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SYNOPSIS : Rock masses represent natural systems that are inherently complex and in which
multiple mechanisms occur. Rock engineering systems such as tunnel and slope interact with
surrounding systems through an exchange of both mass and energy. Accordingly the complex
nature of rock masses calls for a system approach, and the open nature of rock engineering even
requires the engineering to be controlled by a system approach for surrounding environments.
However, traditional methods cannot take all variables and their interactions into account and are
limited to the system with single mechanisms. Therefore, they are not proper for a complex and
open system, and also cannot portray the whole system. Thus, a system approach is
indispensable to rock engineering for dealing with the whole of a complex and open system. In
this paper Mechanism Path Analysis Methodology (MPAM) is introduced for a system approach
to rock engineering. The analysis by the methodology gives us all the information of systems
behavior in the context of the whole system in order to accomplish the optimum design in
accordance with the project objectives and analysis purposes. As an application a conventional
model for the evaluation of TBM tunneling performance system is analyzed by MPAM and the

result is compared with that by a traditional method.
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2.2 Cascading System
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2.3 Process-Response System
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Adjacency Matrix 2% ¥ Pathway & 2Zstc wA°It. 22y AlAR0] wfg Hitsto] B2 HE
9} Mechanism 22 FAEGH A|AHE uf$ E3e Network 2E ZEHo] HZA 2 Mechanism
Pathway & 27381 1 29 @& 7 Lol Wi¢ AqHA @t @A Graph Theory o 71%&%
Path Algebra & 239" Mechanism Network € Adjacency Matrix 2} @l o8 otg 2 3.63’}
Zo] ZtdstA BEE 4 ik

A =EQADAL D04 D -
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A}7) Path Algebra Equation °lA] 4+ a3 Network 2 Adjacency Matrix 4] 23L& AlAE 9]
Binary Interaction Matrix (BIM)& ou]dts A" = Fstuak = AlA"2) sl Fully Coupled
Mechanism (FCM) #Aex= Global Interaction Matrix (GIM)& 2v]&t3 Critical Mechanism
Path Analysis (CMPA) 3|4 elX & Critical Effect Matrix (CEM)# Critical Path Matrix (CPM)&
oulgttt, 2 3.69 ME FA F37]1 Y:MA Jordan Recursion Algorithm ©] =JHRZ FHEE
FCM 3 CMPA £ 9% a4 €xnadEFL 24z g7 #oh
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Jordan Recursion Algorithm for FCM

1
a(k) (a(k vy =1 =)
a =al™" aly for izk
(k) _ (k)  (k-1) .
a;’ =ay a, for j#k
a =af™ +a§VaPal™  for izk, j2k

Jordan Recursion Algorithm for CMPA

1
a(k) (a(k ) =1 %=1y
(k) —a,(k'c Va (") for i#zk
ap =alal™ for j#k
if there 1s a common node between a('c Y and a('c .
5") —max(a(k D (k 1)a,(d'c‘)a,(g" l)) for izk, j#k
else
a;? =max(af™,a{a} ,ay Palal " for izk, j#k

4. TBM 7|AHI=Z% A|2H0f CH8t MPAM 0|22 =HE

Tunnel Boring Machine (TBM) ol & 7AlZ& AJA®L 51}2] Open System 02 ik, #HEE)
714 2 2XE&SE XEEE 80 BEYE AHSFE 7o ™ A (set) ©)tk (Cigla and

Ozdemeir, 2000). o] ALY g} ZAL & 2AEd & JE3UIE g w3 & 2AS
o °"3Ea o getA o] ZAEL ALY AoM Mz d-Ae] BAAES FAs T Q7] wEe) =
E° EAF Open System 9 383 23& 2ulzA 24387 JalE A28d HI wo]
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4.1 7|E sHMzA

TBMY 8582 Hrias UL A8 FA9 Mz do] AAHe Utk st NTH 222
TBM AAAIA®o] @A AP & 58 F3A T 7|2Ho Ju dE = CSM Ed=
Z7h 2l Ao st g 71xgol Ak 244 H2 PHS M2 g8 HEELY @4 Fd
A< 2t3 vt NTH 292 Norwegian Institute of Technology 28] 7| e ZRoz #AyARoz ¢
AEA, gz, A8 9 23E o AARNoR FE o FEAH gz LA A
(set) oltk. o] e Fa% ujs FAAARH A GF4E B3 AAALY Yo AAHow
EEA7IR Joed o, 28y dHeEE o] W] F2 FALY A=e HstA dEstn Yl W
ol o] el ot dAFo] AF A|AFo] FAS Y W aHAY £ Jdvk= Aolh. CSM
232 Colorado School of Mine oA 73t shiog Zhy) AEQ AHalg oz RE AFsle] A
ZNAFRY, AA AHIEe Y 2Fx0E ZF U FHelth GF5d gES AA HXE J1AY

F38 9 FHIG vz F PO FFolEd Y3 A2 HHE £ e FWEo] 2HIA AHY
AAY Hrte AEIV Y HaAP dF AFTHIE =t o] Al@WHolol B2 P AHE F
A A3 wRloltt, o] £71x9 71& RUEL TBM 7IAZHAARE T3 Z2XE &) Aolist
= B2 AR Z3 Qi F RAe 2 Folzx $MH BT JIAE AL UM 2R
&& dEeed 238 233 3 wAEAY AAo] UuR] Zo] VA At R EF Hol
A7) wEel AAEe] HAFAARS AL A FEH Aolo] FAE AT Uk MEL 7|IAZ
28} A& £ e ity 2h0] AR AR E FAE T slollM AA"E] A nde o HA
H3u 242 4 AL 9 3F T A7t sbes) Ao

4.2 NTH ojjxjj=2co] SHAd
TBM Z1AZZ A28 & FA8] A8 TBM 22& d5E& 43 7€ 298 Hrehr] g3t e&
EZol9 Wienerwald Bl@& )22 Jodal# Stempkowski (1995) o <&l 38 NTH &g
AAE AABLL o] AT FoA gAY AAEE FASE WFe 15 Jloln &8 A 2

< 10 72 o3 2o

A2 WS>
d : The diameter of Cutter Head m)
N : The number of Disks (pcs)
M 4 : Torque of the Cutter Head ( KNm )
A : Rotational Speed of the Cutter Head ( RPM )
V' : Linear Disc Speed (M /min )
P : Net Penetration Rate (mm / RPM )

I : Net Rate of Advance (m /h )
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F (= F,,, ) Max Drilling Force (KN )

F

crit

: Critical Drilling Force ( KN )

F

crit—0

: Drilling Force ( KN )

F

ari + Rock factor for DRI
DRI : prilling Rate Index (%)
~ O, :Rock Strength (Mpa )

fg : Rock Mags Factor

DEG: Angle between tunnel axis and plane of weakness (° )

<Mechanisms>

N=7-d
14

n=—
nd

M, =60-d’

crit = crit

b
Pz(F“’a"J where if F, <100, =0.013-F_, +0.95

crit

if F_, >100, b=0.035- E,. -1.25
I=0.06-P-n
ch = Fcrit-o 'Ein'

F,.=0.0001(DRI)> - 0.0229(DRI) +1.8225

dri

DRI =0.0016(c,)" -0.6907(0,) +118.6647

F

crito

=7.9242( fg)’ - 66.0682( fg) +180.5167

fg =-0.0003(DEG)’ +0.073( DEG) +0.7399
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BAAzA wet WG 5 Yok e A
&9 AEY AFUAY 27EA€S 43E 271469 4Pzel da AHHAL FF LA
M kel W] dEsA Wk B o9 ZzAEdN zrlzdez

Fojx W 159 ol d=95m , V=150m/min , F=200KN , =145Mpa, and
DEG=60". o = Fo|Z Mechanism & A3t &8 2HEL [=1.4870(m/h) ojt}. & o
H4E NTH 220 % e Foix 271229 A5z J v 23¢9 o%l%fg + 9L
woltt, & TBM %wlw“’ TS e AFEL Aojste] gk, 714, AH @ 4z g
AAzAL BAY & AAY AASE Rol Brhssch wetA e Sy @#AE I2sn
AQAAZAL wsm Astol Nade) RE WEE AT £ Y& M2E PHE0) TBM 2%
Na"e] HgEojol ATk oEEW Vg YFE F& M5S0 Ao} 33 EF 1 FFY
AErt Aot B qdok ZRAEs} 27 FWEL BT + ST 9FL FE ¥5E A
FHOZ A & 7] wWEolth sl E FHAN2YY e W5 L7z dHME Axd

S AN & Y= AYZYH A PHe] Peste

4.3 MPAM O[Z0] 2/8 NTH GIH=Ho| 5

TBM 2#A|289] 7|ER2EQ NTH 29o] 23 Jle 4§ F53x AN2RS F83 53 g4
S A% HAZA0Z F5387] Y8 MPAM (Mechanism Path Analysis Methodology) ©]&¢] <3
At o] o2 AAE NTH 2de A&dc}t, a3y 8| E MPAM iAW o] AL 9} styads

W o

71 BH fAMHEC] Za A= FAe FHEE F Yoy e A7 2u Y dHFY FH

Mechanism & AgeX 2+ FHS FE37] o5& A02 gidn. FoR A28 A5 15709
Fold 10719 ANA2 o2 HE 59 147019 Binary Mechanisme ©]£3t9] Labeled Mechanism
Network & TZ8W 1% 4.1 3} Zt} ©] Mechanism Network C2RE A|ARL 34 4749 1§,
= 714 (Machine), % (Rock), AEl (Cutter), 22 & (Advance Rate) 522 U¥E & QEdH o)
ek A2 a5H 250 459 AFEo] A2 AFHZAQ Interaction BAZE HAH YA ¢L B

Cutter Variable Group

Machine Varlable
Group
b+l P/F\.
Opetatlon Variable e 0.0032+Sigmac-0 06907
~V/Pivd2 Group 006
intact Rock
0.06F Variables
~b«P/Ferit
1/Pied 0.0002DRI-0.0229
dFgri
° Ferito

Rock Variable Group

Fdrl
Machine Variable ock Mass
Group var ables
‘5 84844 1g 0.0006*0EG+0.0273
~66.0682

193 4.1 Labeled Mechanism Network
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ot olyz}l A A" EA8= W4 E Alo]o] Forward Mechanism Path 9 Q2% Feedback Loop
FolE 4 QlokE Rojt}, o]z U3t MPAM #Ajol&e] ALdt et 7|& Bdo] 21 Qi+
TEZA FAR Ato] A|AHE FES] Ao & JAE AHE EEdted AV IS ROE oddrh

Al 2o AL Binary Interaction Mechanism & tjftio] njid&go]7] wjiol zt W3te

‘__'_
L

Labeled Binary Mechanism ©] AA4=7}F o}l ‘ﬂa—“i Ho ghel g &EsiAd Y. welr o] vy
A A" 2712743 FFA Y (Reference State) & Wk o] &3] Lee (2003) 7} A A3 FE

Holl o&] A stedof st =iy vAdE ALY A EAs & =89 HAE xHsEE B
FolMe 271" AAE RS 7IEor AFHNee 2eE I HAE At & <A
ZAENM AAAD 2713k2d=95m, V =150m/min, F=200KN, o, =145Mpa and peG=60. wpeta] o

(M o

A Z713kS AF231Y Binary Interaction Matrix (BIM)

0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000

-0.5290 7.0000 1140.0 0.0000 0.0000 0.0000 0.0000
0.00000 0.0000 0.0000 0.0000 0.2959 0.0000 0.0000

0.00000 0.0000 0.0000
0.00000 0.0000 0.0000
0.00335 0.0000 0.0000
0.00000 0.06000 0.0000
0.00000 0.0000 0.0000
0.00000 0.0000 0.0000
0.00000 0.0000 0.0000
0.00000 0.0000 0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.3016 0.0000 0.0000
0.0000 0.0546 0.0000
0.0000 -0.1122 0.0000
0.0000 0.0000 0.0000

0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
108.1155 0.0000 0.0000

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

g T8 ten 2

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

0.0000
0.0000
0.0000
0.0000

0.0000

0.00000 0.0000 0.0000
0.00000 0.0000 0.0000
0.00000 0.0000 0.0000
0.00000 0.0000 0.0000
0.00000 0.0000 0.0000

0.0000
0.0000
0.0000
0.0000
0.0000

0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000

0.9002 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0087
0.0000 0.0000 45.4986 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.2267
0.0000 -0.0125 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000
0.0000 0.0000

o} %

A2" AA ] AL EYFHeZE BIM 9 B dAdstA dFHe HHo] ¢l # e
UA g=d FegdozE= BIM ¢ =Hoz #AE Mechanism Path Algebra %328 Jordan
Recursion Algorithm (JRA) &2 Fuw I A#7} ol 8} Zo] Global Interaction Matrix (GIM) 22
Yeldth B =R E o8 g AR S £387] Y8t Matlab6 (Mathworks, 2000) T2 18-S

A8

£ WEsol

J 5

LIS

1.0000 -0.5290 7.0000 1140.0 0.0000 -0.1565 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 1.00000 0.0000 0.0000 0.0000 0.2959 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00335 0.0000 0.0000 1.0000 0.0099 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00000 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00000 0.0000 0.0000 0.0000 0.3016 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00000 0.0000 0.0000 0.0000 0.0165 0.0546 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00000 0.0000 0.0000 0.0000 -0.0338 -0.1122 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00000 0.0000 0.0000 0.0000 -3.6686 -12.1306 0.0000 108.1155 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00000 0.0000 0.0000 0.0000 -0.0305 -0.1010 0.0000 0.9002 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.00000 0.0000 0.0000 0.0000 -0.0121 -0.0399 0.0000 0.3563 0.0000 0.3958 1.0000 0.0087 0.0000 0.0000
0.0000 0.00000 0.0000 0.0000 0.0000 1.3860 4.5955 0.0000 40.9578 0.0000 45.4986 0.0000 1.0000 0.0000 0.0000
0.0000 0.00000 0.0000 0.0000 0.0000 0.0104 -0.0344 0.0000 0.3064 0.0028 0.0000 0.0000 0.0000 1.0000 0.2267
0.0000 0.00000 0.0000 0.0000 0.0000 0.0460 0.1516 0.0000 -1.3514 -0.0125 0.0000 0.0000 0.0000 0.0000 1.0000
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GIM & AF&3lo TBM ZaA A9 &
o] Network &
Network °f w}=™
A FPHIS S ¢ F %L
& 4 Ak 2y

TC

2.0,
a2
5o
Ao
= =

s 4%

& BIM oI 9(0) o™
AEH A2 Network oIME AFAH gol T2 1§ DA WA
HAG ok oRS 2R

=
T

QA ¢y EEk ojwF My % Feedback Loop Mechanism
2 oA 2do] Z1 Binary Mechanism & ZAJA ZAsI= Zolu},

¥ Mechanism Network &
Al2~Hlo] Process—Response AL ¢53d I _"7}"’] A&8 FAE
T2t 22718 Mechanism ©] Q% & 7o)

[e]

=

S a2ld 1¥4.2 & #Zo
HogET

7118t} GIM 9] ] tjZrde] A&
Ztdel ghol GIM “lM &

12 ¥ A

-

Cutter Varlable Group

1140

Group

Yarfable
' )
0.2859
-0.1129 0.0238
& “12.13)
4 -3.6584, o
“0.0338

! 0.012!
4.5955/ .
dFdri ‘
155

ooooooo

00460,

Machine Varlable
Group

0.0165
0.0546°
~0,1565 u
£ e 1
e 5208 Operation Vatab! 03016 o
'

-0.0346°
0.1516.

tact Rock

0.0028

yriable Gfoup

0.3064

—

! @
’0,0307’
o PR

'
-40,9578 RockNass
' Varlabist, 4,
e S

454985 ’
5.2050
-0.0121

1% 4.2 Fully Coupled Mechanism Network

Machine Variable
Group

4.4 Szmel 24 2 g
GIM 3 ¢33 A% 2 Mechanism Network © 2 2¥ —E’—fi}@, %@.—% 98
% GIM & TBM HANARE FAsE BE WF4ES
Azl e Al2"9) 3 (solution) o]71% st} wEkA
o ofd Aelel A HE A FF 5+ o

= ozt Fojx
ZAof 419 946% B A

{Outputs} = {Inputs} -GIM

{AXf}output = {AX

i } input

GIM
(4.1)

a2 AA FANN GIM & Z714Est] F7 dguS gkl 9ste] MEE ¥ AE Binary
Mechanism ©|A T ZAol7] dige] w4 Fo ML YEHE XINHIRE Y FRoZ
Lo A 3 ARM EF) A2 BRWIE TBM HA2YY 9GEE Fold
V=>5m/min, F=10KN, DEG=-5 o,=10Mpa W& Z7|2A02RE Hgdrid o] 23
Hell g3l g3 Zol 1 e T = AU

0.5m,

= A7
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AF,..AF, . . ADEG,Afg, Ac,, ADRI}

crit-0’

{AXi}input {Ad,An, AN, AM ;, AV, AT AP, AF AF, .

input

= {0.5, 0.0,0.0,0.0,-5.0,0.0,0.0,10.0,0.0,0.0,0.0,-5.0,0.0,10.0, O'O}m

iput

{ax},,, = (8}, GIM

= {0.5, —0.432,3.5,570,-5,-0.00625,0.4015,10,1.2825,0.028,-1.979, -5, 0.0435, 10, —2.267}

output

X, ={X, +{ax |
{ '+1}new—reference—state { '}initial—reference—state 7 output

= {10, 4.5939,70,5985,145,1.48075,5.3326,210,98.6067,0.9282,106.1365, 55,1.3414,155, 49.8862}

wetd FAEL FFAAAHY] AHY wige] o z7|FHEY 0.00625 m/h WF FLE
1.48075 m/h 7} 8% & & Atk EF GIM & FFAAE o9A AHstn HH T RAAsel of
3 ololtjols AFF F Utk F olA L GIME T3 ALY & WFyEe] & ST Wy nA
E 9FE & F 37 "ot & dox 23§ (Advance Rate) ©] & ®FEo] 3 T= IF
& AR ® 4.1 3 23 53] gAd B WS F,, o ¢hite] &8 ¥y fg 7t @A FE o
2 X&Y Fae 7t M & dFE 7Ax 9,1%% 4 F Ao
% 4.1 23& (Advance Rate) o g 9%
System Variables Effects on Advance rate

d : diameter of cutter head (m) -0.1565

n: rotational speed of cutter head (rpm) 0.2959

N : number of disk ( pcs) 0.0

M, : torque of cutter head (KNm) 0.0

V : disc linear speed (m/min) 0.0099

I : advance rate (m/h) 1.0

P : net penetration rate (mm/rpm) 0.3016

F : max. drilling force (KN ) 0.0165

F,. ' critical drilling force (KN ) -0.0338

F, .t rock factor for DRI —3.6586

F_., ,: drilling force (KN ) —0.0305

DEG: angle between tunnel and planes -0.0121

fg: rock mass factor 1.3860

o, rock strength (Mpa) —0.0104

DRI I: drilling rate index (%) ' 0.0460
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9, 3 ST Y ge 9 @& nF tﬂﬁ}"]?——l g AlARS ym ] dEEo] ofd vEgE Hol
AL o5 Al g =AM £ Uk $4 GIM o F A ez RE ofd ERUSE A9s)
o I g @ @& UE BIAIIE BRE & H5EY @Y W vE O SN 38 R E
(2) &2 g Sojtt. TBM ZFHA|AE L] A A °‘ﬂ°ﬂ/‘1 ALY 9 gt FEol OE g F= ¥
= ots A& AA" Ao AdelX w9 F9F F Yo a8y 2RSAE B oE sNe dd
GIM oA = ol e oW AH{AAE Q%E‘: AUtk o] RS YoM E AAFPEA 2 ALH B

} UtE 9] Binary Interaction Mechanism ©] A3 %o}

do] zt3 Qe FARAM ALY A BoE
o3l

A ¢ 22X FE A5S 93 24T 3 QU7 HEelth

5. &=

[*3

1742 A7 =92 FE ted 22 227 Ago] o]F
< A&E A g A8 AR gk J1E 22 SAye
Al Axtell 71zt om A|AY Wt AFads E&
v MPAM o] & 9% S 2 &3 7]E 4y & £ 9o EAE 7€
T de] 4% Binary Mechanism < System Control & & FEX %3} & 7& 22 23
Binary Mechanism < #HX3tA] X3t & B9 oty A|A® ®wigIte] Multi—pathways 4
Feedback Loop & &A&tA] deth weta] AlA"e] 48t e 470 712 2§3el AA #A=
Mechanism ¢ #@3 FAg7t Frtz oz o]Fojx ol gt AAE 478 Zol ngd ds
MPAM o] &°l o&f Mgt 382 FA o HA5E & e ALY A 7bsad Zolh

2ok v 71€ 2d9 {4 e
©a3] 231 9l= Mechanism & A&
% [e]

& A3 AR B WA FEo

e
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