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A Boundary Element Analysis for Damage and Failure Process of
Brittle Rock using FRACOD

Hee-Suk Lee, Baotang Shen and Ove Stephansson

Abstract Damage in brittle rock due to stress increase starts from initiation of microcracks, and then results in
failure by forming macro failure planes due to propagation and coalescence of these discrete cracks. Conventionally,
continuum approaches using macro-failure criteria or a number of elasto-plastic models have been major solution
to implement rock damage and failure. However, actual brittle failure processes can be better described in
phenomenological approach if initiation and propagation of discrete fractures are explicitly considered. This study
presents damage and failure process of rock using a boundary element code, FRACOD, which has been developed
to model fracturing process of rocks. Through a series of numerical uniaxial compressive tests, the feasibility of
the developed model was verified, and realistic rock failure process was reproduced considering scale effects in
rocks. In addition, the fracturing process and the corresponding rock damage in the vicinity of deep shaft in rock
mass were presented as an application of this approach. This approach will be expected to contribute to finding
better engineering solutions for the analysis of stability problems in brittle rock masses.

KeyWords Brittle fracture, Rock damage, Boundary element method, Fracture propagation, Numerical
analysis
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Fig. 2. Definition of G; and Gy for fracture growth
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Table 1. Input parameters used for standard numerical
uniaxial compression tests

Length (m) 0.12
iﬁlﬁ;on Width (m) 0.06
Flaw size (m) 0.004
Intact rock |Young's Modulus E (GPa) 499
modulus Poisson’ s ratio v 0.34

Uniaxial compressive strength 0. (MPa)| 122

Intact rock |Friction angle @ (degree) 33

strength Cohesion ¢ (MPa) 33
Tensile strength g, (MPa) 12.4

Fracture Mode 1 toughness Kz (MPa m'?) 2.39

toughness  |Mode 1 toughness Kp. (MPa m'?) 3.1
Shear stiffness K; (GPa/m) 3099
Normal stiffness K, (GPa/m) 13800

Fresh fracture|_ . .

properties Frlctlo.n angle §; (degree) 33
Cohesion ¢ (MPa) 33
Dilation angle 94 (degree) 2
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Fig. 4. Predicted process of fracture initiation, propagation and final failure of a rock sample subjected to uniaxial compressive
stress. The locations of AE events during the process are also plotted. The magnitude of the AE events is proportional

to the size of the dot points
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Fig. 5. The stress-strain curve obtained in numerical uniaxial
compression tests
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Fig. 9. Predicted major principal stress distribution and fracture pattern in the wall of the shaft

Y 274G 083t 1/4 78H Tro] REEgich
Fig. 9% 200 m2} 500 m 78¥ oM e] dl&d +¥
g vepdich. ZE M AR EZEN)S
viepdct.

Fig. 9 (2)2) 200 m A%2] 35 #G A= F2o|
T 789 HAA NE, NW, SW 9 SE =aof| 4] Ayt
o} 42 AAE BE AG ) skt 2
FLEE0] MAE FEERE & U ME 29E §F
3 Awpsiar AgtE) AT o] FEES FAAY
S P45 Hol HubE EaQth SPEeR
B A7} S71go) wet 2&9te] FoiER +E
9] Awt= =78 YR 05 m oo s SR S
ZAoq o2gc} ks 200 m AT 73S oHASH

¥
West - Emt ()

(a) Major principal stress

Fig. 10. Predicted major principal stress distribution

Aoz dzsm FAYE= 05 m Y% ojUZ AEY
o}, 0.5 m ool AR Beolgo] 7ksat Aolck

Fig. 9 (b)2] 500 m A=9] 39 A HohF3e]
2R N41Wolth 11 A7} S Z-2 N49ES} S49W

o] 78 HrolA BT Aot o] YRS M 4
W F882 oF 60 MPao|t}. 427 HuolA FIES

N49EQ} S49W 2| oz Hto] Q)] AAHE AL
2 d&FQitt =9 dEE2 NES SE Haof4] 4=
78 BHe] et spalling wHa]7} AP HEE A2
- 7PA AL o]Het F3E EHE 500 m
A& ofA] spallinge] HAFT F o o&EH}. Spalling
o] & wigke NESH SW7} & Zlo|t}. Spalling®] 4l
£ 7 o)A 0.8 m o]} B AR qSESI

st Bex )
) Rt i T T
Tensie = O *
fracture ; Q L .
Vy/:i,,,/’ «V\ s
N
e RN 2
v o
¥ 4 i 1
/! ‘\‘ 7 B
( ; &
“ X‘f o
£ 1
Iy / "
< /
Y £ \
“ P
\\‘M e *"’/’: ’
Shear L <
fracture . J
* H &3
T Vil s " 3 T T T 3
West- Engt(m)

(b) Fracture pattern

and fracture pattern in the wall of the shaft at 945 m depth



B} A)ahgzt 257

945 m H=2] F-Fig. 10) )53 K} 7
Hol A o &H FAA d€lo] Fig. 109 v} glct
o] Ame] 7L AR GE] ol Jloend ¢hit
HYEYE=3.5 GPa) ©] t}2 4=of vig) & Yt
T3t dAgHol m¢- o PAdE Bl d&5d +
A wgo] thE Mol vlaf vl ch2 A eyt

2] F£20] 91gke N1gWe} SI8Eo|th £ 23
ooz ol H2 AESHIFHWFSY I
62 MPa)o| N72E<} S72W 2] Wakol| A whayshe, ule
of A8 N18We S18E oA 2ty o
wHoR M| ke AT} 00| ALY - 2R
e B} wakd 27] FE JjAIeE Huk= N1sw et
SI18E Wakoez Qo] ofa sk AoR 95%|3]
o} A EES U YEZ 3~4 mP =R Ak
o|gt T B2 A&SHOE QA A FE ALt
Avt7} 78 Ao X N72ES}F ST2W ghe & whgsich
At G52 79 39 3tS(breakout) = spalling -4

g =2k weha) T3 Wel 945 m Hojri

m
FL F7F BAdo] flol= vy 2 ALR 9%

e,

43 J7|E H2IES 13t &4 2™

34 i Ao o] Al AreofiM Al7ie] 5 deldEel
VAU HeEEe s 2ds) fixe 3
A "] =do) dasit & dttoMes 3] 29
9] 2D B oA sAsAY =7 2 HElE e
22]3ke} 500 me}F 945 m Ao s 7 HEE0
2=k FRACOD: 3P4 9] degvte 2
A 4= glomg mdl ) Fe £F &) S8
Ro] EAShe A ETHS 1St 500 M A&
oA BAH delE ke 78 el IN4IE/75SE)
IT (NS7TW/SINE)2 /4% 274 92 A= ok d
2 HRiEe] 1HE F5 7] 2 HF 44 IA wd
ol Fig. 119l L&} Qlck

4 5 5

'EM_LMA.ALMM;W,,AA;;::QJ“A-z__#““,_w},
L
_ I
4 ¢ 4
| T
Wi p = | g v
L / Y P i :- Nl "
by, et 1 —vea b
:1™ | Iitial fracture T #1 Final fracture % [
H nitial fracture v ; £, .\Aj inal iracture F\ f ¢
. ) 3 o8
st S pattern | ] 7 pattern 17 3
A [ A et
\ / 2 ;o
. e A // A o s 2
b . ‘~\' P e .
1 2 e 4 SOP
. —\\‘,//' y
’ e
. PR /
’ A e Y e —— ; 4
s SE— M f .
T R IMNLUMSs Sate sas e et «
Wag - Bastin)
bt
et 4 a2 ST TE I SO
) S ;
Case 2 , / 12 s
. — s
S J/‘ yd po— L A
) R \‘/ ]
// // - \*\\ s .
2 E— \ . :
S 3
R {’ Voo .
3 | 4
EI | ; §
£ / ! g
Sl A [ L
A\ / 71
\ A
a4 S y ;
7 - y y 7
~ il
S R o ,
— Ve a P “
/7 ) — ’ /
. P PR ; N = .
# i
1 i

1 ¥
em - Eastim)

(a) Initial fracture pattern

(b) Final fracture pattern

Fig. 11. Predicted failure patterns for the shaft at depth of 500 m with two joint sets



258 FRACODZ °l837F 4 dA9 &4 % wyjof ozt A8 34

Case 1941z Hal I0] =78 #9 BoAo] ¢4
A Aufzict. Al M #F oby Py @ 9
T AR XY HE FE HY2 N4SES S45W
ROl A =78 B o] 71 wlERo] FAof o]l2A Ft
o #9e 7 HeRgE ok 2.5 m FE7A A
Bt

Case 29] 79o] &= HZE 5 44€ Hu 4 g
Aol GakS 2t} o] AL FE AW 27 B Wy
o) BE Wl de] HA wAR A 32
2] W3R N4SE/S4SWI} E/Wolm, F HIs
9] Bxzo) Q7S wo| kS-S ofF 4= gith 4 ZA
270 8 i Ao 25 m A=A QR

a4 A3} 71E At EAske B¢ 22 vt 9
232 vz 7Y Wy BoA FHAEHA AP
on, F9 G 478 ¥H Y2 2.5 m A=) BF

rlo

Wast. Ea )
4 o 1

=tk 500 m A=A 782 B glol= EetE®

oz dqEEch Y3t 2F FEUAN"H =
2 JHE FE 84 27 V& 49EY B2 5
39 HH*?JE & 2 Ytk

Fig. 122945 m Hx9] 3¢ 27) 9 HF #4214
Y-S HoEet 71E delo] B Hed 19 32
N84W/623E(-zr%ok/m})o] 1 A2)F 1= N65SE/44NW
ojch. T 799 Ayt Avtd oz AXFIth AAHE
Z 5 ”HS’—} s WEels @2 A8t B3y
T kel A WS, W] AYdEES S5
MeA Wgko s EAFIYT LA Yo R Wy
gk % o G99 MAE 97 WRE % 3~4m
ojm Agt ¥ d92 HH IHE oF 1 m Aot}
747 e Hte] 71E e o S £t
g 7 FE AR A A} 945 m AEolA

West- Emtim)
e e 2, 1

5 s

PotentiEJ
cave zgne

4
&
L . \
N - {" \ b 1 Final fracture v Vb,
. - 3 > €
5. gl Initial fracture VeV pattern Vg
; ~ pattern b t Ve
H Y o 33 VL8
R - - B i
2 }W 2 2 ‘l‘ ¥
/ - }
3 e a3 I' 2
S o
. - T Lo s -
5 o =3 -5 :3
. . - R .
3 by ¥ 3 ] 1] ¥ 13 T E) k3 E) s ] kDt St 1 E) 1]
Wart- Esxgn) Wast- Emtim)
‘Wzt - 2t (m) Wast < Exm(m)
. 5 - -3 2 o 2 3 + 5 » -5 & 3 -2 I3 T 3 4 s
s Case N ks ] 5

-
.

\..-._
e
S

South - Noith ¢n)
e

NP o

s Evn(my

(a) Initial fracture pattern

Fig. 12. Predicted failure patterns for the shaft at depth of 9

(b) Final fracture pattern

45m with two joint sets



et x)sk37t

of S7pe BOPYY RO S TS A
o spallingo| M2 THE 578 WlolA] FAlo] wAY
Aol $74E TRES FA] HAAE oA
FAM7 BRY oo, 27489l 17 ol 5y
o gEW P48 Rew daEn

2 E

Ak ATN Qe Fa AR thew Ltk

1) FRACODE o]§3te] UZUZAIRA or4le]
AN &4 2 SRS deEes A3 4 9
glon] AR Fok shaizbEe] AHSSHe
AEg Rk

2) shalelsts “dst 271" ZAFIEEHN ot A
50 AuatE BAR 4 Ytk 71 AT A
59| 3708 RelA X$hT] TE AT BATL
AL S B B AT ¢
AR gt AES ST 4 gl Wl
g 5 9 Bl

3) Al-seAols Aol TE 47 Fule) &4F 9
s WA BARE At SAISE A
o= day % Qoo 712 2L TS A%
7 A2t gl A5l vls) e o8
o % QIgIrk

4) 47 9

i
¢
fo

5) 7l Aoy A2we TR A4S 2]

2 A HFA 24999 W v
AT
6) A5 ol oA w3 W) T8 dut ool
Hls) &4F gl 2719k =0t WY A2A e
LhA] IS a7 A AR A FE
£ A7E B9 A8 ol87t gl 34 2=
?l FRACOD= it &4 9 #h0E 958 + e
F THYS BAdstA A dEEe] PAARl &
g AR IHFLZ T ASHE ke & 2
Bl F2A] X 2AHA ] et ArE ANE 4 Y&
Aoz 7|diEc

Yl

—_—

[\

(5

W

o ®

10.

1.

12.

13.

14.

15.

259

fnEsl

- AT 2002, YR WE g &4 BT HE
E'd T oub £ A9 A, AEhEra AFEFA
2T AAS=R

. Backers T., O. Stephansson and E. Rybacki, 2002, Rock
Fracture Toughness Testing in Mode II -Punch-Through
Shear Test, Int. J. Rock Mech. & Min. Sci., 39: 755-769.

. Crouch, S.L. and AM. Starfield, 1983, Boundary element
methods in solid mechanics, London: George Allen and
Unwin.

. Cunha, A. P., 1990, Scale effects in rock mechanics,
Proceedings of the 1st International Workshop on Scale
Effects in Rock Masses, Loen, Norway, 7-8 June, 3-27.

. Falls, D.S. and R.P. Young, 1998, Acoustic emission and
ultrasonic-velocity methods used to characterise the
excavation disturbance associated with deep tunnels in
hard rock, Tectonophysics, Vol. 289, 1-15.

. Hajiabdolmajid, V., P. K. Kaiser, C. D. Martin, 2002,

Modelling brittle failure of rock, Int. J. Rock Mech. &

Min. Sci., Vol. 39, 731-741.

Hoek, E. and E. T. Brown, 1980., Underground excavation

in rock, Inst. Mining and Metallurgy, London.

Herget, G., 1988, Stresses in Rock, Rotterdam, Balkema.

Li, C. 1993. Deformation and Failure of Brittle Rocks

under Compression. Doctoral Thesis. Lulea University of

Technology, Sweden, 118D, ISSN 0348-8373.

Martin C. D., 1997, The effect of cohesion loss and stress

path on brittle rock strength, Can. Geotech. J. Vol. 34,

698-725.

Ouchterlony F. 1988. Suggested method for determining

the fracture toughness of rock. Int. J. Rock Mech. Min.

Sci. & Geomech. Abst., 25: 71-96

Rinne, M., B. Shen, and H. Lee, 2003. Aspo Pillar Stability

Experiment. Modelling of fracture stability by FRACOD,

International Progress Report IPR-03-05 (Draft). Swedish

Nuclear Fuel Waste Management Company, Stockholm,

Sweden.

Shen, B. and O. Stephansson, 1994. Modification of the

G-criterion of crack propagation in compression, Int. J.

of Engineering Fracture Mechanics. 47(2), 177-189.

Shen, B. 2002. FRACOD Version 1.1, User's manual.

FRACOM Ltd.

Wilde, A.J.,, M.H. Aliabadi, 1999, Boundary element

analysis for rock fracture, Aliabadi MH, editor. Fracture

of Rock, Boston, Southhampton, WIT Press, 1-21.



ox.

260 FRACODE °|83t #4 949 &4 9 shajof dizt A8 34

o] & A Baotang Shen
1993 Agdisty 2ot} 28k 198814 MS.D Northeast University,
19993 AHguiisha <Hedg-statt oilh-g s} China
kAL 19919 Ph.D student, LuleaUniversity
20018 ~2003 22dl Royal Institute of Technology, Sweden.
of Technology ¥7-9 19959 Ph.D Royal Institute of
Technology, Sweden
Tel: +61-7-3327-4560
E-mail: Baotang.Shen@csiro.au
A} Code Develper,
in FRACOM 1ltd., Finalnd Senior
Geotechnical Engineer, CSIRO
Exploration and Mining, Australia

Tel: 82-2-3700-7229
E-mail: hslee@skec.co.kr
A SK A4 (F) Geotaskd 14

Ove Stephansson
197434 Ph.D at Hans Ramberg Tectonic
Laboratory, University of Uppsala,
Sweden
19741 ~1990 Professor in Rock
Mechanics, LuleUniversity of
Technology, Sweden
19918 ~2002'3 Professor in
Engineering Geology, Royal Institute of
Technology(KTH), Stockholm
Tel: +49-331-288-1384
E-mail: ove@gfz-potsdam.de
A Visiting professor
GeoForschungsZentrum, Potsdam,
Germany




