R,

2]

I | Resources
TMAM KHOMEINI ngineering
INTERNATIONAL UNIVERSITY
) B YY axio PN Gl F o led o0 sle 0598 S mlo (wigo 4 i
Vol. 4, No. 2, Summer 2019, pp. 73-91 Journal of Mineral Resources Engineering
(JMRE)

DOI: 10.30479/jmre.2019.9861.1208

OLbg) Shwanslo (g yaud Conlllh HLAS p ()l i 5T (oalRida o)l anlllne

T30 31 3o 9w 1 o (g8 faso )y () S (G0

52958 «(0)) (siwed plol (dLadl y olKSIS (yame (cwidiges 05,5 ¢ Lasils )
2958 (o)) (s plol Ml s ol8ils jann cwdiges 05,5 gwlil IS (ggmmisls =Y

(IFRYN YT b pds AFAY/1 4/ A Sl 53)

ol

Lo b ol 4Bl s T 003 o (Y gb Cadld p cede a3 a5 slrole 51 bl 3l g audgi (as L (il 8l gl Cu o 5o
Cawd A Cowl 400 38 3 (Sl g y0ud Canslh Oldoc (492 9 g o0 oolisiw] (Sl gyoud Cawsll 51 05415 (205 (6 038k oyl 3o ol Sl bl
Gz () 33 10,510 (1w 4y ol 0391y 3l e Sl elekas (3l (5l lin uoy (ot 9 (Sl e oS (6 03 5L (40 9
e S50 oo duslo Sedg yoad CanSl HLES 69 o5 )l y> T Il g o eolisiwl anlllae (gl oy Livgd dibhie Siwdunle GLadiges 3l
Sildin (gl U ol oy 0015 (lymndl Sab (5390 A Jokor (59 32 Sy ried Conslh (BLsLo3T gladoo gl cd)5 158
S5 B BF Y o)l yhd gl qeaid s S g7 glailgiunl JSb s axtllao 3 yg0 baigns 39 o )lwimelivo (oSadg yond ConnSid
£y 085 30 01,8 ilw 4z y0 VYer oo B fal &S o bdiges g9y » Uau»alo)‘i Pl S Sl w0 e o VoA glad,l g Y
3 o Slod il b 4 ol ;T 1 Sl ool Cowd 4 gl ol suud ploxsl bilouds S puw 3145 Silw 42 53 10 9 Ve B ©T 43 L 9 00D
L ooy a5 39 o0 Sl sl HLAS il (] (Sl g juud sl Olidos 53 il (oo Gl (Sg juad Consl jLES Wbdiged (49,8
Faly o P10 (SS9 Consl HLIS Ol i il Jals Oldos sbady 3o a4l 50 g 394 (gl 5 (500 HLES udgi Cod)b
Sl 3 oSl ow pralai 10,08 Bl (52343985 9 (590 ST ST Caoglile (SiS (pgatie ()9 ok Elgol Cus pw Ol i b
dlne (5 o I 13,5 Ty LS Aliandls VP a4y laianils 1POF 51 5 o sl ecomsl o0 olicianl WS 5 g yKn0 &l yasd o 2
S (o0 a1y (Sg o Cunsl )L Ol ik i prglial ol 3l ouds

Gouls wlels

SS9 )0 Sl (e e (Sowdwbe

Email: mahdi_hosseini@ikiu.ac.ir &S Sls sdge 5 J st a.\:.w_)s*

Yy IFAA OlusB ¥ o leds o slaz 0398



S Bl guigo 4yl

313 5a% g 1 (S ILRBI Tuwo sl ( uws> (Sg0

BlLbl o b slo s aSnl @ axgs b LF] 098 o oo
PElT gsldae sl Wl Vb laiss cds laolz
Vb Lad lacey s VL b b b oS 4 Lulys cnl o
lausgame il sl S5 Sl youn ConSi ol gl
9y Sl el b (lgie (o) 4l (liilejl (s5ldos
I ealalel gildae )3 08 lra oue ilados
Sy A ol Jals 45 55 sa oozl s 55 50
ouds ()b aSe sladised g3, alesl sl 45 Al
A Jolo 50,10 0925 Sglate i aw Jlael Sl 5 ol
Hlse 3 (Selgyaen Canlh (talojl plawl gl a5 (5 e
o0 b i o ) 00 inad ol 5 8 sl 25 o5
g g0 (30l

Jold ilie Jalge a5 s o lad (e (o)
] Uss JAV] el cure dPO] KL Jsee
SYCIRPRI < v F AR Y PRI AR EPRVIORRN R
oS Y] G5 55 snddea 3 Y] e
CaSli Jlad oy » V2] &)l am s g DNOOE] Lo
S (Ss 0

5 Gl ool (b (ime S (Sd il
il pogdle Selioe )5 9 3 (Jlyie sob 4y 5100 00
@ @bl (sorae b a5l pe e Gl 4o Ol
O S Ol 4z )3 i e B35 BF o5
Sl Ol S0 losle STea ks el ol a9
Ol 4 a8 0gd e ol (SlKe s ] ye 0.8 18
los Yogone (5 ;0 oS 09d oo 485 (5> 15
CanSs Sldos jo (£85 .05 00 ol 5 ol a0 Ve (YL
Sl yoosd By S 0)se 4l a0y Jhw Sy
sbnl Sl i e S 50 ol sl gles LS
S a8l S 51050 c0 dmwlore ) alaly 5l aS 590 6
sbwl Gl 5 cnl e S 0 plaS S5, il
s 7S Jlow jLid 0 S 35800 Sl o5 398 o0
b adsl oS i glyls S F1.0ss  Sdg o cunsls
SF S 0 (i8S 5 ead obml (Gl i S e
S i ol Jlaae (ST 008 oo sl 0alds 8 pw 4l yo
S8 adgl sla S5 adly S 2285 Sunglie Sl e
S 339 g digd so bl 49l s 5 g ol e
B Ly ol ey (il el oS ak oo SRl (55
g0 (3P

IFAA Ol F ool poler 0590

doddo —)

bl o Vb pdpdeli b g o 5l 51 (5 ke
Slye Cyeali egy Ozl 51l ot ales b 48 elgz cilisee
b o3 3l (s 55UsS SBjlae slp 5l 9550 adsl o>
Ol 3 e oo o sl 0 S o0 ol by sy 3s8S
pll 3l £95 0l 59y Bl likos o8 el Y 5l
DTs)ls oo ols on3b Gialil o 3lol Slles opl 505
LK 5 e slaoly 035l (gl slp 5L slahs,
oloul hg, 4 cbls  oboslas o)ls 0g>g sl (6 pdudeds
anls g [Vewl sy, ol 5l ool o)lgs o SIS
@ omb Grddeii b gla)lisle 10 a5 (Sg)aee cusls
@l &S cesl gy nl laasls 5 5lols o p)ls Sl
ol 0o Jypaze Slloy 0,5 Seslaidl g adgs &5 Sl
I¥] sg5000 515 @ b sl g5
EA L Jbw Ol o a8 sl an ]3¢ Sy pae cosis
005 ey Slidas 09 oo oy ol 19,0 Vb b (i) 5
oloul cael a5 sy g 4 Hliad oS Wl oo aslel > G
Sibdae 0 098 ola o)l )3 CeSE (B 5S e
Pl 5 so0e (Ll sla s, 5l (Sels s S
9 SVl (6595 ol (lo (g 59 09 o0 0oliiu
bl Sy oen Cels lid (e sl (ailgy Sy
Oledl gass 13> gla g, 5l oae (giladan jo .l onds
Seloed CwSS gildas gl dSgaze JlE5 g 5550
3 abbarwg dgame Gladl gy sl eald oolaiul
ol CenSs Sl bles g3ldoe sl g, (n e
350 )k bl et Slagty) A S b9y ()
35 plall sy b S 5 S sl Lo Fisls 50,5 Jos
woain 5l e oS Cul T atels 550 el g (Jsene
i Ol b sgaze plall (g )0 WS S (Siwgl
ool S5 Sgi )0 (5SS slaplell b 5y s e
Fodezn (F a0 S5 S0 (05 Joe shiee
Wlgy Bl 58 e WS (o0 08 S5 S sbiles | ol
o9y 0 Cailhae ol ) a5 2 0 S S was awasa bl 0e>
yore dgazme lall g Slins  aBbanwgs Sguze (Lol
(Sl 9 Slae 2 (ool @lg L 9 Sl ond asla
(P mly ol A 0gd e adlal o luslinl goue > 4
allanngs Sgazme ledl Bg) 50 wnsS o0 il &l
S5 ady oS5 bl sla,S 4 solil e o3l

Y¥



P Bl guigo & 5

e I8 il Uy il T SR ST Al

IV ] as slpiny (Sdg,onm cusls
la o)l 55U go0e (o) p & OLen 5 s lloe
O 50 (Sdgyiee cwSs anlp S wese
2 Oglie gwiin laell assly (0)S5,0e
(g l0akols oI Jols (Solg one S adsl slaS
~ (gl g, 5l eoliul b 6,5 St gl 9 S 5 oo
ol giledoe @3B 5 (Bl slaoly 0 YL ad e plral>

Iyl

Ol Sl 99 36 (chmgs o Gl gm0l
Y B R P )
o S5 |y el by, 4 S5 (Sabilk plals
sl Sy bl 99 (rl S (gwyp LS 5o sls I3
ST cOglsy cmpo (Sl Jooe) wiile (S ol
sl 5 318 188 155 ol i ST 5 a5
ol 485 3 axgi 0y90 G Sl (Bl 25 LSS
O owyp Glp plaly —(Swsal goae g,
Selyses CuSt anlp S 0 IS Sadih plaly
Sy Saiil sbal e ol las b .ol solaul
35 ot 5 ol gm Gl Sl e K Ll
PS5 Sl e as gl el 5 ole glad
odds ool il O¥olas 09d oo (Sdgyied CenSl >
b slayll ol (s ) Gl S s o) 2
5 Wilgh oo dalg, cpl sl Sl Salil ol g 0o
IVY] 5,5 )18 solitul 090 alive Slles adgl >,k

or b Soer cass BpeS oz g S
Sy S5 g oS pylSe bl o] s S
RS EPHEE S JCR JUNUP S N TV I WS
S e i |y AliSee Gla 25 15 Jas ool a5
IYF] sas o ol cusls

olatel jo S a5 wis,S Gleie g g e
«(6) Bl 25 Jlax  3see 5 (Oy) B 25 2S1a>
Sp S obulay e ol o g wlior JheT g £90
el sl 1y alaly (piess @ly o gl ogd e S5
Ivolass s ol cosls Les

S5 o8 Sl bl Ll ] llllne ol (953,
aly 5 (iSlas 5 JBlos a8l o ol SN Lol
lo,gS 1 ormb SIS 5 (S yee SO s 095
ol sl sl slacal 5 S5 (g9, 5 I8 130 5 e

\()

20,8 lkod 5 S e G 0 Sl i lake
DIV] 595 o dnlos ) alasly ol

. PR p— aEAT \

(o ye aS

bF Sl bl s a

Ol po 1 9

b Jgdo B

Sl Ol am s ss AT

eyas 0 odd plxl slayiegh 5l golass aslsl (o
Bgd oo wl)l Sy aue CaSs

Siwodgd )3 A & dlaly (6 233985 o)) Se 5 (20
5 o s3yne S5 s Sl & e L 1,
3,90 UDEC ,l58le 5 5l oolazwl b b Saslls o L]
DAL wols )13 o

Sl gyl 256 gy a4 GlSes 5 Lo
Sheslatnl b (Sdgyane caSls (5,0 g 5 ey
et b 3o onl jo il plrale - (Siwgnl G,
(S TSl 003 S )0 bame  Seglie (la 2l
Y wr gl ;0 (Sgyuee Cesl S anld
3550 1y SVl gl el by 13l o g (S g 05 Jarma)
S (S liae a5 ol las ol adsls 3 b))
9 Col 039y atualy by SVl sl Shg 4 (Slgyaee
1y SSs dwain wlgi o b)Y oVl sla S5 i
Dal aas )3 56 cou

CaSl Sle 0,5 (my 4 (LS 5 55 ]l
Sgied CwSs 03l b p sl s pSeslail s
o bg, aer o (88l 15 mSTas ol las mlis assls
Jlomw jlid (o ey jLid d oge anSls (Soyiz bl 5
Ol S sder e wn e S sk g ol JBI
sliwly hlse adsl slas 5 as” conl (ol o (5,8 b,
Iyl col a8l s gSlos

Silotrd 9y 2 SRagn Lo 5 nllae
lopls ol oy (Sppee oSSy b pS
Loy pll Sloals - Siwgul by, 5l eolatnl b S
3D (g (eSS iz Sl e nl o
adg) slo S1uSs U505 g by it lagjlodrsd oyl
Slles i @mls Glp Slom ool slls) 5 o ovalis

1FAA Ol ¥ o leds pslaz 0598



S Bl guigo 4yl

313 5a% g 1 (S ILRBI Tuwo sl ( uws> (Sg0

5wy gl Gl JoaSs Wed oo Sbml wiload a8
S WL oS pladiges ;0 Ged o anbige (S
b mals gl cass jlad Sl > el 5l ae Loy
A algiul g5, biialesl oad all Giagy o [¥)]
A5 alginl 6,955 ol 1 Canl oad plonl puiess o
Gy 30, sla s (1,0,2) slalgnl Slae ;) oslawl b

W9l oo e T g ¥ oakal) 5l alais 2 )0

_ PoR3 — PR? _ (Po — P)R?R}

M
T TRE_R?  r2(REZ-R?)
PoRY — PR? (Po — P)RER} o
Op =
"CTR-R PR
taly) nl o &8
SBs algal o diged 35 0 5l elad alsld i 7
Sl gls R
LS.?)[} &Lt.w :RO
6;)" 0y J>'L> )Li;é :Pi
c_s‘"’l’ )L.’l:.é :Pa
[vy] 857 Sgy P
olco Caws 4 ¥ alal, 5o (5,970 255 g
F PR?
(o4 s

(R —R) R;—R?

GrS S5y ol A A 0y9e )3 laraghy S

FohSes 5 So,8 gl 50 9 Sl ol ploxil adgl S
Ll 00l (g p (Selgyoed CaSS o (Sl S
CanSls Hlad g9y (il G5 Sl ead all Glegyy o
Syslys sl Bl cnl 5l g canl 0sd (s p (Sdgyoun
o Slr 8 GSlSow nolas 3l cnl poedle el
9> aS el o oolazwl ‘5;)‘)9 ey f‘ O diged u......;‘

axflao Oyg0 digod -y

el g Siwanle Gaios (pl ) axlllas 8590 dige

6L"°u‘)9‘> LSALQJ ) aS el L) Sow P Sewdwlo
dawle 5,5 &l,3 5l e g a3l anlsl o) LSas  wlidcyue)
B8 et K, 5 el 0uds Sis Gl slo SIS g

IFAA Ol F ool poler 0590

SIS 5 (Sdgyane CSL Gl SR lp L S
Ivel ws s )yl ko

Loy 3 &5 mls a4 giibdlas o YYD sl
B ol Lol il s gy 00 4L YD) el 5 & g0
©95 2 Wil 1 39250 (rb Sla TSl a5 5,5 lgie

Sl ojre golax VWY Lo o o)) Ken 4 490 e
Sl 50 oy 2 slp 58S 2o (ol 1 (SG (5e
Sl Gl Snss sl Gl 5 byl s, S
ogdas 4250 A B () 990 Sladiged W05 A
ogamdas 430 O U alolddl 5 ool ools &yli> 0,65 4o
ka5 g Sl slais sl con Joe pliaiad oy
9 eor Ol Fow b aS ol diges o pla S,
Del s ble

Jlal esas o ol iegh awlll g a8

by plosl Jlo g5 (5l jo (Sl i S e Ssl
oS rhans Sl ol jo as ols ylias LQQT sle ol mls
drwgi Eaely 5 9800 $9; (SHp Sl ST a0y
O S (Sl g 09 00 00l O s mhans (o LEEST AT
a5 WS e ol ol s (S 50,5 Sy e 2l o0
o 5l sy (S (SSh (B g (SSh olowf el
Sedse 3l s pdededs il g Jlw &) 5l Sl
Iyawal
4SS o oy 2RALT ek 4 oad )l s
70 0S5 p (Sl 9 (Sgyane B5STlp 4eSs
SIS ST Sals g0 4 ladiges o iolesl ol 4o 8,138 o
O 9 B, 18 0,920 SS (NS, cos A 9 A, Sl
A Sy yae sl Sl ool cely wileS jo Jlow jLid
‘-"*-‘J" ] A4 9 Az ‘591" 9o <J u-" ° CenS C‘Ia"‘"
e (KSs aw alsyo j0 0 moye ml YOF 50 VY
Bl O3 o vy ool sbml (Slg ) &0 4 aS
S SR At LN I VRURNUWIPRER W SUIP Y- N LR VT
al FAY 5 VASY (55 ay Soby 50 4 b Kol o
171 s i 5 e 1 5o 85 02

b SaSlls (fy0S g drwgh (g 0 () g SV
Solle g il sl o wily,S odSEs o
3 aS Sl Sed ol b wis,S saslin Lol IREES N

oS sl az o Ver 9100 b aS sladiged 50,5 oy il

\td



e @lo (ouigo 4 50

e 9 M i SUED T (I LT axdltae

A god ‘S}Lm oobel —¥

Srdises a5 09l o G pSoie Sw Sob I lal

O 3 e o OF dga> (g8 ol glaslgal
sy gl so 00l by camslin J5b @y oms ) sl g
Sl ol 55 535 0 0pa> Wb ladiged 31 4 Sl &)5
ool o lo VY Hhad 4y glase 5l jslate ol (gl 09l
IS j0 00 gjlwoslel J-g5 slaslginl sladiges 090 o

Sl 00 o0ls L)L"‘“ Y

5 J>law olaal o dalids (eceS lal o 0 Sw
9 ) 097 $olge g Cenl oad LSS 5 slaplle 5o
O S0 4 (T B3 (50,5 (Slares 53 el 35T

eyl wlaals

CIE SRR
Sl b (Sol Kiwawls g4 5 addllan 5,50 Ko
‘ngabm)av‘p)ljfw)a\&}l&wdl.;miéﬂ
Vo, sl oS 005 do v A wedS wo )0 V0
3 eSawanle (ployas slas,o FA 5 Sool sl SIS s o

S 3 (K58 plg -T-Y

Cuoglie nd (sl ojn Oales] Stwanls 55 2
o515 Ceaglia crani sy 0)90SS 0515 Gialejl  oiesS
oads pll pulyy oo 5 di¥l Jooe (590 ST
09 9 See A e Glp w @bl cwl
b yilejl den () Jgux) cewl ool sl Sz pgase
30 4 S Slsle My ansl> slas lasbiw! Lolul
[¥flecl a8 bl a0l Yo -V Lo

(NS 55591 10T cCopmnds :Cal (35,195 :Q2Z) oo dwlo digad jI (o 95w g ;S0 p guai 1) S

Olig S dwlo (Sl g (K38 (ples ) Jgur

Osles oy AV Jgoe S Canglie | (5570 U ST Canglie | Age SRS Pyae 033
(GPa) (MPa) (MPa) (32,0) (KN/m’)
’/YF \V/VV f/aﬂ VY/A \ '/\'V Y\/AA
\a4

1R Gliasli oF 05l o sle 03



S Bl guigo & 5

313 5a% g 1 (S ILRBI Tuwo sl ( uws> (Sg0

oolaiwl )90 Ol jupxy —F
Sdg e Cansls gildas sl oslaiul 090 ol

Jobo Jolts a5 ol loma 25u Loz ol s ol 5o
JLed oS Jlasl e gysme b Jlasl S iales]
el Gl J3ls Lzd oansS Jleel e g Sl

owlosl Jokw —V-F
Ghls sl Sgp aidly s Jolo adly o a5 Jolu o]
sy Lad fplecel pdyllas glic SG 5 o3Y58 gy, 50
D8 g0 ooliwl ool Lid Jlacl § K digad (28,5 1 5o
oi> s 5 faes OFY S8 L pladiges sl Jsho )

A ekl Sgp Jgho 10 S

Sl CwnS (g5ldae sl Jsho (5locnlin 5o
Omb g Vb yo o8 clond wisle 5 (b Bg ) 90
Jad olbml gl Jlaw g0 S5l 0yT oo )8 diged
S g0 3l g dsdise S)ls (635 s 0yh> y0 (Sgjae
(5 JSb) 29 co ooliiul (535 po 0,8 (5,5 lsm (6l

Sep Jokw jluwmmbio gly o aisl gl bgs s 1§ IS
Wiges oyl 3 YU 59) Sy pud CansCls GialojT (g3ludue (gl
(5 515

IFAA Ol F ool poler 0590

Er AT JS2) 098 on 0300 )5 095 )3 ladiged e

BURC P g R TS P [ g+ WIS I Vi PRI S|

el O lpoyeS bazyo Ve oo L ol 4B
Dgd o Ay 45 ol

, mw 2] 1320

0595 ¥ Il

50 5950 0 7,5 0,65 3l lrdigad el B iS5l aw
2358 o0 1B el 0w Ol ol a5 3,1

plnil digad gy aw (g3, L ialeyl G ol o
o5 il az 00 Ol o a8 plaaiges )z el 45 05 o
oS il axyo Ve Ol o a8 Sladiges -F g co Sy
o5 il az 0 V0 Ol 0 a8 sladiges -V 5 358 0 S yus
(F USD) 09 g0 S o

oo J S g 0,8 silw 4z 30 Vo O 30 Ldigas (40,5 0 o 1F S
JigS 90 b

YA



e Qe (guigo 4 5

e 9 M i SUED T (I LT axdltae

Al 510 HLid suscs Jlos! ooy —F-F

95 9y 2 &S SIS, azmio 9o 5l (G w4 ey 0l

Ol 5o dsdise oy S oo )18 Jolu J3Is digei S

oolizd S o Olsie & FFousli s, 5l Bais
A JS5) el o

Wl U518 41 Jlow 5Lk ouiaS Jlos! qeny 14 S5

u’:u“l.c)’.i aolip -0

S S G
o 9 93 g 18 GialesT Jol j0 1,
21 ol ised g5y 2 omly 5 Vb lagis s ool 518 5
warsos )8 5597 )b Jlesl S (610531 Blrie
Lid sl oy 5 oole SLid olSius o Kild s
oo G 15 oy 0900 e Jsboo 4 aileS 51
Sl 5l o vedoe Jlosl diged 59, (ol 5 g
JLad ey 5l 3500 jlade 4 (il g 5y slaA
Sley b LLad Jlesl ) 058 co ools iul38l ailes 1o
Slad cal pl s cdl il Bl jlas a4 s ls dalol
IS el aSls Jolo 51 digad aS o ks o1 51 las
50 b (SuSls o oo L | Sl o lediges V-
5 o A5 el (Mgl Home b)) @B sl
e Ghlejl 9,50 slodiges 4 oud Jlos! Slr jLud
VO N b o baiged Guloyw 9 Giule,S sleo
‘_;gLa:uiz,;.La)'T el 00 08,91 ¥ Jga yo ol )8 sl ax o

plsl Gl

|
T aig05 (5 Luoolal

sboo jo wiloaiis osls J1 80,65 0 a5 olddigel (55, p 5o
AR J&w sl 00 ﬁbu‘ (ol)fs..,L..; a0 YO) Ls

b tolesl ol 5l (SO lyz! plin jo 1, Giolesl olKiws
D2 o ol

Y4

S )Lg DMJL&C‘&—Y-?
Veor codib b ossans Jlezms 5 (B oS

970 (6,105 ,L S Y IS

5l 5L euiaS Jlos! Gng ~¥—F
G b gl)ls 5 il Ltd 8 g Lol gl olKss oy
wdly s sl 4y oS ol (A USE) ol UK £+

slad ay jLad o Joko @ (489, 535 oy b g oads oy Seo
Sy eo Jlasl il diges 005 5 5 jo a5 s llasil

i )L ! g 1A JSC

1R Ol o o5l o slez 038



S Bl guigo & 5

313 5a% g 1 (S ILRBI Tuwo sl ( uws> (Sg0

bl gl -#

Sl Sl Gilel 5l Jols ks jlid (Sl
wldises cuss jlad . Slhe el a1 VY SE o
ax 50 YO) olisle;l L slod 5o ¢ wiloauis £ 0,95 y a8
Sl el JSLbKe V2L Siloass islesl (0,5 sl
OLypS azys Ve b oS dgad oz sl cunsis slajlid
Voo b aS diges aw glp (JBLLEe VT2 cailoads oy az 0
Gp g JELbLEe YFNY oals oy az 0 Ve B g p)5 4z 0
VFOY oo 0y az 0 VO U g a5 axy0 Voo b aS diged duw
S b a S0 o ialesl bt 4l s 4 g el JISCWL e
A plel JE-F1VS [ GG PR

s Juloi -V

o Ve b as gldiged ioloyw les jiulidl b

5 0wy BNV FR A | LSOV WIS L JPR WIS W RS S [ it W
pyS ol F b az 0V b bdiges (iole,S al> o ;0 (VY
Olo p al> 6 50 5 Jais diges Al o ol o Wiloads
S5 Ol oo ) alaly elal p Wgdse (adiie ladiges
Wgloe Sy a3 0 )3 ladiged oS > 5 ()l 25
O el cpl jo ) cwl i Ko adls g0 4 s
bl 5150 g 058 o0 o5 sl 4> 0 0 &)l ax 0

CanSls 3 g AT g0d 1Yo S0

SS9 30 oSl st o 3T plowsl ol 3 i Lo 3T ol ) S

g & oo Jloe! oslr ;L 5 (6 y0 i ¥ oo

wged iale)S (sles gl Ghaleyw (sl sl jlad 97w GBS NS
G5 ole ax,0) (5 olo ax ) (Sl (Sl ?
Voo V0 o v Y-Y-)
- YO o v Y-A-Y
Veo ) ) v F¥-)
Ve Ve ) v Y-¥-)
Ve ) ) v f-\-¥
Ve o 0 v 1)
Voo V0 o v F-Y-)
Voo 0 v f-Y-v
- YO ) v A
Ve ) ) v Y-Y-)
Ve ) ) v Y-v-¥
Voo Ve o v Y-f-Y
Voo V0 o v Y-
Ve Ve o v Y-A-
Ve V0 ) Vs Y-A-Y

IFAA Ol F ool poler 0590



e @lo (ouigo 4 50

e I8 il Uy il T SR ST Al

Selgpier Cals Galojl jo Sl jLad Sl i i,
sladl> o baige (6,970 S5 o515 Cuglio ool
Ceoglie 4y Cod o, Ol a0 V0 5 Ve D ol yw
20585 )0 oMb S (e &S ledisel (5,57 ST (ST
VOY g VWY Y)Y YV PA Cuo b b wilonds Sl o slos
Qo oo lid yrals as ;o
g g SiS pgate 5y Slds b Sl
el olKizsls K Sl oKz los ] jo a8 Jobo zlsel
Slpess o)l Cilhae cewl oals pll (o)) e plal
Sls 9 VF U 50 Gioloyw sloo b Job zlgel s
b as oledigel Gioleyw loo Giulidl b el oals ools
039 9 Job glael S wilond )5 1S (Blo 4z o) -
Sloass p,5 sladiges ;o wboo Gl Sis pgae
Sod Bl e aileads oy o5 le a0 0 sl U oS
SFeSee dgdee Sl Syl s Sl A Sl
S 9 Sl 9o @ S Sl ol s ()l 25 R
SiS egate Gig 9 Jeb gyl S (Sl
e glod 399 Sloass 'a)f 0)95 5o as g_g.'.La"ﬁﬁ—“. (_g|)..»
oy A wleads iulesl (0,5 ile az 0 YO) oKisle;]

O lade b or QRPN S 5 5 S iges 2Ll
Sl g lid &S cwles iis @led 1o JLad Jleel 51 L3
CanS g oads (b gaiS cdl a ailginl Al o jlas
Il jlad 4 5l gl sl o)l o (Slgyue
0 0 bags oS b o gl G Ger el aleS
diges oS Cwglin g i Ko b g0 4 o
FE SUERR NI I OX S PRSNG| E R VRO SN | ) R
a0 0 o bageas as by Sy june el jlid
VO 5 Ve B isleyw lacdls )0 bbdiges cunslls |Lis

Wlgwl sladiges casls Lid 4 s ol 5 le ax o
WSl e slod ;3 095 )3 A )5 e &S JB g
I, Gl s, YY) g VEPY VYA Co s a4 Slouds
9y Sl o Sl ol el cnl e e i
Seloied S bl po (Sdgyee cess jlad
w515 inles] Sl a5 a5 B (55 2 rizred el
0L ‘\i‘)‘ 'Y JS...’;B)A C"L"' Ja..u}uo FLNW ‘nl:;u‘ 6)5‘7‘“‘—{3
as ‘5‘45945 99 (_g|ﬁ 6)9-"“‘55 pf‘f C~o5l.5.o u-'iL“ |
ax,0 Y0) ofiglej] lame sloo 10 5 ailoais p,5 6,65 5o
Sl pas ol JSb e YO0 iloass iolesT (o],5 ol
L sillae yiole puw (slod 4y Canid (5,500 ST o515 Canglie

14.8

14.6 y=0.152x+12.37

14.4

R?=0.9076

¢ 1451

14.2

14.17

14

13.8
13.6

134

(MP2) cousai jLid

13.2
13 A 4

[uY
!\)
[V

(%)

12.8

(0) haloyos (slod

10 15 20

(loss 0,5 055 30 3,5 siilus 4z y3 Voo 1 45 o3 aaiged) Lislo yw lod b sl HLid ol puoni Y JSLS

A

IFAA Oliagl ¥ o5l op slez 0399



e @lo (ouigo 4,0

313 5a% g 1 (S ILRBI Tuwo sl ( uws> (Sg0

65
E] y =0.477x + 57.073
3 64 R? = 0.9462 #7639
o,
o 63 R 62.5
g\ 62
2 61
<
[-™
)

59 @ 59.13

58

0 5 10 15 20
(C) Giloyuw slod

(s 0,5 055 33 3,5 ilu 4z y3 Voo b 45 o3 Lbaiged) ialo puw 5Lod b (g ys50 <SG o515 Ceaglite @l punis Y JSUS

3.20E+03 y =10.3x +3024.7
R?=0.9588

3.18E+03
3‘ ¢ 3.17E+03
; 3.16E+03
)
[V]
5 3.14E403 °
:v;o 3.12E+03 3.14E+03
E .

3.10E+03

3.08E+03

¢ 3.07E+03
3.06E+03
0 5 10 15 20
(C) i lo yuwr Lo

(loads 0,5 0555 53 3,5 ilu 4z y3 Voo b a5 o3 Loaiged) sialo pu 5lod b Job el Ca pou &yt NF JSCS

o) e as

(@436 1Sl 50) (1) s (Kool 59,31,5

(46 [caSo y0) by Dol s g

(o) wges Jobo i L

(goyo re) diged ghafie o : A4

(JSable) (29,5 5. 53959 O Sl sl SIS AD
ol

O calizes lacdl o 6 pdudeas £ oakal) ulul
Oilo yo calizee slales (5l (6 pddgds polie .uwl ouls

IFAA Ol F ool poler 0590

raiged Jsb gloel Coeyus ay o O T (Slo 4z 0 V0
2 Wloads auSl Lazme (glod ;9055 )0 Al 0,5 e &S
Sis pgase 39 §lp gl 0 VAL g FAY £AF oy
A oo ol ], galS YA g FANY Co g

oals oolaiul O akl, 3l 6pddgal Al (ly
a5 b 0 s pdudeds uns lp alal, ool [Yolel
el pitne Sosl SS90 Sl Gl >

_ uql

= A
ApA @)

AY



e I8 il Uy il T SR ST Al

(PR @l (ouitigo 4 55
21.6
2155 y=0.022x +21.21
. 2 -
3 RF=09758 / 21.53
i 21.5
21./45/
j’ 21.45 ®
~ 214
E
Z 2135
213 ¢ 2131
21.25
0 5 10 15 20
(C) i lo yuw Lo

(louds 0,5 055 33 31,5 iilu 4z y3 Voo b 45 o3 baiged) iulo yw lod b Sis pguaso )9 il puds 10 JSUb

y=0.127x + 0.6033
R? = 0.9965 -

2.5
/ 233

3
)
2 /.83
2
g 15
= 1.26
E

0.5

0
0 5 10 15 20

(C) ialoypw glos

(il o ,5 0585 j0 8l )5 Jilw az j0 Ve G aS o diged) (o lo jw Glod b (6 190y d g8 Ol puonsi V7 STl

Sl 0ol ooly L VF S o
Sles )3 055 ;5 (B £ (9 &5 (Slaiged (s pAySed
5w a8 Cnl 00 @y yie VAYX) + 7 sns iole;] e

YOYx) 7 oS glaiges adsl (6 ddeh Cules 0 5 Wb oo
2O O Sy g 0,58 5 (i p S Sl o cCewl 035y e e
Wy 0 &ayeyie VYN o 5 il 4z 0 10 sleo

b oo oS wo v YA 6 pdudess cdls cul o ol o o) il a0 0 sled jo ol 0w g 0y8S 40 A 6)S

Spo b aS 35 by Gz Olee | el cnl e

OO Sy sled jadz ;o Wigd oo Lariie ladige (3,5
D9 o Yl diged (Bl g b ()l G5 B S
S8 a5 058 00 (2l se 4 (505 ] 2l AL ()
Rl aunals oage a1y Jlow j508 s diged (3,5 9

AY

| ) IS APR WP FRUSL VY)Y Sy dgad
laiged adgl (63985 b oo 1Al w03 VY (65003545
0)95 ) QM f:)f )‘ ses) Sl 009 év).cj.ua Y/YX\’_W as
VAV« o5 il amj0 Ve gles jo ol Sy g
I LRV b 2 SR PRV N | ENy [ PRV YSUSL)

1R Gliasli oF 05l o sle 03



313 5a% g 1 (S ILRBI Tuwo sl ( uws> (Sg0

(S Qo (gwkige 4 pus
D =" *)
Hy

:QT 49 as

o puiio: D

Iy ol Sed oS laiges 1y CT lawgin Jlaie: H
] 03,5 Jaz

| Sl o a5 laiges sl CT bawgis Jlaie: H,
el 05,55 oz

ol ALY Joam 40 el pite oo dwle polis
oilzel sl o sl leasgad 0,5 0y sles ralS b as
eFilm Workstation ,l33le 5 8 ,b 5l 5 o polie .l o

! 00 4......:[.790 (fY Y Aseus)

S 35 4zl —A
8 sy Sl G5 S e sl SR ol 5
g 4 (Sl paen CenS Slagiales] (g e cnsa
osds plal plagl Sowanle (55, adlymds Sse sl
Gi,,]s)m - S d..)Lo)T » °5)L° C_,L,._; J.J;u 61)) o]

Sy 015 il 4z 10 O U ladiges o5 Sl j0 (6 dud4a
1 o o el g yin Sl i JuJo 4 aileas
ol boases ol el i Ko s g0 4 e
3yl cdllas [NV oS 5 V> g

3l ol 5o ()22 Sl 5 Sl o sl
o) 00 oolaiw] Scwawle 6[.@4)5.‘04 K9y 2 L’?’)‘J} tjﬁ.w

slabes o Siwanks l slaiges Sl Gow polas
Al oy, ool Ho sl ool ools Las VY IS o calize
Aoy 4ol Soml JBs L olge ssimsplis oS
Sold g VYV S o sl 3L oST5 L olge oaumoylis
SO eplpln oyl vy polal pl e Sledalie LB
Syee 4.)5.@.' MT u...v..a5 6)*5%“”‘ 6‘f WL».O ).».A‘)L!
el o ll jo a8 alawile ol gl 4 sonl Caws &
OML (Hu) A.l.a.D.m)LQs ..\.>‘5 Sl Al e )Ln-w L)OA—Q-’
oske jo JLdle 5 oS5 ised (Siow e 09d o0
.[Y?]amo@ <L
Lev] s oo ooliin] 5 ow nSilee ool 5 51>

T=15C T=5C

T=25C

oul 48,5 uSe OT 34z 30 YO Jusmo (slod 50 0585 j0 (g 55 (ygu &S GlAiged (g 1) Kocwduslo diged Sl & ow y9lai Y ST
(louis & g 3155 5w 4z 3310 9 O T H5 81)5 Silw 4z y5 Voo Glod U 0595 10 (s p 55 31 iy 45,50 diged 93 g

(%) el it (Hu) 5 (o ylsie (°C) iloywo Lo (°C) o wiges Siule 5 sloo
. V2OF Yo -
Y, ¥A V2N Y I\ Yoo
AN VoY VO Yoo

1FAA Ol ¥ ol o slez 0598

AY



P Bl guigo & 5

e I8 il Uy il T SR ST Al

[3] Bareer, R. D., Fisher, M. K., and Woodroof, R. A. (2002).
“Apractical guide to hydraulic cfracturing diagnostic
technologies”. SPE Annual Technical Conference and
Exhibition, Texas, 10-15.

P lojl g3ludoe AYAY tlgjinx g o o8] p csmn  [¥]
Molig) b S awle 5o (Slgjuad Consl o0 g

FYAFFA Lo F o)l oo05lg0 oo o pmwiign (owlids (o a i

ATAY ool )58 s oS (o, ap (53,055 sobine [0]
. s £ &_"l c )é . s & )L‘:‘é )e OS-M)"{‘ . . . ﬁs.u."

Ol B 5 e e iales yrego M Sdg yuud

Sl dml” AYAY b wgipld ) o lyesd ol woly olas [#]

ool ‘,(g,,mw.;,w,a_dg oy g diles

ot e Mo Lol A5l lane 51 ol
NEENAYE o i ojlods (o2 )lgz 0,98 ¢ yoyie Sl

O30 (Swilfogs wilalliae Judos™ 1 TN €5 (ol ans [V]
adl g gy Jlosl g Julori cpzr o)1 a5 059> (sl 5l
S Al bl Mol 695 9 oS 9yer ol yo
el GUAJI O oils (yame 09,5 i (S8 PRUGH ARV

A% o e

S iz 35 o3Il AYAS e oy o Sbsx o g e (A

o QT oS c_al.«w : 3y 9 s oS

9 o0 b (g, jl ooliiwl b S 5,105, bl

iils ol pl St Sl el il prnga B Lo T
NO-Y e o el €15 €Sl i

. 5" AYAY LT O (E e e (T aysg “ow ‘6‘>L"‘ é‘ub [Q]
51 ool b oK dusle (sUoijlus sioglin layell

Ol oBzils oyl ) ase pwidige il )25 aegs le.';u

O (SwHlogii Lelgs o YA e (2355 Sy [v-]
Sy dgme w9 Sy b ool esliiwl b
ab bl M Sgyes cansl (g3le age 51 eoliiwl b
oKl (Odxe os)f Wi ‘5.3 IRCRRRY ‘A..';':)| t_g...nL;.Ai.v)lf

[11] Nasehi, M. J., and Mortazavi, A. (2013). “Effects of in-
situ stress regime and intact rock strength parameters on
the hydraulic fracturing”. Journal of Petroleum Science
and Engineering, 108: 211-221.

oSl Sldos azs p g0 b yolyb" AYAF el SLy3 VY]

VY-Ae o

[13] Wang, S. Y., Sun, L., Au, A. S. K., Yang, T. H. and
Tang, C. A. (2009). “2D-numerical analysis of
hydraulic fracturing in heterogeneous geo-materials”.
Construction and Building Materials, 23: 2196-2206.

[14] De pater, C. J., and Dong, Y. (2007). “Experimental
study of hydraulic fracturing in sand as a function of

AD

rzare 039 «Feb Elsel S et Gl lasialss)]
ol plwl 13 (6 398 5 (59700 SS o515 Cenglie (Sl
ool gy b ioles! ol mwls .ol

Sl o Gl Bl (Sgjaee cuss jLas -
Syw sled fals ST ,s )l s il ke ralS
ol el gl i pl ol e Bl diged (0,5
Seaglio WS 59,0 Bl ST 50 s o oS 59,5
3 ol g Sop aluly 5wl SialS baiges oS
Sl Hliad anS Caglae el Jil s a5 aes e oylid
Ahee ol (Sds e

5 aS ol)F il a0 Ve Gladiges cuss Hlud -
A Cond Wloads 8y ol cile 4,0 V0 9V D slales
15 o oS e oS g gl olb diged oS Li3
S VEAY TV A Cu 5 a wilouds S Jaee (lod (00,65
8l galS ws o VY2

Rl A e Sas (egate ()9 9 (Job glsel e -
A oS ()l

ol 5 GRlB ST 6h97e ST ST gl -
<8l rals

o wlS (63985 Gliee 1 ()l 25 RIPIL -
OS5 Sy 3l B aS el ol s a0 ol Cle 4y oS
ALl alauly 4y g aszils sage a1y Jlw j3ue e diged
el 0030 o] 18 o (! ldvdigos

odal Cowd 4 Sl 5w pglat AT 5w polie -
OBl Gl i Gl b o e ols Lt e
sl 1S g e i8] oLt a5 by o

S35 ol -4

ol aS (o) swer plel Madlipn oKisls ydgguns

&zl =)
BARY Ly P sLQCJ.c Qoo s.—c 0 ‘QL}@LT 0% ¢y P ‘QSQJ'” w] [\]
ldes ;0 Iy oy 3T gl p3Y HLis JBlas cpunns”

e gadige (ohbghmsale @i 1 (Salg s Cunsl
AR P AY o)Lo..fa i 0590

[2] Wilkinson, J. R., Teletzke, G. F., and King, K. C. (2006).
“Opportunities and Challenges for Enhanced Recover
in Middle East”. SPE Monograph, 22: 15-20.

1FAA Ol ¥ o leds pslaz 0598



S Bl guigo 4yl

313 5a% g 1 (S ILRBI Tuwo sl ( uws> (Sg0

[25] Hubbert M. K., and Willis, D. G. (1957). “Mechanics of
hydraulic fracturing”. Journal of American Association
of Petroleum Geologists, 12(18): 239-257.

[26] Blanton, T. L. (1986). “Propagation of hydraulically
and dynamically induced fractures in naturally fractured
reservoirs”. SPE 15261, Presented at the SPE/DOE
Unconventional Gas Technology Symposium, Louisville,
May 18-21.

[27] Daneshy, A. A. (1974). “Hydraulic fracture propagation
in the presence of planes of weakness”. Paper SPE
4852 Presented at the SPE European Spring Meeting,
Amsterdam, the Netherlands, May 29-30.

[28] Ghassemi, A., and Tarasovs, S. (2015). “Analysis
of Fracture Propagation under Thermal Stress in
Geothermal Reservoirs”. Proceedings World Geothermal
Congress 2015 Melbourne, Australia, 19-25 April.

[29] Tarasovs, S., and Ghassemi, A. (2010). “4 study
of propagation of cooled cracks in a geothermal
reservoir”. In Geothermal Resources Council Annual
Meeting, Sacramento, 34: 428-431.

[30] Craig, S. L., Udell, K. S., McLennan, J., and Moore, J.
(2014). “An experimental study of thermal and hydraulic
geothermal reservoir stimulation of brittle impermeable
material”. In Thirty-Ninth workshop on Geothermal
Reservoir Engineering, Stanford University, Stanford,
50-55.

[31] Chaalal, O., Islam, M. R., and Zekri, Y. A. (2017). “4
Comprehensive Study of Thermal Stress on Limestone
Rocks”. Journal of Petrochemistry and Research, 1(1):
19-25.

[32] Hoek, E., and Franklin, J. A. (1967). “A simple triaxial
cell for field or laboratory testing of rock”. Imperial
College of Science and Technology, University of
London, Transactions of the Institution of Mining and
Metallurgy, 77: 22- 26.

[33] Pettijohn, F. J., Potter, P. E., and Siever, R. (1987). “Sand
and Sandstone”. New York Springer-Verlag, pp. 553.

[34] Ulusay, R., and Hudson, J. A. (2007). “The complete
ISRM suggested methods for rock characterization,
testing and monitoring: 1974-2006". ISRM Turkish
National Group, pp. 628.

[35] Boulin, P. F., Bretonnier, P., Gland, N., and Lombard,
J. M. (2012). “Contribution of the steady state method
to water permeability measurement in very low
permeability porous media”. Oil & Gas Science and
Technology—Revue d’IFP Energies nouvelles, 67(3):
387-401.

[36] Yao, W., Liu, H. W., Xu, Y., Xia, K., and Zhu, J. (2017).

IFAA Ol F ool poler 0590

stress and fluid rheology ”. SPE 105620, Presented at the
2007 SPE Hydraulic Fracturing Technology Conference
held in College Station, Texas, USA.

[15] Brown, J. E., and Econmides, M. J. (1992). “practical
considerations in Fracture Treatmeant Design”. Elsevier,
Amsterdm, Developments in Petroleum Science, 34:
1-88.

P Lo3T cwy " AT Lo Jsles cp w alS 5 e [VF]
YA o)so ‘L‘l_é 9 U""’) nSJ).._‘B d.l;m "ub‘" gb).} u_,;l_w
Ya-FA o o o)leis

[17] Charlez, P. (1996). “Thermally induced fracturing:
analysis of a field case in North Sea”. SPE no. 36916.

[18] Fatehi, M., Pashapour, A., and Gholamnejad, J. (2012).
“Relationship between fracture dip angle, aperture
and fluid flow in the fractured rock masses”. Journal of
Mining and Environment, 2(2): 136-145.

AR wle alS s e (28l S o liaS cp Lage [Va]
ol (b oS 09765 1 b ¥ ¥l (5l ol )y 36"
"ol aly - (Swgul by 5l eolinl b (Sdgyu
(P35 0395 (ome (gwidige ;3 g0 g oS sla by, s
AT o ¥ ol

[20] Abdollahipour, A., Fatehi Marji, M., and Yarahmadi-
Bafghi, A. R. (2013). “4 fracture mechanics concept of
in-situ stress measurement by hydraulic fracturing test”.
In The 6th international symposium on in-situ rock
stress. ISRM, Sendai, Japan Google Scholar.

[21] Abdollahipour, A., Fatehi Marji, M., Yarahmadi
Bafghi, A. R., and Gholamnejad, J. (2016). “Numerical
investigation of effect of crack geometrical parameters
on hydraulic fracturing process of hydrocarbon
reservoirs”’. Journal of Mining and Environment, 7(2):
205-214.

[22] Abdollahipour, A., Marji, M. F., Bafghi, A. Y., and
Gholamnejad, J. (2015). “Simulating the propagation
of hydraulic fractures from a circular wellbore using
the Displacement Discontinuity Method”. International
Journal of Rock Mechanics and Mining Sciences, 80:
281-291.

[23] Moradi, A., Tokhmechi, B., Rasolui, V., and Fatehi
Marji, M. (2018). “Displacement discontinuity analysis
of the effects of various hydraulic fracturing parameters
on the crack opening displacement (COD) ”. Journal of
Petroleum Science and Technology, 8(3): 3-13.

[24] Chen, M., and Zhang, G. -Q. (2004). “Laboratory
Measurement and Interpretation of the Fracture
Toughness of Formation RocksAt Great Depth”. Journal
of Petroleum Science and Engineering, 41: 221-231.

AF



Sxe i wtige 4 i e I8 il Uy il T SR ST Al

“Thermal degradation of dynamic compressive strength
for two mortars”. Construction and Building Materials,
136: 139-152.

[37] Huang, S., and Xia, K. (2015). “Effect of heat-treatment
on the dynamic compressive strength of Longyou

! Tellus 46 4 R
sandstone”. Engineering Geology, 191: 1-7.

AY IFAA OlusB ¥ o leds o slaz 0398



esources

IMAM KHOMEINI ngineering
INTERNATIONAL UNIVERSITY
Imam Khomeini International University (S0 @lo (owgo 4 Hi
Vol. 4, No. 2, Summer 2019, pp. 20-23 Journal of Mineral Resources Engineering

(JMRE)

DOI: 10.30479/jmre.2019.9861.1208

Experimental Study of Thermal Stress Effect on Hydraulic Fracturing
Pressure of Lushan Sandstone

Hosseini M."", Eftekhari P.2, Shahrizad P.}

1- Associate Professor, Dept. of Mining Engineering, Imam Khomeini International university, Qazvin, Iran
meh_hosseinil8@yahoo.com
2- B.Sc Student, Dept. of Mining Engineering, Imam Khomeini International university, Qazvin, Iran
parmidaef@gmail.com
3- B.Sc Student, Dept. of Mining Engineering, Imam Khomeini International university, Qazvin, Iran
parastoo.sh76@yahoo.com

(Received: 29 Dec. 2018, Accepted: 03 Mar. 2019)

Abstract: Hydraulic fracturing is used in the oil industry in order to increase the index of production
and processing in wells whose efficiencies have been dropped due to long-term harvest or the rocks around
the well are low permeable. Since the hydraulic fracturing operation is costly, it is of special importance
to determine the pressure required for hydraulic fracturing and the suitable pump for this operation to the
project managers. In this research, sandstone specimens of Lushan area were used and investigated the
effect of thermal stress on hydraulic fracturing pressure of sandstone. The Hoek triaxial cell was adapted
for a laboratory modelling of hydraulic fracturing. The specimens under study are in the shape of thick-
walled hollow cylinders with an external diameter of 54.7 mm, an internal diameter of 12 mm, and a
height of 108 mm. To study the effect of thermal stress, the tests were conducted on the specimens that
heated up to 100 °C in the furnace at heating process and then cooled in water 5, 10 and 15 °C. Results
indicated that hydraulic fracturing pressure reduced with decreasing Cooling temperature of samples. In
hydraulic fracturing operations, this decreasing fracture pressure causes the pump to be purchased at a lower
pressure production capacity, resulting in lower operating costs. Hydraulic fracturing pressure changes
in the effect of thermal stress were consistent with the variations of velocity of longitudinal waves, dry
unit weight, uniaxial compressive strength and permeability. CT scan images were used to examine micro
cracks changes in the effect of thermal stress and the CT value calculated by the images confirms hydraulic
fracturing pressure variations.

Keywords: Sandstone, Thermal stress, Hydraulic fracturing.

INTRODUCTION

In petroleum reservoirs, source rock is heated and cooled constantly during drilling and extraction
processes. In addition, throughout the extraction process fluids can be pumped artificially into the reservoir
to cause changes in the source rock temperature. According to the theory, if a material is placed in a thermal
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field, a form of mechanical stress is created in it that is called thermal stress. The rocks in the reservoir
usually have a temperature above 100 C. When a cold fluid is injected into the mentioned area during
hydraulic fracturing, thermal stress is created due to the changes in temperature which is calculated based
on Eq. (1).

If there are no cracks in the rock, micro-cracks are formed in the rock due to this thermal stress, causing
a hydraulic fracture to occur under smaller fluid pressure. If the rock has initial cracks, as a result of the
thermal stress, tensile stress is generated at the crack tip in the cooled region. If the amount of this tensile
stress is greater than the tensile strength of the rock, the initial cracks are propagated and the secondary
cracks are formed and the permeability of the source rock increases which leads to an increase in the oil or
gas extraction from the reservoir.

The amount of thermal stress is calculated in an elastic and isotropic material based on Eq. (1) [1]:

o EAT
1_9

Thermal stress = (1)

Where a, 9, E, and AT represent the coefficient of linear thermal expansion, Poisson’s ratio, Young’s
modulus, and temperature change respectively.

The majority of the studies have been conducted on the effect of thermal stress on initial crack
propagation, and in the study of Craig et al. [2] the effect of thermal stress was investigated after hydraulic
fracturing. In this study, the effect of thermal stress on hydraulic fracturing pressure has been investigated,
and in this respect, it can be considered a new investigation. Also, the CT scan has been used to study
specimen damage under thermal stress, which is counted among the advantages of this study.

Materials studied and the method of experiment

The Sandstone block samples from Lushan were transferred to the laboratory. For microscopic
examination, a thin section was prepared from the specimen and examined under a microscope.

The physical and mechanical properties of the specimen including effective porosity, dry weight, uniaxial
compressive strength, Brazilian tensile strength, modulus of elasticity, Poisson’s ratio and cohesive were
determined using the methods proposed by the International Society of Rock Mechanics [2]. To determine
the uniaxial compressive strength, the modulus of elasticity and the Brazilian tensile strength, cores with a
diameter of 54 mm and a length/diameter ratio of 2 were used with a strain gauge for uniaxial compressive
strength and a diameter-to-thickness ratio of 2 for the Brazilian tensile strength. The triaxial tensile test was
carried out to determine cohesion and internal friction angle with the help of Rock Lab Software. Saturation
and immersion methods were used to determine the dry weight and effective porosity of the specimen
(Table 1).

Table 1. Physical and mechanical properties of sandstone

Dry unit weight | Effective Poisson's Elastic modulus TenSﬂi UnlaX1ql
(KN/m*) porosity (%) ratio (GPa) Strengt COMPIESSIVE
(MPa) strength (MPa)
21.88 10.27 0.26 17.37 4.59 72.8

To perform a hydraulic fracture test, after specimen preparation, it is placed in the test cell. After placing
the top and bottom caps on the specimen, it is placed in load plates of the jack to apply the axial load.
Then, the tubes of the lateral pressure device and the pressure pump inside the borehole are attached to
the cell. After that, the axial stress and lateral stress are applied to the specimen. After the axial and lateral
stress reached the desired amount, the pressure inside the bore is increased. This pressure is applied until
the pressure inside the borehole drops. This pressure drop indicates that the specimen inside the cell has
fractured. Fig.1 shows the specimens after the fracturing. Fractures are propagated along the vertical axis
of the specimen. Axial stress and lateral pressure applied to the specimens tested as well as heating and
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cooling temperature of specimens at temperatures of 5, 10, 15 °C . Experiments are also performed at
ambient temperature (25 °C) on specimens that were not put in the furnace.

Figure 1. The specimens after fracture

RESULTS

In Figure 2, the mean of fracture pressure from hydraulic fracturing test is presented. The mean of the
fracture pressure of the specimen that was not heated in the furnace and tested at the temperature of the lab
environment (25 °C) is16.61 MPa. The mean of fracture pressures for four specimens that was heated up
to 100 °C and cooled down to 5 °C is 12.99 MPa, for three specimens that were heated up to 100 °C and
cooled down to 10 °C is 14.17 MPa, and for the three specimens that were heated up to 100 °C, and cooled
down to 15 °C is 14.51 MPa. It should be noted that there were 3 experiments conducted in each case as the
experimental results were close together.

As shown in Figure 2, the fracture pressure increases with the increase in cooling temperature of the
specimens heated up to 100 C. In the heating phase, the specimens were heated up to 100 C. At this stage,
the specimens expanded and then contracted during the cooling phase. Based on Eq. (1), it can be said that
thermal stress is higher in the case where specimens are cooled at 5 °C in comparison with the other two
cases, as in this case, the temperature difference becomes 95 °C. Also, because of the specimen expansion
and contraction, the number of micro-cracks increase. The amount of axial stress and lateral pressure is the
same in all experiments. The tangential stress is compressive before the pressure is applied inside the bore.
The fluid pressure inside the bore is necessary for the tangential stress on the inner wall of the cylinder to
transform into tensile stress and hydraulic fracture to occur in the wall. Since the thermal stress is higher in
the case of specimens cooled at 5 °C, the number of micro-cracks of specimens, in this case, is higher while
the tensile strength of specimens is lower compared to two other modes, hence the pressure of hydraulic
fracture lower with the specimens cooled at 5 °C.

14.80

y=0.152x + 12.37

R?=0.9076 ¢ 1451
14.40 -

14.00 -

13.60 -

(Fracture pressure (MPa

13.20 A

12.80 : ; : ; : :
0 5 10 15 20

Cooling Temperature ("C)

Figure 2. The mean of fracture pressure from hydraulic fracturing test
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CONCLUSION
The results can be concluded as follows:

The hydraulic fracturing pressure decreased as a result of the increase in the thermal stress. The
increase in thermal stress occurs due to the reduction in the cooling temperature of the specimen.
This thermal stress increases the number of micro-cracks. Due to the increase of the micro-cracks,
the tensile strength of the specimens decreases. Moreover, Hooke and Willis’s equation also shows
that due to the decrease in tensile strength, hydraulic fracturing pressure is decreased.

The fracture pressures of 100 °C specimens, cooled at temperatures 5, 10 and 15 degrees Celsius,
was reduced by 8.21 %, 14.67 %, and 12.61% respectively, compared to the fracturing pressure of
hollow cylinder specimens that fractured at ambient temperature without heating in the furnace.
The velocity of the longitudinal wave and the dry unit weight was reduced due to the increased
thermal stress.

Uniaxial compressive strength was decreased by increasing thermal stress.

With increasing thermal stress the permeability was decreased due to the damage to the paths that
directed the fluid flow before cooling the specimen. These paths were affected as a result of the
contraction of the specimens.

The CT values obtained from images of the CT scan showed that the damage variable increased with

increased thermal stress, indicating the increase in the number of micro-cracks.
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