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Abstract

Analyzing the tunnel excavation behavior and its effect on the surrounding ground
involves large deformation behavior. Therefore, in order to properly simulate the
tunnel excavation process and rigorously investigate the actual effect of excavation
on surrounding ground and tunnel structure large deformation analysis method is
required. In this study, two major numerical approaches capable of considering large
deformations behavior were applied to investigate the effect of tunnel boring machine
excavation on the surrounding ground: coupled Eulerian-Lagrangian (CEL) and the
automatic remeshing (AR) method. Relative performance of both approaches was
evaluated through the ground response due to TBM excavation. The ground response
will be quantified by estimating the range of the excavation damaged zone (EDZ). By
comparing the results, the range of the EDZ will be suggested on the vertical and hori-
zontal direction along the TBM excavation surface. Based on the computed results, it
was found that the size of EDZ around the excavation surface and the tendencies was
in good agreement among the two approaches. Numerical results clearly show that the
size of the EDZ around the tunnel tends to be larger for rock with higher RMR rating,.
The size of the EDZ is found to be direct proportional to the tunnel diameter, whereas
the depth of the tunnel is inversely proportional due to higher confinement stress
around the excavation surface.

Keywords: Tunnel boring machine (TBM), Large deformation analysis, Excavation
damage zone (EDZ), Deviatoric stress, Rock mass rating (RMR)
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AT, 71 A7) 4T 9 A Sl Sl B 210k Rk AGE QAjske ACE Uhebgek 2
2 Efie AN RMR 530] 255 B24990) B71 o AT, 5d0] 270 Fulelshs 202 eyt
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20{ TBM E'g, tiHd a4, Z2F8A9 Y, 22133, Rock mass rating (RMR)

1LME

oS SiA 715 o -2 A At -80] STt A o ol Rttt Y oA 7 T, YA, E
270t AATE 5 Z]HhEeE Hof dte]] A-8-E] 1tk Coupled Eulerian Lagrangian (CEL), remeshing, 12|17
efficient arbitrary Lagrangian-Eulerian (EALE) 7| 5] 2 2853101, B2 A7t AIE 5ol 1 884
T} Ao+ 7t S5 ItHHu and Randolph, 1998; Kim and Jeong, 2021).

A AAL] EARREo] okl w17 A == AR 9] wE 2 R X|skea-go] SHiRtE
Qe Ed 22t Z2AETF IR AL Qlet. o]2Rt Bl 227t Aol A, Fs 2 2710 ARt ofu et Q]
A 22 A]H]| e A Q1 F3F 5ol ©J8l New Austrian Tunnelling Method (NATM) 2} -2 7]
W o] A-8-2 vk FAS Wastka Qlet. 1219k o]f-= Z|eli= Tunnel Boring Machine (TBM) 5=
283t 7 ARl =] BlFe] Sl Yl FAllolH.

Z1A2} E'd Z2tel] o3k R Ak g APt 2/ %] o] Wate]] et A= 7t Underground Research
Laboratory, URL), 2~9dl(Swedish Nuclear Fuel and Waste Management Corporation, SKB) -5-2] =7 ol A4 &
T7F A=A, oA kA A7 SollA A7 8= U vt URLofA= ks it
ofz} 7] A5} Bl'd Z2tof| et R A E-S F-aoto] SRS wet AR wE /el et AE Xds
STHMartini et al., 1997; Read et al., 1998). 29|61 9] SKBOJ|A+= b7t 7| AIet BHE =20 2 Q15 =2
#4ko) 9(Excavation damage zone, EDZ) 2] e} 1 H$| W A|HE-EA] %] 0] SIS H]wl A5 tHBauer et
al., 1996; Emsley et al., 1997). §F=1-0] At At lolA= oIRE 22E0 2 Q19 2|§te] AFat 22| o] HalE
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Evaluation of excavation damage zone during TBM excavation - A large deformation FE analysis study

2 QPY/dS Aaliotal, 1 Z[He] 242 E o7l Ao 2 WS A, 11 @A Hele Bd o] 24 thH
Tk op gl =2 5 HAloh= B4 ol5(75) Y] IS HH= 710 2 SRIE| It Fairhurst and Damjanac, 1996;
Winberg, 1991; Aglawe, 1999; Stepansson et al., 2008; Arson and Gatmiri, 2012; Siren, 2015). ©]+= 7|2 9F
T ofU 2 TBM 5 -85k 71AISE 3ol sidoh= 2 0= LERT(Siren, 2015).

SRR El'E 22t F FA R SRS E Aol tigh At 7129 Hkse i o= oo,
iAo 2 A2 250 IAYsH TBM 52 7| A= Qlsto] Z2FH 0 = O] H Bl A7 AlS 0] of 2l 7| A5} H
of thgt A4 W AlE2 v gt A 02 Eth(Read et al., 1998; Carbonell et al., 2010; Xu and Arson, 2014;
Lee et al., 2016). B-%0] 7|AI8} B'dof| tet 52|41 Beh Z|REe] T ed As ale, 42191 =2 744
5l 54 55 WHAL] ofefz0 & Qlste] A7} mlH|skitt

A Aol 4= CELY Remeshing 7|5-& 2-851] TBM =2 #1443 HAFSLAL o] o] whE S Z]Htof| m] %]
B A AE& A E =olk= 1) BlE =219 m‘ﬁ"é A5 TR Qlof 754 71 < o]
EARN1 7] %9} 5447} 2) @79 TBM 2L L AEIG|E 31HE LS 1 afeh oA 7] o] A-8of thigh A
3 W82 7|5kl At slgithHoek and Bieniawski, 1965; Chang et al., 2006; Cho et al., 2010; Hammerer,
2013). °]5 F3}0 3) T 54 719e Bo) EH S 7|Hto 2 TBM 220 2 Qg 22keAt oo Hels
APk, RMR, B'E A5, Bl'E 217 52] FFIAtol thet 241 = 4-astaiet. Aot 22k/dg <o) o=
WA A W AS TS Bl A5S astth 120l HF A o e 22 F o] /4T Bd o] 4]
21 FgAdel tiet AtAIE EATskATk

A

rr

B =22 AN ot W 53 o] Hols s, o] = sl it Bo] EASH | I jtt. = Etol] ofgt &2 A
2 e delof gt ofsliet Zrof whE AR E R U =/ 2] o] Hisle] thigt A7 2t ol wheh R E of

Il bz

Fig. 1. Excavation damage zones (ElZ, EDZ, HDZ) and construction damage zone
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Sith. gurd o2 ko 2 QI x|wke] wat W 3 92 Fig. 13} Zo] UEbd 4= It Perras and Diederichs,
L [e)
=

2016). Harrison and Hudson (2000)-2 Z2FHof| HIZ QIFSI] FAIRE S4S Y2 992 1324 4499
(construction damage zone, CDZ)°[2}al A 2Jst3itt. of2|eh 24 &4 o2 thF2] 749 mf-¢- 52 99
© 2 e} A2 AR Fof] 112J51A] 9= 7 3ko] 9tk 1% £2AF H(highly damaged zone, HDZ)-S H]7H

Zol &Ato| e g2 HAlIsh=ojd o 2 Qlubz o 7 AAE Fgo|nho 2 ket 1k sAo vz vhe o
2k o(excavation damage zone, EDZ). 0.2, =2H0 2 215 Z|Ht = QR ] 321 o] sy et oS %
Wsto] 22 dgo] Aok G0z AojHrh 22 Y G2 v Al Aol WAskar AR 2|9t &

Kol
x| 0] SFASt ST AlSE| AL 12A Q) QFYA O] A5t = o &Jo|thMartino et al., 2007; Jonsson et
al., 2009). Siren (2015)2 =24 o vF oS 22 2HY 9 (excavation influence zone, EIZ, excavation

disturbed zone, EDZ)_E Zgolotal, ' 9 Wi -3 Weprh 2 Agste] 7 Q1 wekite] IS, A2 o
‘I_

ol Y, A9k =4 2] 9] Ao} = A oSt EAYeRA] 92 dHolrh

Hoek and Bieniawski (1965)+= $FHto|up AHIE ZHS A A7 O] - HHA o] et A9 o115 ZIs)seict
AEFdtEo] 71l 2ol A= o] ti=19] 800% 2] A2 o] 2R8oS f X|z.0] Fdo] WA
£ 710 2 YeRTh Martin (1993)3 Martin et al. (2001)-2 ¢HHe] 7 F9h} R TA| S S5t e 22to g
QNS 2AEFF S OloF o.M, Diederichs et al. (2004) THggt Aute] 2|2 A 3218 Ao

1 o
At @321 (field stress ratio, FSR)= A4 2 Table 13} Zo| =E3HTt.

Table 1. Field stress ratio of brittle materials (Diederichs et al., 2004)

Rock type Crack initiation stress (o,;) / UCS
Indiana limestone 0.320
Concrete 0.330
Lilydale granite 0.345
Grey granite 0.360
Marble 0.380
Norite 0.405
Granodiorite 0.469
Pegmatite 0.475
Medium sandstone 0.500
Berea sandstone 0.564
Saiang (2004)2 @0l A ASRt 2aHE v o= BE FH 0] 22 g de Aok RES Aljtel,
ofe] Gl et A2 ALk, Ao U S B0 R 1T W FS(ZEDEX)” IR

A|E2 E ) 71 Ukt ot 7] As-2 ko 2 QI MHlshe ool e 7S KAl
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3.1 CEL 7|HH

Coupled Eulerian-Lagrangian (CEL) 7|92 4|2t -2 A5-2 ¥46H= Eulerian 842} A9t 242 A5
= PHYShe Lagrangian 845 A95}0] sl4-& 4-3sh= 7| oot ZHkgel Fofoll M= A E(HAAE 8
2ol AR = BT (A 84 o] Aol 2 S8 7o = HlM g 52 Aot ASoh= AL
& HSE UKo, 2015). 2 Aok 22 td?] 219ES Eulerian @4, TBM O] AE|S =29t 2415 Lag-
rangian Q4% HEEso] 548 535}t Fig. 2(a)= A[HHE HEFR A8 AHS Uehd 2101, Fig.
2(by=TBM A=t ZAE el g gt Zo|t}. 29k Eulerian 84EC3D8R)E A= 11, F2Ea Aol
7= Ha ABD)= 71502 Aot H52 5DO] 47| = HelEsto] AAS Bl (boundary effect)” I AY5}
2| A= ok & ol A g A7k -5 9ol Rt o 2 RelSstolal, ZF {3k AT F 7] (mesh size)=
Eld 239 7|5 1D o= 2Y(fine)ot, 1 Hke] o2 Ad A © 2 T 7(coarse) A5l Bl 23 T4
oA =2 AL E Holr & AT TBM A E S =2t 24 = 8-node Lagrangian 24(C3DSR)Z 2!
B H, a7 AsS ot AF-EA= 7Hdstainh. A=t X5 Apo] o] QIE|H|o] 2 FH(Rin)->
Aukd o 2 F2E- A5k Afo] o] g9l 0.7H Tt 52 0.92 RElEste] A =2 A7 E ZALSITE TBM &

o] g% EA4I %= Table 22} At
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Fig. 2. Numerical modeling of FE mesh and TBM elements

Table 2. Material properties of lining and cutterhead

Model FE
(element) (MPa) Y 7
Lining Linear elastic 23,000 0.15 24.0
Cutterhead (C3D8R) 200,000 0.30 82.5

3.2 Auto-remeshing (AR) 7|

Remeshing 7|%-& 94 7j2] 2% 3 gatatuhe A48t 2i7ko] aanto] st wgolt Mojde
IA|5HeS she oe sl 7ol CEL 71 ﬂr‘ﬂﬂ%}"ﬂo A7 TBM ABS=0] 3o ]LH TBM 24

H

o

o] 22 58 WAL R BARE S GlAleh A R84l A7 EEA SHH R AT
ool S Sele] AT 12 7R sk 71210 2 A1) A1 i 33 el We] 8510
QK

THHu and Randolph, 1998; Tian et al., 2014; Wang et al., 2015).

& @FolM= 2F 3002 A0 24 e fetaat) AlRd tifd siids ffsh A 221 ¢lofel
PYTHON ©}§510] 54 7132 A5215}%IE]. PYTHON 1015 o] g51o], 840 74/, 84, %A
27, 491 27 A2 55 egsto] A HiA] silA dAof A-8ele= shylth 19 Rt 22 gHolE Aels
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Mdb.Model(name=newmodel, objectToCopy=mdb.models[oldmodel])

A7\, oldmodel- & &

WY,

1—

24462

2lef z7lo
%ﬂmzﬂgﬂ*lgﬂﬁ%
F=2 7 B2 S

g 71

9

| BAYE 1A Gt AR

. newmodel S 7 TA|

R84l 2,

IH )RR A 8k 4mte Lhekick, olefe e HE A0

S DA Abs o2 Y T T A

2 Fig. 3/ e @ Q(Orazahn 2017).

FEA model set up

Perform initial ABAQUS™ analysis with

prescribed displacement step

Developed Python script

ol

Target displacement

Loop

All solution
variables are
extrapolated
automatically if
“Map solution”
command inserted

achieved?

Copy previous model
(New model created)

v

Import deformed mesh from
output database & move

undeformed part as prescribed

Iterate through output
databases of all models
Automatically plot desired
results

Y

Replace “Geostatic” step with a
new “Equilibrium” step

v

Read mesh points
coordinates

Replace “Geostatic™ step with a
new “Equilibrium” step

!

Convert deformed mesh into
geometry

!

Check for errors

combine extra edges

Apply “Virtual topology” in N

Detect reference edges and
re-create sets and surfaces

!

Apply seeds and remesh

Call ABAQUS™ solver
(specifying “current” and “previous” models

Fig. 3. Flow chart of the automated remeshing process

55} 144
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3.3 TBM 22| DA} U QJARKZ A

Ho} et TBM 27 HARE 916l 12 AollA= A4 TBM =31 25 B e = Q= CEL siA7 &
G5} chio] A @t 71 G70] WSS Wegslo] TBM 2140} ALIC SH4EE 247} 1 8
m/h, 6 rad/s (= 1 RPM)Z AASFATHITA, 2000; Lee et al., 2016; Kim, 2021). SEA|gt o]2it 271 5lof| &
A oA st siA] Aol MEesHAl Aojx]7] whzoll oA A (quasi-static) S-S =85

B2 HISESH o] A[oh a2 1 A5t e s] Eeiite] Qlof A s o] E7Fsoti e i
O AEE A 252 w=A] d. wheba] 215 B d o= 120 AR o]l ofs] ALt H9let-g=s 218
F AP A sl o] d-] ARE-E| AL QIth(Hashash et al., 2001; 2005; Kim, 2021). Ao} #-221F A|HES] AHS
B2 BAPSE | St 54 s A FH SIS 4-8F 1L Tt Hashash et al. (2010)-> 215 B'd 222 A
g2 Wt 54 siAg o] ATE HlwstGlEd], L Zpolrt Fd 25% olUlE WAsks A o= SRlsth
Argyroudis and Pitilakis (2012)7} 5288 AR Aol M AP 2] 71t 54 s o] ot Axt 7+ Zfol] 7}
nujgt Z o 2 yehd 25t Bl 1259 -89 Alktolli= oA A siAeto 2 & Z53t e o] siH UL 7hE
Shth= 212 50 tH Park et al., 2016; Kim and Jeong; 2021; Kim, 2021).

SRl o 2 ogH S el ol 2719l R4 U T Rmesh) T}
| 3 ol2Ick, nfebA 2 oA el S-astel e et ol el At ol 40
E29 % QS Sk Fig 45 SAAT ) 21210] 4 S0 nlet EEE 22193 ANE &
olck, ©.4:0] 2712 7V A fine, 9.4 217 8 om) AAe 271 519] ATk 241 7j2le} Bpa] %
P92 0 2 APgR]= 7 © 2 eRF HFH Q4 0] 377} 74 A(coarse) 12 cmS HOlAA] &= 4]

2
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Fig. 4. Convergence study for mesh size
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28 ATR2 OF 33% 2 AASIAIRE S22 Bl AT ]1 gho] ‘%E’r‘/‘r“ 202 FRIE et mhebA 2 A

o g 2] 2 98 oA A0 2 SIS i 5
L TBM 2] o] T2 A 57182 g LR Zloek. o) sl s, TBMQ 2418 0.02 el

ks
Sl B2 ARte] 28 5= o2 Uepdth 23 £S5 0.1 em/s 2 AR B s AR °$ 70% %‘iﬁ}
5 ES

A=A, 2 H=E T ooz AHsH| = s gho] +HsHA

700

---0.02cm/s
——0.05cm/s
600 —0.1em/s
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'''''' 0.4cm/s
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=
(=3
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»
(=3
=

Deviatoric stress (kPa)

3
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=
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Excavation length (m)

Fig. 5. Convergence study for advance velocity

webA] £ GO TBM 2710 et A3 ) 52 A& BARIS] glo1A] =gt s 4 AZHe A
Sk AET 5233 AN B FALPGAS £ET S Y= 430490 9 24 2715 10 om,
TBM 27 S5 0.1 em/s 2 47, SAFR 271 sjol A 910t 2o 2710 shAke Saete] et 24
7F 1 Al JFL A = s,

LEREIEY

Ol

4

A

2 AelA= 7R 28] 851 Q= T 7HA iR oA 719-E 28510 TBM 22F0=& QIR 2[R i =
FeAFg 9] 4 H9let Bld o] 24 oA BTG 4ealiRt oAl Alo]A(F 54 Alo] )2t 285 oF
E/J2](Jeong et al., 2014)+= ZZ} Table 33} Table 4°]] 826tk

NI

rEJ
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Table 3. Summary of numerical analysis case

Diameter Depth RMR rating (rock type)
1 2.5m 15m 1st grade (hard rock)
2 3.5m 30m 3rd grade (soft rock)
4.5m 60 m Weathered rock
Table 4. Index properties of jointed rock mass (Jeong et al., 2014; Kim, 2021)
E 0 ¢ c UCS
Group RMR (MPa) (KN/m?) v ©) (kPa) (MPa)
Hard rock 80~100 20,000 27 0.20 45 4,000 75
Soft rock 41~60 600 25 0.24 35 1,000 30
Weathered - 200 21 0.30 32 50 2
rock
4.1 BRIEHIY U
Table 5= CELT} AR 7| S £5) £&4 B 4]0 g HE Zakbaralolo] 5]olat g 4 Afo]o] 7a|2 EY

A7 0 g Ay HA HQJ @ 47F2]9] 712](m) / Bl'E A (m))7H 5212 AFelgh Ao

Table 5. Numerical results on EDZ range (vertical / horizontal; normalized)

ok sy 25

. Diameter Tunnel depth

Rock type Applied method (m) am S m som
2.5 0.746 / 0.603 0.525/0.266 0.434/0.180
CEL 3.5 0.721/0.580 0.507 /0.249 0.421/0.169
Hard rock 4.5 0.705/0.559 0.491/0.235 0.406 /0.162
(RMR st grade) 2.5 0.695/0.562 0.482/0.243 0.404/0.158
AR 3.5 0.692/0.558 0.478 /0.237 0.398/0.157
4.5 0.686 / 0.555 0.475/0.234 0.396 /0.154
2.5 0.412/0.322 0.239/0.148 0.182/0.071
CEL 3.5 0.388/0.301 0.222/0.133 0.170/0.080
Soft rock 4.5 0.370/0.287 0.204/0.118 0.162/0.071
(RMR 3rd grade) 2.5 0.375/0.288 0.209/0.132 0.160/0.062
AR 3.5 0.373/0.287 0.207/0.127 0.159/0.062
4.5 0.369/0.285 0.204/0.125 0.159/0.061
2.5 0.261/0.101 0.115/0.034 0.052/0.024
CEL 3.5 0.247/0.090 0.104 /0.032 0.054/0.024
Weathered rock 4.5 0.240/0.083 0.094/0.031 0.053/0.024
2.5 0.260/0.098 0.111/0.035 0.054 /0.025
AR 3.5 0.258/0.096 0.107/0.035 0.056/0.025
4.5 0.257/0.095 0.102/0.036 0.053/0.026
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Evaluation of excavation damage zone during TBM excavation - A large deformation FE analysis study
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Table 6. Deformation of tunnel sectional area due to TBM excavation D=25m/3.5m/4.5m)

Rock type Depth
(RMR) 15m 30m 60 m
1st grade Less than 1% Less than 1% Less than 1%
3rd grade Less than 1% Less than 1% <1.0%/1.1%/1.0%
Weathered rock 11.0%/9.6%/9.9% 13.0%/13.3%/13.1% 15.1%/16.2%/16.8%

Table 7. Maximum deformation on excavation surface due to TBM excavation (D=2.5m/3.5m/4.5m)

Rock type Depth
(RMR) 15m 30m 60 m
1st grade Less than 1% Less than 1% Less than 1%
3rd grade <1%/1.1%/ 1.1% 1.0%/ 1.3%/ 1.3% 2.0%/2.2%/2.2%
Weathered rock 11.8%/12.6%/12.7% 14.9%/ 15.3%/ 15.5% 22.9%/23.5%/23.7%
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