2003 YJut-3 15 & 7] 6t & W H 81/2003.3.26
otHIEM o|=E2 st HX| e 7| W
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A
Metstm X FHA AU IS
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HZ Y TR EEFTA EFA A AFE dBYF e HA S =9 =t
FA vla] AAE A% AU 2 FAY F57 A Fdstn Qon, 2 AFHE vges
ASTFZE AR Y 2 7S AT A8 F7Y A4 T2aYPES AMEET U 1Y
U ook s 2 HoLE Y8 Bed dEA QY] MEAS, AEAY, v@zte] A
Z+E AuwkzAL AW 2 #F Ag, a8 GuERe 2 YA dHE Ao 7
HA5 o] gtoll g AFHA =ole A e AAoth dRME FAH JHS AL
B 2L AAEE £F0H, ZA 2 AY dAdA 2R F e EFZAG € FAEA
ol dE AFHA Wyl L BN A A7E A9 e Aot AAR A dFEEY ¢
AR Ao X84 71gel 9 2oln & AN Y AED ANEAL T A
e grde 4L U3 Fast g B AFdAE AAREZREH SEA
ol Aol FAEA 7NANQ) ke F@AF o7 HolE Foln ABYES FH] A FHAE
£ H 4372 ot

HA o2 A EFZAT JulE BA3y] st 19659 Zadeholl oA FAIE o
I3t FeH BA 857 AFstdn. (el 9], 20015 o) 9, 1999; Fairhurst and
Lin, 1985; Grima and Babuska, 1999; Nguyen, 1985) A|4+&3}2oke} AdsdE E3] 3 Y
A g FHY RMROIY Q-systemo] ZAAY AE7E 7H71Q1e] FHZHQ Ado] AHe
2 o &std AAEHY] BFo B FHLo] ATk NguyenFt Ashworth(1985)E A H ol

g ol§3td APA dvEFA RMRH Q Al2dE FIe A& AFez FZde
Grima(1999) o] 449 dEUEZZETE HR &L o] &3ty FAHAL. FHAME o
Fobol Ax HA|oj8o] HEHI glor EEHHA ol oM E o)Ad F(1999)°] HE
o] AARGA HE A8 7HA BFAE T E2YE ol AHHAE Bof FFHolx A
Ao Fy3y] st HA &L FLIAh v FQONE ZHEIEF AEE
ugo g Holg @ AALH HAo|EE HEAL FwE-HA o|EL o]&3td RMREF
& A=A

HAjol&o] o 7tA] thFe g Ut 1 ¥MSE A Fsted Hoiung B Ay
A U EE A4 AdelMg A 2 dFHAFLZ2RE A ARE vB R FAHAY
Al ¥R 2 2ole YNEEARQ] WHAS, FEAY, 2dx vq 4L FAsaA Ao o
BHe 2ENSE sn AU L APAPo2RE A ARES YYUSE 3 HARY
FEstT A A&7 RMSE vz g F3te 2do elgA S AFsnx s

_Dl‘ r>’
ol W op

o
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21 {29 ¢ - &HH

TR0 g ArEAE AAsteu AUAYE 2 AAGUERY Fol BF uyd
t} AAZ AAA G523 Wid dZ43d Monte-Carlo simulation & o] &38o ¢ulE
4 FRE AT dYHFES FAYAZ A4S F HAERN 2 e AAET ez B A
TFAE FHAA AT 2E A TS Y5t ZAR AzAIAE F AUAE 327 RMR
2 QA2 YES YW E HA3A. dEBRFRE AT AUAE 5 vF FF
€(%), Po &%, S5 £, F2AG AlA9 @E5ASAE 2 @A AS, EoldH], AFZE, 4
FLSAY o a2y L wFgo 107tR ot ¢ R dEFYEY RMRS 22
@e ey stuage 6714 35 A5t 474 g F Qo 97 7R 2§ stEIER
RMRE ©| &+ 671%] &5 FolA de o & By e A3 5714 F2EL w=
dPWFE dAsd RMR 28 FEL 6712 3ol "ty ggise & AesE o976
RQD ¥ Q#ts X ¥4 187X o|t}. 3 EHWF2E AN dPEHo 2 &) A}
45 e A AS, FRY agx B or HAHAAUY. o4 o - W5 ES Table
1ol Asad.

22 stEXR

2 AT AFRF A RD L HARD A8 F/ F Q) TS(Tagaki-Sugeno) 3 A)
2d2x JYAREE A8} o]FE E2EHY T wHgA AEESFI AL &9
A w3 JYAsEe] APxgoz A HE WAoot wepA PMEA S =387 T
2dE FE37 AAE A5k F5E A7) H4 dFEAE7F g3 og geEAEE
U Ed AHAFNA ANELS 717 As] AT AAY € R Fe A9 &g
AFEEtA T 5 107709 ARE dJoH, o] AEE 45E o o5 F A ME(set)E
FEARE, YR dve TEE AARL] HF5 S A% AFAERZ 4340 wEA F
457 Edo] EXNgn 4 RddZ 28I} 37 - AP A S, AEAY, up@qg - o=
2 EF 12709 22g FHESAUT. Table 2& £ AFoA AlL4d 298 AEd Aol &
g JEATES 7o) N2 g7t bt2u2 o A Av]d ¥ ¢E 5 enz
Table 19149 zt AF5& 2AY3 3t EF 07 1409 @& #HES &4t

23 HX|29o HZF

HARDe dg&Fede S8 FREHAUTY HAAEDY 95uH RMSE(Root
Mean Squared Error)¢t RMSES| #FdAuitte] W3-&< Rated] A7]2 Yelfoldin. =
O+ H2og FojA= RMSE % Rate?] 27|71 3& 5 HARDY oF5Ho] Foix ¥
g 4 9.

=
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Table 1. Explanation of input and output variable.

Parameter Description (unit) Range

Input X1 Specific gravity 0~5
X2 Absorption ratio (96) 0~ 12
X3 P-wave velocity ( m/s) 0 ~ 8000
X4 S-wave velocity ( m/s) 0 ~ 5000
X5 Uniaxial compressive strength ( MPa) 0 ~ 500
X6 Elastic modulus ( GPa) 0~ 20
X7 Poisson’s ratio 0 ~ 05
X8 Tensile strength ( MPa) 0~ 50
X9 Cohesion ( MPa) 0 ~ 50
X10 Internal friction angle ( °) 0~ 9
X11 RQD 0 ~ 100
X12 RMR-1 (Uniaxial compressive strength) 0~ 15
X13 RMR-2 (RQD) 0~ 20
X14 RMR-3 (spacing of discontinuities) 0~20
X15 RMR-4 (condition of discontinuities) 0~ 30
X16 RMR-5 (ground water) 0~ 15
X17 RMR 0 ~ 100
X18 Q 0 ~ 1000

Output Y1 Deformation modulus ( GPa) 0~ 30
Y2 Cohesion ( MPa) 0~ 20
Y3 Friction angle (_°) 0~ 90

Table 2. Four combinations of training and validation data for each model.
Each set has 26 or 27 of data, which are set#l (1~27), set#2 (27~54), set#3
(55~81) and set#4 (82~107).

Model No. output Training data Validation data
Model 11 Deformation Modulus

Model 12 Cohesion set#l, set#2, set#3 set#d
Model 13 Friction Angle

Model 21 Deformation Modulus

Model 22 Cohesion set#l, set#2, set#d set#3
Model 23 Friction Angle

Model 31 Deformation Modulus

Model 32 Cohesion set#l, set#3, set#d set#2
Model 33 Friction Angle

Mode! 41 Deformation Modulus

Model 42 Cohesion set#2, set#3, set#d set#l
Model 43 Friction Angle
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_ 1 SE —SE(0)I
Rate SE

A7IM y,= BEEEEZ, Y MARdY d2g, 283 22 A8 F AFolq,
SE(0)2 old ggaAdAe SEolth. gge] Fasle 71222 SE<0.], Rate0.05&
HEetdth W A, AAY, g vhdZd dsiA 2 A2#E Table 30| el WA
stEAsdA Ut WEAS 2 dA4Y B 10% WIS BAL, vhEZE 5% o)
o 2718 BYth ol WRAS ¢ JAYo] np@zte] g Rate] A7) HRoE AGHT,
714 ZAE 228 B HARIL Model 21, 22, 23224 1 o] F22HY HeLe BF
2710]t}, oA FHEE HARD tisld AFARE Algsle d3%d S AP & 23
SE7} stgata el gtun 2ufol A 3u] A Ul Ful2 e AHE SR M L
d&5E S B0 sdags AFARAANET 28R &€ & dvhe AHdold ol FFAE
o A7t 383 BA ¥ =¥ AZFARY go] daAtae e dd U&= U7 o
T A7l AT g

Table 3. Number of clusters, RMSE and Rate in the fuzzy model.

Training Data Validation Data
Number Unscaled Unscaled
Model No. of RMSE RMSE Rate RMSE RMSE
Clusters ( GPa) ( GPa)
Model 11 3 0.12776 3.76 0.03617 0.14798 4.35
Model 21 2 0.09488 2.79 0.10506 0.17729 5.21
Model 31 4 0.11734 345 0.02845 0.14749 4.34
Model 41 4 0.10910 3.31 0.22374 0.14061 4.13
Average 0.11316 3.33 0.08915 0.15334 451
(a) Deformation modulus
Training Data Validation Data
number Unscaled Unscaled
Model No. of RMSE RMSE Rate RMSE RMSE
Clusters ( MPa) ( MPa)
Model 12 2 0.08173 1.60 0.00958 0.11360 2.23
Model 22 2 0.06612 1.30 0.08623 0.18433 361
Model 32 4 0.07826 1.53 0.40344 0.09205 1.80
Model 42 2 0.09530 1.87 0.21906 0.15417 3.02
Average 0.08035 1.58 0.17958 0.13604 2.67

(b) Cohesion
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Table 3. Number of clusters, RMSE and Rate in the fuzzy model, Continued.

Training Data Validation Data
Model N numfber RMsg | onscaled Rat RMsg | onscaled
. ate
odet Mo 0 RMSE ( ° ) RMSE ( *)
Clusters
Model 13 | 2 0.02074 187 009334 | 002788 251
Model 23 | 2 001577 142 003058 | 0.04245 3.82
Model 33 | 2 0.02115 1.90 014517 | 002125 191
Model 43 | 2 0.02060 185 010916 | 0.033% 3.06
Average_ 0.01957 1.76 009456 | 003138 2.8
(¢) Friction angle
3.2 3

If - Then 49 HXFHAN Zt YYPuise] dYPHozr ojFofxl AEF w9 A
(consequence’s parameter)™ I #ol 43 &< S 24z ¥ FAH £ +AH
wgko g A4 £33 o)F A9 Al gl £ WAE 4F9 AVE HE
yez o go] €% &8ugd B2 94%E Fdx & + Jdvh RMSEZF M #FHe
Model 21, 22, 239] 7% AF{F 269 A7t 2740122 WA 73 E3 2700l 7 13
A QEEFY 245 P45 202 Ydd. 97145 Model 21, 22, 2390 st A 13 2
AZA Y AAHHY AZFgE YRR

3.1 Ut A S
WYAS d2zdel HAFHE e 2o Fojh

<Model 21>

Rule 1 : If x, is Jow then

(AP A 42)=—2.003+2.663(H] F) —0.353(F &) — 0.615(P7 & £) - 0.285(S o & &) - 0.781(¢
%73 5)+0.566(§H3 Al 4=)+0.317(E o} 1] ) — 1.140(] B 74 =)+0.959(F &8 ) +0.893( v} & Z}) +0.
337(RQD) —0.122(RMR1) —0.159(RMR2) — 0.476(RMR3)+0.271(RMR4)+0.260(RMR5) +0.769(
RMR)+2.626(Q)

Rule 2 : If x5 is high then

(R @ A 5°)=—3.027+4.566(H] 5) —0.548(F +£)+0.024(P3} & =) —0.578(S o & =) — 0.605( %
7 %) ~-0.802(& 43 Al %) —0.037(E o} 441 )+0.874(1 A 73 =)+0.147(H 2 8 )+0.316(v} & 2}) —
0.196(RQD)+0.548(RMR1) —0.059(RMR2)+0.633(RMR3) —0.332(RMR4)+0.301 (RMR5)+1.243
(RMR)—0.887(Q)
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Figure 12 Model 21°] AFAE2& 4Y39e W YAZRH g3 24 AN yAo
2 olojA YEd Ao]i Figure 2 Model 219] ZE2F ¥49 A4 E gyalize Yed
Aot} 7t2% 9 £+ 18709 AFA$ X1, X2+, X18& Yebd Ro)t},

[ Validation Set (Model21) ]

40 — ———————

1 7 —=-—Measured D ata 1
30 ===+ -Predicted Data _

Deformation Modulus (G Pa)

0 5 10 15 20 25 30
Number of Data

Figure 1. Performance of the fuzzy model for deformation modulus on the validation
data set (25% of the available data).

Qreeqert's Prareer

7890112134

(a) Rule 1 (b) Rule 2
Figure 2. Consequence’s parameter of Model 21.
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<Model 22>

Rule 1 : If x, is Jow then

(74 & &)= —0552+0.490(¥ 3)+0.091(F + &)+0.075(Po & =) - 0.077(S % & =) — 0.206(%} 5 7%
=) —0.075(& 3 Al 5°)+0.181(E ob 4 1]) —0.315(<1 472 £)+0.383(3 2 #)+0.309(7+ 2 21)+0.191(
RQD) —0.056(RMR1) —0.043(RMR2) —0.177(RMR3)+0.119(RMR4)+0.088(RMR5)+0.155(RM
R)+0.711(Q)

Rule 2 : If x, is high then

(4 2 3)=—1.309+2.365(8] ) +2.023(FF&)+0584(P3} & =) — 1.076(SH & £)+0.435(L £ %
£)+0.433(e A Al 47) — 0.073(Z 014 1])+0.809(A F 74 =) — 0.285(F 2 &) —0.157(vF &2 2}H) ~0.14
5(RQD)+0.281(RMR1) — 0.135(RMR2)+0.382(RMR3)+0.005(RMR4) —0.194(RMR5)+0.360(RM
R)—0.401(Q)

Qo Al 9} m}zt7EA]l 2 Figure 3& Model 229 AEA85E dH3tH S o él’ﬂ]%k-"—} A&4S
Zvzy A A3 FAo 2 ojojA e A o)1 Figure 45 Model 228 A& W49 ASE 9
oz e Jetd Aotk 7t2F9 £AE 18719 ¥4 X1, X2, X18& “]’E]"{“_ Ao},

| Validation Set (Model22) l
25 v .

— I ot Y
—=— Measured Data

--+--- Predicted Data
20-1 "
o 154 B -
= !'
c i 4
o 104 + L -
3 !‘e\ ;
I
(6] ﬂ E\:;-R+ Af .j:.%;{ﬁﬁ\:
Cha, + o
01 -
-5 v ¥ v T v T v L T v
0 5 10 15 20 25 30

Number of Data

Figure 3. Performance of the fuzzy model for cohesion on the validation data set
(25% of the available data).
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(a) Rule 1 (b) Rule 2
Figure 4. Consequence’s parameter of Model 22.

33 oparzt
o2z dardel HAFHL g8 g

<Model 23>

Rule 1 : If x;is low then

(v} & ZH)=—0.081+0.776(¥] F)+0.038(F 5 &) —0.302(Po & =)+0.209(S & &) - 0.127(¢ 5 7%
£)+0.147(2 A3 Al 4°)+0.039(F o} 4-8]) —0.260(1 F 7 5)+0.206( A 2 8 )+0.086(7H22)+0.047(

RQD) —0.156(RMR1) —0.014(RMR2) —0.133(RMR3)+0.099(RMR4)+0.010(RMR5) +0.244(RM
R)+0.041(Q)

Rule 2 : If x, is high then

(v} & 7})=—0.203+0.985(8] F) — 0.211(F4-&)+0.056(PH} & =) — 0.254(S & =) — 0.016( ¢ =
73 =)+0.049( A3 Al 5°)+0.052( X o} 4 H]) — 0.068(1 A 74 =)+0.013(H & 9)+0.024(v} & 2}) — 0.02
5(RQD)+0.078(RMR1)+0.025(RMR2)+0.069(RMR3)+0.050(RMR4) +0.040(RMR5)+0.048(RMR
)—0.074(Q)

ol A ¢t vl A 2 Figure 5& Model 239) AFARE AH39S © AA#GA AF53S

Z4zy AAMT Aoz olojaA e Aol 1 Figure 65 Model 232 ZEF W49 A4S ¢
fzefzz ekl Rolth 7t2&e £3E 18709 W4 X1, X2, X18€ vEhd Aol
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Figure 5. Performance of the fuzzy model for friction angle on the validation data
set (25% of the available data).

9 VMHR21BNYIBIBT

(a) Rule 1 (b) Rule 2
Figure 6. Consequence’s parameter of Model 23.
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Table 4, 5, 69l YELUHRATH £ AFNA Add HA 2D RMSEZL 74 & AL ¢
At ol Aol 543 43S wgstd AAP AAH Wiy HAEAL AR e
A8 E27H doly Fe2e3 Wy o3 gFH Aoy Yio AZAE L F&EA2)
A AR AP R dE&5do] o Holge HAttn Aztw

Table 4. RMSE obtained from the conveniently used equations and model 21
for deformation modulus.

Proposer (year) Training Data (GPa) | Validation data (GPa)
Bieniawski & Serafim (1983) 16.61 1474
Nicholson & Bieniawski (1990) 6.06 545
Trunk & Floss (1991a) 6.73 473
Trunk & Floss (1991b) 7.27 5.25
Grimsted & Barton (1993) 20.77 22.66
Kim (1993) 8.09 8.21
Honisch (1993a) 6.12 5.67
Honisch (1993b) 7.23 8.11
Mitri, et al. (1994) 17.42 19.48
Barton (1995) 20.41 20.68
Aydan (1997) 12.90 12.09
Fuzzy Model (Model 21) 2.79 434

Table 5. RMSE obtained from the conveniently used equations and model 22
for cohesion.

Proposer {(year) Training Data (MPa) | Validation data (MPa)
Bieniawski (1989) 4.12 5.91
Tsuchiya (1984) 15.90 14.39
Trueman (1988) 291 2.88
Kim (1993) 2.62 3.94
Fuzzy Model (Model 22) 1.42 191
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Table 6. RMSE obtained from the conveniently used equations and model 23
for friction angle.

Proposer (year) Training Data (Deg) | Validation data (Deg)
Bieniawski (1989) 5.7 6.1
Tsuchiya (1984) 8.8 8.7
Trueman (1988) 6.8 7.2
Kim (1993) 45 39
Fuzzy Model (Model 23) 1.3 1.8

4. 2 &

B A7E ARTRE AAA 2% JHWFE o557 Y3t HAEE HEHAT.
7129 e A AERREH A& AP L o) &3] AAAY FEEHA WHE B
4§ Monte-Carlo A& ol 7P & o] &3 Aeolnh. AFAF B+& B Aol AN
go] gloy 4+ Auith o7t s ZE @R dEHo2 HE37] oy ¢H, HAFHo|Y
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580 7b4 £L& Model 21, 22, 283 238 4oz AR A-E B A4 v5H F
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