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SYNOPSIS - Aithough the evaluation of the mechanical properties and behavior of discontinuous
rock masses is very important for the design of underground openings, it has always been
considered the most difficult problem. One of the difficulties in describing the rock mass behavior
is assigning the appropriate constitutive model. This limitation may be overcome with the progress
in discrete element software such as PFC, which does not need the user to prescribe a constitutive
model for rock mass. Instead, the micro-scale properties of the intact rock and joints are defined
and the macro-scale response results from those properties and the geometry of the problem. In
this paper, a 30m x 30m x 30m jointed rock mass of road tunnel site was analyzed. A discrete
fracture network was developed from the joint geometry obtained from core logging and surface
survey. Using the discontinuities geometry from the DFN model, PFC simulations were carried out,
starting with the intact rock and systematically adding the joints and the stress-strain response was
recorded for each case. With the stress-strain response curves, the mechanical properties of
discontinuous rock masses were determined and compared to the results of empirical methods such
as RMR, Q and GSI. The values of Young's modulus, Poisson's ratio and peak strength are almost
similar from PFC model and Empirical methods. As expected, the presence of joints had a
pronounced effect on mechanical properties of the rock mass. More importantly, the mechanical
response of the PFC model was not determined by a user specified constitutive model.

Key words ° PFC, discontinuous rock mass, mechanical property, simulation,
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2. PFC 2Ha

2.1 B A

UDECH #o] A&7} AAdste FAHAEL g&ss 3 Zd9 dAAZTY s 42371
A @ dgol Folxl FARL o3 v A AT Aol olgjd FA= AMEAIE dutel o
gt FAREE vE A Hevt glE PFCe L /fEdes AZTEH @Az g7 FEE Aol
t}.

VAAY A= AGEY ZEE AAdFozZH, vAZE B4 AvrIsiatolAl A3 sjdez
E2d8E F U GAEofdAe sjEaesde 7] HE&F sueE AUt AECLY Mine-by test
tunnel FR¥olA BFd FH A 32 (brittle failure)e] AP B3I Ao)dth (Martin et al. 1996). PFCE
AR Ao mdaeo A& 2o AEE 19%5d AFRHNen, A AUdFHor A85HE PFC
M £H2 HHAS AAgT. o3 mdy aHFd s]EAQ "PFC Model for Rock”o] 71
HAow, ol /MELAHE AESE A AT Al FFHA AFE EAsE 3 A¥S
A&t

Itasca Consulting Group Inc.olAl 7I® PFC2D7F A4 AF % 30m x 30m ¢¥te 2d3sier
AEEIAY. PFC2D REe Eyddoz YAisty HEHAMWL Fazests, MiZoln A} A &
< Z719 9% 4R JAFAY d8H ATS BATG AAEY o)lF 2 4352842 Cundall &
Strack(1979)ell ol&] AAJE uvte} Zo], MHLAHEG ALEstY Rdiydnt £ PFC Rd&, Wyol
S8 AHED BA o AAHE Tt ol uA TR WEle BAHE, AHPHo|n &4
Fe o FAEER FEHAZG

£ dFoME PFC E9$ parallel bonded model2 7HF3te] s atsich o] Rdo] QT EE nl4

AL °‘7‘]'9]' A% A (bonding materia)®] 724 € AT WS #EFP Aotk PFCIAA Y oz
dut A S dxste VA 98y H4-E ZAS e U g8 A2HAE Potyondy & Cundall(2001)&
Lac du Bonnet granite®] WA} AA £ BAE wHEFon, o] dFAI}E AECL ¥AU 9
granited] digt U4 W45 BAs=d AU

l

o
=
v

2.2 Particle Flow Code

Aol x5 T Aud ddE FAHA mdd g glo], eyl FLACH 2 #3tx
THAE 29 ddS MEHd dAEY I E2dgsts 7Rl /i e Aot PFC(Particle
Flow Code)& ©] 7 a4l A8 & 7|22 2 3}, Cundall B Strack (1979)0] & AFH vlet o),
ME dAFE AN Z2agozA FAH Fd FAAF EAE 4T 5 ok o] zEaPLe o=
Itasca Consulting Group, Inc.2] Cundall S 93] 7i2d Ao}

Oe /hdesz2adQ UDECelY 3DECHME Rde] FAHRA7 b8 d Hlste] PFCoAE
A% YA T, UDECH wlmate] thest 2& Aol .

O AFYATSY HFAF dAdo] 4y 249 ZRo Bdsd o 2 e S8 Qo
it 2849 + Uk

®) 7]1140; UE"E]Q_‘L__‘. t“'j_-?—lo 7]0]] ;(-]]-8]-0] g'j\l:]-

O UDECe]4 3DEC Selq: b2 So] 37 2ejd 4 ¢l= 293 ¥w PFC
e 2ol sssith Wb Bdoly Ao ABAH Hute REAH wy 3
o 2dYE + g4

O

2 Alade] mdo] X E GHLE E
AR EE5EE3(bumpy) Ho] LA

ROz PFC 4 wde 239x4a4) AR TR0, 2 49 ZHAZA JAel =
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H AEFUE A AP E o= AEe] WY FHol H8AT o FAFL P2 Y-uY B
Ao sl AME £8 BF R0 LYHAE FHY AGL(QARRE L AVHD)T e

Yo BA o3 2FYTh PEC 49l 71LHA AN 2RE =4%sY 1Y, 134 2ok

particle * wall positions ang se¢ Of ¢,
faq

\e
o

Law of Motion Force-Displacement Law
(applied to each particie) (applied to each contact}
« resultant force + moment + refative motion

+ constitutive law

W

Y 1 PFC 84 =239 7|22 A4 A

LU AFAR o]FoA = HHELY 2 HHAARY AP e 29 29 Zo] HF 2F
(contact bond) ¥ ®BZ Z3¥ (parallel bond)e] F 7kA] Bdo] Qt. & 2 EdoMe ¥4
o ASAHAM AT FHEY R ADFEE 2 & 49 22 AFoE TP o 2=y
TAE JABAE R A EE JH e, ¥ E 23 RddXE A8 7+ EE A FH
2 2FHEE, d Ev A dddM e HE AFS Yedo HE ZAddAs Pute] deHE w3
o] RN E P EEV 25 JEHY, 4 £ A49E FE HZUL 25A REIE
E}”"“a‘/] HFAZ AsS vdebdo,

LS
d5ge agz AV 29 304 F'e £4 430z F') (o a2 ouad. U'e 4
Ay FUANEA U 0old 5+ 247 3392 on @

contact bond _ parallel bond
models adhesion over vanishingly small area of contact point models additional material deposited after balls are in contact
(does not resist moment) (does resist moment)
breaks if normal or shear force exceeds bond strength breaks if normal or shear stress exceeds bond strength
(a) Contact bond model (b) Parallel bond model
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(@) #4852} gazd (b) AGHEAY 59z
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3. PFC2D =H

3.1 7
B Aol ALg8, BASA wel 453 B4 2 HAF AFS wetstr] Ad PFC AN AR
43 uA g 39 4% 2k 7 4 BAC W@ AT ARe Azte oA AFHES AT

s

AUAg BA 49 gud 74 o 24 B

= 300
<
=2 20
2 200
s [
confining & 101
- stress B w00
bonded pariicies 2y
o @ o 08 U8 T

Axial Strain (%)

P
wall (platen) |

1Y 4 £Q5A ke PFC 342 %

3.2 MMtS 98t PFC 2Y

PFC2D¢t PFC3DEZ ¥ A A+e 22Y 2 3A4 "particle flow code*t Hdl E=ER o, dAe}
PRzl Az Aed AT FuHZ AL d2AEE ddsted AH ALHJG (Itasca 1999a,
1999b). &AM 9] PFC2D 2d 9] FAd AF 2 Potyondy et al (1996a)9t Potyondy & Fairhurst(1999)9
A ZrolE £ it}

2 E PFC2D AH2, W@ locked-in stress& 7MAle F&FA A9 2FIA J¢AE Hxde
A1Z}8 A|HE& Y=+, specimen-genesis HA S £t AAHJG. dE=AFH BAlE A F EAR
TFEH At A, FANERLLE JAELY HEHAA A2 28" dad9 a7E 712 459
AFAZ AAE o] AARDE AHY S¢S A T vste vf$ 22 locked-in stress& 7HA| 3L
ARG A4, AAEL LS g Hd(wal)dll 3 sFS ¢A Hed, AR sy Hue At
(loading platens)o. 2 #8831 F¥H S A" 3 Y(confining stress) S FAE=E 2430,
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% A= T3
0] &3} 57H4 PFC

A ows) S04

Ay S 7HAY, PFCU e A EE 938 9AE Random Generation 719

2dE AT o ¢ EFAAE BT & Avke Hl

= o2 e /MY & Y JdEELS HEshas, 2ddd A4
_]

e dAbdel wa e dud 24 2 ASS molmg, ¢un 2 E¥d ARE RAsE
Mgsich 2. 5% PFC2D Rdo] the o] FUEAY FARAL BT PFC2D R P4 HAFE
=23
platen
/ A
PSATNES B )
' bonded particle
[ assembly
confining AR = IR §
stress ’
| —pl h o
- ©
v
31.7 mm
(@) 1ZAFAYE FARANE (b) PFC2D 249} g4

a8 5 olExUSAE FARA MEH AAGS HE PFC2D 24

PFCZD 29& 74 3 m74 225e ASS d3a%, 98 2 93US4E 59 Fuz 44
BES FE L WEEHS FAReR RE 54 FUY 998 AFS 2ASI] AdAE, o
sl $ABAE Boe BRI} B 0T DL 9B U BEYIFES 2o AN SHoz
2y 2 plA-dety WsE RE A3 Bho) Aok WA AP Sae] mdo AT AP
Aol G4 AES AT wasti, thl Zho) uA 242 ZASE HEAA WEe T Agw

A4 AUAYETHE AF, @5 2 ol24EFAE)S ZAEIE PFC A AAH S AHEYE 23
Zr} o] FAF& PFC Bde YEUTE FAAS7] et Ao=ZHN, o8 W9 trial and errorg 5389
FHZF AAd.

a) AIFAE ez 484 APdA 7 2 ¢Fd FALY] 934 84S 24

Z
b) FAY Alg9 FU3 A719 PFC F2Y¢ 24e A S,
c¢) PFC #Z2% 294 Ag5+E= wA EA4 (micro-properties)S W3A7|HA, o He g aA
4 9 ol AFAFY A REYHE FYTrh
d) FANEAH o2 Y Fiz F32 EAo] A FALY 983 EA ZHsE PFC 724 =
e

a9 mal 24 FET

B Aol E 8@ A (parallel bond) E2o] AlLEHPow olo wE FZAL 2dd Q= n
B2 oe 19 #oh
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X 1. PFC 7AY 2d¢ Td3t=d AR oA 84
A 24 % &t H) k1l

Rmin (mm) 100.0 HA B urj
Rmin / Rmax 1.66 Ha/Hd
Particle density, P (kg/m3) 2,630

Particle contact modulus, Ec (GPa) 62.0 £ &4
Particle normal/shear stiffness, Kn / Ks 25 “
Particle friction coefficient, # 0.50 ‘
Particle bond radius multiplier, 4 1.0 “
Parallel bond normal/shear stiffness, Kn / Ks 25. A% 4
Parallel bond modulus, Ec (GPa) 62.0 “
Parallel bond normal strength, o . (MPa) 157436 “
Parallel bond shear strength, 7. (MPa) 157+36 “

FTLT AF distyd 532]«] FANME B3t PFC F2AY o gsts ZEX4L T 29 Zo] ¥
B} EEUAE FaA0H, FAARAE B £ARA $H-UFE I FAYL L 1. 67
o] YERAT
2 At g Addgs PFC2D Rdy A
3= AuAY PFC ® 93z e
9 & (GPa) 41.3 41.1+1.2 53] X BA}
Foln) 0.24 0.237+0.02 “

B5 %457 (MPa) 150.0 151.8+11.3 «

Job Title; roc_prot

View Title: Biaxial-test specimen damage (203 cracks, tensile/shear=red/blue=pbonds: 191/12)
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3.3 Y& ofdts 98 PFC ZH

Staub et al(2002)c] 213, AR AH 7S A2AL 93 durdatad nEASS Frslr) 93
15 téoﬂ}ﬂ 30m x 30m<| H”a 7FX Bd FEE “repository scale”d] ZHA qwrd ey SHEG
stedl FRsgx Adstn Yok g T gdutel 271 30m x 30mE 2AFHPeH, o
s 900m’e] WHEEL FEF A5 HE R ATE FIS LFY 5 Yok

A AEABRA Ao AZFW AGAM Qojd TR HAARE FFHoL BAsS B

)41

& K

}A]

W Mg 3aY HEHE TSI, o8 TARE 23Y H Efolaws FEIY. o)F F

A Egolaws ZAZ 30m x 30me] PFC ¢tz do) 239 A S-S HAANHZYE 7).
dee] BEXEAC] HYEE W uwet 23440 o9A e, o2 RE Tz

dE0] o" S T eAE AHEY] HAstd, IS WFo2HH 0°7180°7hA] 20°%F
%!

S0 2249 23 ¥

lo 1o ot AN 0> o.\l _VS_

2 oox

ola2E TEHAT (T 8

Y[m]

a9 7239 A Edolaw ¢ PFC ¢ekEde] 82 (30m x 30m)

100°&4 120°99 140° 160° &9

aY 8 HEE3e v wxzhd 249 PFC 2499 A4
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B4 ¥ #HAF ATE Hodstaxt, FAY #FHE PFC 4AEE
A (micro-properties)S I 2 A &3tgon, Hyd dFd=e PFC YA+
g ofdt EAS VA BZE ol wtgdsld AHAY nMEAL S AL U.
GEASAIY FABALE F319 200454 HYAS, HAAE, XotdH] F
o] o8x EBEAHE T (FE 3 2™ 9, ¢ 2AE ZEste oFUFAE FARAE FEH
Mohr-Coulomb #37]&Fd] 75 H&AE 42 Wi 2zs 7330 (F 4). 28, 102 o|F¢HFA
S T3 dad HeEdwzde JA4 2 Sg-w BoFEo TgeA Beniel Zo] 1

M rlo

A

49 4
iN2
12 o

# g8 23T E R9gFa . 9

=
[ “ =
stol gl EASE e Gwe] ey FARY o FAAFIAE 9L MNP ¢ F

¥ 3. PFC 8142 o 7Foa Aegue Aoy 24

=8zt ¥ & A 4-(GPa) A7 = (MPa) Fof4H]
0° 18.77 64.19 0.200
20° 1848 50.67 0.316
40° 21.27 51.94 0.295
60° 22.09 - 46.79 0.287
80° 21.54 45.24 0.312
100° 2134 46.79 0.296
120° 21.65 45.69 0.295
140°° 21.02 52.07 0.290
16° 19.01 54.41 0.218
b i 20.57+1.48 50.86+5.96 0.279+£0.04
a7 - . EHoEs
30 ——— 70
. : ' : ? -® D';’.chﬁ; ;;«;rmx
71 o : fmi‘iécm“ iJ = "
24 —— %5"‘ '
el £
‘ 2
15 4 5% 40 4
2 ,
2 i R ot BIT SRR s
P A A A M N M M R T S I A A
Rotation Angle(o) Rotation Angle(o)

29 9 Hustel mALES B2 WYAS L JuPEel W
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£ 4 54 244 o
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2
X
d

A (Mohr-Coulomb 33 7] &)

A9AS | Fuzs A% | yEnzz
. | | gorsem _
AEER (GPa) (MPa) L e )

0.0 MPa 21.02 52.07 0.290

S3

S3

25 MPa 21.60 60.66 0.277 :
11.20 41.04

S3 = 50 MPa 22.06 70.18 0.271

1

53 = 10.0 MPa 22.89 87.14 0.259

Job Title: Cl1con_1
View Title: Biaxial-test specimen damage (2920 cracks, tensile/shear=red/blue=pbonds: 2584/336)
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