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Study on Risk Priority for TBM Tunnel Collapse based on Bayes
Theorem through Case Study

ABSTRACT

Risk management is essential for preventing accidents arising from uncertainties in TBM tunnel projects, especially concerning managing
the risk of TBM tunnel collapse, which can cause extensive damage from the tunnel face to the ground surface. In addition, prioritizing
risks is necessary to allocate resources efficiently within time and cost constraints. Therefore, this study aimed to establish a TBM risk
database through case studies of TBM accidents and determine a risk priority for TBM tunnel collapse using the Bayes theorem. The
database consisted of 87 cases, dealing with three accidents and five geological sources. Applying the Bayes theorem to the database,
it was found that fault zones and weak ground significantly increased the probability of tunnel collapse, while the other sources showed
low correlations with collapse. Therefore, the risk priority for TBM tunnel collapse, considering geological sources, is as follows: 1) Fault
zone, 2) Weak ground, 3) Mixed ground, 4) High in-situ stress, and 5) Expansive ground. In practice, the derived risk priority can serve
as a valuable reference for risk management, enhancing the safety and efficiency of TBM construction. It provides guidance for developing
appropriate countermeasure plans and allocating resources effectively to mitigate the risk of TBM tunnel collapse.
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AElEAE T Hlol= A 7N TBM HE 53 2lAa 94 =& A

LME

T =AY AV #3238 2y @ 7IEs) weEst
H1E #3502 Qe B Alge] F8730] thFEaL Sitk(Broere,

2016; Kwon et al., 2022). 53], 3l 2 AxFo] il ARy QB do]
e

s

5P Q1 Bl X go] F& TBM(Tunnel Boring
Machine) Efde] Alg-a%o] ufe}d o= Frfskal Qlri(Kang

et al, 2023). 3L TBM AR 5 29381 At A5 B8R,
ARV 352G B2 o2 ols) TBM B Zedst
23 27} e Kwon et al., 2023). o714, gl==
J8F(Impact, 1)¢} XS5 (Probability, P)2] Z3o 2 T3y
= 54 221(Source)o & 2138} o] AR (Accident)?] ZA]H
714 S=3ol(Sturk et al., 1996; Eskesen et al., 2004).
g2 de7h s FEA] ks AT 571 A, A
7% Q1Y Flsf YO = o]old = Qi ofuf, TBM A&
1 7Fsgh vk AR EF 5 B-9(Collapse)= 192 =P
S AF7EA 9] FHLAE SHLE T 7P A
ARLE, o]df tigh vl wdgt g3 #ert a7-Fri(Sousa
and Einstein, 2021).

bz o2 TBM gl S53ke 9199l A, A7), Al
Q¢lo 2 FEEX Hyun et al,, 2015), A EQQ1L =48 WA
S1A] G & BAH O R niatal, AAIARE 8219 H]atske]
AR A7) =0} US fofsledol sHl(Koh et al., 2020).
SEARE AREeld FA)ol| SRk BE AEaglel gk ARk,
% o) A8 T e thEEA| A8 ARHAEA] Aot
Atk wEpr, BT 4591 EEShaL o]E ke R §HElA
T exA AlgS Rtk ik dvbHo g 9459
& A, F2 28y A3t EA%(Analytic Hierarchy
Process, AHP)& At it 4ol wet Hake 237t
=29 F vk @APE $IH(Choi, 2020). oul, Akl Case
study) 7 A4 AFEIE 7Eke 2 B3kalslar Bslk T
W QA 4154 ghalo] 753t} (Bennett and Elman,
2006; Crowe et al., 2011). tfgt, 7} AQ F7] 2 FAH]
59) Aui= Heke) olf 2 ARIZAIE Fol 555 olelen
2, 2lad 74a F shiel Qakee] Age] stk wep,
2 ¢ TBM AR ARl2AlE 58] 229919 TBM B
B B)2m $AR91S WSE SHo R B2 ) Bl
Atk

B =it Fuie] FREARE B9l TBM AR RS 548t
o] TBM 2|23 tloejM|o]2g F531aL, o1& 7|9ke 2 Hjo]=
A2](Bayes theorem)E Z-83le] x|@Q2le] TBM HY &3
g $HERE EEITE B Aol =535 TBM gl
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vlofefro] s gl B g 94defie &% TBM Als 2=
vele] Fase 2850] TBM Akee] ki Bl 887 3l
71efd Aotk

2. TBM 2iA3 HIOIEHHIOIA 115

B AFoAE E3ZA Yy, 2008; Font-Capé et al., 2011;
Zolfaghari et al., 2011; Gong et al., 2013; Koh et al., 2020;
Lee and Moon, 2020; Lin et al., 2022; Seol et al., 2022)
719k o] ARIZARS B8l AR AR W AR ERfjsk=
A aRIe R FAE TBM A& Aarh 9133 5l8taick

ojel, Z} AlARRs F7d-AI91712(Chainage) A4-& 7eo =
T8k, tere] AR g A1 g Rlo] she] ARk F3dete]
ERt 7B9= el AR TStk ol S0, 008}
Chainage 200 m Aol HEZH 21dZo] ExE 254t
oA wpdH EAF B3 gl AJskr o] EAEklaL, 00
Chainage 1,500 m A= T5ghye] njg- vhdkd Fsit
ARkolx] B d Ak e} AJek F9do] ATk, o=
Al vheat o] REQGESI: ALl 10 ARI-E, EAYAISEH
T 5 AEQI-EARE Al 20 AR-B, BEAVASR 5
A QR-TS, AkA|9h

FHE ARaab W, 3712 AR SR, ARE b,
BEAYARBEE ek T7HA] A1 8Q] SRS, EARE Aok
AW, & G, A A, A2 AW a1k et
A 5 91739 Akate] Wl 2 AR} A1 819
X} T HIE(F, 91719 Al H T 24 ARD 2 A agle]
e AkaAbEle] HE)S Table 19 YepRitk

Table 1. Proportion of Accidents and Sources of Compiled Cases

Number of .
Category cases Proportion*
Collapse 51 56.0%
Accident| Large ground deformation 39 42.9%
Water and mud inrush 25 27.5%
Fault zone 46 50.5%
Mixed ground 23 25.3%
Weak ground 62 68.1%
Source High in-situ stress 24 26.4%
Expansive ground 19 20.9%
Gravel ground 7 7.7%
High water pressure 7 7.7%

*Proportion is the ratio of the number of cases regarding each category
to the compiled 91 cases. (e.g., Collapse: 51/91 = 56.0%)
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Table 2. Accidents and Sources Adopted for TBM Risk Database

Number of .
Category cases Proportion*
Collapse 47 54.0%
Accident| Large ground deformation 39 44.8%
Water and mud inrush 21 24.1%
Fault zone 46 52.9%
Mixed ground 23 26.4%
Source Weak ground 62 71.3%
High in-situ stress 24 27.6%
Expansive ground 19 21.8%

*Proportion is the ratio of the number of cases regarding each category
to the adopted 87 cases. (e.g., Collapse: 47/87 = 54.0%)

9 91719 AlaAE F 56.0%7) B3] WHIAIER] AL
B AAL] WEEREC] 22 Flo] opd BRIk Tl iR (F3F
E)7} Fof AtiFe R Ry V1S9 Al Br] wiEeltt
(Sousa and Einstein, 2021). o]uf, A}azAl#]e] 10% w]whejA
SR1E 2714 AERRNE, AFdE AE, 1479t el oish

2 Hake B 29E =2 et 3o, sl AAelIvt
SR1E AfAME 4702 B AT HEoK AlLlskATk

by, FEA 02 87719 AlarfElE 7[Rk R 371 ARl
S7FA] AE 8RS 2318 TBM 8|2~ Hlo[HH|o| A8 75319
a1, olel] 23R AR A1 Qe FF 9 B (S, 87719
AakE F 2 AR B 2d g ole] ddkE AlaalEle] vlg)e
Table 291 Azlslsic). ofuf, ]9t HrpHE-e 735K Surface
settlement), “¥KRock fall) 52 F3lslal, e EEe =g
)25k vk& ehSF{(Poor rock-mass class), %3}H Weathered
rock), A13]9t F5(Limestone cavity), 7}~8-f AWK Gassy
ground) & E3sich

TBM g]2==. dlo]guo]2~0] SARRAIE: B3l AR WA A%
o EAsk= A 8<1e] 4X(1~57FA])E Table 39| Afst3ith
37HA o] A aRle] Al ERIE AlaAtEE ANIETL
AL, of= AR Ay, = WA T theRXE g

A FAET: e, 1~271A]19] AP asle] ERshs 13l

£ 2

Table 3. Number of Each Accident according to the Number of
Associated Sources

Number of associated sources

1 2 3 4
Collapse 17 25 4

Large ground deformation 9 16 6
0

Accident

S|k |O W

1
4
Water and mud inrush 16 5 0
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M= 37HA] AR AT} B W w2, o) ARdel
heAPt B o g A8HA] ek dpdsiA] X3 Aj2e
e 5% Al dekEn: wlep, 54 Aol gkld Ade
le] 47} Arfeks kS B vt HAg ANkEALE
ol ASEES] JdF HE=E L vt vk

3. A3 M= EEIIHE

3.1 H[o|= Hg|

Hlol= e F 25 WA, B)] ARIgRE(Prior probability)
3} AFEe-E(Posterior probability)e] ¥AS UEhlE A=,
Eq. ()3} o] dHh

Pajp) - LB 1)
o7, P(A) = ARFEA A9 3H8), P(BlA) & 7Fe=(A}
A A A A A Be] 88), P(AIB) & ASEE(A ]
B A dAlste] AR Agl E8), 18]al P(B) = AREES
[0, 112 =A3h= 473} A<(Normalizing constant)o|Tt} ThA|
e, Hjo]= ke M2 HRB)E v s AR AZF
SHE(P(A))o] 782N (Update) ! A3 P(AIB)) & E&3=
gejo]tk
AAgHE2] W (Law of total probability)-S

2RY zHo] &4 ¥+ FES e HALE, &
FIHX) Wl AR A Ay Aol s AN A =2 (i = )
A UAU - UA, =X At AAgkEe] e Eq. (2)9F
2tk

205 &

PB) = Y3 PBIA) P(A) @

A a3l EAo) W A wHYSES &3kl Eq. (1)914
A} BE 7k7} A1, XA Q010 2 AAsa, 3 21k Ul
Sfube] Abzish 1 Aol CiEk ofIg EASHE: ZFgshsin
oo wl, Eq. (1) HAEES] W wg} Eq. (3)7 o]
FEAHHGrzegorzewski, 2013).

Pl P(BIA)PA)

"~ P(BIA)P(A) + P(B|A°) P(A°) )

Hjo]= ez 24 Abgo] ofef: SHEE Ao e

T Utk ofHo] o], oJg}, &}, AlEfst T Eoklk] &8s
St Tommasi et al., 2018; Chang et al., 2020; Lin et al.,
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2022). 53], TBM Al 2l2== djo] tigh wjol= “geje] &84
o] tjket ATAHE ol PS5 E ATk Chung et al.(2019)=
wloj= A 719k AjtehE NdS ARgste] thea AaulE
=12 TBM A gl2~= ]S 4843199tk Liu et al.(2019)=
TBM Al we Azt gl dels 73] S8
Bow-tic 7|#7} Hlo]= AHg]S HE3I) Lin et al.(2022)&
Hloj= HelE &8st TBM 7]S)(jamming)S fehk= 7
A2 AR 2918 APt

32 21| 2|A3 M2 EE

207 Aol Table 16 AXE ARA— 21891 7F S1skAg
AR e Babash ARzl wle) 212291 24 7k dekdol
EAsitial 7Pgsioi): gk B odte] A8 TBM Alal AR
A2 B3] AAes1e] TBM B 23] gl $416915 whyels
2o g =2sh= Aoltk o] ulel B Aol 75 TBM
2|23 dlolgH|o] 0] Hjo]= AelE A3t 7t A Al EA
of W B3 wystEe wEsto ey 37| Fue AxS

Literature reviews

TBM risk database

Accident Source
Collapse Fault zone
Large Mixed ground

ground deformation

Weak ground

Water and mud inrush o
High in-situ stress

Expansive ground

v v

P(Source|Collapse) | |

P(Source|Collapse*) |

P(Fault zone|Collapse) P(Fault zone|Collapse©)

P(Mixed ground|Collapse) P(Mixed ground|Collapse©)

P(Weak ground|Collapse) P(Weak ground|Collapse©)

P(High in-situ stress|Collapse) P(High in-situ stress|Collapse®)

P(Expansive ground|Collapse) P(Expansive ground|Collapse©)

v

P(Collapse|Source)

P(Collapse|Fault zone)

P(Collapse|Mixed ground)
P(Collapse|Weak ground)

P(Collapse|High in-situ stress)

P(Collapse|Expansive ground)
v
Risk priority
for collapse

Fig. 1. Overall Flowchart of This Study
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B3l #FEFo g, vE5 e Zv)d ul x2S
TR, o]F B T AR ARSIk 2 G
TAE Hake v 24, Fig 19 29k 858 =80k
1) B4 B3l =319 8770] AlAlE 7Rk g Al
AERRE TS 2 = TBM 2]&A to]EH|o] X~
=
2) TBM |22 Hlo|gH|o] 9] FAREAE B3l, &7 I
Al A e EA8E P(RE8]] | 53)9) &) nt
Al A AR P(RIELS) | B39 22 214 a91
Ha Ay
3) 2)0i] 2 E P(R1A 8 | oo} P(R1Aa9l | 2992
Eq. (3)dl] Tz, A|-e9] Ao e 53] dAYEkE2]
AFEE P | ARa9)S Adaslie Ay, olu,
RIS PRI 7 ARl nje AlSaae] A
7] vlae]] FEE AIXA] @7 wjiZel], B ke ol
1%=2 714
A QM A ekge] T71E e VIR 3l ==
= 2229 &2t A7E TBM B 23] gja3 94159)
2 A<t

o o

4

=

4. 2t R =9

EARAS B3 ©2H Ahasi P(RIEQ2l | B39} P(A]
299l | B3 232 Table 40l FeJalck o2 wjo]= Aol
A g3le] 7+ Adacle] vigk A EE PE | 229 Fig.
29} o] =35k

B3e) APISE(1%)7 A egle] EAR S8 B A5
g vl s, Wsrieh doke] A AlFSEo] 217
1.59%3} 1.18%32 APISRE(1%) Bk S7Hslksick of= B
I} yke e Qs Avklad] 7|Qlek Ao g Fune, Y
A g9lo] EAsh= ARl =2 ol ARk 5o thex
&g A3 v} etk ofu, TSyt ARt v]3, Table
4ol A P(AELQ | B S =F=0A9 Fig. 29]

Table 4. Two Types of Conditional Probability Corresponding to
Each Source

Source P(Source|Collapse) | P(Source|Collapse®)
Fault zone 63.83% 40.00%
Mixed ground 14.89% 40.00%
Weak ground 76.60% 65.00%
High in-situ stress 12.77% 45.00%
Expansive ground 8.51% 37.50%
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Fig. 2. Probability of Collapse Given Each Source

AAE P | AE e A =&k o)e AANE]
739l (A2 N B AHECH (RA20NEH) ALt 4
gFoz @] wielch

Hidoe)|, B3, 22 A, 2 ARke] A9 A E
o] APHEERT} TaEkglty WA, EFAREE AJolst s
Zk= Zpte] ER)wo] Hete] EAdS fEE
WE A Agke] ot 22 B 71Q1% = Ut Gong
et al, 2016). T3k A= BlET 72k 2o Enjae] By Al
A9 T dAIgEe ot BHE fEElaL oy AR
B2 o]oJd 4= Ui Gong et al., 2013; Zhu et al., 2019).
Jefv, Fig. 2+ A7) E3AREL 22 A ofs 27
A AUZe] HE ThsAdo] wrot s AE 8 (EHA,
E2 AT B 7o o] weS vERdth gHA,
B AREe AYI = FHAE fddte] TBM =2 g HiE

58 AR S LT, ol Fig. 204 LheRdt 5334 Ak
B3] 7ve] vk At AHSES 918 4 3IIckRostami,

2016). HEHOZ, Wlo]= Hel T8 TBM At AelzA}
24 5o m2e Ajagle] TBM Bl 23] elas Sakesle
Table 59 A&}tk

£ 978 B9 248 Aagle] ) we] nA Fake

Table 5. Risk Priority for TBM Tunnel Collapse

Rank Source
1 Fault zone
2 Weak ground
3 Mixed ground
4 High in-situ stress
5 Expansive ground

ARl AR 2E 28 a”1d) disk AHe dle-S 7FssHA
g} BNk, AREA H-8-2] A oko 2 FIE AlFFA 530
olg}e 7%, TBM Al 5 ARl dldabA] 53k Adals
298 4 9laL, o= TBM Alge] b} a8/dE 4ddl
Asleicl(Kang et al., 2022). wbr, 7] v]4a €A}, eAdvt
L5 B RAL 7R S 7S E88te], A1 a]]
2l Aol A g sk Aol dasith

5.2E

B o= ARAlE E3) sle] TBM AlAEE =513}
o] TBM ==L vlofefujo] g F-E319drk Bgh 75 tjofE]
Hjo|22 7o 2 Hjol= Aels 83ie] TBM B4 B3 gl
$HEHE =&

(1) AEARE S3l g€ =e] TBM AlaAh] 9175 530
371 AR, ANE A, BAYAIsE 53 T7HA
A2 RN(HE, BIARE, AL, =& A9, B
A, 2pdZ A, a1qE Sed)o] APEEIT: SAIR R

HRFe Ate] =25 WA $lsl 2714 AR S

i, 3 S Alelsted, & 87711 AlaAlelE 7Rk
o= TBM g2 dojelo]|~g TE35itt

tlolefuo] o] FAREA A3}, AA| ALk 5 12714

A QRN ofgk Al feMlEo] FE o2 A =S

oo wef, 4 Aol BR1E A aR1e] 47} AL Aeel=

FFo R BpHo R e Fav) qlaL, oPdstA] Rt

APAQRNS nFalA] Qs HARE AREALE. AFRE 5

o] Aeeg FPdatelof gt
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