S Sl (g pid
JOURNAL OF ROCK MECHANICS
TAG ) aziuo AFT log o) olaid cpidid 090
ISRM https://doi.0rg/10.22034/IRSRM.2024.400443.1444

b Soewawbo glgil 31 & 0

'L Lo oMl € s2d )y 590 ¢ Sl mizmo < Sl Lo yaes (53158 o ooy ¢ (5595 () 0

Ol oldes e e oBiils pole 0aslasls ( wlidpn 09,5 )
Olpleles (laes gais olKaily  cwaige g (S8 0uSLLlS (yaes owidige 09,5 -
LR OIAS o ye S 5 ol SIS qurdign 5 (5 0aSAS ((yine (pmiiges 09,5 Y
Ol ealns (ol s olails « (8 Easiails (asre (swdige caSiiils -F

R TR J0 S-SR R T X TR VL SPRCHIN

(noori_mehran90@yahoo.com J,.i.m.n O g3 )

(BB 0anS laSiuosgs js Al (U GlaS S5, BT g g958 lp psY i glulid onS
Swoglie S oo Ll (ejn) slag)liz Glme Shwmesg Daeadl 1) (i s (ol
Oct) S5 ol 5 (O0) S T 55 gshas s Gayb 5l Olgise |, Spalling) (Sadaies,
(5 e (glaailisl 051 Ban b gy nl 35 e (5557005 (55188 ool 5l Jol
Sowdule 95 iy (00 (g5l e ¢ jslae oy .Casl 08 0 40 PFC2D) i3 b 2 oS 33le 5 5
e Jaw como b)) sl s plosl PFC s 1o (FIM) mhacs gy Joe 3l oolaiwl b calises
S5 ST G5 s da el bl i daglie _alEiglej] cloools b g luard zli
orl etls L5 100 b 1Y 65l o soue slo i, (UCS) o,5mess (o,lid Cnglio 4 (Oci)
(9SS (5,Lid Caglie ply /OB L+ /¥A L85 edgame j0 S i, 4 ams e plis asdl
A Jolae (g30s slaJan 10 (0cd) S 5 ol (25 ailiw] paimad oS oo (6 S S 4 £9,0
Coglie /A b +JAD b sl 4 ol Cansty Jho ety 6y s s JISoblS0 1VFR 5 11 F VS ST
sl (Sowdsle sladiges (5,570 ST (5,Led

S095S 5 (6008 (63 lwduni ] i ailiw] ( Kouwanlo Guls o E5lg

o Kwsml g aiylo 13 cwlidins; YL slo s coo doudo - )
30 i ajer 50 i 4 g laubl iyl o5 30 0355 3 dyaz (gla KK e ol o
S| uio.o ws u.)‘ V..\;}...\ksa Joy}o d)l"" LsSJ\)JJ st‘ 5 00)5 .)L‘>u‘ ‘_g)‘»\:b O < ‘-“‘-“5-“5" d‘).]al <
08B0 yuzd (6553 ol ol31 g ordge sl i LialiEl cely Sis glaosgs a5 Lyl o aiiS w1, lugesle


https://doi.org/10.22034/IRSRM.2024.400443.1444

S Sl @y,

G Lo,de (28 590 (il (orizme o Sl Lo jaes (g5l lag <65 e

Vol 5 ogeonl g omiten S g ke (omiznen
M] LngdgL.M:] )‘ oolaw! L\ ‘) ;Md&wy CAABLR.O 0)31))
[16] 5 [15] auadls pdu oSl S5 Ll 5 gg,
ul}»&d) ‘) Ocd 9 Oci dLbdaL».w—‘ ).._n u‘)ls.o.b 9 H@)J.HNO
0diiSs slow LSL'.’)% C,wjlia slroass o)ﬂ).g Y
2 RS- glegely wldlas 5l g5l o
oolaul L calis J:>|J.a 4 Lg»:r.mjﬁ Lg)L.i;é gSL“Lf:'iL“}—‘
onl [17-28] sloass (gosspumds (ools 25 sladilin |
g o el (00d) S el L5 5 (00) S5 g9,
HU S i, Latl g £9,0 1y 5o 090 G e
yokaie 4y (galdS el b SO conniSls K 009 jo i
Sl i Gl S 0395 e (SVob L8, (S
)"I Ocd g Oci Lngd.;l;dAj o)ﬂﬁ Az 40 e i)
Ol ool el (55908 pol S (BRLST glacs
0,5 slas Soslail b g (AE) \YG;.I;I Sl slacsls
Ty OlEies 6y57e S g,lad Cuglie cs Job 50
U"”L 9 yl.o Sgd> stj).# L_MT LsLQAJL».wT )‘ oolawl L.
ol gt BB 0aiSs gleKn lep cwglis
Cwglie b by Coglin ol o> b bl g il mlas
L @llas Ocd (iS5 grbans ol 00iiSCs lacSin o oily
ol K 0045 e 05T Cunglitn by > 1o Caglie (sYL 0>
[29-31] 4 [22]
lolis b Ysone S 59 S ool (saispundds
Sl L8 ) dalllas )0 Lo &5 45 040 oo )‘LéT Oci 4l
sleojle golul Jdow jo oSl o)l coenl LS
Sl g9 rt bles Oci WS (o0 sl (oo (A 5 (mikites
ol J15] ojls 0 p)lS (e by GLbIL glacKa

" Rojat

8 Andersson

9 Martin and Christiansson
10 Andersson and Martin
11 Diederichs

12 Acoustic Emission

aiile GloaiiSs gln S 4 55 (il slacsns L
A8 o Oyl TS il 5 T Sasadyy ) Sadaiey
P iR pwaige slaojgn el ans g0 o [1]
b b alox 3l wsloads 121 YL slo s b (Ko slooogs
U eadnl 4o drogs ol o i g 515 slaelz
3 sl ol b g 5p0 48 cenl Sew (EDZ) ¥ s Lo 5
Pl 3 Gl el bSiw (o bS5 b us [2]
g oo Ceaglio g ol JLETiT Ct pus o6 ypdydoti ailo La]
aibie 5y 9 S 5ol ol o a2 sl ple
L Sad 4 b 55, cudld [3] o)l cusal ossocanl
Ngy S oplpll el badie laKin cusls 5 ol
S5 [5] 5 [A] w5550 oS 5 JulSS 5 (5 5T SIS
9 LS S, P 5 il el Jdo 4 e
[ wesoo gy @ )lom 5l b by 0 S ) sl s
b 03, 5560umss Sols” el 5l a5 S clrosgs gl

39300 Ul Ygoms aiinn joite 03,955 5 bawgte ol
b Canglin bl Loji ks Iulpd 5o Cenglia
sl oKaslel jo saslcwsa (UCS) (6 5mueSS
eole mle g Suein sboson 5o b, n (Jcnll
S il St slposgs caly Cosglio a5 Conl ool s
sl Slalllas ulul 5y el alStyle3T UCS yslie |
Sl g oo owlidipe Ll ot 4 Boas glis ol oo
[6-10] o5 o 00ls s i Sl L8, 1 Loyl
A1 gl GRS () b o5 ilools (L Pl 5 g
(UCS) (gymas (o)lid Canglin /N0 5l i 4
W oe Ty Seein) sl SLbl s Sadates,
Sloy (Saiaing a8 wsls olas o) Sen o7l [11]
0355 Sy Cuaglie) Iz qwlos AL &5 wa300 £,
G570 (5,Li8 Caaglite /Yl i (6 la> e S
Conglie a5 wisls oLt o Sen 5 "corg, [12] wsly
[13] sl (5,570 ST (g,Lid Canglin 3l 1S Sabiatug
oy SaKin (595 2 O 5" gm T slatales]

! spalling

Zslabbing

3 rock burst

4 Excavation damaged zone
5 Hoek and Brown

& Martin



S Sl @y i

o Swdwlo glgil 51 S 30 25 5 (8b ol slaailin o 5Ty jshite 4y (s00e (g5lumdis 3,15

A5 agialesT a8 oy 5 gwaies (b adsl o5
il [A1] sn 6 550 il Sl il Ol 9 anse
5 (0c) S5 g5ph (25 slaallinl 3515 jslaredy anlllae
SoSs Slry b glacSimanls 48 (0o) S5 ]
099y 2 s gode lagilwans sl eolaul b oglaie
b Sl gy ol sl ous ploxl (DEM) Izee (gl
S S oo w23 1) ol JalSS Jolow 5 oS 555 b
ol 5 laKi SilSe b, o)l )0 Liols Ligl3él axllas
el Yl 25 L (piee sloodgn )0 5okl Sl
@led slagialeil 5 6 slaer il ladised 5 (ol (sl
b sove laggslodnd (upw wd plnil (b (o285
pll (FIM) Vs wigey Joo sloyially (ygamsl el
g (bl cdoa (Sl sla SRy b s S
o 09y 9 Olgo -¥
Aigos A —)-Y

Saale (Ssb slaaiges ( Slove slagw )y 5l oy
5 osoay 3l el B0 x Frox o) caslis slal |
G55 e bl 5 it o besls 4l claadil s
ssbie 4 I sjse (S sleasly wiad g psleex
oo b (omlidiigee 4l sbaad g 5l o83 «(5,l0 pdiges
(O J52) Sgdoo Joldh 1y (raenrd g G285 Vi) e eee e
s Shl eyt Jlods )3 (e b lm0aSy 48
2,08 sl B8 ol el

Ol i e 0 EDZ culs ress sl cpiomen Jal)b
[33] b Souss o 5 [32-33] o)y
L)‘““L‘ S>> 0)511.1 Lg‘]“ O'Cl ‘U"“ » og)‘.ﬁ éwu’_‘c oalaziw!
0)90 (gwdifo 6[&035).; 5 as L_;il.@ki».») s..:d.m.\...l; wBLM
M) slo ol )y ooz 525 5 [B0] Wiy oo S8 (om0
axl,s [34-36] o8 5,0, UCS g oyl ~Ssa Lns
2 Bose g)las sla ile] o (Sw sbaaiges canSs
& 290 e (078) S-S sl Shy el
g Syl el (i S- s gleesls og
Lol ociws 0)51]3 J.)@ Ocd 9 Oci asle J)J LgLQd;L».w’l
LSl o 55 enSelil St sleiis,
U voW] BRSSP S CH PR FE L PV v YA | E3
aS (LVDTs) Wbl slaSus § Mlagiw is,S
a4 5o L YL sleles wile pls Ll b o cenl Saw
Sl Soslail (uzman aisd ALl zol Cuglae alads
oS oS aus |y Slal sla S s sl e LVDT
[37-40] w,ls ol 4 5L
Szl Gy p o 00e giloJow dllas oyl 4o
8y Julos sl JeSe lpl plyreas (DEM) "l
Sl g el ouls a3 T 5w LSl (SO
°5“"’k5"" T IWE L_,;aslim.’Lo)T 61_‘:&‘1.&)’] L;l).) J..olf
‘sml.i.i.%uji ooty ‘a)l...w; o slo Jus QWIJ_,,.JIS
shls i, epSeilul @y slois, (Jb ol b el
5 ogdy DEM o gjluans aie slacgsgose

" &

\“Tabfis/ Caspian Sea |
Javeh |

Y

35°,00' <

(o 8 g (085 ViV everer (ol (o il (gloa3 )g) andllao 990 ddlio (o L3l i CoaBoo —) SO0

15 Discrete element method
16 Flat-joint model

13 Strain gauges
14 inear variable differential transformers



S Sl @y,

G Lo,de (28 590 (il (orizme o Sl Lo jaes (g5l lag <65 e

9 SSL S F 098 Gl L Wb (e p 95wy Se
OS> O}A}T (e 00,5 Jol> lisebl | (Siwgnl
5 ol slSsh b ol plxl eS'eh cpl 59y p ool
a5l oolainl b (g pSoie Wigh olulis (Sojlse o
S ol sl oY Clxbs j dgee O ygody g (cwlol!
o lailiwl o ojre sladiges b ralS (60 Sluwonl
9 @)‘P ‘_J;mei )‘ b asas S u—‘ La g oy ISRM
oMb Stz Gl ey eaiged [43] 05 (oS sl S
o 9 03y Sl 09 4 olF (ke az 0 10 les o

s eole] (BTS) b oS

5l g optiges bl cilise  Lylys

3 g SloynS 4 e (SH9SS 5 5303 (5518 gm,
oals caslllas 550 slaSiwanls jo B1,5 9,0 sl S
ool bSwanls Gl gl pisres .l
L olal g cdl 5, 0 D) el sl
bug caisddl)l gomdid wlwl 5 ol s (asged
il Sslwald lsins b Kimsansle oyl [42] V' SUgs
@loled cobjldole 5 aol)lid (Y5 g4) 55,1 S
e Swawle ol ¢ gulidipme) oo L5 51 (Y JS0) aiaud
9 gl @nlS o Senlgy slaglyys Sl (remy Al
Gl «eaS 5l pliebl (sl s oo Jald 1) (pwges
Sygets g Sl (Sosla )l g Ken (Saw

Feldspathic Lithic Lithic
litharenite arkose 1 arkose 2

oW gLoalis bl p Siwwdule claaiges ialico glgil Y JSb

3 b Swawle ol jo &3 ojlail WSl ¢ opizmon Al
(Wlocis ;o) o dho =V U (Wlogy ) jlew) yio oo =Y
doSivanls (58 Oloogas b5l sl 0g e
(VAAY) ISRM s sl ol 55 eoiio LQLQU'L.)“LA)'—‘
S Jxss Jols galdS slo el dal ol plxl
4.L>).c BN ».\;.1.9; )1)3 uu?b.w S,90 Tgo Ce g S
$9) » UCS) (5,5eSs (5,Lid Cunglie talejl cam
A ploal VIVO a8 a4 Job cod b slalginl sladiges
LSS Saws sladigas 59, hin oiabesl comimen
oo olie . od\8 o c VO L -0 Ll ay Job s
S Jo gy el JI8 0, BYF B VY o5 jo badiges
oS ya gl 5 a8 YEA L YA o S JBs
VY JB‘..\? L‘bé.:yu 5 (Vp) Toe &y A t5)"f°)|"\’|

Litharenite Sub-litharnite

Pl el Y-
adllas 58 Se S jgar g s baigad 51 (S50 ablie
Sygots i G Oldlhe 5l fol> Gledbl ool
ul.m) J‘ch J.J?U C.:L'l.v ol o OQ)gi \ Jg».\? 30 kﬁjJ'>
Ao, OV B0 o bdiges (ol 10 35,165 &3l aS olo
).u‘si‘.m uL&]a_;ﬁ)LMuAlﬁ ).n)l.a.o ‘&J"‘J" 05315 C«.\A‘W
B s, ¥ B0 gas, FY U slaosl o ey a
oS Jb o w0sdee Jold ) IS ao 0 AF 5 el Slo S
NICA A SRSV RV | VST IRV URWESVY N POU
odnlice o s slailogyg,e Jodss a5 Jb> jo wjls |

17 Folk



S Sl @y i o Swdwlo glgil 51 S 30 25 5 (8b ol slaailin o 5Ty jshite 4y (s00e (g5lumdis 3,15

et il e OYR0 Sl
axdllae 3590 ((LCuw dulo (bl S 5 (wlicdipmn ) o gl - Jgu

bl S FHERSIRY|
ARSI alsg, sl
TN by Slowald
RN
TAN 1K 00,5
108 S o S
JAZA R Vg5
195 1S o
Lol c0 0

Swawlo g4

alop, b

FARZZA5 )  BP S P oW
TAY iy Olewald
AR
TNE 2 Sas 00,5
JAVAERI SO vy
JAV R Vg5
1OV S o
JAVINRYEES

1218 155 158 alss,
X sl Slosals
AL
IYD 1Ko 00,5
TAID 1Ko sl SIS
X101 e
TANA S o

1 I¥ f0 yax

) 5951

\BEBIESEY

IV 5)sS b Lawgie

18 spomnliy Slawald als ey
© Wk
TYOIA <K 08,5
LY oS a5
oINSy e
IYOA S o
. :OP

IOV 5 lsS wloj,
10 spmsliy, Slonsls
AR R
AL
oS gl IS
JARY IR
TYIA S s
T 15 o yi

<ot

<abybdobs




S Sl @y,

G Lo,de (28 590 (il (orizme o Sl Lo jaes (g5l lag <65 e

Olyreds Sig o CanSls PFC Jow 10 .51 5529 ladisy
o Casbyn 8 5o il K 9 SrsS 55
ookl b gy oyl jo 0)ls 18 008 g0 uled Jowe o
Mol ] cwdige 09,5 dawgs saisasl )| PEC2D aseus |
el al> o gy Jols PFC o Alas adgs ol
olass als « Sy ¥gnl (i Jlesl (l)d adsl (S ,u8
J..\.o LgLa:o)l%o RS 9 6}‘9"’ Lgl.cb..\j% NN ‘Lé’l"“’ ;‘.:|).5
Sl 5l oo sloo g adgl S0, 28 al> o 4o [46]
‘S‘BQLA: é”‘)ﬁ" l; u‘)é 9 W) JAS.AAAJ Sl 9% G'a..wo
b el yo ol )3 Ngl oo 0ddgs Jae sLad (03,5 5 sl
Cewddy cawlin J5low U onds qudiats S leiSs jgboay &l )3
39550 5y ey 5 438l GRaE S o s ]
loe als 53500 Sos ol AT 4 e sl
ol a3l 1S Loyl OYLas] a5 glae &3 (OF JS2)
SIS dad S Sl ol Bor g 4l ealS gow al> 0 yo
obl al> o o (2 UK asl ails Jlasl aw J8los
5 yeS 0,3 90 molaw yu alold a5 Sloj es5len (slodign
(Jae loojles Bas b wolys jo 0ed o0 85 sl
alie Jolsogs slog i 5 oo, Jola Cdlb> ay pins
S50 25,5 o S ke St 3 1Al (o sl i
[47] oF
Jlasl Joe 5l oS Sow (SSlSe )18, Gales sl
(CBM) 7wl wig sloJoe .ouis solal (FIM) s
)D ‘..\.:MLSA OQL:L..M:‘ )Jw as (PBM) Yrs)‘jﬁ A.:j..u 9
9 colelyy ails s 0 sl s, 38 iula
Wlos ;8 o Ll lacgsgame ol 51 (s (Yo VY) o) Ken
(UCS) (5,575 (,Lid Canglin Cowyol Cas alas 5
Cwglie g8 I b blusl e, SEL oJgsl
S ol @8y sl [48] wlyd Foan s g s

2L Jtasca Consulting Group Inc.
22 Contact bond model
Z parallel bond model

bhugse jlaie a5 ol las (g lad Cuglie gy
2 i 4 cabdole 5 ) 58, St ol UCS
Jode 50 ol casl JKWLEe YO+ B AA cogae
Sl 53 JSblES AY | il sl <, (Eis0) (sles
Caaglie 39 yaite ol ,o JULLILS YY LY 548
@lize b Swanle Glp 5 BTS) Ly oaas
£ Y 51 555,1c5etd 0 BTS Lawgte polie ot axlllas
Lo ol pled il s 4y JISwblSe 10X 5V (o
ST IS 55 igal (KolSe 5 (Kb oSy
LoSivanle SOuSs b, ey gly ol odd
ol o dlre Gf0t alal,y ol B FanSs esls
Cnglin cionl 005 b ymo N ol 5 Sgn Lasgs a5 (et ls
00 by iS Cuwglio @ 1) (00) (5,570 S5 (5)Lid
g rogi Gl Gl Glyie 4y WS (o0 Ly
oolatul onigdp s KA i Ga bealgel (SLSS
[44] 55 o
PFC2D o sous gilw oo -Y-Y

L1, BPM) ™ saign lyd Jaw " JIailS 5 il
slabame Ll lp Tzme lizl (b9 5l o
Sygods |, S Joo opl [45] wio,S &l anwgsl
L aS am oo iules alides ol L o )5 ol)d 5l glac goms
W18 ped bl Sl g Wloals Laie po 4 pladisn
o bl 4 e e 3 e olos bl o
ozl poB (Sl sla Sis sils 0,3 0 5 998 00
g p90 0P dizme izl (g 40 Eanl (S5 9 Ceaglia
ssb 4 les b sl olulrgys o9l 9 S ol
LSy, e se Jlosl Dlawlows a3 > b o gl
S S o (S gl ol Lol Jule ylgica
bS5 Gl S 5 Lol )0 9 98500 08, |, Sl e
aS PFC2D l58l0 5 00 o oln] 555, 5 slacuslss
ol Jolss g &8 o sl oty (b g, cnl b 2
WS oo il WSls 1B i Co aS ) Coew g 0 F
odiez 5 sl oole Sy plaiea 1) Saw gy
g bals 2y 0 cuss (Kl &5 wiS o sle o

18 Hucka and Das
19 potyondy and Cundall
20 Bonded-particle model



S Sl @y i o Swdwlo glgil 51 S 30 25 5 (8b ol slaailin o 5Ty jshite 4y (s00e (g5lumdis 3,15

JS) ailoas ool )L cogpie o505 SO 40 pelaee JLas! a5 5,5 Byma ly FIM) b Jlasl Jow Mol
0355 Wb slagiy, Sod LRIM Gla 559 aslia (00 95 85z Saglie b jglid Sd plaiear | Saw slaails
PFC ,l38le 5 5l oolaiwl b Ko (g5l Joe ;o &3 (JLash) ol (@D JS) [49] asS o olesil aigy (Sak Jas

ool oads SLIY Joazr 50 oy lasn SGlSe (L3 slajae (adly @3 b Jos

Joe Sele slizl w8 (oo (iludnds Wl )5 JSE @

27 T Lithic Litharenite 6 T o Litharenite
arkose 1 f2
265 + % ¢ > T e 44
!
T R
€ 264 RS Lithic
L ;\? arkose 1
) = 37T a2y
- 1 * %S c
255 RS 2%
2% 2 T+
@€
25 T ¢ 3 oz
0:0 1T
24 Feldspathic o Lithic Feldspathic Lithic
45 % Jitharenite arkose 2 Sublitharenite 0 = itharenite arkose 2 Sublitharenite
2.8 T Lithic Litharenite 6500 T Lithic Litharenite
arkose 1 arkose 1
¢ 6000 T
*
275 T
5500 +
- I 8/
L27 T e o o 0t £ 000 T i
o A £ 4500 + %
b 3
“ o
265 1 > 4000
+
. + 3500 +
26 T .
3000 +
Feldspathic Lithic Feldspathic Lithic
255 = itharenite arkose 2 Sublitharenite 2500 = jitharenite arkose 2 Sublitharenite
200 T Lithic Litharenite 30 T Lithic Litharenite
arkose 1 arkose 1
25 +
150 + 243 5
© * 5 — 20 1 ’+’
% * <+ g ...
=0t o k4 Qist
@) w = 73
)
(234 10 +
g ¥
5 -+
Feldspathic Lithic oL Feldspathic Lithic
litharenite arkose 2 Sublitharenite litharenite arkose 2 Sublitharenite

adllan 9590 L Swwamlo (Sl 9 (9 3 oS 19 (SWS T g0 -F JS&

24 Potyondy



S Sl 4y G Lo,dle (b S50 (sl (oizme (S Lo joem w5318 s Clog (g58 Ol

Bkl 'S ¥ 3 1 B
- -
- o

..

1
+

-

=3
—

-
- }—
— —

-
- -

5, Y X))
"fvgl ‘\"' ‘v.:?'é."\ A
Ny AR WV .0y a
NAATI AT R VOCANA
RS
R 7
L l;'A D4 \v.v'g.

N /7
< AN
SHSsh
\Wava¥aray av.ve
EXIOACKTHT)
DY) 'A‘A'A"A'a,
SIS
D)

Joe 30 9508 sloo yamiy @595 (hled (0 dazme @595 9 23130 51 G 3 Al adlgi 51 g 1yd Gial,T (AN -F U
5o G)lgo YLaTT aslls (8 g cdw 31 pioS” WY Lail olowi b 5Ll Ol )3 (7 (Cowl g s Sy b cawlicn bghas Cawlis)

LEV] Joles caurdg a3 cyoum

(N (&)

Notional Rotation

skirted face resistance bonded
a; k
Interface load i (e
(F and M) ki
unbonded

Element load k;

(Feand M?) . ‘I

[8+] Sowwamlo saigns Iy PFC2D ;0 FIM sous sloJue (s yiol sl g ySumo ¢ygumsl IS -0 S



S Sl @y i

o Sawdwlo glgl 51 S 30 25 5 (8b ol slaailin o 5Ty jshite 4y (s00e (g5ludnds 3,15

PFC L 3twdae 50 @lyd (43,5 Wil calizie sl hgy sBadgamo g b 539 dmnlio =Y Jguo

PFC o wlyd Jlail sy g,

Flat-Joint model

Clump Particle

Clustered Particle

Parallel and Contact

L SHe

Model Model Bond Model
TN CanS) YL CnSlls page) lawgle Byt i3 2) lawgie SiFens) lawgio Sibw oo cdo
(bl e o (@l (el 35,55 I3 (b Jols S
o JUh e - et 5 2) gt o JUs 53l o s
(8990 i >) w95 . o .

(Slos (O3 o ©lyd m olew
S aBly 95242 Lagie DS g5l

S <> . o
(oolw ASLQ’UJ'B) £y u‘)é

@ e (p e

o3l ke & 503

588y ke ¢ F S0

(sly ko 5| a5

Golid Cooglio Cnnd

bl SN Jde 4 S led Wb 4 s S &3 0 )90 ST
Jw Jowo yo cds
" b bgin ol Silwde

el Sl 4 gl
Sade 4y S0y i . 3 ) b awslio jo gLl

. 99l ot Jlex>! cmslio b5 #lg lada I a8 o g
=l 8lg Hlade
p[IgI W o Slowle gle

|y Ko ooly SilSa 28, ity s0de Joko a5 S
A8 glwans cds b
il e i sl PFC2D s sladie s
Gty 9 Old ader b lal & el el ol p0
Jlosl (o5 Sigg g5l (i e 09550 1 3 4yl
oo o ey 5o 5 isdige Bdo 5Ll )3 g 0nd
23,5 g0 wa ool Hl8) (gilwands glp canlie JLa]
Glp cwlio olul L olodiges winld ol £4,8 sl
(83 diges Sl gl ad 4 oue gilw o
S 4 (g3 a5 (Keal glopls OIS Sl glasgae
S5 ot wlas bl 43 gelans Wigas 5 ol wiogs Juae
SEasl 9o sl b (el alaizs S 0l oa
@59 Solai b placans of o a5 ab asle
Sl 5 ol el 5 ) solitd bl o] i
Sl 03] s 45 (6 pbods ey )T paliss 3 pla
Sl ol ass s aib VFF L ol (Ruad/Roin)

(Clump Particle Model) 43, §,8 o2 ,o ol,d Jows

Ogel S a8 -F-Y
pilias g30e Joo 535 oulas PFC (g5l e 5o
ool (9959 8o sla el (sl conlin polie L
Slogas hos glp A Sess 980, w2 10
Ol 35105 3929 (02559 S i 2 S (9 95mg S
S8, b 0 ge plomil Uas 5 (9051 Al 3 3oy 5l edais
Gyl Gilles S (o3l slo S5g b oaud g jluans
el p3¥ canlllas 5550 SlaSinw anle L8, 385 Sb3L
OmeS S804y (g58wg S slayielly 5l ol 09,5 5o
g
(Il ala SRy Jels ol slayully - )
OFSEsS whp a Jl G Cad (b g
ey g eglad (n FSZ oS 4 (IS ) Comnd (D)5 glads
Jolt b Wom Jde glajiell Y . SlSkal
ot d Jlop (e s « SOL e il (ala el
5 oS Cooglie o Soimr Cuoglie «SSlaol 4l

Oyl La):..obli Awd Oi‘ 4oy dxg (SKlasl Co o



S Sl @y,

G Loyde (28 590 il (orizme (Sl Lo jaes (g5l log <65 e

2 Fashes B g )] o dee V) - ol b pladiges
Slbo 28 b g YU slolgs oS > a0l oole]
S ool 3 gl 2 3y S 9 S o0 Wil | (6,055
2 Ogbee dmmibre gl ghails gl & Slxio p o)l
Sowdnls 55,0 sl lyd o3lail o slrosls ol
alyd ad asie bSws iSlas ¢ Plas glo,lad
ol Cans 5 0y b ol &y sl
Old ol o yeS el V22 L ply (Rmax/Rmin)
o3l (p3S LY gg Siwank 4 by (MV-Y)
LY g5 Swanls a5 by el O3 lagis
Ly slass o pies (1S hhwgie ojlul o 5 SSeS
5 Silwdoe Judow Gley mimmen )l 1, (YY,AVD)
Slass ol 381 b el aunly OIS slal g olaws 4y (5,105,
o5 ) o S55sn Ssb e el ol
ool sladiges (goae o oo sl byl )lg e
Rl e (P JS) ad S 13 (6 )9me ST (6 1050 cou
Lishn slos s g 0)) K, L 2i5 oS 5 cpgas
Oleo B 0529 O jg0 ,0 iloads oals Lis 10,8 K,
L ol solmlel slagilesl 5 giloans @b
Sty osllan (8 Sl (sl 2y 53l Jon 155
@l oadipen sl el lig e o (o) sl 05
o b wdnls plle sladiges (goue (giluan
o duslie aBisle;l gleosls LUCS iles]
Slagiorie 35 oo oanlive 7 S5 )0 a5 jsboiles
BBl sla o b s3ue (s3loannds S s
Jsoe 5 697 (5,Li8 Canglie s (293 SloS e
aolie b Loyl gooe gileans 5l ol SL
il F S 0 (F Jgoz) o)l cuisllas  al8isles]
Srdigel b mave dign slld gooe ladiges cunss
a5 ae e ol bt g Cawl oud dwslie oKl
Pl 5 siloand (29, 59 5 50 CuSs glacl>

Als g0l cals

o8 Jlesl Seug gl G5 (5 lMe s a3l SS8S,
e JLail g sl 28lS 3 05 8 sla i
YOS SLOX SPL S | PR SR CTIPY LR S JURLA SR
Lad omdlS byelby S e cSle
3 8l opml IS s b 5 85l il S
2 wiloasl Cewsas PFC2D sla Jow ,o zlawe Jlail
ailoads ,S3Y Jga

5o S gladiges (alfisle;] mls wlal
e g Joo 3l oolanl b Sy g5 50 eole S ylgacay
oolod ahads )8 mhave g ¢ Jow ol jo aiud (g3lwans
alyd e85 gslwesls Ll o ™
g abasng (oolidhy) bl o gl S
b oyl Sl alosil (VYY) ) 9 (o ollslys
G Galeg] 5 S Caie ialys Koo eulss
2 0D Egph dged (1S Cuglie 2Lk sl by
st Sl (5,570 ST (g LLd Q.ojl.'é.a LgLQ‘_,i:.il.o)'i
a5 N0y ,8 wubais slaigTay leaign ¢ D13 Loy 4 Jloy
Jose wiiS g Bl dgad (o5 gl S b
0l ladign 9 Ol sloJade pudais b 5 aonnindl

Q.ojLﬁ.o ‘5)52.&&3 ‘_g)L.i.é ‘_ngu'L.lLo)'—l ‘O‘il 2 oj){s W

Mdl.olﬁ)ésubé

Jlast Wl ol,d SKlasl co o wolyd [0 000,50, S
g T g PR VRT3 I NV JLRE VR S
i e UCS

S yb—id Cnglio iwlojl gous Juwo -0-F
‘5)3.750&

O ygods slalginl sdiges ( Swanls g9 12 5l

Ohlejl g0 (giluand o aad (giluand goue

PFC2D ;l solawl L (UCS) (5,405 (5,Lad Canglin

% installation gap



S Sl @y i

o Sawdwlo glgl 51 S 30 25 5 (8b ol slaailin o 5Ty jshite 4y (s00e (g5ludnds 3,15

é.'..wd..wl.n g iy PFCZD O FIM goue b Juw oyl yl g 5Somo (ygun] ud 5 -Y Jgu>

bod Fod Yood Yeood Voo Gleogas i,
- /94 -IVY -/ <100 Y o)l JBlas gled 4 iSTas gleds &lyd b el
Vg4 Vg4 Vg Vg Vg (mm) ol gles Jolos
- Y - I5% -/8) -1y - 10 (GPa) areecia¥! Jooo
£9 ¢ T \A4 o op s oy (S S
ol0 \A £Iv VA \rA (W) SElas! oo
4 A g \a o (GPa) arucia¥l Jooo  ebiamnd Wigwy (g ol yly
ol0 \A £Iv VA \rA Sy Jlog (w S
AY OA A £ 24 (MPa) sS cuglia
VAY \EA 2 Vev YO (MPa) S

ool s ol bnd F oo oV 595, Teond Wows o) 55, Teond Y s oo, b Sslowald Vs

s sazasylis a5 cawl MPa YN O alKiole;l jlade
ol 1y ger Gl 5 Kb Jgow el (g, £Y
3 i Sl goae Jlade baiged (S 0 Ll wes
20 Joo o by San i o i slacyli
GiS geyl 50 008 e b Wiges e poaS ail
PEislejl 5 goae sloosls oy S (BTS) ;0
Glp iged Gloeds Canl doy Ve BT odgame o
Jaie g MPa YVO (gose jlade ol Siwaule
LS| sy FA L oS ool MPa AYY a8l
g e mls 0w T SauSe U8, (eimed 3,0
Sy eadodalie glacsglas g o)l Slgden oKkl
9 o0 gull o oddodslice SN (IS gboay aivn
ol Olg e g ails 13 Jg3 bl odgamma jo alSisle;]
(SilwJde Sles 8 das il (goasie Julge 4 1) lacuglas
Comla g go0e anlp o oulplxl sla g lwosls
ailei oo Gmizen SIS plols Cos Jow sla il
Srdiges Sl Cliogas o Sz Olyess 5l G356
o a4 alBill o o a5 asl ekl
Xy, bl asly gose polie ol e alfisl;]
ol 1y gollae calls (anSls 05680 5 Ol sy S

S e ol Iy goas Jaw jlael a8 wies oo

AR

(sl S Caogliio (el (goue Joro -5

oo o (25 (505l o SAS Cuaglie (ot 5l
Silwaes PFC2D Jl38la 5 p0 o0 & g0ty (b
s g ol (b ¥ JSE Billhae oue ladiges 3 S
1o obd slaws as o)y il 4 (6,135 ,L Slxae &,k
Joe 50 g YO L Ll F e Svanle go0e Joo
SIS Caglie o FASD L gy ¥ gy Siwanls
Loy i (5970 (595 e NG L diine o8
0D Al Aol jo il slao g jo Sl 4
o, = 2max M
o Laiged 0 S 55, mis 9 ove sl VIS
aalie cmizon aad oo Bl 1) (s (58S (g3l ]
5 ondsiluand hjn slagges] (S-S o
2l g cwl ool ool Gl VO USS o aRiles]
Ol el @l
ROWI LMoy

s o slacals PRCERRN
Jsiz ) Ralejl 5 oue gl o B (50

Canglie gl pBislel 5 go0e s ol ool @l ¥
Wied ol Bl caimonlii (5,e S (g lad
3 ikl g goue polis lee BT a5 g ek
Slp Jloplgeas oo 18 oy 1L V.0 cogue
s MPa 2\ goue Jlade cobjlnd Solwals Swanle

26 Brittleness



S Sl 4y 5 AL Lo pdle (xd) 59500 (Ul (orime o S Lo o (g5l E 5w oy (5555 Ol

=
o
o

Typel

Axial stress (MPa)
B (<)) =]
o o o

N
o

0 0.003 0.006 0.009 0.012
Axial strain

Type 2

Axial stress (MPa)
3 3

N
o
L

0 0.003 0.006 0.009 0.012
Axial strain

Type 3

[
B
S

-
N~
5}

=
15
S

80

Axial stress (MPa)

40

20 A

Experimental

0 r v v 3

0.002 0.004 0.006 0.008
Axial strain

o

1409 Types

120 A

P,
-
(=]
o
.

=3
o
L

Axial stress (MPa,
8 3

N
o
L

o

0 0.002 0.004 0.006 0.008
Axial strain

Type 5

=
o © O
S © o
PR

Axial stress (MPa)
8

Numerical
Experimental

~N
o
L

o

0 0.002 0.004 0.006 0.008 0.01
Axial strain

Ay Uio 9 (i yt 2308 ¢ oS 10)3) S 550 5 2385 (o) 3 S970 ST (63Lid Cnglitn (9031 (g0 (g lwannid —F S5
e Swdule glgil (512 ouisjludmnsd 9 012 ConsSils Gl 5 )5 — i sl v

'Y



S Sl @y i

o Swdwlo glgil 51 S 30 25 5 (8b ol slaailin o 5Ty jshite 4y (s00e (g5lumdis 3,15

Type 3

Axial stress (MPa)

Numerical
Experimental

0 0.1 0.2 0.3 0.4
Axial strain

g S GBS iy @39 Saled g (3 (RS (yg03T 50 (BIEs LT diges b FIM (oue Juko duglio —Y S
LT 5 S sl snin 3 g9 gl 53

s Wign (53l gl g (BB LojT gl 51 Jeolo o1 95ug Sl (Sl (plgs dumslio -F Jguo

<ulibd ol o)l VigS,l Sead ) 598, T S ol Seilwals o Sy
Num Exp Num Exp Num  Exp Num  Exp  Num Exp Sl
\e2IP-  AYSIVA \YVIEZ  \YA/0F VFA YA YAIFY R Vo UCS (MPa)
YN Yy Yo Y¥/0 YYIYY YYD ) AIYS RN E (GPa)
VY A4 4 /74 /7N <Y ANG QA V-4 AVRIN Axial strain (%)
\OIY \PIYY YIVD NIYY VO/PY  NOIYY  OIFA bIay ARVAS VYD BTS (Mpa)
ARYAY4 VYA \PIY VOIOA a/ff /-7 \YIYY  AYIYA AN YIA Brittleness (B1)

iy A (o) NS el g () 'S 5 oggpd
5 Do Vsb ey cuglie oS 55Ty on e
ol Saijpame cov aaifd sk sl
5l ooliiul b ocd g oci slaailiw] o5l azes jo anib o
Aibor 5y9r 4ol S il laces

Loy (AE) olyl Lol slclls ol ulsl »
Gl Cwglie Cws Job 0 5,5 slas el
sk 1 S5 el 5 s Gl (5550 S
slaailbin] 1 oolawl b oges et S (gly puionns yué
s gl p Cuglio ol g YU dg0> (S5 |
o Uy Bl a5 gelans 3L e st Bl o0
005 slocKi S il Ceoslia b by anglive il
b Ly Cenglie WL o by 3illas 00 i elans il o
[29-31] 5 [22] wtly o SKims 0355 ko olisS Cenglie

28 Crack propagation

o3 :Num LGDLiMuLo)] Exp

Sy g s -
| i gailw! —)-¥

sl el g goyb slp Sl 0)s0 AT (el
4 GalS il G eaSle Sow 009 jo Sl (S
Ol S 0055 Sae (Vb L8, ot jslate
plnl b Ll g (ygm il sl o (o) slocs e
Olis daSins (55, 2 5re S (g)lid Cunglia (oo
Cuglie /0D dgam> jo  Saddiug Cwglae a5 wols
o as wiols ol LQJ—I [14] Al oo (559700 ST (g Lud
SopeSS 5ylad Cuglin Gialejl 5l Jol> S5 g9,
Slrp (Sodaing Cwslie I glie Gradd Wlgi e
5 [15] (iS5 (wilo (pizpod s ey S
Canglie 8y a5 wols olis [16] cosile g cygm il
S el g £955 A5 obe ool b (Sadateg
2l (69700 ST (g )Lid Canglie iulel 3l ol s
slalia] a5 wisls ;L [8] o) Sen ¢ g y0ms abl oo

27 Crack initiation



S Sl @y,

G Lo,de (28 590 (il (orizme o Sl Lo jaes (g5l lag <65 e

oz olaws 5l oolaiwl b S5 coml alise slaailin]
olas A U 50 PRC Jl38le 5 50 o oo glas 55,
" Slotans (50,955 5 (S5 ol 50 .l 0 00l
Ol & S5 (S o 5 (0) Sy 5Ll abaii lgie
Oy 50 Sl odls 48,8 a3 s (0ed) S P cumwl alads
s Jolie 5o ol bl crez jloges ( olg] Lic]
il b Sl o (clabai gl o il 058 oo o,
SWIL Rl S S el 25 e Jlesl L 5o sgame
Ol aege a5 Cenl (glabais wod ailiwl ams o LS

[8] sos o 7, AE imie s o JleST

Crack Interaction —C\D

Strain Ratio

Systematic Damage Cl

LOG (# of Cracks or Crk Intensity)

Random
Cracking

LOG (Stress)

04

01 4

ol 3 €9 5 slaeilins] (omead Y-
G ;o Casls wads plxil Sldllae ull 5
SloS 595 D w9 ShrS bl b oass
g [51] 5 [22] [18] 8] e oo &y 15 5l 2L
SRS 53 0l CuF S (gre Slaw Joloui b ) Sen
ol Ll a0 ged paed 1) S 5 o] alizes oo PFC
PFC j138le 5 jo g5lw o 3l Jol> S 5 sloosls a5 aisls

s [8] wilioe sl JLasl g, 5l Jols s Jolas

b)

1
Peak
i _ _ Strength
Tangent Strain (Poisson’s) Ratio lot 2
z
o}
| (=]
Systematic E
{ o
Cracking - Lom
Interaction
First
Initial Crack Density
T T —T T ™ 0.001
10 2 100 200

50
Axial Stress (MPa)

slaey a1 Juol> ol graibaw] (0 (AE) (olsl jLics! glaeails (@ owioSds cum| Jox5 crmtd gy —A S
[8] PFC?,l3810 5 31 eoliciw! b S 5 o

Sl ol blis g oo 8,91 g oS )5 drawgs Ciliso s Jlg o
bla) wias § asin s a5l S5 e e
(G5B s

o5 ol el o] 5 slaailisl

4 &l PFC?P s sone (gilwans 5l Jol> sloS 55,
o bawgi oal (Byre (b, b Bille Sowanle ool
oS olawd o8 S0 el s (V00 F)
oy o Somstsle cod 52 sl G5 0 ) Jlae yo a5
aS aib o (gladads gl oo ailiwl (S ol jo el sas
S WS ooyl SLSU sk S read (i o
et Sz gS odgaome Sy, oYL B LIl les e
2 SSL al38l egs aS ol slakais wod ailiw] 5403
Ao polie cwl ools Fy S sremd S o
lrailin] sl onls 610 Jgaz ;o ol i zglaw

S sre (Foie $9) 2 @B mles ) b ol 15

29 Systematic Cracking



e Sowawbe glgl 51 > 30 i 51 23U ol Glaailbin] 5,505 jslaie 4y (goae (giluands 0,8

S Sl @y i

o
-
(s32e42 JO JaqUInU dAIRINWIND JO) DO
B e
O 0o
2 L
£ 5
eg T
9 ©
55 5
h 9 Kl
~x ®
3 X 2
a8 £
© ]
°
(9]
- 5
2 o
= &
L ©
o
o o o o
o o o —
o o -
o —
-

(s3}2B42 JO JBQWINU BAIIRINWND J0) DOT

10

100

10

LOG (Axial Stress, MPa)

LOG (Axial Stress, MPa)

10000

o
—

1000
100

(39842 JO JaQWINU dAIRINWND J0) DO

10000

o
—

1000
100

(s32e42 JO JaqUInU dAIERINWIND JO) DO

100

0

—

100

o
—

LOG (Axial Stress, MPa)

LOG (Axial Stress, MPa)

10000

100

o
o
o
—

(39840 JO JaqWINU 3ARINWND J0) OO

10

100

10

LOG (Axial Stress, MPa)

o 31 Sl ool i sloailinw] -4 S

duslo gloced 51 Sy 2 gl PFC? l38le 5 50 53 orazd olass

Sow

\0



S Sl @y,

G Lo,de (28 590 (il (orizme o Sl Lo jaes (g5l lag <65 e

il B | Sy sl ol T saaliw] -0 Jguz

Ocd/Gpeak  Oci/Opeak  Opeak ocd oci Sowwdulo £ 95
(Mpa) (Mpa) (Mpa)

-jay 10 PFA AD bl Seilawald

- IAR AR A% &Y vy Y 595 T S

- 1AD -/fY VEA VY& sf Y 505 ,T Sd

-/AR <00 \YVIEE Y v ONHACN

-4 <174 1T R byt ol

S oS 4 Bl a5 0l o S5 laubl o, al> e
205 (o0 (A

S5 amis =¥
K ;0 S 5 cawl g5l i glaasbin] cpuas
ot slr sl la el (S Glyeds sy
(s0) 25 S > e Siw slaodgs Daeails L8,
Sl Glas gl cnl @l Sl 1,95 5 (Slofug ool ]
o 5 (Oed) Sl wlinl g (oci) S5 lel aliw] a5
Sl 5 Saealy ey Cuglie glaoaiiSo sl (e
2o Gl (Sabjgae Cod ewiiSS laSin
« PFC2D jl33l0 5 1o 0ol ploil (go0e (gjlwand wlal
18 adlhe 3,50 slaKimamle slp (06) S5 5lel astew]
(UCS) (o y5mecSs (,Lid Conglin 00 b +/¥Q o350
O 5o a8 Sl lal o b blie 25 mhaw oplo)ls 1,8
elusl el lgieas 5 o0 olonl S jo 2t sloS 55,
sloJoe slp baliw] ol slas ) 05l o Came Sow
slXin aule glgl 51 S L jblis alise goue
A SIST-I VCI R RS TL S R VUT TR LI S W RY
Jolas (45 gl 5 i o Sl il 5 Sl
(e 000 )5 el KWL £O g Ve £ LYY PR L
St 8, 51 gl yo by Jobas 45 o(06d) 5 5 omms] il
S Joe sl s g0 7, S bl oy o1 js a8 ol
) 555,18 ol Soslasald glaSin anle (goae
OB 0dgazxa y3 oyl g cobilid (Y 58 TS
ol o sanlie JIEs VR 5 VVF TS ST AD
SAY B2 JAD sga 40 ged asliw] a5 wsls ylas polie
My Sueglie Glarear 93,15 1,8 (597005 (5 Lad Cunglite
S a5 aims oo lis gl ol 0gd ge aizlis S

S 38 ol S 5 e s i

b e (g9ae Jae SVl s Kby o Sovie cud o
Slas 1y $31eiSs wigy ead sloml oS5 F 5 ol jo a8
b e S (Lo ool L] Sl al> o ol 000 o
FF XY Jolre it s (o dls e ol oLl alais
B sladoe 51 e 2 slp oy 4 JSWbRe 70 5 Ve
Olore ay abaii ol 005 o e S k] alin] 4 0
odmline ladse 0gd oo a8 T Hlai o K gludl g4,
EL Y sgas o i mhaw (pl polae AT Woges
bl S slaSin, ol o 45wl g Sy caglis
UCS « gci s [51-55] 5 [35] ¢[22] ¢[18] wigss oo
Sl oas &1 O Jgaz 0 g33s slo Joe 51 Sy sl
it 2[OO B /¥R o0 sl ow gl s ol
Sl o285 gl 5o S5, % Sl 4wl
G)led Caglin /OO U /Y o Lo i a5 oS Wigd oo
oS 55, (il @i wliwl 5| gy 0Bl oo (5,570
wls o cpl 30l oo dalol gty Ce Lol ¢S
Tobaw o al> o (nl S (oo 0l ol O g0 4 S 55,
Glp ey @ JEULE VFA g WVF AYE £Y A s
Cmnss ilods st Ocd ailiw] & ) B ) (g00e slo Jow
Olore as a8 ailewl cpl il o +/A L +/0 oy UCS & ocd
Ey Qb)) e s ol T 5l S aBly uaglie
4 4z b adboe ool Bl b (Shw sla)bSle
b b g dou) il mhaw ol o S labl as,
5 5 Al aslsl jats Djgo ar S Al (S Gl
bt pulal 5 [22] 005 o S Sl 4y yoeie Colys
JAY L < IAD dgus 0 S M]w aS w08 asin
O 5 el ) ey Bl oe (559700 SS () Lid Caaglie
Silo &S as e F) S Sy b S 55, (il



S Sl @y i

o Swdwlo glgil 51 S 30 25 5 (8b ol slaailin o 5Ty jshite 4y (s00e (g5lumdis 3,15

Olyeds il Joe 99 cnl (el 23l oS (Slelllas
g g lerdny sl iagh sl Slakod e S
L a5 slaasl wl caubms cpl 40 oopl pogdle
yokaieds g adloa i i PFC (so0e Jow 5l eolar il
sl Gbgy b ol (Jguol calis 4 by ool €80 (oo
AE laools (Jl cpl b il oo o,L_3l (AE) 4]
Ll 51 ilazs S5 1,8 ooliasl 550 iyl ol 5o Lok
sleatiowl b)) lr Gads (25 )15 SGAE (b, oS
5 AE (sloools 31 e jen oolaiwl o oo Cgmmimo (S
4 adgs o0 PFC 5l J—ole sloosls L oyl zolis 4 slin
Sy Lo SLS goue gl jluel g cds il
275 O yg0h AE slaosls coon | Slidss jo a5 54
3)50 G398 sy (o sl g 00 g psleer
3 P Gees S0 an Wiy ge el cpl i S 108 eolan
bl g i sleasliwl o W PFC Juw slac L
Dyl e (S sladiged LSl Hl8) 558

polie b o533l (goae o Jow ;0 S 5 ol g 58]
Ol S ek s ety Oldllae yo eall )58
2 e gove glagiluand o5 ol plas tagh
sloastin] s gl omolio 5l $lg5 0 PFC2D 15810 5
LS, 5,0 Sgagr g wdh 0uiSll slacKiw 0w S
aiilgi oo el nl il SLls S8 S (p (Sl
i) sl e 5 (Kiw sboslu sl 5 >k 5o
Thas Wgmy Joo o Gipo%y Gl jo S 158 eolinul 5 g0
Jbd, gileans o Lol is, olecay (Flat-Joint)
ol 433,5 118 oolail 550 (Swals sladiges Sl
el jo Jaw ol cwlie pllg Jds a4 Sl oyl
o plomil (g 2 990 Ll yd 55 S (S sla S
51 5 (Parallel Bond) (s5lge wisey Jow (Jl> ol b ool
Cymme S 18, Sl jo ml) go0e sbo by, alex
SO (w0 g Jie 99 (l (o olr duslie 058 o0
Silodend )3 Sy 5 Sl g I 4 Wl Ll
ol el 5 a8 K slatiges SulSe 3,

b 2o -8

[1] Bruning, T., Karakus, M., Nguyen, G.D., Goodchild, D. (2018). Experimental study on the damage
evolution of brittle rock under triaxial confinement with full circumferential strain control. Rock
Mechanics and Rock Engineering, 51, 3321-3341. https://doi.org/10.1007/s00603-018-1537-7

[2] Xue, L., Qin, S., Sun, Q., Wang, Y., Lee, L.M., Li, W. (2014). A study on crack damage stress thresholds
of different rock types based on uniaxial compression tests. Rock Mechanics and Rock Engineering, 47,
1183-1195. https://doi.org/10.1007/s00603-013-0479-3

[3] Chen, G, Lin, Y., (2004). Stress—strain—electrical resistance effects and associated state equations for
uniaxial rock compression. International Journal of Rock Mechanics and Mining Sciences, 41, 223-236.
https://doi.org/10.1016/S1365-1609(03)00092-3

[4] Alidaryan, M., Khosravi, M.H., Bahaaddini, M., Moosavi, M., Roshan, H. (2023). Mobilization of
cohesion and friction angle of intact rocks in the shearing process. Rock Mechanics and Rock
Engineering, 56, 8221-8233. https://doi.org/10.1007/s00603-023-03484-z

[5] Gong, F., Wu, C. (2020). Identifying crack compaction and crack damage stress thresholds of rock using
load—unload response ratio (LURR) theory. Rock Mechanics and Rock Engineering, 53, 943-954.

https://doi.org/10.1007/s00603-019-01936-z

[6] Bahaaddini, M., Hosseinpour Moghadam, E. (2019). Evaluation of empirical approaches in estimating
the deformation modulus of rock masses. Bulletin of Engineering Geology and the Environment, 78,
3493- 3507. https://doi.org/10.1007/s10064-018-1347-x

[7] Cai, M., Kaiser, P.K. (2014). In-situ rock spalling strength near excavation boundaries. Rock Mechanics
and Rock Engineering, 47, 659-675. https://doi.org/10.1007/s00603-013-0437-0

[8] Diederichs, M.S., Kaiser, P.K., Eberhardt, E. (2004). Damage initiation and propagation in hard rock
during tunnelling and the influence of near-face stress rotation. International Journal of Rock Mechanics
and Mining Sciences, 41, 785-812. https://doi.org/10.1016/j.ijrmms.2004.02.003



S Sl 5 G Loydle (b S50 (sl (oizme (S Lo joem w5318 s Sl g 58 Ol

[9] Hajiabdolmajid, V., Kaiser, P. (2003). Brittleness of rock and stability assessment in hard rock
tunneling. Tunnelling and Underground Space Technology, 18, 35-48. https://doi.org/10.1016/S0886-
7798(02)00100-1

[10] Read, R.S. (2004). 20 years of excavation response studies at AECL's Underground Research
Laboratory. International Journal of Rock Mechanics and Mining Sciences, 41, 1251-1275.
https://doi.org/10.1016/j.ijrmms.2004.09.012

[11] Hoek, E., Brown, E.T. (1980). Underground excavations in rock. Institution of Mining and Metallurgy,
London.

[12] Martin, C.D., Kaiser, P.K., McCreath, D.R., (1999). Hoek-Brown parameters for predicting the depth
of brittle failure around tunnels. Can. Geotech. J, 36(1), 136-151.

[13] Rojat, F., Labiouse, V., Kaiser, P.K., Descoeudres, F. (2009). Brittle Rock Failure in the Steg Lateral
Adit of the Lotschberg Base Tunnel. Springer Wien, 42, 341 p.

[14] Andersson, J.C., Martin, C.D., Stille, H. (2009). The Aspd Pillar stability experiment: part 11— rock
mass response to coupled excavation-induced and thermal-induced stresses. Int. J. Rock Mech. Min.
Sci, 46(5), 879-895. https://doi.org/10.1016/j.ijrmms.2009.03.002

[15] Martin, C.D., Christiansson, R. (2009). Estimating the potential for spalling around a deep nuclear
waste repository in crystalline rock. Int J Rock Mech Min Sci, 46(2), 219-228.
https://doi.org/10.1016/j.ijrmms.2008.03.001

[16] Andersson, J.C., Martin, C.D. (2009). The Aspé pillar stability experiment: Part 1— Experiment
design. Int. J. Rock Mech. Min. Sci, 46(5), 865-878. https://doi.org/10.1016/j.ijrmms.2009.02.010

[17] Bieniawski, Z.T. (1967a). Mechanism of brittle fracture of rock: Part I—theory of the fracture process.
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 4, 395-
406. https://doi.org/10.1016/0148-9062(67)90030-7

[18] Bieniawski, Z.T. (1967b). Mechanism of brittle fracture of rock: Part ll—experimental studies.
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 4, 407-
423. https://doi.org/10.1016/0148-9062(67)90031-9

[19] Bieniawski, Z.T. (1967c). Mechanism of brittle fracture of rock: Part I11—fracture in tension and under
long-term loading. International Journal of Rock Mechanics and Mining Sciences & Geomechanics
Abstracts, 4, 425-430. https://doi.org/10.1016/0148-9062(67)90032-0

[20] Eberhardt, E., Stead, D., Stimpson, B., Read, R.S. (1998). Identifying crack initiation and propagation
thresholds in brittle rock. Canadian Geotechnical Journal, 35, 222-233. https://doi.org/10.1139/t97-
091

[21] Lajtai, E.Z., Lajtai, V.N. (1974). The evolution of brittle fracture in rocks. Journal of the Geological
Society, 130, 1-16. https://doi.org/10.1144/gsjgs.130.1.0001

[22] Martin, C.D., Chandler, N.A. (1994). The progressive fracture of Lac du Bonnet granite.
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 31, 643-
659. https://doi.org/10.1016/0148-9062(94)90005-1

[23] Aboayanah, K.R., Abdelaziz, A., Haile, B.F., Zhao, Q., Grasselli, G. (2024). Evaluation of damage
stress thresholds and mechanical properties of granite: New insights from digital image correlation and
GB-FDEM. Rock Mechanics and Rock Engineering, 57, 4679-4706. https://doi.org/10.1007/s00603-
024-03789-7

[24] Cui, Y., Xue, L., Xu, C., Bu, F., Zhai, M. (2024). Damage mechanism evolution of red sandstone under
drying—wetting cycles: experiment and discrete element modeling. Bulletin of Engineering Geology
and the Environment, 83, 96. https://doi.org/10.1007/s10064-024-03598-w

[25] Wang, C., Du, G., Han, Y., He, K., Li, E. (2023). Evolution characteristics of acoustic emission and
strain energy for deep granite under different damage stages. Geomechanics and Geophysics for Geo-
Energy and Geo-Resources, 9, 14. https://doi.org/10.1007/s40948-023-00557-9

[26] Li, H., Zhong, R., Pel, L., Smeulders, D., You, Z. (2024). A new volumetric strain-based method for
determining the crack initiation threshold of rocks under compression. Rock Mechanics and Rock
Engineering, 57, 1329-1351. https://doi.org/10.1007/s00603-023-03619-2

[27] Mo, Z., Qian, L., Yao, T., Gao, Y., Zhang, J., Zhang, R., Liu, E., Jiang, H. (2024). Stress threshold
determination method and damage evolution modelling based on micritic bioclastic limestone. Rock
Mechanics and Rock Engineering, 57, 45-60. https://doi.org/10.1007/s00603-023-03524-8



https://doi.org/10.1016/j.ijrmms.2009.03.002
https://doi.org/10.1016/j.ijrmms.2009.02.010
https://doi.org/10.1016/0148-9062(94)90005-1
https://doi.org/10.1007/s10064-024-03598-w

JOURNAL OF ROCK MECHANICS

ISRM

[28] zhang, Z., Liang, Z., Tang, C., Kishida, K. (2023). A comparative study of current methods for
determining stress thresholds of rock subjected to compression. Rock Mechanics and Rock
Engineering, 56, 7795-7818. https://doi.org/10.1007/s00603-023-03480-3

[29] Diederichs, M.S. (2007). The 2003 Canadian Geotechnical Colloquium: mechanistic interpretation
and practical application of damage and spalling prediction criteria for deep tunneling. Can. Geotech.
J, 44(9), 1082-11186. https://doi.org/10.1139/t07-033

[30] Damjanac, B., Fairhurst, C. (2010). Evidence for a long-term strength threshold in crystalline rock.
Rock Mech. Rock Eng, 43(5), 513-531. https://doi.org/10.1007/s00603-010-0090-9

[31] Xue, L., Qin, S.Q., Sun, Q., Wang, Y.Y., Lee, L.M,, Li, W.C. (2014). A study on crack damage stress
thresholds of different rock types based on uniaxial compression tests. Rock Mech. Rock Eng, 47(4),
1183-1195. https://doi.org/10.1007/s00603-013-0479-3

[32] Perras, M.A, Diederichs, M.S. (2016). Predicting excavation damage zone depths in brittle rocks.
Journal of Rock Mechanics and Geotechnical Engineering, 8, 60-74.
https://doi.org/10.1016/j.jrmge.2015.11.004

[33] Xi, X., Guo, Q., Zhang, Y., Pan, J., Cai, M. (2020). Investigating the relationship between the
brittleness index and crack initiation stress for the granite under triaxial compression. Latin American
Journal of Solids and Structures, 17, 1-12. https://doi.org/10.1590/1679-78255984

[34] Cai, M. (2010). Practical estimates of tensile strength and Hoek—Brown strength parameter mi of brittle
rocks. Rock Mechanics and Rock Engineering, 43, 167-184. https://doi.org/10.1007/s00603-009-0053-
1

[35] Nicksiar, M., Martin, C.D. (2013). Crack initiation stress in low porosity crystalline and sedimentary
rocks. Engineering Geology, 154, 64-76. https://doi.org/10.1016/j.engge0.2012.12.007

[36] Peng, J., Rong, G., Cai, M., Zhou, C.B. (2015). A model for characterizing crack closure effect of
rocks. Engineering Geology, 189, 48-57. https://doi.org/10.1016/j.enggeo.2015.02.004

[37] Acar, C., Gunduz, Z., Kara, B. (2014). Modulus of elasticity determination of rocks using
compressometer, strain gauge and LVDT. In: 11th International Congress on advances in civil
engineering- ACE 2014, Istanbul, Turkey, 21-25 October 2014.

[38] Taheri, A., Tani, K. (2008). Use of down-hole triaxial apparatus to estimate the mechanical properties
of heterogeneous mudstone. International Journal of Rock Mechanics and Mining Sciences, 45, 1390-
1402. https://doi.org/10.1016/j.ijrmms.2008.01.017

[39] Shirole, D., Walton, G., Hedayat, A. (2020). Experimental investigation of multi-scale strain-field
heterogeneity in rocks. International Journal of Rock Mechanics and Mining Sciences, 127, 104212.
https://doi.org/10.1016/j.ijrmms.2020.104212

[40] Munoz, H., Taheri, A., Chanda, E.K. (2016). Pre-peak and post-peak rock strain characteristics during
uniaxial compression by 3D digital image correlation. Rock Mechanics and Rock Engineering, 49,
2541-2554. https://doi.org/10.1007/s00603-016-0935-y

[41] Bahaaddini, M., Sharrock, G., Hebblewhite, B.K. (2011) A comparison of physical and numerical
experiments on artificial jointed rock masses using PFC3D. In: 2th International FLAC/DEM
Symposium, Melbourne, Australia 14-16 February 2011. pp 321-330.

[42] Folk, E. (1980). Petrography of Sedimentary Rocks, Hemphill Publishing Company, 182p.

[43] ISRM. (1981) The complete ISRM suggested methods for rock characterization, testing and
monitoring. Pergamon Press, Oxford, UK.

[44] Hucka, V., Das, B. (1974). Brittleness determination of rocks by different methods. International
Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 11(10), 389- 392.
https://doi.org/10.1016/0148-9062(74)91109-7

[45] Potyondy, D.O., Cundall, P. (2004). A bonded-particle model for rock. Int. J. Rock Mech. Min. Sci,
41(8), 1329-1364. https://doi.org/10.1016/j.ijrmms.2004.09.011

[46] Itasca Consulting Group Inc. (2014). PFC2D-Particle Flow Code in 2 Dimensions, Version 5 2014
Minneapolis, MN, 40 USA.


https://doi.org/10.1016/0148-9062(74)91109-7

S Sl 5 G Loydle (b S50 (sl (oizme (S Lo joem w5318 s Sl g 58 Ol

[47] Potyondy, D., Cundall, P. (2004). A bonded-particle model for rock. International Journal of Rock
Mechanics and Mining Sciences, 41, 1329-1364. https://doi.org/10.1016/j.ijrmms.2004.09.011

[48] Bahaaddini, M., Sheikhpourkhani, A.M., Mansouri, H. (2021). Flat-joint model to reproduce the

mechanical behaviour of intact rocks. European Journal of Environmental and Civil Engineering, 25,
1427-1448. https://doi.org/10.1080/19648189.2019.1579759

[49] Potyondy, D.O. (2011). Parallel-bond refinements to match macro-properties of hard rock. In: Second
International FLAC/DEM Symposium, Melbourne, Australia, 14-16 February 2011. Itasca, pp 459-
465.

[50] Zhou, C., Xie, H., Zhu, J. (2024). Revealing size effect and associated variability of rocks based on
BPM-uDFN modelling: Significance of internal microstructure and strain rate. Rock Mechanics and
Rock Engineering, 57, 2983-2996. https://doi.org/10.1007/s00603-023-03653-0

[51] Brace, W.F., Paulding, B.R., Scholz, C. (1966). Dilatancy in fracture of crystalline rocks. J. Geophys.
Res, 71 (16), 3939-3953. https://doi.org/10.1029/J2071i016p03939

[52] Eberhardt, E., Stead, D., Stimpson, B. (1999). Quantifying progressive pre-peak brittle fracture damage
in rock during uniaxial compression. Int. J. Rock Mech. Min. Sci, 36, 361-80.
https://doi.org/10.1016/S0148-9062(99)00019-4

[53] Amann, F., Undiil, O., Kaiser, P. (2014). Crack initiation and crack propagation in heterogeneous
sulfate rich clay rocks. Rock Mech. Rock. Eng, 47(5), 1849-1865. https://doi.org/10.1007/s00603-013-
0495-3

[54] Undal, ©., Amann, F., Aysal, N., Plotze, M.L. (2015). Micro-textural effects on crack initiation and

crack propagation of andesitic rocks. Eng. Geaol, 193, 267-275.
https://doi.org/10.1016/j.engge0.2015.04.024

[55] Undiil, O. (2016). Assessment of mineralogical and petrographic factors affecting petrophysical
properties, strength and cracking processes of volcanic rocks. Eng. Geol, 210, 10-22.
https://doi.org/10.1016/j.engge0.2016.06.001



https://doi.org/10.1080/19648189.2019.1579759
https://doi.org/10.1016/S0148-9062(99)00019-4
https://doi.org/10.1016/j.enggeo.2015.04.024
https://doi.org/10.1016/j.enggeo.2016.06.001

JOURNAL OF ROCK MECHANICS

ISRM

Application of Numerical Simulation to Estimate Stress Damage Thresholds in
Some Types of Sandstones

Mehran Noori'*; Vahab Sarfarazi?; Hamid Reza Nejati®; Mojtaba Bahaaddini*; Behrouz Rafieil;
Gholamerza Khanlarit
1- Department of Geology, Faculty of Science, Bu-Ali SinaUniversity, Hamedan, Iran
2- Department of Mining Engineering, Hamedan University of Technology, Hamedan, Iran
3- Rock Mechanics Division, School of Engineering, TarbiatModares University, Tehran, Iran
4- School of Mining Engineering, College of Engineering, University of Tehran, Tehran, Iran

Received: 08. April. 2024 Accepted: 19. June. 2024
(* Corresponding author: noori_mehran90@yahoo.com)

Keywords Final English Extended Abstract

Sandstone Identifying the stress levels required to initiate and propagate
Damage stress threshold microcracks induced by stress in brittle rock masses plays a fundamental
Numerical simulation role in predicting the long-term behavior of the rock mass surrounding
PEC underground excavations. Spalling strength can be estimated by

determining the crack initiation stress (o¢i) and crack damage stress (ocq)
levels derived from uniaxial compressive strength (UCS) tests. This
study utilizes particle flow code (PFC2D) software to estimate the stress
damage thresholds. To this end, numerical modeling of five types of
sandstone was performed using the flat joint model (FIM) within the
PFC environment. To evaluate the validity of the models, the simulation
results were compared with laboratory data. Based on the analyses, the ratio of crack initiation stress (o) t0
UCS in the numerical models ranged from 0.39 to 0.55, indicating that microcracks begin to form within this
stress range. Moreover, the crack damage stress (o¢q) thresholds in the numerical models were determined as
85, 63, 126, 114, and 149 MPa for the five models, corresponding to 0.85 to 0.93 of the UCS of the sandstone
samples.
Summary
This study uses PFC2D simulations to evaluate stress thresholds for crack initiation and damage
evolution in brittle sandstones, highlighting their relevance for rock structure design and underground
excavations.
Introduction
Micro-cracks in high-stress rock masses during excavations cause instability risks like spalling and
rock bursts. Key stress thresholds, o¢ and ocq, predict rock stability but are challenging to estimate
experimentally. This study uses discrete element method (DEM) simulations, calibrated with laboratory data,
to evaluate these thresholds in sandstones and improve understanding of rock behavior in engineering projects.
Methodology and Approaches
Laboratory tests and numerical simulations using the discrete element method (DEM) were
conducted to assess crack stress thresholds in sandstones. Samples from Markazi Province, Iran, were tested
for UCS and BTS. Numerical models, calibrated with experimental data, were developed using PFC2D
software to simulate rock behavior and failure mechanisms.
Results and Conclusions
This study identifies crack initiation (o¢i) and crack damage (ocq) thresholds as key indicators of the
long-term strength of brittle rocks. Numerical simulations in PFC2D showed that oci and ocd correlate well
with UCS values. These findings validate the use of PFC2D simulations for determining stress thresholds in
brittle rocks, useful for underground excavation design and stability.
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