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Abstract

This study proposes a new model for the systematic assessment and management of
tunnel collapse risks. Tunnel construction is essential for developing infrastructure,
including roads, railways, and subways, but managing collapse risks remains critical.
To address this, 14 key influencing factors were identified, and their relative impor-
tance and weights were determined using the analytic hierarchy process (AHP) me-
thod. Monte Carlo method was applied to incorporate the probability distribution of
each factor, resulting in a comprehensive risk assessment and the development of a
tunnel collapse risk index. The findings indicate that factors such as Joint face con-
ditions, groundwater inflow, auxiliary methods, joint face spacing, support pattern
levels, and ground grade significantly affect tunnel collapse risks. The proposed model
was validated using collapse accident data from the (OO Tunnel, demonstrating a
strong correlation between the calculated risk index and actual collapse incidents,
thereby confirming the model’s applicability. The results of this study are expected to
enhance the safety of tunnel construction and contribute to minimizing human casu-
alties and economic losses. Future studies should focus on applying this model across
diverse tunnel construction sites, conducting further evaluations, and refining the
framework to develop a more sophisticated and precise risk assessment model.

Keywords: Risk index, Risk analysis, Monte Carlo method, Reliability analysis,
Analytic hierarchy process
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Aotoict. ZHZIE= AlEdo]4(Monte Carlo method)= S5l 2} Q1Ate] &S FHFet 1k 715 4=3foto]
B B Sk A5 mEsIGith At Ay, A AdH], sk fdw, B, AeH 4, A HafielaeE, A
T 55 50 Hd 5 fllkel 2 Fake niAle A2 vt OO Hgol
of Ak Rele] 98-S BV A, Al vlo|E| 9] 1t 2ot AA| B Ao
37t B A8 7 /dS ERISIT: & o] Ak HE SAR] oS ol i, Q1T mofiet FAIA &
A9k5h= ) 7|04 = Sl A 02 7o), 5 TRt B'E SAF @l 2 RS 285l F71AQ1 Hrel 7|
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=
B 23] 91518 A1do] B71617] Sl cheret g Eo] AN EIAT Bieniawski (1989) Qo] B4

992
2] 27 52 T4 2= 715l=RMR (rock mass rating) A28 761 2™, Deere (1964)+= 4] A
2 G71= 9IFRQD (rock quality designation) A5 =I5k} T3 Hoek and Brown (1997)-2 ¢HHe] &
Ao o2 e B3] SRS el 91 AR 152 Aelc olele AEA PSS 54 41 22

3
of| F-ashH, My 7ho] Bt oAk 8-& S25] HHeokA| ot AL

Ouetal. (2021)2 E'd 53] A B4, 24 4)l=, 212] 11 Dempster-Shafer 571 0] 2-& RO 2 A28 51
A F7HRS AIESHAT Xu et al. (2021) £/ ) o] 2of] 7[Het B 5] 919 H7F S 7Sty
o2 Hd T2 A Eo] A-85}o] 53] 9182 H7I5HSICt. Sharafat et al. (2021)< TBM (tunnel boring machine)
T 2AE O] 9 A} AHE FAlof A'Ho}7] 2ol bow-tie 'S E-8et 22 1 24 S AAISHA
t}. Sun et al. (2018)< T2 H[o| 2]t HIEQ|F ol 7|23t 22 23] 2+ H7} S AIQtstSITt. Shin et al.
(2009) H'd Al5-5 5] Yol et FFIAME 17702 sk, 54788719 vl g o] 71H52] 4H
HES idskeint 120 Bd B HE Ag AP AT 2 I ERIRTe] SERkE It ALEE A|Alste]
ST FA A= BEE S =S 5P Baecher and Christian (2003)-2 Z|RH-35}ol|4] o] B2
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=23 st HE B AeEE BIskeHl 8ot B S8t Yu et al. (2022)2 HA]-AHP
(analytic hierarchy process) 7|5t 2 E'd 57| 9|2 H7I5F Tt Kwon et al. (2022)2 AHP2} H#] o] 25
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Adsto] Hd 91 84 710 SR =5 W7ot oS vhedeh 2lAT ot HElS AQKet3l o, Liu et al.
(2023)2 FEZAT] 45neutrosophic numbers)2} O}FAR] $H=E AL851o] TithH Ejd o] ESHAISH AR E 3
ot e 7S ZRdskInh. T1efuf ofefet AE2 BT R o A5 vk o FEsto], 5
£ 7|Hre] TA1A HelS FRt S Sl Brtet ASA] HlolE] Z]HE H5o] AlREAle|ch

3 Ao B SlolA] 28] 917 WIS Fsopl sie RepEE Aol ae B84 Y
27 18 W7 B ARG R 2R Ao A4S Bae) 5 AAe Aol G HAE T
B0 S48 RIS NI, o} Sty Alukel 2ol AR 4 Gl IR ST EH, AHP 7]
2 o) W5 119] RS YISk /1S AS APsto] Bet AR 9EE B2l BRS Ta B AT
AR ] Afelle] Ak B 2§30 24 B} Ane] fEAE SISk, ol Bol Bl A W7hel 3

WS PPN G860 Bds 888 5 9 Holtt

o7 gy
2.1 9= 4ot

EHZIERE AlEgo]/de ol I ESZ U (simulated sampling technique) 2.2, 5414 71H-S 53l ¢
2] H4=0] S5 3 (probability dlstrlbutlon) ke Abzstal, 9olo] Y4B HIA A Z2igho] B ol EARRS

Heho 2 Zh wido] WAl s 9IS S B/ R Ao o) 2k 818 R Uehhe, 91
& 419 A gho] 2 APAE 2k ol Aok 12 FAEch B Aol Bdo] ard 2] 9

A J7HE SR 71 2B APsH HOH CHPFEER Algdolde st

A2 s Al T 71 A HeeE I HE X =[X1, X2, ..., Xn] 0 & A5 Eir}, iy Ha s
o oJsfl HA| el E LEh = A ’EJEH & g(X)7F o, jF ]*OEHL A 0] ol A Qb nt]
O] BAE Hetl= g(X) =0 2|2 o]}, 2 Aol A oHA| e o= El'E 9] 8- 1= Al T1of] ot
Y S B 1E Al A, o 22 A (D) E EA

g(X) = Risk index — Collapse risk index = {( i I/V,LvG’i)—( i I/V,LvG’i)}/lO @)
oJ7]A], Risk index+= 52| $]3 %= Z|4=F, Collapse risk index+= 53] | E H7} 7|5 X4-E QJust, W=

7hQIA0] 75, Gz 7} Q1ARe] SR ol o) £ $13lE S5 theat Zo] Hanh iy 41
429 220] keI

P=Plg(X)=0]= [ ,(x)=0 [x(X| X, .., X,)dX, dX, .. dX, )
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o714, £X(X1, X2, - )2 7| Ay M5 X1, X2, -, Xn @] AeHE T8 (joint probability function)
£ oJnjstH, 51 HOJF-— F ol sl AE-& S=3hgtct. o] Fx=Fig. 13+ o] Age 4= it 4] ) 55 9
A SHE-S 45| f1all, FF 2] WAt Bd 51 Y ApakE A8ttt BHIFER AlE ol A&

st
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Fig. 1. Reliability analysis
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(Kim et al., 2017), AHP 7|98 8-85}0] 0] 50| 71522 A1 1(Kim, 2024b), Z+ Q1Ae] 523} 248 uf
2159 tHKim, 2024a). I Q1} 7F A 20 w2 wolalr] 9la] 21 W] ARILE gpto 2 AR ZALE A
NI, EAE 9 AT A8 B2 st
ZLTA—Q B A7 @ A2 Bolo|A] 154 o]ike] ATG 7HA w4, A7, oAU oS LAstlc) A
AIE vigro 2 A U 519 AlF-9] 7152 2F A8 AP 5E AL, H] Y ¥HdH]E(inconsistency ratio)S
8ol B7e] Yad-S HSSH3TK Saaty, 1982). 2 oq;L 4 H|ATAIH]E-20.00278 2 &5 o] ga|Hel =
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Tunnel risk assessment model using a probabilistic approach

Table 1. Weights of influencing factors for tunnel risk assessment

Main hierarchy Subordinate hierarchy Overall
Division Weights Priority Division Weights Priority C\?vr:g})li]ste 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
geometries 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 4 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

24

FolA= ARE 14709] G Al Hisl], 2 QAP el miAls 9 103 A 14101]*1 %%O
7 FB5}o] Ak} s19th(Kim, 2024a). AASH 5538} 7lo| == &R 72 9k ¢l

SR 7IEe] obd, A7 hE ] S]] olds 7 W] Woll M Hot %LX%LE Erachg bl @7410}
et A]re] 279 Bl /dell thiet 87} 552 RMR (Bieniawski, 1989)9] W85 == ohite] e s e,

0
iy

Ay 7HA, ek thet B, bl tigh 5g2lell A-8-513 2™ Table 29}%‘ [R5 4,
Qhaty} z]dte]| tisliA] ZF2F RQD2} SPT N 72 5331 28519t Deere, 1964).
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Table 2. Grading of geotechnical properties and geometries

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
discoizi‘zgi :imm) None <0.1 0.1~1 15 >5
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
Weatheingdegree | Notweahered | i VOIS | aeed | weathesd
Grade score (D) 0~0.40 0.40~0.80 0.80~1.20 1.20~1.60 1.60~2.00
Filling material None Hard material Hard matc?rial Soft material Soft mate.rial
5 mm or less 5 mm or higher 5 mm or less 5 mm 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
. Unconfined
Point lf;iZErength >10 4~10 2~4 1~2 compressive
strength used
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 >2.0 0.6-2.0 0.2~0.6 0.06~0.2 <0.06
(m)
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
| sk | e B ot ot v
face to slop direction against slop direction tunnel axis strike
Slope 45~90° 20~45° 45~90° 20~45° 45~90° 20~45° 0~20°
Suitability Very advan- | Advanta- Ave.rage Disadvanta- | Very disad- Ave'rage Ave‘rage
tageous geous rating geous vantageous 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
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B 7|steh4] z7dof of
2009).

S

W5

rlo

=2 AT A IS T 2fsho] 2575191, 2™ Table 33 ZTHKICT,

Table 3. Grading of tunnel geometry conditions

Excavation sectional area

Equivalent sectional Less than 20 20~45 45~.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
Depth ratio
Depth ratio of tunnel Over 7 1.5~7 2.5~4.5 1~2.5 Less than 1
(Zo/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
25k 2300 thet H7H a2 Aok Fd=al Aok = 91E 715522 RMR (Bieniawski, 1989)2] Y-8-&
ujgto 2 BRI

o Tabl 41 20k S-S0 SPsic S YA 3, A5l 401 218
sfof sl Zhaliaie a0l 27Kk, Qi o) e ol of Alaldegrel 440 2 e syl fldr} o}

Table 4. Grading of groundwater conditions

Groundwater inflow

Water flg"rflr(’ir/;};;gth of 0 <10 10~25 25-125 > 125
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
Grz’;:fg;‘/t(e;lvl:)v el 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

22} 204 B 22 3R 272 B E o] A, A, BAE 717 BA o= Fas 940l
2AARZMLTMA, 2012)-S HE-C 2 Table 52} Zo]

Sgat strk
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Table 5. Grading of excavation conditions

Divided excavation method

. .. Multi-level bench Long bench Short bench Mini bench Full face
Longitudinally divided | (3 or more benches) .
excavation vertically divided (bench length of | (bench length of | (bench length of section
Y 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
2 Lane criteria 3 Lane criteria
RMR
Advance Advance
81 or higher 3.0~3.5m 2.0~2.5m
80~61 3.0~3.5m 1.5~2.0m
60~41 2.0~2.5m 1.2~1.5m
40~21 1.5m 1.0~1.2m
20 or less 1.2m 0.8~1.0 m
20 or l.ess for entrance Lom 0.8~1.0m
reinforcement
0~3.33 Criteria > Advance
Grade score 3.33~6.66 Criteria = Advance
6.66~10.00 Criteria < Advance

27| L7 RMR (Bieniawski, 1989; KICT, 2009; MLTMA, 2012)= 7|
H 9 B XY A7 2 g7t 53 RS9, Table 67 £t

R

Table 6. Grading of support and reinforcement conditions

Support pattern level
Standard pattern Comparison against standard
Support
value support pattern
A. Shotcrete thickness (cm) 12 cm Standard pattern < Applied pattern
(grade score : 0~0.83)
Strength of the B. Rock bolt length (m) 4m Standard pattern = Applied pattern
standard support d . 0.83~1.67
pattern C. Rock bolt spacing (m) 1.5m (grade score : 0. o )
Standard pattern > Applied pattern
D. Steel support spacing (m) I.5m (grade score : 1.67~2.50)
Entire score Grade score (A+B+C+D)

768
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Table 6. Grading of support and reinforcement conditions (continued)

Auxiliary methods

Large steel pipe | Small steel pipe
Crown reinforced multi- | reinforced multi . .
. . . Forepolling No reinforcement
reinforcement | step grouting (105 | step grouting (50
mm or higher) mm or less)
Grade score (A) 0~1.00 1.00~2.00 2.00~3.00 3.00~4.00
Ground and
Face surface . .
structural reinforcement Reinforced No reinforcement
inf t
remioreement 1 Grade score (B) 0~1.00 1.00~2.00
Classification code I I
Invert . . . .
. Temporary invert closing No invert reinforcement
reinforcement
Grade score (C) 0~1.00 1.00~2.00
. Water barrier Drainage
Water barrier and - None
i method measure
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 .
. . 2 1 1 k 10 h
independent period 0 years year wee 0 hours 30 minutes
0~3.33 Criteria > Performance period or pre-supported
Grad o -
1% 333-6.66 Criteria = performance period
score
6.66~10 Criteria < performance period
3 '?'I%E!E IHjI- ool
AA &3 A HlolEE sk, 2 Aol AAE G A4S SEAITEARESIACH, B fE S
Hl w4 Ql= B7H7 1S nhsklth F 277119 B *F!ﬂ HlolHE 45 oW, o] T i Ef'do]44%, T

Al EET7E26%, B B 0] 19%, T gy} of = B do] 242} 7%2t 4%0 0. 14709] GFeIAtel| tiet 7}

FA| AHP BA12 5ol 24T B9 gh2 B0 Table 1), 2 9 2440 53 A4k 539t 7jol=
2 #g3fo] AZaHrk Tables 2~6). 545 27700] 53] Afelle] 2t i Qb S o5 o] 57 gt

A 4881t 7 A AAEE % 27700 Aol et et 4T Refsigow, % 14700 Qi alat
7} A1) who] Tl Vi 54 739-0] 47 A ofo] 2 Aol 5 10,000819] ALg 014 A
Ashic:

Aol Il F2d 24 I AP 5 A= e 7 AIet HolA 24 G AR A A

v

ol
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S, ol AP 7 e Q1a} Aee] F5He “EY 27 SIgIE A2 Atelel, 4] 33} o] e
Collapse risk index =22 | W,G,/10 (3)

PEE 50 AT HBLRETET S Y .
2231 24 ol AMGHIEKT GHESHTE B Ao 147) 9% QA 5 4] Ak 2L ozt
2 0189 ZHRE] B4S AT % 10,000519] A Baolto] =i om, o] 10,0007 2}

el

=
grol =2 wolct. ma Avkgre] e} iy SE-L Felolo] SEUEESE AXSHOR, PALISADEAT
o] @RISK 24 52 85101 APgotiet. ofeleh 2 5ol 53] Afel lolel S /1o 2 el ¥ 9l

+00

100.0%

0.12 4
0.10

0.08 1
. Collapse risk index

Minimum 33.825
Maximum 63.795
Mean 49.359
Std Dev 3.753
Values 10000

0.06

Probability

0.04 1

0.02

0.00

30

[=} n f=1 wn o
wn wn o

35
4
4
65

Risk index

Fig. 2. Tunnel collapse risk index based on case data

AL B P A]4e0] XA Batak, FoiakS 282 33.8257, 49.3594 9 63.7958.02 =EE| Q]
=7 75Q149.35972 Bl'd -] o] tighud 71 Axtel vl wste] s 2e]
B %@54—/}%%7}0}% | 28 5= Qltk. Table 7% Zh Qo Il gk B AP ApE Hojm,
T2 5] ATt =2 G AIAFE EAlok=T E8HTh

i
(&
o)
H
R}
I
1o
o,
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Table 7. Collapse risk index of influencing factors

Division Influence factors Min Max Mean
Joint face conditions 3.6369 10.6574 7.2747
Rock mass strength 0.5387 4.5288 2.6486
hnical i
Geotechnical properties and Ground grade (RQD/N) 0.5678 5.7697 3.1932
geometries
Joint face spacing 1.9722 5.7827 4.0885
Adjustment for joint orientations 0.5989 4.8341 2.9388
. Excavation sectional area 0.3401 22121 1.2346
Tunnel geometry conditions -
Depth ratio 0.2085 1.3901 0.8223
. 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
Support and reinforcement Support pattern level 0.5077 6.7329 3.5326
conditions
Auxiliary method 3.9515 6.1799 5.1870
G QAP BN A4S A E T, deH A7 7.2747- 02 7P =2 v, A H|7F0.8223 7 0 2 7}
S0 o= ZF Y JIAPE 71521 9] A7]0f whe Aite T 7S] ol B X7 A AP G
IR e A, NP, AHESE(RQD/N), Fe|H 71, ekl tigt B, A[slr9), HEgRos
AU 29l E4 Bl @A, Aok 0]l HRIE AT il H WA e e, A K
B 21 T B w27 A E I BH, B lsteld 2202 midert A o= B et
Wk 2 AellA AR EE 5 Rl E Al e wPdE %7} Ao} Bl S Fof s 2ol B 919
Erh oA W] WK 4 oIk E, S84 24 AV BT AR el B4 4 otk

4, A A4

939 919 2150 4, dlelele] £ B ML BEsh] 9ol 2233 Al HloleS 28
sjo] W7hE Akt 2 OO0 B2 272 e Hdas A3 3 ofe] el 712 B2 b Isige
o], Feh o] A% e Alat Fbolek, 1 Edel Al Ay ) Akae] chet @3-S Table 89] ek e}
ek
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Table 8. Overview of collapse accidents

Site location STA No. 2+778~782
Collapse date OO Month, OOOQO Year
Tunnel specifications Length (0.8 km), Cross section (D = 12.0 m, H = 10.0 m), Depth of overburden (21.18 m)
Type of structure Road tunnel
Collapse mode Ceiling collapse and sinking of the soil layer
Reason for collapse Weathering, fractured and joints

* While changing support pattern after judging that the rock quality was poor upon observing
the tunnel face during excavation, shotcrete placement work, a follow-up process according

Status of collapse to NATM, was conducted after completing excavation. Incidents of falling occurred during
the excavation.

* The diameter of the surface sinking area was 16 m and its depth was approximately 5 m.

» Contained weathered soil in the upper part and weak weathered rock, hard rock, shale and
Geological status sandstone beds were found in the tunnel face.
* Comprised of weathered phyllite with highly developed fractured and joints.

Table 9% 87| IR A4 3712 1) 2281 Al el efel ik el Aelek et 4
A AR B A 24 BA 52 Fgslel SE5HER AAR] Shgei 53 H40] F12EE Rofsark

Table 9. Case data for the assessment of collapse risk index

Category Grading score
Joint face conditions 7
Rock mass strength 7
Geotechnical properties and geometries Ground grade (RQD/N) 5.84
Joint face spacing 9
Adjustment for joint orientations 9
. Excavation sectional area 5.84
Tunnel geometry conditions ;
Depth ratio 7
. Groundwater inflow 3
Groundwater conditions
Groundwater level 4.17
) i Divided excavation method 3
Excavation conditions
Advance 5
Support and reinforcement time 5
Support and reinforcement conditions Support pattern level 5.82
Auxiliary method 8.18

772 Journal of Korean Tunnelling and Underground Space Association



Tunnel risk assessment model using a probabilistic approach

B4 At Fig, 221 o] AR Hlo]E] $1¥ 5k A|4xrisk index from case data) gl 58.7533 3 0 2 TEE]
et ol= B B JJ A= A= 5491 49359 vl w2 wf 71 AleE 2t gho =, sHg A Avte £ uf
S 7o) BHE o = A= B7H = Qlek T2y SR A Ayt of L A o] Ajolof S Bl E5H
3SRkl I=A1E Bl ffall, ZEPER AlgdloldS Sol 2 H &E w25 E8olte] Bt Hlo]
1 0] SRl = 2|4 At tih A=V silAda 4385kttt A=V siiA] 'R Al BlolH o] Hd = 2|40 25
I B B A= Ap0] BE S AFdohs A og o] FoiFt ofu, HE 5] 19k A4 3t
= HolAA] 2 BHE A gh2 QP dEl = sk, B B S Al ke 2R SHE R 2R §
e+ JH= st Fig. 32 71 Hlo]H o] 53] 19k A=V s Zxfolch.
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Fig. 3. Reliability analysis of the collapse risk index from case data
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Table 10. Reliability analysis by influencing factors of case data

Reliability analysis
Risk index from case data Collapse risk index (risk index from case data Colla;')s.e
Influence factors — probability
- collapse risk index) %)
Min Max | Mean Min Max | Mean Min Max | Mean ’
Joint face conditions | 8.3300 | 8.3300 | 8.3300 | 3.6369 10.6574 | 7.2747 |-2.3274 | 4.6931 | 1.0553 |  75.0
Rock mass strength | 3.5490 | 3.5490 | 3.5490 | 0.5387 | 4.5288 | 2.6486 |-0.9798 | 3.0103 | 0.9010 |  85.0
Ground grade (RQD/N) | 3.4631 | 3.4631 | 3.4631 | 0.5678 | 5.7697 | 3.1932 |-2.3066 | 2.8953 | 0.2699 |  59.4
Joint face spacing | 5.8050 | 5.8050 | 5.8050 | 1.9722 | 5.7827 | 4.0885 [10.0223| 3.8328 | 1.7165 | 100
Adjustment for 0001 48420 | 4.8420 | 05089 | 4.8341 | 2.9388 | 0.0079 | 42431 | 19032 | 999
Jjoint orientations
Excavation sectional area | 2.2192 | 2.2192 | 2.2192 | 0.3401 | 2.2121 | 1.2346 | 0.0071 | 1.8791 | 0.9846 |  99.6
Depth ratio 1.4000 | 1.4000 | 1.4000 | 0.2085 | 1.3901 | 0.8223 | 0.0099 | 1.1915 | 0.5777 |  99.8
Groundwater inflow | 3.7290 | 3.7290 | 3.7290 | 1.3736 |11.1101| 6.5027 |-7.3811 | 2.3554 |-2.7737|  10.5
Groundwater level | 1.2677 | 1.2677 | 1.2677 | 0.7757 | 2.7782 | 1.7197 |-1.5105 | 0.4920 |-0.4520| 14.7
Divided excavation | | 2)q) || 7580 | 17280 | 0.5954 | 5.1345 | 2.7431 |-3.4065 | 1.1326 |-1.0151|  14.9
method
Advance 1.6700 | 1.6700 | 1.6700 | 0.5764 | 2.7657 | 1.6702 |-1.0957 | 1.0936 |-0.0002|  50.2
 Supportand 8.2200 | 8.2200 | 8.2200 | 2.8183 | 8.1910 | 5.8031 | 0.0290 | 5.4017 | 2.4169 | 100
reinforcement time
Support pattern level | 6.3380 | 6.3380 | 6.3380 | 0.5077 | 6.7329 | 3.5326 |-0.3949 | 5.8303 | 2.8054 |  99.6
Auxiliary method | 6.1923 | 6.1923 | 6.1923 | 3.9515 | 6.1799 | 5.1870 | 0.0124 | 2.2408 | 1.0053 | 100
e e, deH 714, de] ek tiet B2 Auigke] thafl B2 E 2FE-2 22 75.0%, 100%, 99.9%
2 UEPITh Table 89] B3] Afal A%S AR, o 17k a7t go| g Fold ez 4=
o glom, B TR oM A2 5 236l ol E2 53 H5E UElo]l =2 1k 53 A5E XSl
t}. o] & Fofl, A2|E 5= 50l tholl A= A7 F A AFg S Aol A= ot =rtar grkeh 4= Q)
LRI o} | HFS-FHRQD/N) O &l 332 FE2 217} 85.0%2 59.4% 2 UEF O H, o= uPgaat x| o)A
UEPd W2 53 A4S A sl 93 & 4= et o|2jet B Aks Eotel B, A ubgo] 2|k Al
7HEA] o, AT A7 St | wi2oll AlkH]of wE B SHEE 99.8% = UETE o= x| EH ohE
2 g2t Y-85 tiAsty Qlis A 0= meET:
H2gH, A5 5l B AR A7), A HfjE 5o ofsf 332 2E2 22} 100%, 100%, 99.6% = HERHT.
TPl oM/ S-S 9ol HagH A8, A H 9 B AR A7] TS, A Eafjel S gk 2o Bagle
L, A JHLFAlF RS HERN AL o] thel g2 gl o= @gollA] ubg A HE Hhedet 53 917
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