F(x-axis) 2 60 m (-3H), 12]
% %0](z-axis)Z 60 m (>H+4D)E 2k} 445}tk Rodriguez, 2000; Lambrughi et al., 2012). 7
L BT AR AR Fo E WA A7) AR 283te] e A4 R Fig. 30]

1 A7) A85 EQH 4 TBM-L 22 21701 9.2 m, AE.9] Z0]7}9.0 mo| ], A Al IHE Hal=
917 8.85 m, ZA]|(span) 1.5 m, 7| 0.35 m2] Z71& Zh=t}. 2 Aol = 4] A4 ] HolE Qs Al 1HE
735 8.90 mZ 2851t A=t A IHHE, 2|1 H|Y Ho & Sl J2k-EX Q] E/d-2 Table 201 A
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Fig. 3. Sketches of an adopted mesh: only half is shown based on x=0

Table 2. Input properties of structures (Chakeri et al., 2013)

Elastic modulus Poisson’s ratio Unit weight Shear modulus Thickness
(GPa) (kg/m’) (GPa) (m)
Shield 200 0.25 7,840 80 0.50
Segment 27 0.2 2,400 11.25 0.35
Grouts 1 0.25 1,200 0.4 0.15

A 7HA] 222 B Shell 42 FHE]|%] © H(Chakeri et al., 2013; Comodromos et al., 2014), | 1THE
o} 1S EA = TS RS 801517 $15) Shell 240l D5F2IS] Zone R4S F45IAt. 220 s
5= Zone< M 7]-5{(Elastic model)= 2-8-515iTt.

ESM] A& TBMO| =210 RARE 27t Alstet H|Y Kol 5Ie-0] &7 7127} Hheg = ofof jiet. o4
A2 TR Hl(FPR) 78S ESiste] B SAollx 0] 27] B ESS 7o B 2715 4ot
J(Lambrughi et al., 2012), 22+ T ZAJof] thof] w551 2w ot = Afstsirt. o] Agels 27 4B E
(0, kPa)y2 A[HO] G821 32(0, kPa) T 7HE%0(u, kPa), 2] R 0bdZl( &', degree) Q2 HE] L

H A BEALS] YR EJAGH K, ) E B3l AFESHtHTaky, 1944).

32 8

s

1+2/3sinw’

rsng " (1—sing )}XJZ—&-U} (10)

ut el = FPRX (K, X o, +u) = FPRX H

HY Hol|E Sl Aol met S7ohs 2k EA S 'dAIRE oltbe o= 28513t ol ffsf
2L =ES AIHE 10802 7oAl 57 & nhe & AlE 2eIsiait:. 28] J2keEA 0 27
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ZASIATRe @t M ZAISEA] T oF 124017 A2 e 9).© B 2(Shirlaw et al., 2004), 7Y & 571
oAt =] oS =2 ool w55l Awstes 7Isigit). Axbd o= 5=9] 3 57) & viet 2% 733t
Ao BMAISE 7|50 2 2, 3, 20, 40, 55, 65, 72, 80, 83, 86, 89, 100%S 21| = 2-85}99tH Lambrughi et al.,
2012; Comodromos et al., 2014). £ &= TBM O] =2k W[y Al-F{(Closed mode)= 7Hg5t] Fig. 4%t
o] 2k uPet Ao, AL E. HA| A/(ring building), e 80 3782 WHESIe] ARSI o]
@9 2R = ATHE F Zol9l 1.5 me]l sigshH, A= TBMO] 4] 9.0 mo]l g k= 63] W o] %7 H

A A SRR (EAIT) o] B AT ZFF0] 2712 1,000 stepTHE- Akl 8= Sl

,—> Excavation(nulling) for a ring(1.5m)
. + J/

Face pressure . Face pressure
. Face pressure applied on tunnel face -
eliminated L ) eliminated

Y v ¥
Structural element for shield TBM
generated on the range of excavation

ri

A

Number of cycle > 6 1000step calc.

Structural elements for segment and
backfills generated behind the shield

1000step calc.

Number of cycle = 40

No

Fig. 4. Designed sequences for simulating EPB shield TBM excavation in numerical modelling

MTTo= ="
S S 222 R EolRt AI5FE T8 AF-L 710 2 A 2715} e A 2702 1ot B
A 4 TBME) A5 2742 2Aoh= S shlek. 94 upgete] WI9IS ] SIslel TBM AZ 2 44 4
G TPIe AP AP0 R Tt BEAo] S Wi AHFIelo] HhES ufet 24 hge
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Alke] U njatzko 21E] FpRo) oF0.69] Aol SRRk ke FAEe st ni A 2 S
& FUY AT Ee) 2 919 v)(BPR)Z Holsto] 2 = i
o] bt WIFS PSR DS EAS F25] FUT 5 YIS 2 wgedel] 2ok gL rhEs T

o, =rjelAes 2P E 0.1~0.2 MPa Z7] FUSH=E A|QTE] AL IEHKDS 27 25 00, 2016). TW2HA 2 2]
=1

Hhol A= BFYQr T} 0F 80 kPa o1 =2 88 .0 2 SIA-2 7385t | fIell BPRE FPRETH0.55FE T 27
ARSI iRt 2 SR Y ARE e B'dollA SAITHUS Y202 5P AT o] 749 A% of
o] 2| AAIGHE 2 BAETHKDS 27 25 00, 2016). 52|54 488 2712 Table 3] EA|51% 00, HE 5jA]
Z2004] S FAFY 02 3= A
Table 3. Numerical test conditions
Conditions Cases Reference
(1) BPR =FPR + 0.5, E,; = 1.0 GPa FPR =0.4,0.6,0.7,0.8,0.9, 1.0, 1.2 This study
(2) FPR = 0.8, E,; = 1.0 GPa BPR =03, 0.8, (1.3), 1.8 This study
(3) FPR = 0.8, E,; = 2.8 GPa BPR=0.3,0.8,1.3, 1.8 This study
(4) BPR =FPR + 0.1, E, = 1.0 GPa FPR =0.6,0.7,0.8, 0.9, 1.0 Anetal. (2021)
(5) FPR = 0.8, E,, = 1.0 GPa BPR = 0.6, 0.7, (0.8), (0.9), 1.0 Anetal. (2021)

FPR: Face Pressure Ratio, BPR: Backfill injection Pressure Ratio
Duplicated data were put in brackets

o] shshe Elslet skd 754 Age] A9 AR el ALSE apere] 4217k SR,
Chaker et al. (201312 BPge10] dake 3heTsl7] $1gk4=AIal Aol A 21TH 88 kPao] W BPRRE ALSIE,
ol whet 1 A .0] S]] B 0] 752 2 uple] Seks FPRO] 0.6, BPRO] 1.1
Aol ASE 2o 2151 G ulawsto] ST Fig, 50 FTHA Hol Eoha e Re] 2o] ofs) A5
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i
ro
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filo
R
)
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=)
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p

i
ko)
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:?_l‘_l‘
i
o
oft

A Sf Aojz 2o Z5lEES 6.95 mm = R}
o, @A oA AA A= ] Aot 6.9~7.1 mm= A Q] A2|5k= AL SHelsigr). o] 2 Sof & 4=X|olA]

BpJQhe 28R 29 Fig. 63} 2o] 2t Bt olshe] MglolA B eto] 44 Hs1E o ol nget
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