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Abstract

In this study, the Delphi method and AHP (analytic hierarchy process) were used to
evaluate tunnel collapse risk from a comprehensive and multifaceted perspective.
Influence factors were established through literature reviews, previous studies, and
brainstorming sessions with expert groups, resulting in the construction of five main
classification systems. A panel of 21 experts was formed, and three rounds of Delphi
surveys were conducted to prevent errors and biases in the expert judgment process,
thereby enhancing reliability. Ultimately, 14 influence factors were identified through
CVR (content validity ratio) and COV (coefficient of variation) analyses of the experts’
responses. Subsequently, the AHP method was applied to assess the relative impor-
tance of each influence factor and calculate the final composite weights. The timing of
support and reinforcement had the highest priority, followed by groundwater inflow,
joint conditions, support pattern levels, and auxiliary methods. These findings help
identify the key factors affecting tunnel collapse risk and provide a foundation for
developing strategies to improve tunnel safety.

Keywords: Delphi technique, Analytic hierarchy process, Influence factor, Weigh-
ting
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B2 A ARele] wE Qlmetolld Faeth ke Jdoit, mAl 9 we] A0 wF 24 S0l 2F
o] B8/ ol tl 7lofettt. ey B SARE AN 24, Aok, =2 R 5t a4l Jde e
s

Y B3¢} 22 93o] AkE3sIt) Bd B

], o]z ¢l ol A ol 221 el ofjel, A8l
AAA 23 ool ] o] §d 53] 93-S ABd o] olSotal Heloh= 22 S a5t

Bd 23] 91312 Wrlskal Pefshs ] §lolA of2] 712 uio] /dE]o] ght. thE A9l WS @4 XA,
A|8-5oH 1A, 2] SljA], 1R HETE A& 7IREe = g 5ol Qlotk olet B2 WSS 73t AdlA]
Yojs] mhtof| ZAste] At HET} 7Hs5HA shA|RE t-0] 7 AutE 4] 0 & dsto] 9]qlo] ¢4
=91E Aok Aol= A7 Aok olof wel, Boh AAA o) a7 A3 Q Frh Hig o] H g o] 5] 9l
O, THZFA Q1 Il A| 72 = duto] 7H3} A58 EA4 W (analytic hierarchy process, AHP)©| AF&-E] 11

dinto] 7]%H(Delphi method) SA%E wE8lo] Al gE]= o2 2H| o] AEZRAME 5ol 57 Aol tisl] A
BT o] SrolE &= o] -85 QAFAA toltt Delbecq et al. (1975)3F Rowe and Wright (2001)°]]
=1, diuto] 7152 ko] o AS HA| A AdellA] Bg2 0= th3oHe S oh= T B o|th dufe] 7|
= 285 Aerk=o] 2k Al 2= ek o 9lo], B 5] ol FRIA ol Attt iy
o[t} Anderson (1995)2} Adler and Ziglio (1996)2] AollA= 440 HE7F 1S B3t duto] 7[Ho] 59

olgt AE EET 4 9122 AIASI. 2™, Skulmoski et al. (2007) Dito] 7o) oJAFAA TpAof| A o] &
W= frAlske Hl B d2 FESHAE: Kim et al. (2017)2 o] 7[HE 28519 HE 53 919 94

245 AAR 2 B4, o & Fall El'E b Telo] B84 wol= kS AlXehh

AHPE TV |Z oA v o 2 AAA QA2 Aekx o 2 Hrlsl o] de] AR ET(Saaty, 1982). AHP
= TolX YAEAE BAE AT BRE A Q5= AlF3lekal, AHH] W (pairwise comparison)E &0l
4 F 85 4PgRto 24, BT 7A 0] XS AAIA 0 2 2 dgttt. Vargas (1990)°] Th=H, AHP
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dinto] 747 AHPE Ztsto] B 23] 9elws Brfehe v Mash 20 IS Adel,
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Lot BEEshA L 2|4 o] Bebdoittal A7 uff .82 0 2 t-53 4 ItHDelbecq et al., 1975; Rowe and
Wright, 2001).

dnto| 7|HH-S A-8517] YoiA= 7P WA ZAF ARl AE7Ee] AA o] =Tt diato] 7[Ho| A& 74
22 Aol 2 = U= W o) 7] whzell, AR Fofshs W27kl AHE2 vk Fa %t g 4ol A
HFE 0 2 10~157 2] AT MEIbo 2% G-839F AvE A& 4~ QItkal AL 9tk Anderson, 1995;
Adler and Ziglio, 1996). 1= AelA= dinto] ZARFAOA 217 2] A7 Pt ofsiale B g, dnfo] A
78 9] 412 = A stotal Tk
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2 24 A2 ARgalolet

AR AR ZARE AR AR e 5A) 4 ik, A7} ekl Aba el et v =g melc S
33 AR ARIFEC] Spbr ool R ol Q14 815-0] 3o QlolAe] Qx| Holeki Hole

= =, 32 AellA] ool FRbHA] ¢ka 71, 71 Adwe WA o 2 AREE 4 Jltk(Skulmoski
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etal., 2007). 22} 7]E9] tfREO] AF-EofA= Lutd 0 2 3x}of| A% dnto] A SRl A5
QJtHRowe and Wright, 2001).
o] A= A 0 &2 HE7HE0] o o] dAIHS EEsl=t Stk [ﬂra}/q ZARFOllA] o9 U

o
El

ol mg=lA] @Al A7 E 1t oA o] Ws-do] Y TR XTI EAE FE2 A s U AlRArE 2 e
7} Qlet. dukd o 2 -Gt Avtke] Mg ol thet H7 k= s ]—r(coefﬁcient of variation, COV)E 1Hgsto &
A 4= Qlok AEARO gho] 0.5 ofotd A9 P vt ot 57 dmol B glo 0.8 oVdd A-foll= 5
7} 50| B Qg zl o 2 TasithRho, 2006).

ZAATe] fojuld & 525 B tok= 1 © 2= CVR (content validity ratio) = -8 4= It Lawshe,

1975). CVR-Z ofl2] 4] (1)S Bal] A4F4 & 4= Qlck

= N/2 (1)

A7IA, n, = TS -gHR H'E 4, N2 33| 32 -5 SJn[Rit. CVR2 S 85Ital Q14 she sfido] &
=55 1239 fa vle Ak Be G0 4 S7RItk= 7H2 7122 itk &, ofd £3ol= S asitt

SH IS $7150% oVdd Wl L #F2 o Ak B =S 7L HAL & 4 . S8 shtal -SEet
md £7} 50% 2.0 2.0 2= gho] =11, 50% Y whi= 0, S0ETH 31 100% H]THelH 03} 1Ak0]2] gL, 100% %
EH 4 & 7H. Table 12 3'd pofl ThE CVR X 23} oV 7A1E 5o B Qlual et 4
e HojEt. duto] 27}, 32} 2ARYE-0] MEA Tt efdde A ] 91519 COVeFCVR 4= 3

O

ol
=

28 ?0

o

Table 1. Minimum value of CVR according to number of pannel (Lawshe, 1975)

Number of pannel Minimum value of CVR
5 0.99
7 0.99

10 0.62
13 0.54
15 0.49
20 0.42
25 0.37
30 0.33
35 0.31
40 0.29
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2.2 Analytic hierarchy process

g

AHP 7132 19709 2o A 210, 347 248 BYSH= tIE okt 24l de Ahgslel gt
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Table 2. Career history of experts who participated in the Delphi survey

o Targeted number of Number of participated panels
Division .
persons for sampling Ist 2nd 3rd
Bachelor 1 1 1 1
) Master 12 12 12 12
Academic level
Doctor 8 8 8 8
Total 21 21 21 21
10~15 years 0 0 0 0
Career years in 15~20 years 12 12 12 12
related area 20 years or longer 9 9 9 9
Total 21 21 21 21
274 &, A7 dee] BHJIAETY IS Fol BlE 3 A dFIAte] SR s B AlAlR}
9] 7|0l == 5710 ARERAIAIE 23t sttt stehdrAlAlel sidsks FEFIAE FAISk ] Slsl 2
)

mjo] ZARE FaYsIgl o™, 754— Table 337} 2.

A2} dato] ZAR= 7HEe R0 2 Zegeliet. Fd FAIA] AAEFAAIES vio 2 ZF A Aol A]
TEE 2 gl 1A ek B9 ER a4 s z}%ﬁa A ESHeS SHAT. AR B 5 2 AA &
SE| 5 X3 0w, 5[0 Al RAIAl] S5 SRR FFIA= T 181717F AU, o] 7R
o] 27 ko] BeRIAER 18-S 5o 2 té S AH 533 fAHER] SR E AlA S AA ]
T 07 22710] AAE =SS

AR} dnto] ZAPA = 12} ZALIA] =35 - 227]9] FaRIAt] tiote] HE7He tide = 74 2|AE
A5 Agoto] 7 2 Fa T ol tiRt S =7+ 87t Q4o it e A5 33} dat
o] A AR H7F Q455 TESH| fltolSInh 13 Aol A a7 FRIAFY] 218 B AF
2 CVR (Lawshe, 1975)= wA5to] 4345131t 22719 7T 84 FollA] 87]] H7F 471 CVR 2413 0]
0.41 P9t 2 Bd B3] 99l IRt FAetetrtal B4 QIeh CVR #he] 0.41 R -9 efd/do] 4
o] =] et TS o], Table 1014 A TVIARS] 47F 218 Y 7390 gk A2 ol =& e
ofe}. AR} dufo] AL A AR F 22719] H7F 2 45 F 87HE A7 147]9] FRFRIATF 2 KAk

AR} duto] ZAR= 22} dato] A A =55 F 14709] FIRIARE Vo= 74 HAE A5 &8t
w25 A0 2 2185t o H, 1,22} ZAte] ofstld M7 o] 2541 o 2] 4] 9 fHo)E k&
fIRE=A otk AR} difo] AL ETHE B7F51] 91610 CVR 241 Fofl Q1APE Bl A5 Al =35t
27RO A243S Z7517] Slste] COVE 4PgstGltt. cOve] 79-0.5 ootz w4 == 49 3714”1
A 2o] ™ Q5lx] PJrh= oJmlo]thRho, 2006). 41 A1} & 14719] GaFIAE<] tigt CVRO] B50.41 oA
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Table 3. Delphi survey result

The first Delphi survey The second Delphi survey The third Delphi survey
Main hierarchy Subordinate hierarchy (>COV ‘E) Result (>C().Vf1) Cov Result
Joint face conditions 1.00 Suitable 1.00 0.13 Suitable
Rock mass strength 0.71 Suitable 0.81 0.15 Suitable
Geotechnical Ground grade (RQD/N) 0.62 Suitable 0.71 0.17 | Suitable
properties and - - - -
shape Joint face spacing 0.62 Suitable 0.62 0.17 Suitable
Adjustment for joint orientations 0.62 Suitable 0.71 0.20 Suitable
Underground stress conditions 0.33 Unsuitable - - -
Excavation sectional area 0.81 Suitable 0.90 0.20 Suitable
Depth ratio 0.43 Suitable 0.43 0.27 Suitable
Tunnel gelometry Sectional shape 0.33 Unsuitable - - -
conditions
Adjacent clearance to the tunnel 0.33 Unsuitable - - -
Neighboring land use status -0.52 Unsuitable - - -
Groundwater inflow 0.90 Suitable 1.00 0.10 Suitable
Groundwater Groundwater level 0.71 Suitable 0.43 0.20 Suitable
conditions Groundwater leak position 0.33 Unsuitable - - -
Groundwater source 0.33 Unsuitable - - -
Divided excavation method 0.81 Suitable 0.90 0.14 Suitable
Excavation Advance 0.90 Suitable 0.71 0.18 Suitable
conditions Bi-directional excavation status 0.14 Unsuitable - - -
Excavation efficiency -0.05 Unsuitable - - -
Support and Support and reinforcement time 1.00 Suitable 1.00 0.12 Suitable
reinforcement Support pattern level 0.81 Suitable 1.00 0.11 Suitable
conditions Auxiliary method 0.90 Suitable 0.81 0.16 Suitable

% 259 14709 FPAAER) S5 IS o) FAZT 519145 & Tsle] W vhere st o)
ArkFig. 1). FSLFAA 2] B4 0 Y, e Slskeka 271, ol 22, B2 27, AR W WY 2
719] 57} 89102 TR E, 2L 91 ol RS sheAEL el A, P, AHSFHROD),
eI 712, eyl o 1Y, 24 T, A, sk 91, Aoked, BB, 20, A
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9 R AN, ARG, BEEE Tefe 147) Aatz T,

| Object | | Main hierarchy | | Subordinate hierarchy ‘

Joint face conditions

Rock mass strength

4| Ground properties and shape }~

N I I R —

- Joint face spacing
Collapse risk

evaluation factors of |
tunnel construction

|
|
Ground grade (RQD/N) ‘
|
|

—{ Adjustment for joint orientations

*I Excavation sectional area ‘
—| Tunnel geometry conditions }—

*{ Depth ratio ‘

—I Groundwater inflow ‘

——

—( Groundwater conditions

—{ Groundwater level ‘

*I Divided excavation method ‘

—| Excavation conditions }—

~{ Advance ‘

—I Support and reinforcement time ‘

Support and reinforcement |
conditions

Support pattern level ‘

*I Auxiliary method ‘

Fig. 1. AHP hierarchy used in this study

3.

N

ARPiE TRl 75| Ay

TE2E FRFRIARe] A | W (pairwise comparison)E 53 7FEAIE AL ] flelA= ZF QIR ST
F a7t AAElojof it} i SR =5 mofsly] fofl 2]AE 97 HEE o]8ste] 27t 2190E A=
HAEZAE S5} T5t ZAR 8-S EEHE Expert Choice v.11< -85t 7+ ASE = QIAPE 7154
£ 2Pgstaint. Aute] =24 did fAE Tolr] sl Y dHE(inconsistency ratio)= 50t ATH
(Saaty, 1982). HFA|RFC 2 XFA1 71E A= 2 AS AR BAS 7R A1E R o 2 A9l 1A 7hri19‘f
TEE SIIAIZ A0 7SR5 Hoto] B 7S A1 E ARSI 2F 2 7ISAE EUR AdTiA 4

=9 AgHe A ’5}0% AR} 7t 9419 E A st

A i 2Ne] 24 B 4, BE TIskek 24, Alster 24, = A 24, A H
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kA g <

o
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[e]
k.
<HH, AgHivlal Byke] ARV e 7hsstal At Aete] ekt 51 s Hlske vdddvle a2

[)
0.00278 2 ZA =], Aol &=t 7] o] =214 dede FAIsIaL e A o2 et Th(Table 4).

e

Table 4. Weighting calculation results on influence factors in the main hierarchy

Main hierarchy Weighting Priority Inconsistency ratio
Geotechnical properties and shape 0.347 2
Tunnel geometry conditions 0.058 5
Groundwater conditions 0.155 3 C(lé ; 38012 07)8
Excavation conditions 0.091 4
Support and reinforcement conditions 0.349 1

3.3 3RS SRAI2] 7132 4

Agte] 24 2 gl et sk Gl Aol e, i, XS ERODN), el A 7,

e]gel et Bl et A ATE WIS B} 7H5A1S AP AEk Table 5). 57AS] G145
WA 1 F0bee aclo 2 Basgon], thgo 2t el 712, AMESFRODN), Bel ]

He 2, QP <02 Uehgek, TRk Wrfelie) AegS TRsskn A PRl Jeid 39 Aes

[e2

Wl

Sl M2 & 2 0.006002 EAE|o], A5o] S5 710 ghtto] a4 i -§AI5t Gl
A0 ekt e A 2 delel 7o) A 0 2 e )5 AT Gl A0 2 Uehier, ofs
Qpute] o] ehik el Al Wreshar gl elwlo] SAo] ufet ok o B Bd AR P Al 2 9%
2 A QA Wb Ao BAH,

B9 715¥a14 2ol SRshe 5915 GRIARE B 24 SuAt e Arlolm, 24 theizlo] 4

eulsic} ok ool A7} APEISIE, TS .15} ol fololel ZaKE msic,
Al 7o) Tk sHg A areltel Thigh /1] AP A A, 2|1 § o] 74 Fawrt
2 0010 FAHGlon] thg.0 2 5l49] 40 2 ket T4k MU R 0.1 80 Ao} fojn]
A . Aok 20 7031 3 Al R0l U0 e FE Aok Sk AR
Bt ol B A2 5 o UIR 25 F 9L B9 2 ekt A3 At lekel, Bk, AR
of 2|22 Ast, AT Akl €Jgk EQFT Qs A} Aol Bakg gush 99102 HAEl,
22 2730 TSI FaRIAte] A A A, B 24 el M Farh e foloR
Hglon], thg0 R B41A0 2 Uik, 41, M| AgHRleE 0.1 0} Hot folujeh AvkE B,

[:E
S;E
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opx]ato 2 2|1 9 87} 2 A0 gt sH AT X B E B3 AJSYA]7], A KBl B3y 40 & Le}
ot v LduE 3 0.00053. 0.2 o9 -F-olu|gt 7l o 2 wetE|Qrh 2| H W BAF AJSYA7|= 22§ 7S
St gk 270 S=aste] Z]Hte] H 917} 518 ¢ o|jof] EASHEE 5= Zlo] uf$ F a5t 212 ou|gict

Table 5. Weighting calculation results on influence factors in the subordinate hierarchy factors

Subordinate hierarchy

Division Influence factors Weighting Priority Inconsistency ratio
Joint face conditions 0.343 1
Geotec'hnical Rock mass strength 0.146 5 CR - 0.00609
properties and Ground grade 0.171 3 CR <0.10
shape Joint face spacing 0.186 2
Adjustment for joint orientations 0.155 4
Tunnel geometry Excavation sectional area 0.655 1 CR=0.0
conditions Depth ratio 0.345 2 CR<0.10
Groundwater Groundwater inflow 0.804 1 CR=0.0
conditions Groundwater level 0.196 2 CR <0.10
Excavation Divided excavation method 0.633 1 CR=0.0
conditions Advance 0.367 2 CR<0.10
Support and reinforcement time 0471 1
resilrlll;gfilitit Support pattern level 0.312 2 Clé; 28010 053
conditions Auxiliary method 0217 3 '

2 @7ollA AHPS E-83t FAIANE 25 7415 AP Sfslale T AT EE SIS WL 7
A 7R A AT A91AS-2] Gl HiRt 7219t F451 sHIAIS- 7S AE HoiAl 254
JNEFISAE EEoH =m 4 S Qofote] %J2]obH Table 67 2T A9 5 Am HH 21 2l 1
ZABAZI7HS, At frdwol 24, e e 39, AR wdpEo] 49], HEgRo] 59ke0 = L
ot Bh, 94191 5 SH0] W7 R RS AR ATH7H149), Aske97E 139, 230 0] 1291, 22
Tzo] 11912 WeRdth 25 714 =2 99419 EE-2 AHPO| o] WA A 8sto] o] fojxom,
| B A THAIH]E-20.00278 2 EA o] -olm|3t A o 2 Uit
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Table 6. Final compound weighting calculation on risk evaluation influence factors for tunnel collapse

Main hierarchy Subordinate hierarchy Overall
Division Weighting Priority Division Weighting Priority (\i?erlngpil(;?;; Priority
(a) (b) (a*b)
Joint face conditions 0.343 1 0.119 3
Geotechnical Rock mass strength 0.146 5 0.051 10
properties and 0.347 2 Ground grade 0.171 3 0.059
shape Joint face spacing 0.186 2 0.065
Adjustment for joint orientations |  0.155 4 0.054
Tunnel geometry 0.058 s Excavation sectional area 0.655 1 0.038 11
conditions Depth ratio 0.345 2 0.020 14
Groundwater 0.155 3 Groundwater inflow 0.804 1 0.125 2
conditions Groundwater level 0.196 2 0.030 13
Excavation 0.091 A Divided excavation method 0.633 1 0.058 8
conditions Advance 0.367 2 0.033 12
Support and Support and reinforcement time | 0.471 1 0.164 1
reinforcement 0.349 1 Support pattern level 0.312 2 0.109 4
conditions Auxiliary method 0.217 3 0.076 5
4. 28

A1} o] 24} A s70] FHRFAAN S shohRe] FYAAE % 181712 ZAE ek o] 7}
) B SR AR £95k 41 2] S8 L A S AR 2 0 2 0070 23t E el Al
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