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Study on the Fuzzy Inference System for Objectivity of Ground
Evaluation in Tunnelling

Man-Sup Cho and Young-Seok Kim

Abstract. This study has for its object to increase an objectivity of the observation result in the face mapping
of tunnel and to suggest the reasonable support and reinforcement methods to be considered the rock properties.
It was developed in this study to the tunnel stability evaluation system(prototype NFEST) to be used fuzzy set
theory and neuro-fuzzy techniques, and this system was verified according to the reliability evaluation between the
36 learning data and the inferred results. When it summarized the results; (1) 12 evaluation items and ranges were
proposed to be modified basis on the RMR which are well known to the domestic workers. (2) It was shown
that correlation coefficient(|R]) between RMRy inferred by 12 items and RMRq, due to arithmetic total, RMRuw
due to subjective judgement of observer are relatively high relationship with each 0.83 and 0.79. (3) Inferred result
of the total tunnel safety shows also a good relationship with RMRiyr (JR|=0.7) and the rock weathering(|R|=0.84).

KeyWords: Fuzzy set theory, NFEST, Rock classification(modified), RMR

£ R HYS U AN AR A@ge SUA7 L ANkEgel ARt Ardd U REFHE
ANF7]) fgte] & Q8 STk B ArdME HARHel2H FRAR 7Y 52 283 prototype]
Eld Q8997 AIARNFEST)S 78t T, 36709 S AR 5L dA o R ARAE Hrlste] vims
WS IS S 4 AUch & A79) 27E ek, (1) B AulEste] fol g sl A 71&AtolA)
os% RMRERES 2AR 127 371352 AA3tgch (2) 127 B7HEof os) 2 RMRudt T} Ab&o)
O3 RMRop gl 12| 1 2ALALS] 52 ghko]] 913t RMRuwdt Atole] A tAl 4R 242 0833 0792 vl w3
= A4S UEiITE 3) B el dig A P88 RMRi(RI=0.7)9} AHE3H = (Ri=0.84)
oA wlwA ¢ AL Uitk

HAO: X0l 2, EANIE A, ubEEZ=Rel), RMR

€ o g AEAGH] WY F& o= Y= 38T
Aol @lch Iy ABRRF #K(1990), g
£§(1999), Al 2(2000) 52 FARRRY] FAEH}
Agte] w2 Ay 9 2d5%4 T uAY weldEE

1. M 2

E o] AAloll= ARERALY] 7147 - 42554 ghAleL £
% - d(inaccuracy), Bl'd77r 27| ol A(fuzz-

iness) TL]31 A}E4F] 39| 2 Fobserver error) S
o] WAE]o] Qirt. T2jBE Bl kAT AANAAS
a3 AT $517] sl A A9 ApkzAL
9} tlEo] AlF 59 IH ZAl(face mapping)”} ulf
£ Fashy, 9 AT del HRgFHe] A

DA s, FhebAL (U AR Bldy b
459, gepetal, AR Oistw Toboist AYEshy gas
A 20024 79 262

AAF ghzel: 20039 19 209

Tl 71eAt ® HE7H] AEA] A =313
ool wet dNER daprt Aolg B 5 S-S
A=k olefst BAES HABHA71Y]) stel
Yu®} Zeng(1983), Nguyen®} Ashworth(1985), -+ 2]
(1994), $=71d71ad7-2(2000) 5= RMR 7HH
9, A3AEY, HAO|E5-& o83t ANHER, HY
o] oMYA H BATA & Gtk 2t ol
ATARES AFA A 2AHRQD, HEH 744 )l
AR AJAA o7 gk nefrt vge Aoz




Bgat AsHgzt 7

stotelQict. whebA Bdo) QPEA4E H7Rdo SlolA
AHEe] TR-EA4T% BdY FEAE S5 Bkl WY
SRRENEEESBER P N R
£ A7E pPsigtt & dFolxe WA, A 9
(2000), Bieniawski(1984), &rh £](1989) 5& =uj<]
BYRAZRE 7|20 RURERE 7102 & 127)
o ANER7E 2AFE U H7ReH HE)E ARIEHA
oh I3 AR A eatg Bkl HF 3
7o) ZpRe Haslr] skl HAYRI R A
S3tct olet FA Bd o] v D/BAIAE Y T
AR B(FE-HAZY EFS 0183 prototype 2]
B g X 9k 7FA] A F(NFEST; NeuroFuzzy Evaluation
System of Tunnel face)& ARSlo] <ljo] 4] 9 Ak}
Eld ABAEES e & Aage] #8/4de 73]
Hket

2. B YHrHo} J1E| miet

19409 FHHEE A Bk gl A
of gl FholAl: RMRERS 7802 24 7w
ER/1ES A4stel Agata qlow], FlM g
Ht MERE ZESY, oS 4 Byuss 5
o] FEAel ZAYROL TH] qirk. ATFOR
AGE 4 gl PERe) B4 e T Pk
o BE Ao H8Y 4 93, FEIEO] ATl
o w7 A
o AAo| WA vke] B ThBAL 0|0l
A Qe A

21 E{d YUHHIHEE {UBt EAEEERH

£ Aroide Bde] epgailels AlgEls tRERE
9] g, oy, B 55 4SS}, Bieniawski
(1984), &rh £](1989), 4l £J(2000) 5-9] FH<] 304
7HA] ol el RV IMES R3] Table 13+ 2
o] Eld WH7} ZARGES skt

ol 127]9] RANFEL B E{E<] W} FHA|
Hie] B4 58 53] 9EE 4 o1, HE A4
shete] Alghd, @A7IEAEe) SUE, 2419 o4
o yodsle] Bieniaswkiz} A|oHst RMREH O] whe
0 SFEGE V12T ysct

Table 194 1 ~61H 52 WA o] AejE 2A}5)
of g Aute) AHEE 7] et 2ARGE Sl
o, iR ZARS] S o3t WEo 2 TAE
of 9tk of7lo)A] 5ok 61 FEL T B& e
7F EAes 739l s, 1 Za R uet
o A 59 EAS BI] AR =olet ol
7~1097HA RMRER S| §502 HeS4 2 A
sle gl UERITh 119 1288 e
9] arching effect® HIE3et Aoz A AUAEY =
o FTTE Aol TS ZARE 4= Qe G2 5ol
o, ARRgte] bl Evlaie] v Hye| ¢S
wetetat shet

2.2 oldbmy) ZAIESE WIS

127}2] ZAFEE| tiet H7h5F-2 Table 29+ 7+
o] data sheet& 2MJFaL, 2 S| o&Esh=
APEA S Hhgdte] sHsst BAA)] FrMsHeR
gt ER YR HFH WY Ffo=

Table 1. Proposed 12 input variables required to evaluate safety of tunnel.

investigation method items

evaluated sub-results main results

number of different rocks

rock type

weathering

ratio of rock type

hardening of rockmass

width of fracture/fault zone

face mapping . .
orientation of fracture/fault zone

effect of fracture/fault zone RMR value

joint spacing

joint condition
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orientation of joint

&
tunnel safety
effect of joint

—_—
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groundwater inflow

—_—

point load index

laboratory test

—
N

overburden

arching effect
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Photo. 1. Tunnel face consisting of soil and rock core(left) - granitic gneiss(right).
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Table 2. Input data sheet from : Engineering classification of rock masses.

) . igneous metamorphic sedimentary . fracture .
kS o
(1) Number of different roci ratin, (2) Rock type rock rock rock soil zone rating
LFF_ i 2 over rock types including 30cm oven 10 graphite sand fault
include ilarge-scale fault/fracture zone ) ery poor rock tale clay | metamaphic 1
Set2 2 over rock types including 20cm lessf{ _ || |- A : LTS S SO weathered
— 2.0 intrusive shale shale
SGouge ismall-scale fracture and gouge poor rock i 2
imestone
Set2 5 " 3.0 . schist sandstone
¢ rock types fair rock quartzite tuff 3
Setl_ ! single rock type and/or 20cm less 40 good rock rhzol{te gr;exss colr.lglomerate 4
SGouge ismall-scale fracture zone or gouge T e an E§1te S atc:: IMESLONE | Lo fl e
granite phyllite
Set! single rock type 5.0 ery good rock| diabase 5
gabbro
(3) Weathering rating
Extremely | Rock texture is partly preserved, but grains have completely separated.
W Y. Material crumbles under firm blow with a sharp end of a geological pick and can be peeled off with a knife. 1.0
) Completely weathered fault, shear and/or intrusive zone about 50cm over.
+ Discoloration extends throughout the rock and the original texture of the rock has mainly been preserved, but separation of thq
IHighly W.! grains has occurred. 2.0
- The rock is broken small particle with heavy sound by geological hammer.
Moderately: - The rock is broken according to the joints by the geological hammer. 1.0
Ww. - Moderately weathered metamorphic and/or sedimental structures )
Slightly |- The rock is largely broken according to the joints by the geological hammer. 40
W, - Slightly weathered and/or fresh sedimental structures )
Fresh - Unweathered/fresh rock. 5.0
(a) fresh (b) weathered value value
very small | 10% less (10% less) (a) very small width 0 ~ 100cm
(4) small 10~50% (10 ~50%) (5) small width 10 ~ 140cm
Ratio of medium 30~70% (30~70%) Width of | medium width 30 ~ 170cm
rock type large 50~90% (50 ~90%) (b) F/F zone large width 60 ~ 190cm
very large 90% over (90% over) |[( ) very_large width 100~ 200cm
value value
Voo v, vy Vovy avlwaw |
= 7= ==
wwr\‘m :’r-"nwh " e i s
.(6) . e =] 9
Orientation| || JI=D Orientation
of F/F - .
I of joints BN
zones e —r
,
A a8 AL ue FEXT
Hodo skF el 1 uf g wi-12
value rating |
Soil totally soil 1.0 (10) Flowing 1.0
. Soil SBlock soil and small blocks 2.0 Dripping 2.0
7
(7) Joint S Block small blocks 3.0 G"’:’"d Wet 3.0
spacing S LBlock small and large blocks 4.0 .wa °r Damp 4.0
LBlock large blocks 5.0 inflow Completely dry 5.0
rating
Weak gouge Soft gouge > Smm thick or separation > 5mm continuous 1.0
(8) Joint Fair gouge Slickensided surfaces or gouge < 5mm thick or separation < Smm continuous 2.0
conditio Plane Slightly rough surfaces / Highly weathered wall 3.0
" Rough Slightly rough surfaces / Slightly weathered wall 4.0
Fresh Rough Very rough surface / Not continuous / Unweathered wall rock 5.0
(11) Point load index(ls) value (12) Overburden value
Very low | less 2 .. Very_shallow less 1D
i * 54 shallow 1D~2D
.ow e moderate 2D~4D
High 4-10 high 4D ~6D
Very high 10 over very high 6D over




10 2 - AGH  HGA Wlel ABSE Y HAFEALY AT

5
4
[72]
o 3
Q
| [
32
C
1 . I
0 . . . .
very poor fair good very
poor good

linguistic variable
(a) gneiss

Figure 1. Examples of rating based on constituent rocks.
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Figure 2. Typical procedures of a fuzzy logic system.
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Figure 3. Structures of a NFEST logic system.

11
items numbers
Input Variables 15
(Total)
Output Variables 9
Intermediate 0
Variables
Rule Blocks 1
Rules 2675
Membejrshlp 119
Functions

(a2) Number of different rocks

Term Name Shape/Par. Definition Points (x, y)

LFF include linear (1, 1X3, 0X5, 0)

Set2 SGouge linear (1, 0)(2, 1)4, 0)(5, 0)
Set2 linear (1, 0X1.5, 0X3, 1)X4.5, 0)S5, 0)

Setl gouge linear (1, 0)(2, 0)4, 1)(5, 0)
Setl linear (L, 03, 0)5, 1)

(b) Rock type 1, 2

Term Name Shape/Par. Definition Points (%, y)
VPoor Rock linear (1, 1)4.5, 0)5, 0)
Poor Rock linear (1, 0X2, 1)4.7, 0)(5, 0)
Fair Rock linear (1, 0)1.1, 0)(3, 1)(4.9, 05, O
Good Rock linear (1, 0)(1.5, 0)(4, 1)X5, 0)
VGood Rock ‘ linear (1, 012, 0)5, 1)

Figure 4. MBF and definition points of input variables.
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(c) Weathering 1, 2

Term Name Shape/Par. Definition Points (x, y)
LFForExtrem W linear (1, 1)(2, 0)(5, 0)
Highly W linear (1, 0)(2, 1)(3, 0)(5, 0)
Moderately W linear (1, 0)(2, 0)(3, 1)4, 0)5, 0)
Slightly W linear (1, 0)(3, 0)(4, 1)5, 0)
Fresh | linear (1, 0)4, 0X5, )

(d) Ratio of rock types 1, 2

Termm Name Shape/Par. Definition Points (x, y)
very small linear (10, 1)30, 0)(90, 0)
small linear (10, 0)(30, 1)50, 0)(90, 0)
medium linear (10, 0)(30, 0)(50, 1)(70, 0)90, 0)
large linear (10, 0)(50, 0)(70, 1)(90, 0)
very large linear (10, 0)(70, 0)(90, 1)

(e) Width of F/F zone

Term Name | Shape/Par. Definition Points (x, y)

very small linear (0, 1)(99.5, 0)(200, 0)
small linear (0, 0)(49.3, 1)(139.7, 0)(200, 0) 0
normal linear (0, 0)29.2, 0)(99.5, 0)(169.85, 0)(200, 0) az
large linear (0, 0)(59.3, 0)(149.75, 1)200, 0)

very large linear (0, 0)(99.5, 0200, 1)

(f) Orientation of F/F zone

Term Name Shape/Par. Definition Points (x, y)
very unprofitabl linear (-12, 1)(-5, 0)(12, 0)
unprofitable linear (-12, 0)(-5, 10, 012, 0)
normal linear (-12, 0)(-5, OX0, 1X5, 0X12, 0)
profitable linear (-12, 0)0, 0X5, 1)12, 0)
very profitable linear (-12, 0XS, 0)(12, 1)
(g) Joint spacing ) e Sk . LElort
Term Name Shape/Par. Definition Points (x, y) e8] - - . T » S S N
Soil linear 1, D2, 0)5, 0) 06 A / / R
Soil SBlodk linear (1, 0X2, 1)(3, 0)5, 0) a4 PN s
S Block linear (1, 0X2, 0)(3, 1)(4, 0X5, 0) : 4 : «
S LBlock linear (1, 0X3, 0)(4, 1)(5, 0) TS
LBlock lincar (1, 0)(4, 0)5, 1) 40 %0

(h) Joint condition Rouh _ Fresh Rou

Term Name Shape/Par. Definition Points (x, y) e
WeakGouge linear (1, 12, 0)5, 0) 2
FairGouge linear (1, 0)(2, 1)(3, 0)5, 0) R
Plane linear (1, 0X2, 0)3, 1)(4, 0)5, 0) AN
Rough linear (1, 0)(3, 0)(4, 1)5, 0)
Fresh Rough linear (1, 0)(4, 0)(5, 1) @ 50

(i) Orientation of joint pioftable _ very piofable

Term Name Shape/Par. Definition Points (x, y) /
very unprofitabl linear (-12, 1)-10, 0)(0, 0) S \ /
unprofitable linear (-12, 0)(-10, 1X-5, 0)(0, 0) e
normal linear (-12, 0)(-10, 0)(-5, 1)(-2, 0X0, 0) /"
profitable linear (-12, O}-5, 0)-2, 10, 0) ~ ~’(,,,,V,.;.,040

very profitable linear (-12, 0)-2, 0)0, 1)
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() Groundwater inflow
Term Name Shape/Par. Definition Points (x, y)
flowing linear (1, 1)2, 0)35, 0)
dripping, linear (1, 0)2, 1)3, 0)5, 0)
wet linear (1, 0)(2, 0X3, 1)4, 0)5, 0)
damp linear (1, 0)3, 0)4, 1)5, 0)
complete dry linear (1, 0X4, 05, 1)

(k) point load index

Term Name Shape/Par. Definition Points (x, y)

very low linear (1, 1)3, 015, 0)
low linear (1, 0)(3, 1)(7, 0)15, 0)
high linear (1, 0)(3, 0)7, 1)(10, 0X15, 0)
very high linear (1, 0)7, 0)10, )15, 1)
(1) Overburden
Term Name Shape/Par. Definition Points (x, y)
Less D1 linear (0, 1)2, 0)8, 0)
D2 linear (0, 0X2, 1)(4, 0)8, O)
D4 linear (0, 0)(2, 0)4, 1)6, 0)8, 0)
D6 linear (0, 0)(4, 0)6, 1)8, 0)
Over D8 linear (0, 0)6, 08, 1)

Figure 4. continued.
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THAR F AEASH 0-00 3= 2AlE
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ojF AT thFE Ft 11@5101 A FZAL A "4-
S, B o eter ERFEY. 223
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Table 3. Examples of data sheet of the NFEST.

AE5 aA Y A= k| B E | o
variables in00 inl11 inl12 inl21 inl122 in131 inl132 in21 in22
in_001 5 4 1 2 1 10 90 0 0
in_002 5 4 1 2 1 10 90 0 0
in_003 4 1 1 1 1 10 90 3 0
in_036 4 4 2 3 1.5 65 35 0 0
dale | Ayl | "W | Rske s Edn
gl - - -° s < RMRorg | RMRchk
variables in31 in32 in33 in40 in51 in52
in_001 1 1 0 5 2 3 22 40-20
in_002 1 2 -12 4 2.5 3 15 40-20
in_003 1 2 -12 4 2 3.1 15 40-20
in_036 3 1 0 3 1 2.8 29 40-20

a2l 2ARREe] A o] olF) AR F &
ab e 2% o]4de] o] REEH A B2 A3l
o] fddol glE D5 5 Zo] Ak&Ad RMRYE
o 32 55 FosiA @ 399 RMRI(RMRchk)
52 ZAstgch o Gabe) o)dt 2a1dn 2 A
A zAHETRe] A%, wPHEH SigEE Hrisd
€ 4 Bl Hod AegA 71dsida, e
o7 £ 52 BHo| 7Het 2AMEIN:E A 2AH
ol =R2A 7IYstact B3 A3E s
Azt YrE AEFEE At 7 AR
Hpol gro g F g AAstaL dd e B
Tl FHHEE ol§3te A3

4.1 NFESTS| FRIj&E K& (Figure 3 ZX)

7k RMRissgkoll tigh 32: RMREFOIA Y] 67] 2A;
FE vwA Fgo] &2 NFESTY 2ARME
5& o83t 3T Tl 3k RMRinghS 5
E8to] HOITh(# I RMRope YPATHEYUA] 9
Abedtoll &%t RMRZLO|™, RMRu= HHa-H2kat
7h abadhat HEe ANEAS AR dus)
o] A7%e RMRglolt})

1 74 E(total weathering) F2: ZARIZEE
AAIE 2P ¢huke] RMR AAERKEAEY, 4
oL A, e FRE)E Hx =] o3t A}
oF 4% vlaste] Hfrh

ok HelH Pg/d(oint safety): EldolAe] HajH &
Art delde wet fdEle Akl 71Qlet

A ML FE8) Btk

gt Aste | A 22 oY oblel B3l
HeH 7Hd, 20319 3717] FES o] g3te] €Y
W Aete FAeaks HRE2 93 o &319ch

ab. S oA P AdEr 22 7 wabEo) idt &
T3l IS FE2S Aol F3H A E(total
weathering), A2|HPAl(oint safety), Tha)/ghZ
o PYA(F/F zone safety), 234> oA} |-
(inflow groundwater)5-& AFS. H|wwdte] 2t

4.2 prototype NFEST F=2Zut 2M

(1) RMR3) 48 245

Figure 5+= RMRix@t3 RMRo af H AR A3
2 gde]] o] HoEH RMR (RMRaw)3HS] AFaHAdS:
Uetd 29024, 22 RMRwilY RMRuy,
RMRuw gl Ate]9] AdtAle= 212 0.839F 0.792 vjm
2 FEF AL VR &, & dTolA Algt
gt R SET BUMSHE o]8ste] whHel &
A AAAEHE HRAFESE o= 7]&2] RMRE
7ol 23t RMRoét @ RMRew#t=3 H]33] $ARSE
ANE JepHS o 4= %Itk 1213 Figure 69 A7)
9 37] 8| ZEEol gl Hi xS == vehd
Ao, RMRiwrat Tt RMRawgre] 24H-8-2 19.3%, RMRins
Z RMRo 819 L 3HE-2 16.1%2 2AEQITE &,
ZARRLS] HE A gte] o) 2t H RMRuw 7] A
A RMRogglol Higte] thd A3hEd|ql, A
upke] AElE 188l RMRawdtd HA|SE0 2J3t
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Figure 5. Comparison between inferred and original RMR values.
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Figure 6. Error rate of inferred and original RMR values.
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Table 4. Compare inferred with original weathering.

194 : SuA woke] AT R ARABAAY AT

i Ration of Rock R Result of NFEST
sample no. Rock types Weathering types Data from face mapping (inferred weathering)
1 2 1 2 1 2 RMRorg | 1 o2
in_641 4 1 2 1 10 90 o, Z¢ / E3E 22 38.326 8.338
in_602 4 1 2 1 10 90 S5t 7 F3E 15 38.326 8.338
in_ 600 1 1 1 1 10 90 3HE 15 8.338 8.338
in_597 1 1 1 1 10 90 $3E 15 8.338 8.338
in_596 1 1 1 1 10 90 FHE 15 8.338 8.338
in_580 4 1 2 1 20 80 e 15 38.326 8.338
in_548 4 1 2 1 55 45 3/ FBE 15 38.326 8338
in_545 4 1 2 1 50 50 3/ FoE 15 38.326 8338
in 538 3 1 2 1 30 70 T3/ FEE 15 37.068 8.338
in_525 3 3 3 3 90 10 a8 45 48.648 48.648
in 522 3 1 2 2 60 40 A 28 37.068 24.998
in_516 1 1 1 1 50 50 A3 22 8.338 8.338
in_498 3 1 3 2 85 15 a4,5Y 22 48.648 24.998
in_489 3 1 3 1 90 10 et 50 48.648 8.338
in_481 1 1 1 1 50 50 A/ Fope 22 8.338 8.338
in_477 1 1 1 1 50 50 Fal L A )y 22 8.338 8.338
in 474 3 1 3 1 35 65 A3/ FEe 22 48.648 8.338
in_456 3 1 3 2 80 20 A5/ FI 62 48.648 24.998
in_785 4 4 3 2 50 50 At/ F3t 55 57.236 38.326
in 769 4 1 3 2 50 50 o/ s 52 57.236 24,998
in_697 4 1 2.5 1 80 20 A3/ T 45 44.998 8.338
in_693 4 1 3 1 85 15 .3 / T4l 44 57.236 8.338
in_689 4 1 25 1 85 15 A, 3 7 a2 44.998 8.338
in_616 4 | 2.5 1.5 45 55 A, /7 = 35 44.998 19.446
in_613 4 1 25 1.5 65 35 A5/ A 35 44.998 19.446
in 323 4 2 3 1.5 75 25 A5 /7 =AY 61 57.236 23.042
in_320 4 2 3 2 80 20 4,5 / Sy 61 57.236 29.166
in_207 4 1 25 1.5 48 52 A,ES / T4 36 44.998 19.446
in_191 4 1 3 1 65 35 A, Ze / S 32 57.236 8.338
in_186 4 2 3 1.5 50 50 3/ oadg 36 57.236 23.042
in_184 4 2 3 1.5 70 30 3iek / F3te 36 57.236 23.042
in 182 4 2 3 1.5 75 25 3/ FEE 36 57.236 23.042
in_179 4 2 2.5 1.5 55 45 H,F / S 61 44.998 23.042
in_176 4 2 3 1 45 55 A/ 61 57.236 17.902
in 133 4 4 35 35 50 50 HE /A% 48 59.998 59.998
in_114 4 2 3 1.5 65 35 At/ FEet 29 57.236 23.042
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A SRR, WY B 58 SR 4R
o A=y ol WARRe] A5 A
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Figure 7. Comparison between inferred and original inflow
groundwater condition.
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Table 5. Correlations for element outputs and total safety evaluation.

Corr.(|R]) F/F zone safety; joint safety

total weathering|groundwater inflow

RMRin¢ RMRunk

tunnel safety 0.38 0.47 0.84
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Appendix 1
| NFEST - beginning window || NFEST - input data sheet

w MEST(Warpiuszy Evauation System of Tupnel Face) 1

e BRE ¥y ZIASE RSSVH FuylehR) !?}im g(m ERY

NFEST(Neuro Fuzzy Evaluation
System of Tunnel Face)

w Input Sheet
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Ver 1.08
Appendix 11
NFEST - selection windows of rock types H FUZZYTECH - inference procedure and results J
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NeuroFuzzy Evatuation System of Tunnet Fac§ G s

#11 More Hard Rock Mass Propertes
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