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Assessment of spalling occurrence using fuzzy probability theory
and damage index in underground openings

Joon-Ho Bang, Kang-Hyun Lee, In-Mo Lee

Abstract Spalling is a kind of instability phenomenon of surrounding rock around underground openings subjected
to high in-situ stress according to the development of extension fractures. Three kinds of spalling criteria have been
presented so far; however, all spalling criteria have the range of values so that the fuzziness and vagueness of spalling
criterion cannot be avoided. In this study, a new fuzzy probability model is proposed to predict the probability of spalling
in a systematic way by using fuzzy probability theory. Many of the underground opening projects worldwide are
evaluated with the proposed method. Prediction results expressed as the spalling probability agree well with the in-situ
observations. In particular, a new fuzzy probability model considering all three evaluation indices of spalling by adopting
weighting factors based on relative reliability among three evaluation indices is able to resolve erroneous prediction
of spalling by choosing only one prediction method. Moreover, the more reasonable value of spalling probability could
have been obtained by adopting the modified damage index to the newly proposed fuzzy probability model.

Keywords: Brittle failure, spalling, fuzzy probability theory, damage index
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Swle] WSS olgslel 25T 7|EE wAs

o)

B 1. 2&Y J7IAS B9 84

grea N oo, | Domdod | oulow
No damage < 0.1 <03 <04
Spalling = 01~02 | = 03~05 | = 04~0.6
¥X| S8 (oy 05 HX&H(oy 03
24 2d=(0) 2HY d=(0)
HHHE 2 (GSI, RMR) QfdtE 5(GSI, RMR)
A 4
XS L], XA LH|,
Fe3HLEY| |FESHZEH|
CChE (SERT

Fuzzy criterion-

Deterministic load

Fuzzy criterion-

Random load

model model

AET YItoIRtet WSS

HA#A HE 7

AZ
==

o
o0&

Jtelxte

7tEN #E 7Y

le—] 02

QAHEY "E MY
(no damage, spalling 52 &

AR HUS R A ZH)
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HA|&HEO0|

Ei £24X|+5 0| X[SIALSTMS A5 Wy BTt

2 usigch Zzte] S| BS 3 AR ol
or= 100% AEo] Pk Z oz st HA
AELTL 0] HRF siga, 38wr] He) F ikt
ol 2717 BIMSF9) A8 =7t B 5 (fuzzy)sich
£ Aol 2RIsto] 272] BrMGF9] HA|44E7) 0.5
oA WABHES 2] (14y5 o1&sto] HR| 7S d7ds)
Tk 3E 23 AEF GriIAR 371x9) S EH|of
et LR HATES ekl Zlojch

H |53t
L'=M-3M-L) M—3(M—L)>0

L'=90 M-3(M—L) <0

H A%t

H=M+(H-M M+(H-M) <1 (14)
H=0 M+ (H-M) =1

471M, L, M, Hi= S22 =] o) a3k 03 &
digks Uehfie, L, H'e sAjskht #2143k o
3,
PF-FoA] AEHLE ARG HG (0 /0, )9}
EFABED, =04, /0, 04,/0.,)7F 5B 71E
& 2ok 9o WyET), 289 /)22 ofz 7
QAo 2ls s shaEmict FpA o st
3L Qlok wiEbA, AR 7SS YEHOE Y
AL S oo nR AZe] uAl AARI AEF 7|E
o EAHSZ #o]FdY(transition zone) AoH= A
o] ejHolc), # 2 374 A8 7)Ze] WelzvE
T8 WA YeRfiaL glew, o]edh At
oju cRewt 2t
- HAVFRIE & St eH] el A st el §)
£ Zolo] musEol 100%S o)t

. sjRjalatuct 2o gelENll e s 7o
o Q= 2ol wj2Eo) 0%2 ejalaiy

- SHAERTE HAISTE o]l gl AS HAFHe
2 shgge aageel et Rat

2 229 7129 W9s qA72D

2EFY GrAA H H 2] F7HL ~H')
oo, 0.1~0.2 0.0~0.2
D(=0,ul0.) 03~0.5 0.1~0.5
ool Tem 0.4~0.6 0.2~0.6

4.3 AEY HIIQXIQL WItSES et o
XA 2480 2H

4278004 73 HA T A3t sligle 0183
37HA] 2T BW7RIA} 278 FrheaRte B
A7) sl HATACIEE ol 37HA AEY
B7RQIANE WA A 4% =g a9 1139 2
o} Faich HATA A&3 TTO Felj= 7 &
g 715e] HAPFsIsta A (15)E 58] Spalling 5
o] A&. X5 Z7}5(linear ascending) © & AAFI T,
No damage 559 7= 418 423 linear descending)
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N
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o JAsiel Yele] mol AE 2711 %
F5e HALgEGo] 10] HES shgick

No demage:p(z)= 1 z< I
H—=x ,
<
71 I'<z< H
0 z>H
Spalling : u(z)= 0 r< I (15)
z—L ,
<
T L'<z< H
1 z>H

4.4 AEE WIRIXI 7SS W XA
g A(fuzzy relation matrix)Q| A

438oA 3 371X] 287 B/RIAPE 4% 1
Heiy d288, dSUASAE 181 RS
E3W A ARG A= (0, /0,)2t S mY]
(D, 040/ 00n)E HUBIA 1 1] HAALEG B
A= =3 Enle] FEU=get
AAR e w2 RE HAHA PEE 1Y 129 2
< Moz AFgsHA "t 4] (16)2 fuzzy criterion-
deterministic load EEofjA1Q] HR|TA PHo|11, 2]
(17)& fuzzy criterion-random load Z@oj|A} 2] x|
A FEE vEhd Aol

ﬂ}z(mzvyl) ,Uf].z(l'yyz) (16)
uR(z3,y1) /‘LR(x;;ayQ)

/"‘R(xl?yl) Nﬂ(z1ay2)
k= [MR(wiayj)]3X2 =

Hp()

No damage Spalling
grade =gk grade
{Load)

v

L H’ X

Spaling prob. = membership value of spalling grade

No damage prob. = 1 - Spalling prob.

(a) Fuzzy criterion-Deterministic load model

R= [pplesy)];,,
H =3
/_ pr(yy) f(z)de, /L, bal@yys) f (z1)de,
H o
= alasu) f@)de [ unlanm) s @i, (17)
H o
S nrasu) taan, [ sty flage,

4.5 AE2 DIIOIKIY 71EX| W(weight matrix)
o] &t
444004 AAE HATA L83 Tt AF
3 B7IIARS) = vhE PR, A2 BIRIAE F
A ow nEsy] fJsf & BriEdoA = FrRiApE
71SXE AL
7VA) B o 2= ASEAY|H(Analytic Hierarchy
Process)& 2-83lgt=tl, SApEA aao] tfdt A
85 A% A Saaty(1980)2] Ah2] SR%=E HZ(3E 3)
5 o|-g3lo] Arju| w8y H(pairwise comparison matrix)
< SR olF B AEF B7RIAPE THEAE
A4s15oH, 2 FrtEHA = 3717 A& F7Ie)
Az A S EE v} 22 7|z Ysto] Bt
SHE
- AEFE HEEEl A8dhs AAEE FoA &
H5-5ol Zhgshe HdiFgo ¥ U A&
o) Zhg-o v AERO] XMool ARjtEl= Erf §)
= Aos HUET Qlo] A& 7|E 5 HAUWFS

g3 Hadge BT 1Bl e HUEAS

Hg(®)

e ugpz

No damage  (Load) Spalling
grade

N grade

>

X

Spalling prob.= fuzzy spalling criterion N random load

No damage prob. =1 - Spalling prob.

(b) Fuzzy criterion-Random load model
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HAEE0|E SA4KI4E 0|88 NHUMBSMY ABY Wy HI|

ot RAYY] ZASYEE (D, =0,,/0) %
AT FRAYY) ABYEYEY B0/,
S} SR YT V(0,4 /0,,) Rt AT
FA%} we A0R melskgth
 ERRS AT U] B0, /0., AU &
B9k Rgel g Telska qlone ArkE
Se RAUY ABYSYE )0,/ Het 4
o 252 7 wesdc
W] ATEg s A dBUBYE
(010 T3] that w27} glons Fakee
I} QFEY B(0,,,/0,,) HEF AT FREE
A stk
4% 7P ABY BN ArjEawE 3
2R Al A3kE el Ao Hrhgagen
PAYe] YEYBwe] H(D), FASR Y
9 )04/ o)y HTHFSET} TGS AHALERE
o ¥l(0y/0,) 02 7VEH7} 2A BrAEY 371
233 BrkAo] et eelie] ABAE AZ]
S18h ATHAR D2 FEAISHRD) 1]e] LA b
B(CRYE 75193, ABA H1&o] 10% olfe] ghe
solx1 glo] eule] AL SKISHAck 37b) &
B il dhet 7K A Ak 4 (182 2o

B3 AYY Faxe Hx U doF Aul(Saaty, 1980)

HE ek

8128} Al(equal importance)

7t o S f(slight importance)

-2 © & Q(strong importance)

2H413) B % Q(demostrated importance)

O~ | W -

Aj4 o & © £ Q(absolute importance)

24,68 |fold HE HEEFEY F3F H:

F B a, bof wisho] ghoF abo} £ ghol

§l Ao
A% |kahd bag k7t 9

%4 239 YAAE ANFLEE 12T AqulaR

C oo, D; ool T om
oy/o, 1 1/5 173
D, 5 1 5/3
% gool T ey 3 3/5 1

W= {wl]
=10.11, 0.56, 0.33],

1x3 [“’1,“’2@’3]

i=1,2,3 (18)

4.6 XA D J1ESX] YBAS 2SS 9
A2 A siZ(decision—making matrix) 2|
A

44723} 4530014 2AH HARA FEH 75 B

o T8 53 2714 Hrisgol digt FEE A

4= Qlek 2704 HrHsHoll tigh asgke] vlule] o)

Ao Wl RS Wrpsh=t], A% w9 99

o] AW AEo] Whsh= Aow IR 4 glal

o] wje] YFgko] AEH WAEC] ok 4 (19

S S VRl AR 11 Ag3kef with 2714]

2 = 4= ol=g)] 4] (20)2 fuzzy criterion-deterministic

load modelo|A2] 2AEA FLA], 4] (21)2 fuzzy

criterion-random load modelolAQ] QALAA e Alo]
ek

D=WR=d, 4
= [no damage probability  spalling probabilty] — (19)

D= WR= [dl dz}: [wl}lxg'[ﬂﬁ(%vyﬂ]gxg (20)
= [ 2 wipa@ay,) > w20 y;) ]
=128 et $1,20 g

D= WR=[dd]= le]lxg'

-

11,2, je=1

fug(zi,yj)‘f(%)dwilsxz 2n

H
’117,;/ lbn(%vyj)’f(%)dwz

Wy /11?(1';:71!/]-) ‘f(xi)dxa'
i=1,2,3 j=2 z

5. AZY U FY WIRES ol g
AET A 2

47800 AAE HASES o83t A& WY o
Bt e ol g3 AFEgo] WARE #of s &
2 P75 AABIGEE # 5+ fuzzy criterion-deterministic
load model-g -85+ Zu}E AEF WAYo 5L} Wbyt
2 Aug Aol
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o g3jo] Brk A9} 371 A% Bkl
2B WRIAPE /13NE Agslel A0 W

& A9 BT ABYo] W

Ao= 7P 1

&, Fiuitt URL Room 4133+ 299l Brofjorden

cavern access tunnel Aol

v 7}7}

L

‘Di (: Umax/ac)

1

B 04/ @] 2BF 712S NI A9 £EH]
W BYYolE BT A5l WA gk
VPO PrHE AnE Yo £ AT At
7 28 Bl 7FAE A e

Hgro=y
4 lgiek

APusAe} B3t=l Ao =gs

3 £ A70IA = Hoek} Brown(1980)2] 3414
47k 2128 SHERND,, modified damage index)

2 Eske 2B BRI

ol WxIeE A%

&5 289 TRBE) A Fri2d 3ed

gy E3h grimdo) 2g3te] A& BFrkiA 5

/0. A Al B mQlojie) w2 AZF
HAPSES AT 371R] A2 7RI 0y /0,
=00 /0= (80, = 03)/0, 0o/ 0)ONA BEAS
JA} 302 TABRS Martin 5(1999)2] AR D)
A7t ZYE SAHEAAN(D,)E AR &
TR0,/ Dy =0yul0, =(A01-05)0,, 04,
10,)E Hg3lo] 23 o] WAlqel LSS S vl
S5k P71, SREARIH(D, )& Martin 5(1999)2]
EAR|(4) 22)0lA BAGA HAHEAASB(0,.,) AF
A A B A8 308 1A Y AE Hoek}
Brown(1980)°] A|AH A7 2UE & =S
2] (23)7} 4] (24)¢} Zo| g9 Fholk 352 14l
7} A3 EHAIgTE & 2ANAE AAoA 28
o] ¥RRjo] dEER 2] (23)S 0|83t AEY A
EVIE Bt 352 AXAEs} wle- AT &9t

Om,

q

ool
o

of

o ajn &
o

ot
ol

i

A% agpan B7t2d 9 A3
A& DYJE| 2EF TAFE")

URL Mine-by test tunnel HAOA Zo] ¢ 0.5 m2 AEZY WA O 88.1
URL Room 413 AR NA AFE AEg 4y O 76.4
URL Room 405 AWMEA zZlo] ¢ 03 mB AZFY I A O 88.1
Donkin-Morien Tunnel AARN A Zo] oF 1.0~14 mE A dha) O 85.3
Canadian Mine Drift Z8ojA Zlo] oF 2 mB AEY YA @] 91.3
Golden Giant Mine Drift AA oA Zo] & 1 mE AZF T4 O 100.0
Lotschberg Base Tunnel Zd oA Zlo] oF 0.6 mEB AZF WA O 75.9
Furka Fenster Tunnel 2804 Zlo] oF 04 mE AZY WA O 56.5
Garpenberg Mine Raise 2o A Zlo] ¢F 0.05 mE AZ A O 100.0
Renstrdom Mine Raise Zdo| A Zlo] ¢F 0.1~02 mB AEE A4 O 100.0
Brofjorden Cavern Access Tunnel |HAA S oF 0.02~0.15 m= Sy WA O 52.7
HRL ZEDEX Zdo]4] Zo| o 0.03 m2 AZY WA ) 85.6
HRL ASPE Zwol A Zo| o 0.07~0.08 mZ AZT A O 68.5
Zinkgruvan Mine Drift AR A o] oF 0.1~02 mE AEZTY A O 82.8
Kristineberg Mine Drift AANA ZAo] 2 1.0 mE AZY A @) 100.0
Heggura Tunnel AR o) o 04 m2 AEY B4 O 74.8
Kobbskaret Tunnel HAONA 7o) OF 0.05~03 m= AZ urA 0 100.0
Gold Mine Drift SEABTY HE Zuo|H AE U O 83.6
East Rand Proprietary Mine Drift {&3 Z QoA Zo] oF 1.25 m& A WA O 100.0
Yeosu Oil Storage Cavern Aoz Z9oA Zo] ¢ 04 mE A " O 97.2
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23} SHKAE 0|88 NSUUBEMG ABY wY B}

A%7E 2o 2L FHoA 2EPe] WAl of
AEBE A Q4)F o] §sle] 253 IAEITE H7}
3 % Qlrk(old, 2009).

D= O max _ 301_03 27
A e
Omax Aoy —0
D, = =1 73 (23)
UC UC
Opax Boy—0
D, ==—— (24)
UC UC

F 72 742} Martin 5(1999)2] $AFX|4( D)9} 44
LA D Ve T3 AZE] HYRIAE AME A
Z9 WY 29E vehd Aok

F 7oA Hiz vje} 7o) pAEGAN( D, )2} Martin
5(1999)8] SR D)E ZFFE AZY HIIQIRjo
g3 wWrind e Hest 2du A8 x| g 2%
AZgo] dAEl= A o7 FH71¥9) oLt Furka Fenster

Tunnel 3’} Brofjorden Cavern Access Tunnel $1%+2]
© Martin 5(1999)9] EARIZA DS E3e A
H/RIAR AME AEY WAEEC] &R
(D)2 T/ A5 F7RIIE AME %7 34
g vj3f AEY YAGHE Wtk V& SE
2l 50%] iAoz Lshe e Bolal qlof &
o] WAYSIA] o= FeE WrRE 7hsAdo] Wik o
off §h8l] EAAN(D,)E FAE &FY Frekt
HASLE.S Martin 5(1999)9] &4
o 490 AZY PSRRI
0 2 ghg wolx glo] LBl S Wst:
Aoz Frgr 4= 9Jong FAALE LTt 2R A
AR5 ALoh= 7—]0] HAAAQ] AZY A FHrPk
o] sk geie] el
e ) @A Y

oﬂ, oM.

X 6. 259 FAA4(Hoek et al., 1980)
9 | (] 0 o o | O o |
A 5.0 4.0 3.9 3.2 3.1 3.0 2.0 1.9 1.8
B 2.0 1.5 1.8 2.3 2.7 3.0 5.0 1.9 39
£ 7. d4A% £QaRel B 289 ¥4 Bote v
FAEAAHD)E EET AEY SAA(D)E EaT
A% H7HAA A8 (FAAS e 228 A AL (P44 olay
AZY SHRE | AEY DAYSEG%)| 25 UGS | 2EY THHE%)
Canadian Mine Drift L1 913 HkAY 91.3
Golden Giant Mine Drift A 90.3 WAy 100.0
Brofjorden Cavern Access Tunnel I 55.9 Ay 52.7
Furka Fenster Tunnel 1 62.0 gt 56.5
Zinkgruvan Mine Drift Ay 88.0 LIt 82.8
Kristineberg Mine Drift Ay 100.0 ] 100.0
Heggura Tunnel I 79.2 uA 74.8
Kobbskaret Tunnel LI 100.0 Al 100.0
Yeosu Oil Storage Cavern L1 98.8 A 972
East Rand Proprietary Mine Drift A 100.0 L1 100.0

Tunnelling Technology, Vol. 12, No. 1, January 2010 27



6.4 B

B AANE 71 232 A5 B4 b
Bl et 2L $) A AT Hskgolee
483 2o 233 W 3% BriRde s
T, AU Wede A5 4] B85 3
Zhade) Age AFs EY, HASES 0§
3 229 WY 3 BARGL F9 A =9l
ol 1 28 WARE Frlste] B4ASY
$4e =ik

oY ATERE E2E FAAUS AR The
3 gk

. dHEEFolA o] A8 I HrkE $8 FEEHE
71&2 AEF 718 IR AAE glo] 7]
& A7 BEstal(fuzzy) @t ofmlEi(vague) S/0)
o olE sjdstr] flsh HA N (fuzzy concept)Tt
2| 21§0] E(fuzzy probability theory)S E=8}7L
A 7RI A S8 =0 IE JERIE 1
oy AEY YRR 28y UNEES)
BN Gt 7hee 28R I % Hrked
< PEEIRT ) A WA HE3e
27 BriEde] Ad=de A5k

2. AER I T WREE @ AAEGX S 8
SHEN(HEGE T SEE¥)o| wa} fuzzy criterion-
deterministic load model®} fuzzy criterion-random
load model2 FLES}o] S-=31G 1 A% WAPEA)
ol Hg3jo] FPRlel A8 WAHI P} FRssigk

3. &5 WY BriRdS HE3hel §lof 371K
£ZY Wl gt 4y Fewe A4 7t
FAE AHsHA nEo 2N AA AEFo] A=
H @go] 2&o] WEHR]| = A oE BriEe
2FE Esict

4. 2ER T S BUIEES o] 8dte] AEF H7t
At 5 0/ 0. AP Al AP EQJofRo] wh
£ AFY WAPLS BT BE doA &8
Po] WA= AR iR PO, dF AFe] 4
- Martin 5(1999)9] &4A(D)E ZHT A8
Y PIRIRE AR 259 wWshEe] A
AND,)E ER A5Y Bl ARE AE

28 E{9rig, mi2¥ mMS, 20103 19

N
09

g AEE| vls AZY WA F3 HrHEEA
AZEY MY [RE grdsle 7E EER] 50%0
AjE oz g ghe Bo|1 glo] AEF o] WA
812 ok @Fo R HrhE A7t gk 2=, 5
AENRRD,)E 233 AZF H7RIAR A
%) AZz3 HPSIE-2 Martin 5(1999)9] &4
& 283t 9ol A5 IAPEERT & ghe Hol
I o FRASHA AFo] WAeh=s AoE
7V ¢ glen®E YAASE EYT +HENA S
(D)5 F83h= Aol Al Brphyolst #at
Aok

- Aok PEFONA ARG YL HAE ke

B9 QPA W AREo) AR e R 9]
Hus Qs AARARY SERdY &
sbyelE Telet AEee) B4 A H25 3
7ok Aol h$ Fastch olol] & BrEPL of
B3 25 W WIS B9 Aol P kT
FoNe) 233 WYY TUEL BRI
W Hck Fe)H gt AZAY £l 3
a% 4%e T 5 9 o= wEd

UM 2

R d7E AMRERN 25T FRALRE]
7ol I ABIE AMINT IS AT}
0481714 Co1)o] Sfal ofoldl Aoz olof 7
A=,

T

te

2
A

> 0N 1o 02 OH o

(2007), Fuzzy set theory2t Monte Carlo Simulation
Bt UALHO| mulSHE AT A, S|
3| =27, X233, 115, pp. 109-117.
, NEA, OITZ (1999), & MEY F&l, ME
Egui
(2009), Xi5t8-52| MOty oEE st &4
oL nchstn sk MAEIRI=E

=

rz mo J
0P

ol
KL
||

F

Mog
1o 19 kI H> I

4

4. 0|4, Z0IE, =HT (2004), TX|-8fo| 7|X &

g FEAL
L0212, BT, OIFF, OIYE, L7 (2003), BEHM
AT wOjo| AMANS DS EY OHYY ZE,



10.

11.

SIRXUHBE| =27, HI9H H4S, pp. 167-178.
. 0134, Olc3, USY, BRI, FYEH, LML ol

Z (2005), otX|Qf ALt LY tHRE X[5H RFHIS7|X| o
4 =7t L Microseismic I&, KTA Annual Conference:
189-201.

- Ty, Hel, YEE, MES (2008), TAT EfHoM

Ol =l Fgmag
197-209.

7}, KTA Annual Conference:

L HUY, BEE, 9EL A (2007), CWES 2

ZHE flet 2HAGAI" & 0|2 &8%t FMutn 2
2, HE|s, B=EEHEEEE =2, MoH, M35,
pp. 263-273.

. Cai, M,, Kaiser, P. K., Tasaka, Y., Maejima, T., Morioka,

H. and Minami, M., 2004, Generalized crack initiation
and crack damage stress thresholds of brittle rock masses
near underground excavations, International Journal of Rock
Mechanics and Mining Sciences, Vol. 41, pp. 833-847.
Hoek, E. and Brown, E. T., 1980, Underground excavations
in rock, Institution of Mining and Metallurgy, London.
Kaiser, P. K., Diederichs, M. S., Martin, C. D., Sharp, J.
and Steiner, W., 2000, Underground works in hard rock
tunnelling and mining, Proceeding of GeoEng2000, Melbourne,

12.

13.

14.

15.

16.

17.

Australia.

Liu, Z., Yuan, Q. and Li, J., 2008, Application of fuzzy
probability model to prediction of classification of rockburst
intensity, Chinese Journal of Rock Mechanics and Engineering,
Vol. 27, pp. 3095-3103.

Martin, C. D., 2001, Rock stability considerations for siting
and construction a KBS-3 repository, SKB Technical Report.
Martin, C. D., 2005, Preliminary assessment of potential
underground stability at Forsmark, Simpevarp and Laxemar
sites, SKB Technical Report.

Martin, C. D., Kaiser, P. K. and McCreath, D. R., 1999, Hoek-
Brown parameters for predicting the depth of brittle failure
around tunnels, Canadian Geotechnical Journal, Vol. 36,
pp. 136-151.

Saaty, T. L., 1980, The Analytic Hierarchy Process, McGraw-
Hill, New York.

Wu, C., Hao, H. and Zhau, Y., 2003, Distinctive and fuzzy
probability analysis of an anisotropic rock mass to explosion
load, International Journal for Numerical Metheods in
Engineering, Vol. 56, pp. 767-786.

$21(2009.7.20), +=&2(2009.9.4), HIH&E2(2009.9.9)

X
=]

Tunnelling Technology, Vol. 12, No. 1, January 2010 29



