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Evaluation of Fracture Evolution of Granite during Brazilian Test by Numerical
Analysis of Fracturing Process Considering Mineral Distribution

by

Shogo IZAWA*, Sho OGATA**, Hideaki YASUHARA***,
Naoki KINOSHITA*** and Kiyoshi KISHIDA*

A numerical analysis model considering mineral distribution of targeted rock to predict the behavior of
fracture evolution and tensile strength that is obtained through the Brazilian test is proposed. The model
considered the mineral distribution obtained from image analysis. In order to confirm the validity of the
model, Brazilian tests employing granite specimens were conducted. Subsequently, by utilizing the model,
the numerical analysis coupled with damage theory was performed to reproduce the results of Brazilian test.
Simulated results are in good agreement with fracturing process and tensile strength obtained from

experiments, and validity of the model was achieved.
Key words:

Mineral distribution, Brazilian test, Tensile strength, Fracture evolution of granite

1 [FL&HIC

WS NGB WTERZ AT 256, Z5RELIZ
SR 72 B RIS DGR AE L, AR5 RSN
T EHPREEEET D REESEZE X BN D . I,
TE RS 5 D & W EMEIREE 2§ D e th o X R4 - i
BOZ L PBIRMIEIC L > TAEL D Z EAMEEIN T
61),2).

AADBIERI ZRDOHHERE LT, —fls [ ERBRO
T s R, EXSIERBRNH 5. ISRM Suggested
Method(1978)IZ/ R S TV 5 —HiliB| IRRBRIC L W G o0
DIST1-OT B BIfRIT, FRBRAIEREI 5 | SRAES B 2 42 1
HIEMTEDIN LML, ZOREBRIZE T,
JE JTEE S P AR BERA AR oD il 7 ) R TR AR A T
< DUFHRTRAELLY, BHICERT &5
CNTERALEY T2 Y CoMERSH Y, —ik
HILC L [ IRFBR S O HIBERYIZ B IR TR & % 3R D 2 3R
ELAWSENRTWD. %< OBFEE N —ih5] Rk & )£
HERRBROMBREA LB L TEBY, Zhb0RBRICE -
THELNDBERSITESSX DN H D HODIFIFLHLS
MMEZRTZ EBRMBENTNDN0, L LR, JE
ZBRRABR I, EEoMREmE, HERIKNOKY
B LR OIS DR O HA B AR R T O IEAEE

BENRAL, ZRHOBA - ERNSHEREY &2 DRV ATHE
WRndH D, LichoT, EHBIRREBRBFOEA D X 25
Az« RSB A RS C T RTRE 2R B ARAT TR 2 RS L
RO | IR S Z5F il - HET DML ERH 5.

A DX HRA - EREER L OERE - BRSNS T
T2 ETEELEINTWDIORIRETHEAD VR
BWEMTH D, —IC, EAIE, A - MR,
£ 7 v 7 OFEFICERT A AWEEREFLTEHY,
B I ORI - FBEESE D ) EPECRE S 3
Bl Z KT 2 ERMmon TV 5971 Z oREIC
XL, ZNETICEADOREEMEEBE Lz 2584 -
HERMRAT A5 2 < FEhii ST & 7219719,

Bl z1E, Tang®d, 1%, FREFHICWeibull 234 %2 VLT
TIEYED R EMEZ RGO BN Uiz 2848 - R
RMTET NV EBR L, TOETAE TS OffTE
BINHEENL TS, LrL, ZOFFATIE, Weibull
ARSI T DD T 2 =5 (WA O HEMHE,
DDA YVERE) ZEPICHEERETH D L H [
BEALTWDEM,. =k ) IEdn OREENEIC BE
LEBRMIFENREE R T A =234 OBE, Ha0
ez (XA - R, IS-0TRBR) 1220 T
BAEFRNTRE R & ERERNBAET D L HERICRESh

t ERRZE o4 8H10H Received Aug. 10, 2019 ©2020 The Society of Materials Science, Japan
* o R R R TSRS A T8I T 615-8540 HU4T 7 P 1L K AP K28

Department of Urban Management, Kyoto University, Nishikyo-ku, Kyoto 615-8540.
* o RBRORSER AR T JER B E & T & T 565-08710 H i 1L i I
Division of Global Architecture, Osaka University, Yamadaoka, Suita 565-0871.
wk R R B oA FE R AR PEBREE T T 790-857 742 1L i SCHTHT
Department of Civil Engineering, Ehime University, Bunkyo-cho, Matsuyama 790-8577.



THEY, BAEORYEMORIUCE L COREMEL IO
WERIRILAR 0 Th D, S HIZHKIETIE, Mahabadi
and Lisjak'97%%, &AW OIS E T)F DR
B EEE L7z T, FEMEDEMZ AR DE IR S
+7-FDEM (Finite-Discrete Element Method) & U 9 fif#dfr
FEEAVT, EEEZ2AWZEASBERBR TR IN
- EXZERAHHRT L2 LIRS L TWER, BIERS
WZDOW T EBRAERZ FH T TR0,

AFFETIX, *G & T D8 ADFEM AT L TH)
FEORKEN A BRE L, HAO5|REERE) & 5]k
WS & & HICT R R AR BT E T VA RET S, £
L CHERA Zxi g & Uie 25 [ BRBR & F2it L Tk
BEBETLELEBIE, BELEETAVEZAVWTEDOHE
BROFHMIT LTV, TF VO GHEARIET 5.

2 ERBECHER

2-1 EB#HE

AW I REE O ERBIER S LIS H-O0F HBHRD
BIE, =24 - ERFHOBIEZHNE LT, FRICX
LEAOS| R SRR Do PIEICHERL L CERS| ERR
£l Lz, EROMEL % Fig. 11~ EBRICITREMAE
a2 -, BESEIEATE, ) EA, fika, BE
FREETH Y, R34 X138 mm~0.0 £ mm fijt &
o TWA., ZOEE T vy 7 X0 ER 50 mmx BT X
50 mm OEMHFAEE 3 REIER L, 3 AofEiiks
Br-1,Br-2,Br-3 & L7z. O3 HOFHNCH Y, SHEHUE
ORI RN OF I — D F B 70 7. i B (3 Ak
EHEIZ LD 100 Nis & L, B E CoRH-03 5%
ERLERT D EE B, A A= KB AT &N TEEE
e EROBRREIRE L. A A — FZ X F1X NAC
#:0> MEMRECAM GX1 i L, 7 L — A ¥+ XL 256 x
256 £/ /L, 7 L—.AL— 25000 fps & F%E L7-.

2:2 HERLEER

Table 1 IZRBRIZ L o TH DN ERFBEIE S %, Fig. 2
WZBIIRISI-HEOT i 2 . ER TS ERAERD
OFT TR TETE LT, BERETOT—F %2R LT
W5, FEHGBEME B LOBIEISE, MENSX(QL)E
HAWTRIH L.

2P

op = X 10 @)

TDyLg

ZIC, eldWrmE P ic It 2519k [MPa], P I E
[kN], Do lZHLFRKRDERE [em], Lo iZfEMADE & [om]
ThbH. ROITEHGBERBRICE T 5 RN OIS S04
(ZB3 L C Hondros® 23 H L 7= 2 IR STHMERRIZEE SV TR
D, AR & OBERE S TN E K, & RS R
LRAETIHILEIIRETHIEINTNS 9. N RAY

— FUAZITE > TERRL - EREF ZRFRYTRE L,

X ZHRS B AR LT- Fig. 3 OER X 0, XMW
ez B A L RSz m oo TN CWD K B30 e
T&ED. LEedoT, REBFERIZE T H2(Q)0@EH I

Vertical load

Strain gauge

25cm

i 25cm

25cm 2.5cm Camera
Cross section of specimen

Fig. 1 External view of Brazilian test.

Table 1 Results of Brazilian test and numerical analysis.
. 1
| Tensile strength [MPa] |

Br-1 6.21
| Br2 6.71 |
| Br3 5.52 |
| Average 6.15 |
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Fig. 2 Tensile stress — vertical strain curves obtained from
Brazilian tests.
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Fig. 3 Fracture evolution during the Brazilian test (Br-1).

(a) Before (b) After
Fig. 4 Cross section of specimen (Br-1).
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0; = £ [si +1_1/7s,,] (i=1,2,3) (6)

1+v
ZIT, g (i=1,2,3) TR, T, /DFEOTH, g, (=
&+ & + )X OT A [[], vidART YUk []TH
5. ZoR(@)LET—I - 7 —u U OREERBEICIE S X,
HBEEE D OBEHIZAWE 0T e, e BRN(T)~
Q) TEZREIND.

— 1 v

a=1518 + 1-2v S”] ™

_ 1 v

&3 = m &3 + le_jé'v] =& (8)
_ 1+sinf _

=&~ 1-sin 6 &3 (9)

K@) OMEELME & Fig. 5 IR TRERANCHE, 2 (10)H
LIEAH D MEHHE SN D 2,

0 F1< 0 and F2<0
Fi= 0and AF >0

F2 = 0 and AFZ >0

TIT, eolIBABIEROT A [, e IRAEMOT 2
[1, niZE% [] THD. AL CIIBEEGHERZ AV
BEAERFE 0% 2L, n=2 9%, X 10+ D, F1=0
and AF1>0 1%, EANDORIIRIED S BRB G St A i 7o
L, D OARKREICH DG, SIRBIENEL D LV
fEERLTWAD. Fo=0and AF2> 0 (22T b [RIBRIC,
AANOISIPRED & AWHBRGE SR 2 L, oA
RIEIZH D2 HE, FAWBENAE T D L) b E2rmT.
F72, KAFZETIE, —EAUHBEITRE LRVWRE L
LTW5.

3-2 #@Hoo—

R LT E T LV DORE 7 o —% Fig. 6 IZR”7
Fig. 6 |28 L7 E22 T FIEZ DL FICRe T
1) ETAOTFRA RN ZHEL, TDOET /L% REV IC

Lo THEITD. & L THMON L RS



ERETD.

2) FEM Z WS SIFRATIC &> TH REVIND EIG T &
FOTHOELIEERES 5.

3) A REVAMEE L THWE0E D nEaER@)IC k- THIE
T5. BENREAL TOARITNIROWERT v 7
5.

4) 3)THME L= REV B3> -HB4E, £ D REV NDO T
HOfE R (B)~R(L0)RA L, HEES D 35
T 5.

5) HE LIZHEEH D L XG)EHWT, #E L7 REV
DRI A EIET 5.

8) )75 B)YDY T AT v FEARV IR LTV, BB D
ERTAT v 7D D OZEN 0.0001 LA Fic 2, #HL
WHREREAEL TRV EHEL, ROMEAT v
TR D.

DEOTNAVITY X LEHNT, ZHOBA - ERT 2

179.

3-3 FHEMRDOETILEL
AWFFE T, EA IR E S Z 5 2 5 ER & Ui

BRI L OV ARICHE B L. AL CIRET €7 MEFE

WZDWTRATIZHR RS,
ZOFEITBNTIE, MRITRS & 722 DA A iR ol

1% IR L= Wit 2 S % (Fig. 7 (a). ABFZE CTHHWT=TE

BN DNT, AT D BB D434 I1E Il L > T

FANFRETHD EVIHENRHD D LrLaenb,

o LT2 B 0 F F CIIAERSE ORI (A 3%, B,

HER) O 3FHOEYRLOERNRER CTHS Z &

5, FOBEEESN, ML L THEMSTRERE L, BR

PR LD HIZ 2 RITTET NV E LTV AT, ABF

I, Br-l oWz €7 b Uiz, BARM72051E% L

TR

1) JERBIEFBRIC AW AL A A o W o #ifg (Fig.
7 () & WEAREE Y 7 MICELY AT,

2) fEhBEOERBELED TH L AT, EBA, BREROG
DEFENDBEERZ R, S0 D540 % Wb T 5.

3) BEF AR L7z 2 ot € 7 /WIS &S D J154)
PEEEIY BT, XA - R EZITO .

A% TIE Z @ F{% % Modeling based on Mineral

Distribution method: MMD £ & L, Z Z Ti¥, Br-1 O

DI Hi & [ S B 72T /L% MMD 7 /L(Fig. 7 (b))

LT FREEES Nk, EREICRT B51ERNRE

WZDOWT, ZDIF L A ERIWRL TN ZIED Z & BHE S

TG, LTZh o TRAHTE TV CITHE SR T DiE<

BEOME 0 2B L TR0,

3-3 #BIEH
AT TN, i L 72 ERB ERBR O F BT 2175 =

LTk, REFEORYMEEMEET 5. IFICIE, 2%

FHEIZ Ko TERL L 7 B A A DR A48 L7z 2 3K

TLEFNTHD MMD EF LA W BT A A U &

BERSAM % Fig. 8 (R [ERSERER ClI#iRE o it

RIKDOEAZ &0, MEA & SRR ORICHATE A E T 5.

AT CITE R OME A 89 mm LERELT-. £/, KA
PR 2N L - T, RS RARRBR I HHE 2R D&

Generate REVs for problem geometry
Apply boundary and initial conditions

v

Calculate averaged eflective stress
of REVs by FEM

Check whether REVs are
damaged according to Eq. (4)

Calculate damage variable D substituting
damaged REVs’ strain for Eq. (6) ~ (10)

v

Update REVS' elastic modulus using Eq. (5)

Check whether damage vaniable D
salisfies convergence condilion

Add next load increment |«

Check whether the load increments
are applied completely

I Quartz === Feldspar mmmmmm Bijotite
(b) MMD model

Fig. 7 Model based on mineral distribution.

(a) Cross section of granite



v,= 0.002 mm/step
1

(a) Geometry (b) Mesh

Fig. 8 Description of numerical analysis.
FEVEDMENZ ENHE SN TWNA Z b, FBR & 5l
WrZ BT D EMEE RN R > T T b —E L7 ik 5
NEONDEEZOND. LTeh-> CRHEME & OFns
WD, SRITREIR D LISz 5 1 2T v 7 H 70 OEfL
Vs 7 0.002 mm & FE L7z, AT Fomid e — 7 —4ef
L L7 —RICHREER T, BRI A AP NE VR,
MARAY 7 S 384 - R A REHIR, £V Rl 2 2%k
EHEAETHL Z ERREIN TS W ZhESR
L, AT CIE, 2L 25134 O3/ EWNHA XD
=SAWA v 2B E(Fig. 8 (). fEHTICHWZ 8T A
— X % Table 2 \ZR"9. Z 2T, {EEBEDORT VYV HIEAR
WAL CHENE L 7= — i EHE R TS O R 2 Ay, 6
a DOWEEERA, S OYIIBRMESR, §I9RE S IR %
B BN SERE L. ek, BEROSERS I
WU, BEAERFZE L 0 RO & 2 FEBREDS S STk
59, AMFFETIE, Mahabadi and Lisjak!®(Z S % it AT
RSB, RAEOFIERSO 0T HOMERE L. £
7o, B8 O —hEAER < 2B U C O BEEERIC X s
NENTELT, WA ~AQIT/RT Griffith ORYEEIR UE
FHWCEE L.

g1 =

ft when 30, +

03 >0 (11)
(01— 03)*> +8f: (0, +03) =0 when 30; +05 <0
(12)

T 2T, o IR IS NI, o3 13 NS 7T [NIm?],
folX—Hh5EMR S [N CTH 5. (122 =0 Z1RAL,
BHL DO—E AR S 25| iRIE S D 8 5 L% E LTz,

4 FRNHERLEER

£, EBRBr-1) & 0 15 D5 IR SO 2 bR &
fRHTE & DIl % Fig. 9 1R T KLY, MRS RIT IR
fER R L TR Y, ERE R OS A OME R
KOS E TONFHISEEZFHETE TN\ Z L2
WTEDH. LoLadn, MEEAUBEOZEENZOWTIT,
— RIS O E TR SN D L 5 REEE RIS T)
KTIEA BN o7,

DED, TR - EREETHAREGAE D O OLERE)
% Fig. 10 (27”9, Fig. 10 (@)~(c)i%, Fig. 9 FFOfiEHTIC X
D15 BN T2 BIIRIEI—HEOT 2t R o 3 mi(a)~(C)Ic 1T
LB AR LT\ 5. Figlo T, BIEOmEE

F— REuLT 5720, BIIRCHRE L #gic oV T,
HBEEH D OO EZENDAICEZTERLTND
(0<D<1=-1<D<0). L7E=N->T, MPD =& —404i
IZBIT 5, -1<D <0 OFREOFEIRBFIIRIC K 5 G,
0 < D < 1 OFAOfE AW L A HEEEEZ % LT
BY, HFELTOLMHEE(D < 002X RHEERLTND.
K &0, RFEFTIZEONTIE, ATz s REEIZ X 5
ERPFHELTNDZ LR TE 5. Fig. 3, 4 & Fig. 10
L DN D, RENTET VITER I VBRI E RO
FA EREH A MREH TE TWVER, ETEEAT T
HAETHEZZH L UIHHTE TN L3R T

& 5. Fig.9 2B\ T, MHEEALEDIG IR T 3/ S 725
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Parameter Quartz | Feldspar | Biotite
Elastic modulus Eo [GPa] 76.9 39.6 33.9
Tensile strength fio [MPa] 10.3 10.5 7.3

Uniaxial compressive strength 825 836 58.6

feo [MPa]
Internal friction angle 8 [°] 50 50 50
Poisson’s ratio v [-] 0.19 0.19 0.19
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Fig. 10 Evolution of damage variable calculated by MMD
model.
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