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Abstract

As the utilization of underground space increases, preventing collapse accidents
during tunnel construction has become a significant challenge. This study aims to
quantitatively assess the risk of tunnel collapse during construction by analyzing
various influencing factors and proposing a tunnel collapse risk index based on these
factors. For the 14 major influencing factors affecting tunnel collapse, weights were
calculated using the analytic hierarchy process (AHP) method. Data from 27 collapse
cases were collected, and Monte Carlo simulation was used to calculate the grade
scores for each influencing factor. These scores were then synthesized to derive the
tunnel collapse risk index. The average value of the tunnel collapse risk index was
analyzed to be 49.359 points. Future comparisons with section-by-section evaluation
results of tunnel collapse risk will allow for the assessment of whether a specific
section has a lower or higher collapse risk. This study provides a systematic method for
quantitatively evaluating the key factors of tunnel collapse risk, thereby contributing
to the prevention of collapse accidents during tunnel construction and the establish-
ment of appropriate countermeasures. Future research is expected to enhance the relia-
bility of the tunnel collapse risk index by incorporating more field data and improving
the accuracy of tunnel collapse risk assessment based on this index.

Keywords: Tunnel collapse risk index, Risk assessment, Monte Carlo simulation,
Analytic hierarchy process
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AHP+= E3RF A AlSA o= EA6l0] 7t 840] 58 &5 APYSh= H] ARSI Saaty (1982)= AHP
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o] 7I'H2 B'd T &= B7 ol okt FaF QIAte] SR 5 A o & AFSh= H| -85t . Kwon et
al. (2022)> AHP®} 17| o| &5 Aedsto] Bl g4 H7F HEllS RISkt Li et al. (2022)2 Eirqu}
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Table 1. Final compound weighting calculation on risk influence factors for tunnel collapse

Main hierarchy Subordinate hierarchy Overall
Division Weighting Priority Division Weighting Priority ?v?gﬁi? Priority

(a) (b) (axb)

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
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ARZZAL BIE SN S 2 5 AT B A 71 A9 E APEst e, =2l o] debd Rl
O] kS 9I5te] H] Y3 dH]E(inconsistency ratio)2 F50F % TH(Saaty, 1982). HIFEHJH|E0] 0.00]2= A

= 2t A = £ v H1E0] 0.1 v]Tto]
A A vl = A AV S 2 A0 = wdetar, 0.2 nTd A 89S 4 e s HdTAE 2
1 Q= Ao mesith H|G¥d B8] 0.2 oifo|d o] HEg A 0 2 A7t E g skl AlRbsha
o}, 25 BRI A= AAIT] 7 1t tiet 7ta x| et S5 shiAlS-2] 97k QIARe] 7SR E Hoted
A

2} A0 /15194 94149 Table 17H LT, A8 3 H7J2710) /FEA1 03492 $-412:91 1912 125
91001, Bl 7]5t51A 2719] /154 0,058 S-49] 5912 Lhebteh, A 9 840 B, Aol 27, 24
£ AR AT 40307, 0155 L0100, LA A2, 3 Y4LHR i 4 I

2 Aol A= 2R RAR 7 oS B o R ﬁ%ﬂ% 14719 g 1Al thisll, Aol miRl= Fd=
104 J$] Ul 55.0& FEsto] Al shaltt. AN S8st7Ie| B Aerhsol 24 F3F Al HaE
ol S99 1 T, S S 4 W] 6 PO e 5 )
9t} A]dto] 24 1l GAto] Hrl = RMR(Blemawskl 1989)2] U-8-& B2 gHte] dajH Afef, dajd
44, Aol theh B, b eof tigh Sastell 21851919 H Table 22t £t ARt 52| 7%, bt
Z]gte] Tl ZF2 RQD (rock quality demgnatmn)fl} SPT (standard penetration test) N Z+- S-53}ol| -85}
IthDeere, 1964).

Table 2. Grading guide on geotechnical properties and shape
Joint face condition

Length (m) <1 1~3 3~10 10~20 >20
Grade score (A) 0~0.40 0.40~0.80 0.80~1.20 1.20~1.60 1.60~2.00

Spacing of discontinuities None 0.1 0.1~1 15 5

(mm)

Grade score (B) 0~0.40 0.40~0.80 0.80~1.20 1.20~1.60 1.60~2.00
Roughness Very rough Rough Slightly rough Soft Very soft
Grade score (C) 0~0.40 0.40~0.80 0.80~1.20 1.20~1.60 1.60~2.00
. Slightly Moderately Severely Completely
Weathering degree Not weathered weathered weathered weathered weathered
Grade score (D) 0~0.40 0.40~0.80 0.80~1.20 1.20~1.60 1.60~2.00
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Table 2. Grading guide on geotechnical properties and shape (continued)

Joint face condition

Filline material None Hard material Hard material Soft material Soft material
& Smmorless | 5mm orhigher | 5mmorless | 5mm or higher
Grade score (E) 0~0.40 0.40~0.80 0.80~1.20 1.20~1.60 1.60~2.00
Entire score Grade score (A+B+C+D+E)
Rock mass strength
fi i h
Point load strength (MPa) | >10 4-10 2-4 12 Unconfined COL'S‘E;GSS'W strengt
Unconfined compressive
>250 100~250 50~100 25~50 5~25 1~5 <1
strength (MPa)
Grade score 0~2.0 2.0~4.0 4.0~6.0 6.0~8.0 8.0~10.0
Ground grade (RQD/N)
RQD <10
RQD/N value 75~100 50~75 25~50 25~10
N = 50 N <50
Grade score 0~1.67 1.67~3.33 | 3.33~5.0 | 5.00~6.67 6.67~8.34 8.34~10.0
Joint face spacing
Joint face spacing (m) >2.0 0.6~2.0 0.2~0.6 0.06~0.2 <0.06
Grade score 0~2.0 2.0~4.0 4.0~6.0 6.0~8.0 8.0~10.0
Adjustment for joint orientations
‘ ' Excavation pe‘rpen'dlcular to Excavation perPend}cular Excavation parallel to the | Irrelevant
Joint | Strike |  the tunnel axis/oriented to to the tunnel axis/oriented . .
. . .. tunnel axis to strike
face slop direction against slop direction
Slope 45~90° 20~45° 45~90° 20~45° 45~90° 20~45° 0~20°
Suitability Very Advantageous Ave‘rage Disadvantageous | . Very Ave'rage Ave‘rage
advantageous rating disadvantageous | rating rating
Grade score 0~2.0 2.00~4.00 4.0~6.0 6.0~8.0 8.0~10.0 4.0~6.0 | 4.0~6.0

e Slsfekd £719] 7k 5L B4 dalATH A rlE 1efs}o] SR o100 Table 37U, o714 4]
[e]

IFHlE A H 2R B2 o] AER7H] 9] ZlolE Lehd Hlgolt.

Table 3. Grading guide on tunnel geometry conditions

Excavation sectional area

Equivalent sectional Less than 20 20~45 45N.70 7(.)~120 120~200 Over 200
5 (extra-small . (medium  |(medium-large . (extra-large
area of tunnel (m~) ) (small section) . . (large section) )
section) section) section) section)
Grade score 0~1.67 1.67~3.33 3.33~5.00 5.00~6.67 6.67~8.34 8.34~10.00
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Table 3. Grading guide on tunnel geometry conditions (continued)

Depth ratio
Depth ratio of tunnel Over 7 1.5~7 2.5~4.5 1~2.5 Less than 1
(Z,/D) (extra-high depth)|  (high depth) (medium depth) (low depth) (extra-high depth)
Grade score 0~2.00 2.00~4.00 4.00~6.00 6.00~8.00 8.00~10.00

Al 2219 WIHE L A8 Y A5 4912 RMR (Bieniawsk, 1989)°] h8-2 Erhz 255}
O] Table 49 2k, AI515917} SRR A 91X 735, A|519le] ofat 4:9Fe] 24§02 wprgo] 7}si]
1 skgo] F7Hskm, it vhel e ol ofat AJsiete] Sk ol e Bl il Sk, e 2

=22t A @ FH 2] W7 EAste] B T A9 Aol FRke e i W AJek B A

1
FAt B BAb] 2 S Fok

Table 4. Grading guide on groundwater conditions

Groundwater inflow

Water flow per a.length of 0 <10 10~25 25-125 ~125
10 m (L/min)
General conditions Dry Damp Wet Dripping Flowing
Grade score 0~2.00 2.00~4.00 4.00~6.00 6.00~8.00 8.00~10.00
Groundwater level
Groundwater level .
(Zo+D)/(Hy) 1 or less 1~5 5~10 10~20 20 or higher
Grade score 0~2.00 2.00~4.00 4.00~6.00 6.00~8.00 8.00~10.00
22270 B2 B4 PUL €40 Y, A, BRI A S0 abolc BE 243
ol theh H7H 552 fl21 9] dolet 45 7] o2 HFst slQirt e AAHHMLTMA, 2012)°f w2t =3
A5 49 9] Table 59} 20] S35} 5)iek

Table 5. Grading guide on excavation conditions

Divided excavation method

o .. Multi-level bench Long bench Short bench Mini bench Full face
Longitudinally divided | (3 or more benches) .
. . .. (bench length of | (bench length of | (bench length of section

excavation vertically divided . .

. 50 m or higher) 1D~50 m) 1D) excavation
excavation
Grade score 0~2.00 2.00~4.00 4.00~6.00 6.00~8.00 8.00~10.00
427
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Table 5. Grading guide on excavation conditions (continued)

Advance
RMR 2 Lane criteria 3 Lane criteria

Advance Advance
81 or higher 3.0~3.5m 2.0~2.5m
80~61 3.0~3.5m 1.5~2.0 m
60~41 2.0~2.5m 1.2~1.5m
40~21 1.5m 1.0~1.2 m
20 or less 1.2m 0.8~1.0 m

0~3.33 Criteria > Advance

Grade score 3.33~6.66 Criteria = Advance

6.66~10.00 Criteria < Advance

2R 9 Bz A tisfja s =2 2 Hd A4 oY 2 RMR (Bieniawski, 1989; KICT, 2009; MLTMA,

2012) 7|Hro 2 2| Huljepgs, B, X1 Bl BAE A|PA7| 2 3§77 5E2 2752 Table 63 2Tt

Table 6. Grading guide on support and reinforcement conditions

Support pattern level

Support Standard pattern value | Comparison against standard support pattern
A. Shotcrete thickness 12 cm Standard pattern < Applied pattern
(grade score: 0~0.83)
Strength of th .
ength of the B. Rock bolt length 4m Standard pattern = Applied pattern
standard support ]

pattern C. Rock bolt spacing 1.5m (grade score: 0.83~1.67)
Standard pattern > Applied pattern

D. Steel support spacing 1.5m (grade score: 1.67~2.50)

Entire score Grade score (A+B+C+D)
Auxiliary methods
Large steel pipe Small steel pipe

Crown reinforced multi-step | reinforced multi step . No

. . . Forepolling .

reinforcement grouting grouting reinforcement
Ground and (105 mm or higher) (50 mm or less)
structural Grade score (A) 0~1.00 1.00~2.00 2.00~3.00 3.00~4.00
reinforcement F "
gce surface Reinforced No reinforcement
reinforcement
Grade score (B) 0~1.00 1.00~2.00
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Table 6. Grading guide on support and reinforcement conditions (continued)

Auxiliary methods

Ground and | Classification code I I
structural Invert reinforcement Temporary invert closing No invert reinforcement
reinforcement | Grade score (C) 0~1.00 1.00~2.00
Water barrier Water barrier method Drainage measure None
and drainage
measures Grade score (D) 0~0.67 0.67~1.34 1.34~2.00
Entire score Grade score (A+B+C+D)
Support and reinforcement time
RMR 100~81 80~61 60~41 40~21 20 or less
Average independent period 20 years 1 year 1 week 10 hours 30 minutes
0~3.33 Criteria > Performance period or pre-supported
Grade score 3.33~6.66 Criteria = Performance period
6.66~10.00 Criteria < Performance period

3.3 2= Bt 7l M

B Al Hlo[ElE Aot 2 Aol A AAE FF P SEATE AN H, 51 14045~
H e = Q= 71 715-& rhskGInh. 27709 53 Al HlolelE skl o H, 4347 2770 Al
B'd 44%, EAEE 26%, ATEE 19%, e 9 o2 Bdo] 282} 7% 4%0]t. 147]9] Gk OVH 7}
%i]—t—AHP% 5ol 27 A gk2 Z-85H3(Table 1), ZF 3 121 —;7‘&%‘—5 SE I EEEE
FltH Tables 2~6). 27702 ‘3] Atel|] 2 F3F QAP Sl == T a8t 2= AAS] 51 32 He= 14%8
At 7 & 128 - 27709 ARlol] thet 533} M4 o=, F 14709] G It EAfsl R 2 S
452 99| 7 AT 2 AolAE Z10,0002] AAISHITE
A FEH 7T Gk IAPE 55 Ao ol 7RI w4l sl G QIARe] A7 H 4t

= gl
g} oA AP 2 G A Ao S “HE B A AR ARSI 0w, A 33 o] A ofst

OP

Collapse risk index = 3%, W,G,/10 3)

T ) =
SERE T B ARERSE ALGSAE 2 RS B4 147) 9 QA B e A4k AL
Helko 2 HA5Ict. 10,000519] Algeo}do] SEIgow, 5 10,0007e] Argrol wEElAct w5
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Arghe] et WA eHES AEIste] e = AIASIRAL, PALISADEATS] @RISK 24E5 &4
sto] APgstalnt. o2t S Fall B ARl HiolHE &84 B 53 99 A58 =5 o™ Fig. 134

2tk
) +00
100.0%
0.12 4
0.10 A
0.08 A
z . Collapse risk index
E Minimum 33.825
s 0.06 1 Maximum 63.795
< Mean 49.359
& Std Dev 3.753
Values 10000
0.04 A
0.02 A
0.00
=} 0 =) 7] o n =} n
(] o < < mn wn (= (=]
Risk index

Fig. 1. Results of the tunnel collapse risk index assessment

N

VAAY B 1P A0 Ak, Waral E TR 2471 33.8257, 49.3597% 2 63.7957 01t} 51 9
YL 2|50] PthR1 49.35970-2 Bl 51 1l ol et uld g7t Aot vl w-E Foff ofid uhge] 21 9
Y 52 B7H = QU Table 7= 2F 93 1Ate] thgh 37 1@k A58 Kol Hak> a7 918 x
F &2 G S Tefsht] Z-8sH .

ot

m

N

Table 7. Collapse risk index analysis by influence factors

Division Evaluation influence factors Min Max Mean

Joint face conditions 3.6369 10.6574 7.2747

Rock mass strength 0.5387 4.5288 2.6486

Ge"te"hnica}ll properties and Ground grade (RQD/N) 0.5678 57697 3.1932
Sape Joint face spacing 1.9722 5.7827 4.0885
Adjustment for joint orientations 0.5989 4.8341 2.9388

Tunnel geometry conditions Excavation secti?nal area 0.3401 2.2121 1.2346
Depth ratio 0.2085 1.3901 0.8223
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Table 7. Collapse risk index analysis by influence factors (continued)

Division Evaluation influence factors Min Max Mean
. Groundwater inflow 1.3736 11.1101 6.5027

Groundwater conditions
Groundwater level 0.7757 2.7782 1.7197
) . Divided excavation method 0.5954 5.1345 2.7431

Excavation conditions
Advance 0.5764 2.7657 1.6702
Support and reinforcement time 2.8183 8.1910 5.8031
N rt and

| Dupportand Support pattern level 0.5077 6.7329 3.5326

reinforcement conditions
Auxiliary method 3.9515 6.1799 5.1870

I QAPE B 2|5 A HE, A et 7.27478 02 7P =9k Ak H]710.8223 0 2 T
WA UER . o= ZF G QIAPE 7SR 9] A7 o] whE Avkm Tk 71Ex] 0] A7) tiE] A7 A A
4 FaF A=A e, A, Z]6-S3(RQDN), AefH 714, Ae]ial] oigh B, Z|5l4=9], 1
Z3 o s AR 2]Hke] 2/ W @4, Z[sk 2l AR I B ] 1= RIAETF =8k, A
H B WAZA T HEg e ul e A A=A AdTd o & Bl 7Iskeha] o] R A yepdth
2 Aol BE B AP 2]a= S ElE B kol et ud i ot Aot vl w S ol el 2o
B AT 2R =22 BRE 4 Qlrk
4.2 2

£ Ao HE A 2T & e -S fde AAlR C= Brtslal 55| et = 214}l E
S AL S ARSI BlE B0l Y= vIAE 14712 G Al s AHPE 8851 2
AR 7HSA1E AT ZF F&F 1A A 533} 7152 sk ] flste] S35} 7ol =5 Adst
Aot &3 A B 7SS ks ffste] 27719 B AR HoTEE st P FER AlEdlol e
Sl B HAE A& =St

Bl 53 e Aleo] A Aol tiet SRS A EH, 24 33.825%, Xtk 63.7954, Btk
49.3597 0 = FAE|QIt) o] Bt g2 5 EE o Heiieol et v E BriE et vl g Fl ol =

o] B3] Q= e A e WK 4 glck, ek BB B A BT AEA S els 28T 49l
=

&
=

R

o 2|5 9l 17 e nhelsh 4 olck E ANk 27, A4 9 A1E TeiAa 5tk AR e Eael] By
23 PEE A o2 Bl RS Al Este 2 B Azl b T 5848 £ 4 9k Y
23] Q85 A4 BAS Sl 7 4af Q1Ao] mizheS 71 A7), delw A, A, A5HSHRQDN),

e 7H, Hepd A

) it Y

Journal of Korean Tunnelling and Underground Space Association 431



Jeong-Heum Kim

Rh Bd Zlokels] 22 A ez Riert A 24 Sl

g
2 Aol sk Bl B A A= 751 B Bl @8RS Tl odHE R, S BE @
]

AE7E B Boral AhR St ssobel miet B S flel: Ut Ve ARt Rl e s
702 wheher.
A} 7|0

References

1. Ang, A.H-S., Tang, W.H. (1975), Probability Concepts in Engineering Planning and Design, John Wiley
& Sons, New York, pp. 572.

2. Barton, N., Lien, R., Lunde, J. (1974), “Engineering classification of rock masses for the design of tunnel
support”, Rock Mechanics, Vol. 6, No. 4, pp. 189-236.

3. Bieniawski, Z.T. (1989), Engineering Rock Mass Classifications, Wiley, New York, pp. 51-72.

4. Deere, D.U. (1964), “Technical description of rock cores for engineering purposes”, Rock Mechanics and
Engineering Geology, Vol. 1, No. 1, pp. 16-22.

5. He, L., Tang, T., Hu, Q., Cai, Q., Li, Z., Tang, S., Wang, Y. (2021), “Integration of interpretive structural
modeling with fuzzy Bayesian network for risk assessment of tunnel collapse”, Mathematical Problems in
Engineering, Vol. 2021, 7518284.

6. Huang, R., Liu, B., Sun, J., Song, Y., Yu, M. (2022), “A multistate Bayesian network-based approach for
risk analysis of tunnel collapse”, Arabian Journal for Science and Engineering, Vol. 47, No. 4, pp. 4893-
4911.

7. KICT (2009), Development of technologies for minimizing and preventing the disaster on tunnel const-
ruction (VI), Final Technical Report, KICT 2009-071, Korea Institute of Construction Technology, pp.
867.

8. Kim, J.H., Kim, C.Y., Lee, S.S., Lee, J.H. (2017), “A study on influence factors for tunnel collapse risk
analysis using Delphi method”, The Journal of Engineering Geology, Vol. 27, No. 2, pp. 165-172.

9. Kwon, K., Kang, M., Kim, D., Choi, H. (2022), “New tunnel risk assessment model combining AHP and
fuzzy set theory”, Available at SSRN: https://ssrn.com/abstract=4156575, pp. 1-17.

10. Li, L., Ni, B., Zhang, S., Qiang, Y., Zhang, Z., Zhou, L., Liu, G., Cheng, L. (2022), “Tunnel collapse risk
assessment based on improved quantitative theory IIl and EW-AHP coupling weight”, Scientific Reports,
Vol. 12, No. 1, 16054.

11. Liu, S., Xia, C., Ye, J. (2023), “Risk assessment method for large-section tunnel using neutrosophic
numbers similarity measure based on arcsine function”, Journal of Intelligent & Fuzzy Systems, Vol. 45,
No. 6, pp. 9335-9345.

432 Journal of Korean Tunnelling and Underground Space Association



A studly on the risk index for tunnel collapse

12.

13.

14.

15.

16.

Meng, G., Li, H., Wu, B,, Liu, G., Ye, H., Zuo, Y. (2023), Prediction of the tunnel collapse probability
using SVR-based Monte Carlo simulation: a case study, Sustainability, Vol. 15, No. 9, 7098.

MLTMA (2012), Construction safety management guidelines, Ministry of Land, Transport and Maritime
Affairs Notice, No. 2012-935.

Saaty, T.L. (1982), “The analytic hierarchy process: a new approach to deal with fuzziness in architecture”,
Architectural Science Review, Vol. 25, No. 3, pp. 64-69.

Yu, Y., He, X., Wan, F., Bai, Z., Fu, C. (2022), “Dynamic risk assessment of karst tunnel collapse based
on fuzzy-AHP: a case study of the LianHuaShan Tunnel, China”, Advances in Civil Engineering, Vol.
2022, 4426318.

Zhou, B., Xue, Y., Li, S., Qiu, D., Tao, Y., Zhang, K., Zhang, X., Xia, T. (2020), “Probabilistic analysis of
tunnel collapse: Bayesian method for detecting change points”, Geomechanics and Engineering, Vol. 22,
No. 4, pp. 291-303.

Journal of Korean Tunnelling and Underground Space Association 433



