SR,
7N
(e o

esources
ngineering
INTERNATIONAL UNIVERSITY
110 6 Y dxio ITAA Hlg o osled poler 0990 (S mlo (wigo 4 i
Vol. 4, No. 1, Spring 2019, pp. 97-115 Journal of Mineral Resources Engineering
(JMRE)

DOI: 10.30479/jmre.2019.9429.1182

S bl Al (5,135, by [

QPP ONE [P0 FIRVPESI RN H IV PR - SO0 PR POV WS

Okl (Hletol gaio oKisls (ase (gwdige 00Ul (S Sl (ydre owdige 09,5 f Z58 (gezeiils )
Slerol (Hlatal Saio oKl (yame (cwidige 008l (S Sl (dnn cwdige 05,5 lLuiils -
Slerel (ol suie olKuils ol jee gwdige 0aSisls (SuST i) e (owiige 05,5 ¢ Leasls Y

(FAYINV1E o pds AFAY/-YIY 2l o)
ol

£ 99 6L Lug S (plgs axlllan cpl )0 WS o ki (6,I05)L F b S CanSlh 5o el yly a5 ol 0310 LES L ia Lol
oSy ySone (ST (g 9 iy old U (o Il ST (SIS g0 S iU adalle Jolldh (o 98wg ySne gy a3l eoliiwl b o e
Sy 5w (195 ki b cradlinm 5 S 99 90 oS by (AR LojT g 51 ooliims! b .cd ) 5158 oy 3590 (S9dl
ot yukio (5,185, Jlos! (1 g b Qo] oo a5l o)y (ot (5132 635 0 Elygan b IO 5 Sy digai .o asdllane
S ol @l (Sig S slae 9 YU o (590 31 eoliiwl b Soaw w5l el )y b ,S 5158 ooliiwl 5y90 ( Sy yuud 051y
als (5,055l oguzme 5 (1Tl F gk b Iy STgh (Fubil 9 S S S o Syl Ol ot dulixe g (g S -0 3l
250 LS 59,50 (Jlglyd g (guiadils dlal frnad b Ly po yo (g LS Lig Ko (plss Cgldi.cd,S 1,8 axlllao g (o) 9)90 (Suilin!
Plet b Capo 0 99 33 61051 &5 Gl Bl I pund oo 9 ConSl (Ko iy (g l381 0l (asiioo o o g0 £95 99 53 b9 A
L og Fails culyo) kel sbdigen consll Swybin old (L )5 opl gmls cudored .Cowl axlllao (pl i 3 wolase (5, Lug ;S
ol 1L (S ydizr 3l ian 50 VS g ol T (o S 59550 b g 54l 39) gske (SLaiged oSl (S iy 51 (S S gm0
b oo G l38l g,155L E 5

Gouls wlels

Sl s 51853 Sy 510yl U Sy s (59 K S S (i

Email: baghl10@cc.iut.ac.ir LS ls sdge 5 J st a.\;w_)s*

Yy 1FAA slg O osled o le> 0330



S @l guigo 4yl

s bl dnes (BLEL Lol (3l yu

L1 05 cun 1y lonl 5 )35, bl pd o 0055
S8l (Sayhz alal, lSen 5 T Sliis 5
Cog S s glediged S5 S Ce e g
318 i L ol gl b asede Sl 4 g 05k
PSS g g CanSh (Sajiz o (Souly @b &5
Ol 392y (45l /o oo oo o V) Colb (1 )S £ 50 S5
925 axile JVL (Sojhr b S 50 S5 (08 e pos Lol
FeoS Sz b S 13 S5 (S Sy ) i
[#b] e o 0 0 aiible

iz (550 Lyl 50 S5 (5S Ly )
IR ilide | Raagh a2y 9y 8 Siw Lo o
o plad T Sl aBile;]l Olllas ol aid S
Slgo 85 CaSl 50 oo Sl So S5 BS Sy
ARl cldlhs  Seelus 6,138, o [AV]ewl
Sladiges ;0 S 5 GBS e pw s pSojlul sl goanie
5 ool 33,5 ol il 5 40,5 5o Ly o caliis
G L o alize Gl Sw 0 S5 (xS Sy a>
35515 ks @ge Gy Sy OV LY G (Sl
2 ) 5 (25 (5550 olall 500 i, b [0l st ot
ezen [A]Wlassls ) S5 S IS s g s los
LT 5 soae Slallhe 3 S 5 5 o, p3lSe
5 Selinl Al L cov S alie sbadigel
Do leal ons coyp o)) Kad g 6 5> Slalllas

slaise o ALl Oyso 4 cuss (Saojiz
gy Soslail LB osaie g 5L Luls s calie
Bgad £o8 dw 5l oolainl S Sl ol o el
Dgas 57 Lied St HoLSE diged oS 5 L Sawd
Sls slgiiin 1) S Cunslls Koy pnns (51570l oS alio
(hip S igad )3 SIS Gy Jlosl sla Sz Ul
Al 9350l diged st (6l g loo S 51 oS s
Sesd digod il dw e Cot Siwd o lrdiges
S L hir Ses aiged (L2 L cod mhanse
@l 5l 65 e s bS5 Shws aises 5 550
5 0% S8 e v (iRl diges alil ol Slidlas
diges pl 5l eolaiwl bl 5l dagyl g5lweslel  Solus
2ogdle 35 0 Ehgw b S5 Sand diged 0B Glge
Colli 0S5 g Sesd clodiges adlio slad 55 |l
Lol 5 S sladiges o)l 55 5ol (g5lwoskel

1FAA sle o) osled (Pl 0590

doddo —)

S gwikige slos )5 5o sl Sl 9,50,
TR TETVE P S VIS COWRRGIA W I DR P SNV Y
i s )5 el SlSagss j0 Gieghs sl jsme
Fhb (S slaglied ol gl Wil S
Wlgh oo Jlw bz So8 (St 5 By IS e
Olesl sl eslazwl b S canSls [lis, 51 (6 ki Sy @
D sss e calises slo ol jo (SeilSesss sl
GreSol ks Sk sl ialesl 5 Lol Gan
Sy A4S Gl S CanSls gl il el jolie
Caglie Kby g canSls ol lo gl )b 51 (SO el
S Jlie )3 S5 S G e 0jg )3 S (SIS
GRS L o Ko s Sapiz (6,503l el 5 5
el S Sl sl Eaose o Sl ach
(Soyiz aler J) S ceSs glayidll g pSeslul
R e 9 S5 S (Sabih S A S Sepe
Qalyr S cansls Jls) Sluld 4 e bl (Siudly
Al (6,85 )L 50 0ud plol sasie sla gl Sszg Lol
el 005 gy JolS ooy Ko e L8, (Sl
L S sl gl ial)ly a5 cusl oals asin
b gpSojlal Dliga alewy & alislei]l slagse;
S50l BB @y )l S (63919355 wiile VL 253
Slidos sl Vb Cep b 610 p oS (53595555 052 wals>
A adF 5 4 oM VA0 ans | dwais ggo4e o
A (Syme abaly cpl jo saste gl Se G SSS
50 @Bg 0,33 g 6 Soslail ale M o 4y ax )3
Sl sl )l o caii cdmlive pas 5 0lsS ey Do
S5y b Lol ced ool LB (SYsb Glej 0,90 SG o olse
Sl Vb S b (55l pSe (S59I9ASS g 990 (]
Ot Olgy Gl S o o) g il SESS 5 (pwiiies
()il lge (Salns 5 (Sl cunss la il
Iv]as a8 5 5 @ goasie Olidss o ol B g a0
Sy 9 CwnSE ol ly (825 S ey
Lol 00l o) g g Sldllas jo S (L8 4 ]
booyme S5 ol plaaiges S5 L8, o Sen 5 'Sy
I¥Tassls 13 cwyp 3590 1, YU ey b (6 S0 il S
WS g b e b enysd 000 S & L TS
BL iy Cayepe CeSl ol j0 g BB (GBS

A



P Bl guigo & 5

e 1S T g S g0l 5O K Sl (S Jolsb (g

Sl 4l (38l s3gume ;3 Sglite (5 liSLag San

S [Caddd

s g, -
SIS lwg xS (o Ll —)-Y

Sl Gl Jolie )l (o55wg e Slalllas
Lol oS 55,800 5 (ganails Jod 5l olse slo)lislog Soe
oS Son b (B9 0 S ablie g 5l aslllas cplf )0
Lo eolaiwl ey yope gamasly aculbxs slp ol D
S adae gl ol ozl S8 (sl 53l 5 51 oolizl
wls sloje 5 8,5 13 5T 8)50 G 5 S lopeSe
VUSS 0 b yepe 5l SO e sladils laeS b
el 00 oals L)L"""
VAVAE- BYS bl o 4 oyl 9 el slaca jope
o il gl el Cans 4 e e AQE OYY
(2w S by dw Sl ayliSleg S jasid o
G99y 9 Cemygld 030l STl M ey S
S5 aw opl 5l eolanl Lo colanwl Sg mSIN ol
Onle 5 DLl slaca e pe 5l igai Vo (g, (9%wg,Se
ey slailoygy cslailsysye Jolis s 55,S0e alod
@L.’ Jbe Gl o G»wa.w Slodalice &jgo 4 glails
UK 5 i oS53 L oy il slocS i oo
A Jeax jo oo ol )l mls mllas ool ouls eols lis ¥
9 1S g K e o3l 5 s« St gl oo
5 Job sl el (slacy yopo 51 2555 (ys5le (Sloly yo e

1 mm

@pS o )13 alls S Cou oS s (635 0 Elyge
"SS5S 5 el Sgbise b NS,k cov ] ST o
S Sl Koy dwlxe (gl diges (pl Jsl 0,90 3
IV ]ass 5 ool
Er ol Cod lSiw CuSls 18, 5 (Sl (ely>
e ()3 8 S Spiz ol el (6,35
asle Kiw Sl ple 3l b Wil oo 5 (Sl
SILESL g S5 S (Sadil S5 s S e
GeioS 990 (Seolind )l jo alal) b g &b cnl ol
Sldlae Solial ad R84 o Ll cusl oad ol
6 RS S LT 1 e 0 plol g0 2l )0 (glod S
GRS ER) NS SL 5 5l (sme edguzme )3 (SSliul ach
&5 Sless J gmyp rlpln sdioo &y (V0 Y
S lo ol Sl dh edgaze 3 (6,5
FE 550 Elhgw b S5 Sews sladige 3 S
) (255w ,Se0 5 (295w Sl sl iz 39 waly plx]
g gy o) el g e 0S5 4 Ml S Sl
Pl @lolid Gkl ki cusd g5y SLe L3,
boog el pd UGl (g9%g See ol )5 CuSls
2959 S Slalllas (g IS ol o s ol 4 4z g3
Sl I Copepe dge 90 L Bl o,
&35 5 QS (el G S 5 L ol Jglate SleisLs
55 6 pSoilul b b5 alowl coglite (g liSlog See
ooliul |y S5 Sgi Sabil lies g 55 L yiaS sy
(S S e 9 Vb Cee s b 5l pnSe ($5999SS ]
Sy o CnSS Sz i 2 ISk g Ol ]
Pl bCayere 99 )0 S5 S (Sadil g S5 S

(Cely) 095l 9 (o) GLEL oS lige 5o oeS b 5l (i ) JS&

14

1FAA sle o) osled (Pl 0990



S @l guigo 4yl

s bl dnes (BLEL Lol (3l yu

(S ySeslail Ghgy aw o 0 ¥ ISS Billae ol (550l
Sty oo ;0 0ol (5 S ojluil slacs 55,50 JUSTS o
el SLEL locs yom 5l 55,5 a0 Ve fg5le

oaseiien b T JUST)5 am b i sl sl by Sl
Sl 59,500 JUST)8 am o Slisdiod )5 (pl o a5 04d oo
ui’ﬁ)‘\“’)“’)oc‘d‘w o, lads g, Ly yo e 51 S5 42

955 G5 (5. 9 o y9l8 (5325541 (54 o350 (518 950 5500 (0 ol 3 5Lt Laig o o SO 5 5cm syl Y S

ko by, s 33 b 5 3 Ss0 bansgia o3l 5 (uilS 19 Job A Jguxr

3y Sy £S5 (g ,See) (SowiS OV yog ,S0) ilS 58 (Fog,50) Lamsgio ol
S Yaary F-PY A PA-f
Sl wsSesee o5l Y ARF-]OY Y VA
o ERE FEYYAY FYYAY FFOA-
sl SRl ol VOADFA Y\-fy0 YOO
. e ANy 1OYY VY AF
Sorsd Ay ol AFYY A YABA Ny

1FAA sle o) osled (Pl 0590



e @lo (ouigo 450

e 1S T g S g0l 5O K Sl (S Jolsb (g

14 T
12 4
k) 14
= r
3 :
= 0.8 +
i L
S~ L
£ r
B osf
04 +
02 4
o

onle Mokl

1]

Il 2sSrs Ses

Coysld sl oS Ay

(6355031l ik (5l g 53 St 0 p0 SBLS F Sere JUIST,5 iy g llin T SO

30 cmlie Calo b o) o b laaiges gjlwoslsl
g am o8 50 5 05 5T (gyle 5 el slacy ey
laiges 51 S5 5o 50 5,8 pdle slalpl alwy 40 (635 50
@ 635 o Ehyw Larmee j1BIE iy 99 g 28 00l
Syge a4 S oyl sl eslatnl b diges > 5 lae Coon
YO SECPSIOS S JES L IRV R S e
Gos 5 camie Jsb b ala)led «((Sig xSl e b S5
slwoolel aiT s on Jleel diges Byl g0 10 e Je ¥
S sladiged cwdin Slakin ¢ ¥ USS o lediged
ol sdolie JBY Jgaz 07655 0 Flysw b oS 5
S Sz sl )50 5,151 (talesl el (sl
S5 S350 G ) 655 0 Elige b IS 5 Ses diges o
Slactel b Ll yop (6,Led L g wisls J18 T eVb 5 ol 5o
A Jleel 0 S gilae (0=0) wiges a0 LAISKE i
Sy S olliws l eolaiwl b badiges (5 95 o515
Koz b Fie IS &5 S Sl L (ELE)

K, = —tmax_ s Vma Y, M
E(Ro—FR

:(j 40 as

JIRCIRPRWINE B S W) PSRRI CHSFRUVI-I) ¢ §
(0 dwle <, OY0 )l

Byl CanSlls alasd )5 4,05 Pmax

5 bl Aol S IS g s Jlosel Y=Y

9 S5 P S Ly s S o3l sl (il sl
Lol 5ol 0gmg S Cnslls e 0 S 5 Se Sabsl
i JB e Sl gal 0 S5 b S s &5
SrSojlalay jol8 (6,50 5lwl cesad slalil ccn] &y g
g 2ialy3 5 5 ko 580

3l 93 6o giwalold 5 @y ()l pnSe (539l
Sl Vb S 55 S0l sloyal b by 6ln @l
e (S5 5 mS Sy S oslal gl asdllae ol o
S0 Slae s glls gt ol oo ansle  Sidg xS
Sl ol alold o aiges 0 Byb o e 4w g 3,1
Oy 50 55 b jloe jo adad ley .ol ouls olail> S5
el sl o pSeslal gl (S ST il S
Bl adad ey cdls  cobld S iSUL o () sbilye

1200 hs Jow) YU e po b oy y90 SO Gialeyl ol 5o
PIVAS Gadssy o adl p s A Cepn L (PCO
Al oolatwl polal cld glp digad gel> o JuSo P
nobad SoiS s (ol blawe 51 (S (plidg) Sl (els
SO Lsly oty aS canVlb Ce s b slo iy y90 b oas 35
8,518 eolaral

1FAA sle o) osled (Pl 0990



S Bl guigo & 5

(S @l dwes (OBLEL Lo e (Ol g

ST SoF b S 2 5F e 5 lslid 5 0
Sboy S o] o b ol ol g (S5l
Caws 4 Y SS Billae diged 1o )0 CenSh Sy oy 8
Sy (SNl B 5SS (Sajhr (e Bl o]
S L o g CnS (Ko yiz o6l )L 5 g CeSiS
P by il sy S Se (Fabil g Cunsll Ly
o rizr A JSs Bllae 0l aslie SouSo by pepe g0 2
Onle sl yeye 5l 155 SLL oy jore ;5 CuSs
Divlew! L8 ollhe mbs b el o cpl a5 ol
50 B po e 90 10 Gl Koy WS A S Gillas

Chsw b o 5 Suns brdiges (owaid b ol )y Y Jgue
3By

sles

2R,
2R;

R
OF
.

)
%
Y
- YYY

oy
(rogshee) ylad
(o sheo) 655 po &9
Groshe) S5 Jobo
(oshee) Snalies

Jol amio Sl

a

t
Ri/Ry
a/Ry-R;

P9 S o yel)ly

5 Jlest—1

(V)0 sl 217

Lges Cuales f

S5 Jsba

Lged gl R,

ool (655 p0 Elygm Elnd R,

-y

O S S absd Sl gt psla anslie L

gl o3l SaSS 3l eolainl b daciy je e (6,105
Al Sl S5 S S g g S5 Se (Sadil
G gl ppeal Cobl colaiwl 550 pwyg0 a5 il
LS 5 blio ywn opl plo cowl alils abw § obow & jg0
o b Ly olSal by ol eniligy St 5, L SLelS
SP D) e ;3 (SABl B9850 (S Ve oLty
20 S e omb g Vb a5 g wl akas B
S5 5l eslinul b g (6505 las Ly alols b aiges
SN slodne 5 pn 535 S 5 g bl
o 40 alis e 90 (goges alold £ SG Billae ool
CanSs alasd B 6,J38 L 5lel abasd 51 3 0 50 S5
s 3 (Sede Ky by 4 dzg bl 6ol
Sy 4 ol 1K) i 45550 5 Sk g S5 o)
ol (K5 Al B 6 NS0 e 50 05,

oSS 5130 4 Jhait—Y

(S35 70 Eyge b OS5 Sy Sladigas (g 3luoolel iy T,3 ¥ IS

1FAA sle o) osled (Pl 0590



(Soxe Qo (qwikigo 4 pud

e 1S T g S g0l 5O K Sl (S Jolsb (g

el oo ye 93 5
E5 G b S5 S e g5 1 S8 Bl
oS Sy 3 Gl 5 e I 68
Y% Oasle gl o e y0 o VT Slel sl oo 0 Sy
S5 G Sy 85 am3 oo 5Lt el il dnlne
Tr & dhly 5 (SSll a4l 6 l38L 25 eogaze o
Sll lacurere )3 S35 S Copw Sl 65151

T5 Ol L OS]l g el g5le slocs yo o 5l yien

gl oo WS (5,185 b

2SSl (Seyhz 3 g oy VY Gl NS0 25
A oo Hlas A dwy oo Qo VE YA 4 YL o380 A
Sily (rl g Sl (IS )L 2 5 @ Atly CenSl (S jix
Sl oy yo ol Oglate g5l g DL s jo e 4o
VYV sl (Sejyiz g 05 L #5 ol plp VAL olels
A VAL oyle slacs joye ;o Lol WS oo 0y il
L JPPSRV. S SV TR IRGHVA WL RV KU M R W
Ple> azgr BB Sl 5l b ) e o Oglas oyl
LS 59,500 5 uails olul o oy o ye (5 by e

5 Ll s

L1
Length: 5.92 mm

By
Length: 6.13 mm

T T T

09l By y0 00 30 (5185,L a9 b (y95lo Gy o0 33 I T S (Sabjl g pSojluilF S

1FAA sle o) osled (Pl 0990



Some @l owiligo 4 4 s bl dnes (BLEL Lol (3l yu

Glel ey yoy0 58 6,105,5L drr 9 JuB @1 pw )10 pSe (SRS 5l eolisiwl b I (fh yiunS Cas pur (g S0 3101 Y S

063

;% 056

j 0.35 -

3

Jd

705

3 R® =0.96

%045 -

- m Maroon
@ Bachat

O'I' T T T T
43 55 3 75 85 95
(il o 37aadd 51055l &

15

13 4
§~ 11
j 0.9
£l
{ 0.7 4

05

03 . . . .

45 53 65 75 §3 g5

(il s o 5,355k 5

ConSl (S0 plr Sy yo po ilisio (g 055 & 53 50 S by s o 4SS

1FAA slg O osled o le> 0330 \-f



P Bl guigo & 5

e 1S T g S g0l 5O K Sl (S Jolsb (g

b
-

=

(2.9

Ln
L

[ =
[+,
1

=

L

L
L

=
in
L

=

'S

n
.

(o ygdeme 30 Jiudslo) el Ko iz

=~
.

e e e

0.6 11 16 21

0.6

=

[

[
1

R*=0.85

=
Ln
1

045 4

[ o g aim yo JEalilie) Cowiid S

D‘I‘ T T T T

03 03 0.7 09 1.1 13

[CFE ) A

iliso ,185,L £ 5 50 S 5 S s pil 50 (395le 9 GLEL Sy po 0 LSl (S0 iz ) YD

—_—
S = R - S ]
| 1 |

[
1

EREL PV R FUANL - PNy
—
[

[ == R - ]
= A
1 | 1 |

L)
o
1

(5 ghos) i ailis Fadil)

ilisin A5 €5 59 S5 S5 GTaBil Blho 53 e 3 SLEL Gl oy0 3 5 By iy sfoged ) S

Dybge plp VA S S Co g CaSs (e
el o 0 VY Slel sbd o oy 40 Sy Al S
Cllas jo opl 5l Gy S5 Sg (Sadil az Sl

_aiS cdle o Ll canl snls Con dlge tlS Sl
Jol 0550 6,108 ,L Lyl i cod adigad 5 (ol eyt
VY SE Joges Billae cewl oo g Soslal ST Sy
oS S5 S Sl Olien oly S G Sy
Sl Gl YL 5 lS G o a5 b o el
a el g0 cpl bLayl o GBS WS o 0, S5 Sy

DS L s g S8 (Soyizr alo s alail
Vo U8 Gille (Soliwl al (g )l0S L eogase o S
Sl (Soyhz Gliee GRIBIL B8 jsb o)l ez
b Ll Sl oo (VL (5 o) 0bsS (Jloj yo S
Sedige $Ysb (KieS ploy CuSs (Sejiz SialS
(GFomly (s e pu)
Sy NS, 25 GBI L gyl oo eye yo
5 4 dmnly CanSd (Sajhiz algo Gl S5 S
ez jlade jo a0 1 FO 0l b cplpls el 61350
Oz Oedioe plp VOT S5 50 o icanss
Galp VY wl, b oll s o A S 3ollas

1FAA sle o) osled (Pl 0990



S @l guigo 4yl

s bl dnes (BLEL Lol (3l yu

WS GhpS VL glce w0 g S Sy (Sassl
cboe plPl S 5 S (Sadil Gl

&=l =0

[1] Gdoutos, E. (2005). “Fracture Mechanics An
Introduction”. Springer. ISBN 978-1-4020-3153-3.

[2] Xing, H. Z., Zhang, Q. B., Braithwaite, C. H., Pan,
B., and Zhao, J. (2017). “High-Speed Photography
and Digital Optical Measurement Techniques for
Geomaterials: Fundamentals and Applications”. Rock
Mechanics and Rock Engineering, 50(6): 1611-1659.

[3] Wong, L. N. Y., Zou, C., and Cheng, Y. (2014).
“Fracturing and failure behavior of Carrara marble
in quasi-static and dynamic Brazilian disc tests”. Rock
Mechanics and Rock Engineering, 47(4): 1117-1133.

[4] Song, B., Chen, W., and Frew, D. J. (2004). “Dynamic
compressive response and failure behavior of an epoxy
syntactic foam”. Journal of composite materials, 38(11):
915-936.

[5] Zhang, Q. B., and Zhao, J. (2014). “Quasi-static
and dynamic fracture behaviour of rock materials:
phenomena and mechanisms”. International Journal of
Fracture, 189(1): 1-32.

[6] Lim, I. L., Johnston, I. W., and Choi, S. K. (1993).
“Stress intensity factors for semi-circular specimens
under three-point bending”. Engineering Fracture
Mechanics, 44(3): 363-382.

[7] Bieniawski, Z. T. (1967). “Mechanism of brittle
fracture of rock: Part I—theory of the fracture process”.
International Journal of Rock Mechanics and Mining
Sciences & Geomechanics Abstracts, 4(4): 395-406.

[8] Bieniawski, Z. T. (1967). “Stability concept of brittle
fracture propagation in rock”. Engineering Geology,
2(3): 149-162.

[9] Fatehi Marji, M. (2013). “On the use of power series
solution method in the crack analysis of brittle materials
by indirect boundary element method”. Engineering
Fracture Mechanics, 98: 365-382.

[10] Haeri, H., Khaloo, A., and Marji, M. F. (2015).
“Experimental and Numerical Simulation of the
Microcrack Coalescence Mechanism in Rock-Like
Materials . Strength of Materials, 47(5):740-755.

[11] Shiryaev, A., and Kotkis, M. (1982). “Methods for
determining fracture toughness of brittle porous

materials . Industrial Laboratory, 48(9): 917-918.

[12] Amrollahi, H., Baghbanan, A., and Hashemolhosseini,

1FAA sle o) osled (Pl 0590

S5 Az ¥

slyel b gpSoslal adllas opl o Lol Gus
b oy g5 99 50 ol mle byl (o) 5 Censs
oy Sliad ach AL e Oglite lislg See
CaSl o5l plulid o (gsSwy Sle L8, s
B ol e alnle cwl 6598 (p95w S Whde o
oolaial b yg)le 9 DLl Cujere g9 93 slo)lislig S
SRl S5 (PSS ablie slaly,
b s Sl g lulid (o xSl Ay (g, 9 S gl
32 L 5 Ol b ey je e cenSh sla el
5 o lb g eolitul b Slinl b 6381 sgame
ey b gl paSe (9IS g (Suig S e el
55 5 s Sl 5,50 Wy

Sz Jold cuSs slaally blie (Sl
Soh S5k 5 G L 25 IS5 e s s (S
Sologes (il SSS sl eslanal b e ye 50 ol j3 S5
@l el pmle (55 L35 (oo 2 (2L Lo3T sloosls
sanlice mlis e Slial and (A5, Ll o Conkl
sl 5 £rb 42 )5l Sl oad Jalo Lol bt

Jsb &5 05 (aie (995ySee Slalllae mlbs -
Fop Sl oy 0 S Sy S SlolS s IS
S 59,85 @iy oeiged Sl g)le slay pope ]
3 i (o) als 5y lace e po bals mhaw o
Ll (L) wlo el yo slaly yoye

Sl onijled g, @ LS Sg,Se JLSTE ws -
doys Ve ogle oS ig,See sl el ol wola L5
Lol DL slocy jo e 5l 255

S Sl lae 5l clSs ce g g Solal gl -
Sy §pSojlail Slles g ailigh o U sl py <o b
Ehow b by Stws gladiged Bib 5o 0 Sy
b osliiwl Jitns Hobo 4 (535 0

ot VAL 6 8L 5 ial331 b 2L glaca yo e o
Sl eye ;o Ll 05 0l WYY oo b censls (K iz
CeSls (Sesiz plp VAB B I8,k 25 Gl BIL o)l
g e BB o e 45 5,5 0, 4o V) s
el s JB a0y £95 90 00

S Sl s Sl il U5 S Skl -
Olie S5 7S Gl slacs j 13 5l pins d



P Bl guigo & 5

e 1S T g S g0l 5O K Sl (S Jolsb (g

* Bieniawski

3 Cracked chevron-notched Brazilian disc (CCNBD)
¢ Chevron-notched bending (CB)

7 Short road (SR)

8 Shiryaev and Kotkis

? box-counting

" Hollow center cracked disc (HCCD)

H. (2011). “Measuring fracture toughness of crystalline
marbles under modes I and II and mixed mode I-
1l loading conditions using CCNBD and HCCD
specimens”. International Journal of Rock Mechanics
and Mining Sciences, 48(7): 1123-1134.

' Wong
2 Song

3Lim

1FAA sle o) osled (Pl 0990



esources

IMAM KHOMEINI ngineering
INTERNATIONAL UNIVERSITY
Imam Khomeini International University (S0 @lo (wgo 4 Hi
Vol. 4, No. 1, Spring 2019, pp. 20-27 Journal of Mineral Resources Engineering

(JMRE)

DOI: 10.30479/jmre.2019.9429.1182

Investigation Of Rock Fracture Parameters With Hollow Center Cracked
Disc Under Quasi-Static Loading Condition

Ahmadian H.', Baghbanan A.”", Hashemolhosseini H.?

1- PhD Student, Dept. of Mining Engineering, Isfahan University of Technology, Isfahan, Iran
H.Ahmadian@mi.iut.ac.ir
2- Associate Professor, Dept. of Mining Engineering, Isfahan University of Technology, Isfahan, Iran
baghl10@cc.iut.ac.ir
3- Associate Professor, Dept. of Civil Engineering, Isfahan University of Technology, Isfahan, Iran
h.hamid@cc.iut.ac.ir

(Received: 09 Oct. 2018, Accepted: 05 Feb. 2019)

Abstract: Experiments have indicated that the fracture properties of rocks change with variations of
loading rate. In this study, the microstructural properties of two marbles are characterized by three different
microscopic techniques including petrographic thin sections method, fluorescent replacement technique,
and scanning electron microscopy (SEM). An experimental investigation is conducted to study the quasi-
static fracture behavior in different microstructural features of crystalline rocks. The hollow center cracked
disc (HCCD) method is employed to determine the fracture parameters with variations of loading rates
using a hydraulic machine. Microscopic studies on microstructure deficits reveal that fractal dimension in
Maroon marble is higher than in Baghat marble. Variations of toughness, crack propagation speed, and crack
tip opening displacement (CTOD) with changes of loading rate are also investigated. The results indicate
that toughness and crack propagation speed increase with loading rate, but the effect of microstructure in
two marbles reduces the rate of growth. The fracture toughness in Baghat marbles is higher than in Maroon
marble, and difference of fracture toughness is magnified with the loading rate.

Keywords: Fracture toughness, High-speed imaging technology, Fracture properties, Quasi-static loading.

INTRODUCTION

Fracture mechanics approaches are have been gaining importance in rock engineering applications.
Fracture in rocks is one of the most popular research focuses in geomechanics as a large number of
engineering designs and implementations including rock slope stability assessments, tunnel support design,
and fluid flow prediction can improve with a greater understanding of fracture. It is particularly useful in
geomechanical tests given the scales and frame rates involved.

The fundamental goal of fracture mechanics testing is to obtain a representative value of rock fracture
properties. Fracture toughness is known as a fundamental fracture property which represents the potential
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intrinsic ability of rocks to withstand a given stress field at the tip of a crack and to resist progressive
crack extension [1]. Measuring rock fracture toughness under quasi-static loading is a topic of extensive
research in fracture mechanics. Measuring fracture properties of rocks such as toughness, crack
propagation speed, and crack tip opening displacement (CTOD) and investigating their interdependencies
contribute to identifying the rock fracture behavior. In spite of a large number of reported research works
about the quasi-static behavior of rocks, rock fracture behavior under quasi-static loading has not been
fully characterized.

It has been observed that the fracture parameters of rocks can be performed by high-precision
laboratory testing equipment such as high-speed imaging technology. High-speed imaging technology has
been used for geometrical research since the 1950s, and various imaging techniques have been applied
in parallel. However, due to the difficulties associated with measuring and recording events with short
durations, particularly those that are not adequately observable with the naked eye, the dynamic properties
of geomaterials have not been well understood for a long period. High-speed imaging technology has
been used by numerous researchers in geomaterials engineering application including sand Movement,
penetration, static and dynamic fracturing, blasting and impacts, spalling, and fragmentation [2].

Crack speed of the tensile fracture properties of concrete and the dependencies on mechanics’ behavior
have been investigated in several studies. Wong and Einstein (2006, 2009) examined the crack behavior of
prismatic specimens with single flaws via high-speed imaging technology [3,4]. Song et al (2014, 2015) by
applying a high-speed camera investigated crack initiation, propagation, coalescence, and final failure of
pre-cracked marble samples under loading and unloading conditions [5].

Also, Lim et al. (1993) determined the fracture toughness and crack propagation speed of NSCB
specimens under quasi-static loading conditions. Their results indicate no interdependence between the
fracture toughness and crack propagation speed at a constant loading rate (0.002 mm/s). However, the
crack propagation speed in rocks with higher toughness like Gabbro was faster than that in rocks with lower
toughness like marble [6,7] (Lim et al. 1993; Zhang and Zhao 2014). Crack propagation speed of rocks under
different loading conditions has been investigated by various researchers. Bieniawski’s laboratory studies
showed that the crack propagation speed is an important parameter in the brittle fracture of materials [8,9].
In dynamic loading, several laboratory studies have been done to measurement of the crack propagation
speed in different samples under shock and explosion loading conditions. The crack propagation speed in
different rocks is estimated to range from 0.2 to 0.57 Rayleigh wave speed (Cr).

Fracture toughness can be assessed experimentally using different testing specimens and loading
configurations. The International Society for Rock Mechanics (ISRM) suggested use of Cracked Chevron-
Notched Brazilian Disc (CCNBD), Chevron-Notched Bending (CB), and Short Road (SR) to determine
fracture toughness of rocks. However, the complexity of chevron notch making is another motivation to seek
for alternative methods such as Semi-Circular specimens under three-point Bending (SCB) and Flattened
Brazilian Disc (FBD) specimen in diametrical compression to determine mode I fracture toughness (KIC)
of rocks. Double Edge Cracked Brazilian Disc (DECBD) and Hollow Centre Cracked Disc (HCCD) are
other disc-type specimens which are core-based and enjoy comparatively simple preparation and testing.
HCCD samples both possess CCNBD’s merits and have a far simpler preparation procedure.

Regarding the HCCD, sample, when it is placed under the pure tension mode, two cracked sections are
opened with loading. Shiryaev and Kotkis used Mode I of this piece to estimate the magnitude of the mode
I fracture toughness (KIC) of rocks [10].

The mechanical properties and fracture behavior of rock materials are influenced by loading rate. Rock
fracture toughness in quasi-static loading can also be a function of the fracture properties including crack
propagation speed, crack tip opening displacement (CTOD), and the loading rate. This relation or function
has been researched in dynamic loading; however, in quasi-static loading no study has been conducted so
far.

Since quasi-static loading is achieved within a specific range of loading rate, variations of loading rate
can be used to investigate the effect of fracture parameters in a hollow center cracked disc (HCCD) sample.
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The macroscopic and microscopic aspects of fracture behavior are closely linked, and thus it is essential
to interpret the macroscopic behavior by identifying the failure mechanisms on a microscopic scale
(RaviChandar and Knauss 1984b)[11]. Hence, in this study, two crystalline construction marble stones
in Iran, Baghat and Maroon, which have a unique mineral composition with different microstructure
distributions, were selected as test samples (Figure 1 to 3).

I mm

(A) (B)
Figure 1. Parts of the polygons of the mosaic of A: Baghat and B: Maroon

® ®
Figure 2. Characterization of micro cracks (red lines) in marbles using A, B: polarizing microscopic FLR
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For precise measurement of crack propagation speed and CTOD using high-speed imaging technology
and electronic circuitry, the effect of loading rate variation was examined on toughness, crack propagation
speed, and CTOD in the two marbles with different microstructures under quasi-static loading conditions.

4 Maroon W Baghat

0.8 +

0.6 +

04

Fractal dimension ((1/log (m))

0.2

Petrographic thin  Fluorescent replacement SEM
sections technique

Figure 3. Comparison between fractal dimension of micro cracks in Baghat and Maroon marbles in
different measuring techniques

FINDINGS AND ARGUMENT

By comparing consecutive images from the failure time to rock fracturing, using image processing
techniques, the CTOD and the crack propagation speed were measured (Figures 4 and 5). Also, the values
of the crack propagation speed were verified against the results of the electronic circuitry.

The relationships between fracture toughness (KI) and loading rate, crack propagation speed (v) and
loading rate, fracture toughness (KI) and crack propagation speed (v), crack propagation speed (v) and
CTOD were investigated and also compared between the two marbles. According to Figure 6, the fracture
toughness in Baghat marbles is higher than that of Maroon marble, which was obtained in previous studies
[12]. According to Table 1, the difference of fracture toughness in the two marbles, under the low loading
rate condition, was 0.42%. However, with elevation of the loading rates, the difference grew and under high
loading rate conditions, the difference was 14.78%. The fracture toughness depended on the loading rate,

L1
Length: 5.92 mm

L1
Length: 6.13 mm

= 1
Figure 4. Measuring crack tip opening displacement using high-speed image processing in Maroon marbles in before
and after loading
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with this dependence being different for Baghat and Maroon marbles. In Baghat marbles, with in the rise of
loading rate by 1.8 times, the fracture toughness grew by 1.27 times. However, in Maroon marbles, with an

increase in the loading rate by 1.85 times, the fracture toughness was augmented by 1.1 times.

Figure 5. Measuring the crack propagation speed using high-speed image processing in Baghat marbles

0.65
0.6
—_—
)
=
< 0.55 A
=]
<
o
2 0.5 A
S
w4
0.45
® Maroon
® Baghat
0.4 T T T T
45 55 65 75 85 95

loading rate(N/S)

Figure 6. Fracture toughness of Maroon and Baghat versus loading rate

Table 1. Detail of variation of K. versus loading rate in Maroon and Baghat marbles

Marbles type Loading rate K¢ Repeatability Error (%)
48.62 0.47 2 0.64
Baghat 59.29 0.53 3 -2.75
91.29 0.598 3 0.92
46.49 0.468 2 1.41
Maroon 59.293 0.493 3 -1.49
91.29 0.521 3 0.58
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According to Figure 7, the rate of crack propagation speed grew with increasing the loading rates on
both rocks. The rate of crack propagation in Baghat marble was 1.64 and in Maroon was 2.6. This suggests
that the crack propagation speed within the quasi-static loading range depended on the loading rate. The
propagation speed in Baghat marble has been more than that of Maroon marble. The difference between
them grows with raising the loading rates.

1.5

1.1 1

_
E
g o009
>

0.7 -

0.5 -

0.3 T T T T

45 55 65 75 85 95

loading rate(IN/S)

Figure 7. Crack propagation speed of Baghat and Maroon versus loading rate

There is a direct relationship between the fracture toughness and crack propagation speed within the
quasi-static loading range, as displayed in Figure 8. Clearly, with the growth of toughness, rocks were
fractured within a shorter time (higher rate), but with toughness reduction, the failure time lengthened
(lower rate).

In Maroon marbles, with the increase in the loading rate, the crack propagation speed rose. The fracture
toughness depended on the loading rate, so with a growth of 1.45 times in the magnitude of fracture
toughness, the crack propagation was elevated by 2.54 times. Also, according to Figure 9, in Baghat
marbles, with a growth of 1.3 times in fracture toughness, the crack propagation increased by 1.9 times.

0.7 0.6
0.65
_ R2=0.86 0.55
2 06 o Rz = 0.85
s () pl
P 0 ; -
g
20.55 R < 0.5
(="
g ° s
= 0.5 4 e n
R o
® 0.45 4
0.45
0.4 - - 0.4 : : . =
0.6 1.1 1.6 21 0.3 0.5 0.7 0.9 1.1 1.3
V (m/s) V (m/s)

Figure 8. Fracture toughness of Maroon and Baghat, versus crack propagation speed at variable loading rate
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V (m/s)

® Maroon
@ Baghat

0.15 0.2 0.25 0.3 0.35
CTOD (mm)

Figure 9. Crack propagation speed of Maroon and Baghat, versus crack-Tip-opening- displacement (CTOD) at

variable loading rate

The ratio of toughness growth in Baghat marbles has been 12%, which is lower than the growth percentage
of Maroon marbles.

Although CTOD in the tensile failure of materials was discussed earlier, in this study, the specimens were
placed under modes I loadings and tensile stress was applied to the tip of cracks, and CTOD was measured.
According to the diagram in Figure 8, at lower crack propagation speeds, crack tip opening was less, while
at higher crack propagation speed, the crack tip opening grew. The discrepancy of the relationship between
these two parameters is related to the microstructural difference of the two marbles.

CONCLUSIONS

The goal of this study has been measuring the rock fracture properties and investigating their relationships
in two types of marble with different microstructures under quasi-static loading. Interpretation of the
macroscopic behavior is essential by identifying failure mechanisms on a microscopic scale. Thus in this
work, the microstructures of two types of marble, Baghat and Maroon, were measured by petrographic
thin sections method, fluorescent replacement, and scanning electron microscopy (SEM) techniques. Also,
the rock fracture properties of marbles were measured at quasi-static loading conditions in wide range of
loading rates with electronic circuitry and high-speed imaging technology.

The interdependency of fracture properties was investigated including toughness, crack propagation
speed, loading rate and CTOD in crystalline rocks were investigated by fitting experimental data using
a high-speed imaging technology and electronic circuitry. A good correlation was observed between the
fracture properties under quasi-static loading among the test results.

The following results were achieved:

o The results of microscopic studies revealed that total elongation and frequency of opened micro
cracks were greater in Maroon marbles than in Baghat marbles. It was also observed that the distribution of
micro cracks in the surface of grains was greater in fine-grained marbles (Maroon) than in coarse-grained
marbles (Baghat).

o The fractal dimension measured by box-counting method indicated that the opened micro cracks
were 20% larger in Maroon marbles than in Baghat marbles.
o To measure the crack propagation speed, electronic circuitry with the harvesting capability as

precise as 10-9 s was used along with measurement of crack propagation speed on both sides of the central
hole in HCCD samples independently.
o In Baghat marbles, with an increase in the loading rate by 1.8 times, fracture toughness grew by
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1.27 time. However, in Maroon marbles, with increase in the loading rate by 1.85 times, fracture toughness
was augmented by 1.1 times.

110

REFERENCES

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]
(9]

Gdoutos, E. (2005). “Fracture Mechanics An Introduction”. Springer. ISBN 978-1-4020-3153-3.
Xing, H. Z., Zhang, Q. B., Braithwaite, C. H., Pan, B., and Zhao, J. (2017). “High-Speed Photography and Digital Optical
Measurement Techniques for Geomaterials: Fundamentals and Applications". Rock Mechanics and Rock Engineering,

50(6): 1611-1659.

Wong, L. N. Y., Zou, C., and Cheng. Y. (2014). “Fracturing and failure behavior of Carrara marble in quasi-static and
dynamic Brazilian disc tests”. Rock Mechanics and Rock Engineering, 47(4): 1117-1133.

Song, B., Chen, W., and Frew, D. J. (2004). “Dynamic compressive response and failure behavior of an epoxy syntactic

foam”. Journal of Composite Materials, 38(11): 915-936.

Zhang, Q. B., and Zhao, J. (2014). “Quasi-static and dynamic fracture behaviour of rock materials: phenomena and
mechanisms”. International Journal of Fracture, 189(1): 1-32.

Lim, I. L., Johnston, I. W., and Choi, S. K. (1993). “Stress intensity factors for semi-circular specimens under three-point
bending”. Engineering Fracture Mechanics, 44(3): 363-382.

Bieniawski, Z. T. (1967). “Mechanism of brittle fracture of rock: Part [—theory of the fracture process”. International
Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 4(4): 395-406.

Bieniawski, Z. T. (1967). “Stability concept of brittle fracture propagation in rock”. Engineering Geology, 2(3): 149-162.

Fatehi Marji, M. (2013). “On the use of power series solution method in the crack analysis of brittle materials by indirect
boundary element method”. Engineering Fracture Mechanics, 98: 365-382.

[10] Haeri, H., Khaloo, A., and Marji, M. F. (2015). “Experimental and Numerical Simulation of the Microcrack Coalescence

Mechanism in Rock-Like Materials . Strength of Materials, 47(5): 740-755.

[11] Shiryaev, A., and Kotkis, M. (1982). “Methods for determining fracture toughness of brittle porous materials . Industrial

Laboratory, 48(9): 917-918.

[12] Amrollahi, H., Baghbanan, A., and Hashemolhosseini, H. (2011). “Measuring fracture toughness of crystalline marbles

under modes I and Il and mixed mode I-1I loading conditions using CCNBD and HCCD specimens . International Journal
of Rock Mechanics and Mining Sciences, 48(7): 1123-1134.

27 1FAA sle o) osled (Pl 0990



