WY Ol 5 ol ) eslod i Ao ¢ ponlige pulid 3 450 Yol

&|&¢&T&5JP&¢5JL&}§&G3@AM

yae &l yd00 5 3 (5,138 ,L Ginbe T 5 suldiuul L

‘5\9.‘.: bds.ﬁd‘d ‘U‘J‘G:' bm‘d sl 6.}.4.‘;‘ H‘f‘ ‘L;o..i.% ‘):\S‘/
VAN Y Jfaj_..\.; V/YYY Cdb e :@,U

oS>

il 6l Sl gla malib 5l SO Ol gt (UCS) 0l 5 guamms o 5ma S5 St sl parns

S i edige glaeS s 3l (3 Sl Y eiige glaeS s 3l (ol 3 S anslis
Lo Al plaassdos ()l oL Ges Jaa GosSoode slas gl Gl ol
AT shiteny bl ool mnd b 513003 355 (50 5SS (55LES aaslin et gl ks
Slaes 5l eolial Sul 5 skis s sl (55550 5 0V ol dme 5 slaaal 5 ol Sl olL
o s il A g psleg e pl g ol el ke il b et sl ol
3l K Sl Ko €00 Vosldw «l3 03,5 Caslin 5 K (6 pmecST (g L3S S slie
olie s 5 Sy pencSS (LS Jhlesl plndl Gl 5 0l 4 (Solen] L3le Glasedgs
o 0ds (5lueslel (g lim (glaes 2 Ol 40l EY 0 5 AE 35 Se gladsyai (LOTUCS
ol laes = (SCS) 0,35 (g lid Conslio e 3 03,5 5 (g 1AL ol&as 3l eslizal b
S8 ok  laes 2 dad a0l Canglin o baes = IS8 50 w5 bl ol e
Lbaes 5 505 tans WOT Canglie o35 3100 1 ) slatets 5 ol 0al 3 (5.8
Sl alasls gad 03Il 5 Cuaglin (slaime Gy b el ok bl e Ja £ 5 YT (sla as
Dame 3 2 o850 aalasl 5 ails 431060 31 Lol s 48 ol slgdy Solyb 03 5 o glin e
oS el /AN 5 ke il glacdl 53 SCS 5 UCS (hn  Stes o o Sl ol Sl

el o b bl 53l sl BB (Saeues saasolis
u:“ll"’)T cé)La_AI .L_)L.u AL;".:.)S.:A &&T&A 46)\.5;- 0> > oS PR ) a)jad&: \L«a)lfu 6.1.:5 6[.&@5‘}
Dz Sby3es 2 6 S L

F

a.cheshomi@ut.ac.ir J s 8 5


mailto:a.cheshomi@ut.ac.ir

\Yoy WA 0l 5 ler ) ot cotid Al nilige polid e 25
dodle

oslie sl el pnd (K SHL L 5 ol ke 4 e pde s o

2 Sl s b hss SO Olgsa LS e gl glees > Sl eslinad b S
S g o) pea ST (5)LEE uoslin s 4B S M s S aslie sl el o
0> S ol ol aeslie L3l sl S (S gle el Sl (S Olgea (UCS)
Golis Caslie ilim Slles o 3 el la) s sleks el S sl Ol
o (g Lo ol ol Caaslis SIS S0 Jalse plo 3l odii ) puame o) eSS
S gdle 53 (s g YTl I8 50 gl IS 055 5 oli= Oles ot
Slles L Obejan ol (5 le LK Cuslis LUl gl p ol glses & 5l eslizl
o e 5 0 S s Ll Gl el (ol Hlas aslie b bl e 5 (5ol
Sl s) G5 @ s gl 5y cnl Sl ol 4 3 15 (ool a5 s ol A
ol e goslie sla il L3 Skl alax 51 ola S5 b a0 L
= 03 s bl (Ssle (ol Slles L 0lejan 5 (55l slaes = 5l eslizal b ol
ded a3 odly 4 SusE 5 Jad BB 2l s bl ilueslel sby ce o J
Lgey 53 Dlidow 3l (ol olal dyme D3 655 (S8 1 rasn Sl (o500
DNV FDE] 15 s AR T oW JEFIV] et VUL 3 VAT L 5168 1 55 s
T VU O P S e S| K 3 P P ICION PSP S VPR TR o
cilie g1l b3l 5 3 (SesnS shten sl w3 S 8w 31 VD ] e
JSE ! aher S b sl 8 e VT V0] V] JA] S
CVE] @b o2 5o cansls sl S5y » 5L Jlsl s 5 2l S Slis s
Slp s 03 CeE gla Sy IY0 ] DAT AT IV S 5eslnl Jhals Laly, VA]
Sleel (15 o slge S0 is oy 5 [T FIYYT LT 5o (SoenS a3 s3ladute
S gy b Ols S M\ia 3580 55 (Sl slaanl Lol ol eslaal [VE]

&\)ﬂ éud./\ﬂ b)jﬂ L ol rl}u\ QU._..E;J BLEE) &imdl ol yb— l}>r¢d A:J\)J bbJP.-



as @300, 5 6L GinledT 31 soliieal b il Sas SATSiun (550 S5 (5 liks can slio Spaan YYoy

e b el e el Gl als sy B plesl s (i a8 ool
53 ekd dlesl S J s Clb 5 ct 5K (IELL e 51 Sleo st L L Jles!
ARG elauws o 53 ML Ol ol s Kase Ol e
S Gpon dop ot gl Seslie 4l Sl B3l SO s Ll S Sl (g in
day 5 S b U1y o bl Bsad 5l 23y & bsse plrals =50 s s

s Sl 1 ol
s s Sold IS0 Llesl i opl 55 D3 es 5 Canslie oLl shiens
by olim glaes & Olsea Kw 03,5 £Y 0 Cuslie Lol ols 4 S S |5
2 GEL alesT Sl eslied U (goleed W3l ol Koo Sal Sl yeips 3l 4 gad ida
Lilsy 5 b 5 Ol es s ol 3 s Sl sl e e 3 a3 2
ol 0 anglie oa b s e e £ 7Y Glas3Il 5 b e 5 gl ol ey
SO 5ok (ISL SRt U e 3 a3 5 5 (OlISL JilesT Sl edel sy ol

ol aJu.f:cu‘\)‘c.]oﬁ)A j&'ﬁﬁjﬁ{\j}}wwd)ﬁa

AEELST 5ok god G5luoslel 5 ags
w5 ol bl glew] L3l o set ) 5l ol S Sl Ko 505 a3l
Joeo ar laeslel (gl e Bl 0 53 Yo 5 Yo 5 sl 53 (S sk &5
sl esls Olis ) JSE 5s el bl laki gl e sl 0 esls Jlaml ol
o
Slaosis Ole 31 [¥] ol 0l (3Luoslel ASTM D4543 5kl llas  Sawe (glao jie
SIS ek sas g 5 Bl Lo i Sl S Sls 4 ek el odd 4y
y50 Sal ladsal sliad Blis il Sl ) eSS g lid il ] plosil ) shinens
oialesl 53 0] Lk pd a8 Lasly il sine ale (i3l G planil 1y 5L

Mjaujb)‘ J‘jb[\]w‘ o OJJMJJ.C \V c\j>u: A:J\)J °Jj>ft5)\"\§)b



\Yo¢ WA 0l 5 ler ) ot cotid Al nilige polid e 25

Ls g S adoe £ 57 Y slaajlil s o 2ol @ sad sde Vo 2l o Sl S
Q‘))é}fﬁé)‘ﬁ)b&iu)T)LS))?:A&LQ‘)L;Juﬂ-uﬁwrﬁwﬂ)jféjwu

g ey g e D3 63 2 el 3 e

46°0'0"E 48°0'0"E 50°0'0"E 52°0'0"E

){J‘Tl %
1]

|
Y
e

If

)

/‘

- 4.5 L_;L&.Lhi B
) - R\‘——\\ _—
& § ~_ | ke aigedpl
igﬁ R % 1
g
P A $-2
= e

S-3

36°00°N
36°0'0"N

34°0°0"N
A
n 4 4

(L ey S-4
\ ;—'—\_&)
— ® 8-5
§ ° \( g o 86
& ¢ o
~_ j’b a §.7

46°00"E 48°0'0"E 50°0'0"E 52°0'0"E
552 81 sk goi g oloml L3l a0 sait ) 51 bS] Glakigod bl Joua N IS
5 bl gl uw 51 S-6 ‘:.lfi(,,; Kia skwy, 51 S-5 5 S-3 st o5 4y J8 axs 51 S-4
Aok angs O ghao duw 31 S-7

Sl oo o 53 5 a3l Obd ks Cplia pde 5 (lsad S il el e

@L}U vf.’..Sb.: C,\.C«Lv L‘J,‘>|'.A ub) oJJ} B ‘;Lo&\ )bm.}oyja &w‘&ﬁ@)}}‘ M&d
Gl skiien ol o V] W e lmee 3 e 5 (10850 ialesT Sl edel sy
3o S Sl gl 8 Lad POlol Gli Sa aby e gladsel wils IS5 el )l Sl
Lyl b alis ol 3ok Sl ilesl Sld es 2 S Sppe ol 5o Bl S S
2 el edel st il 5l SS Rl el s b 5l i Ul
o33 OLES Wlodd b3l Gaiss cpl L3 &S ol Ol o sed 5l gslns Y ST
035 oS Gy oSS Y] ol 5 cplios S Slases on Y IS 53 5 ol o

ol onls DL A5 55 el di.:l.aﬂ Sy e 2l sl &l ol dils IS gl iz



e 3005 55 6100 Gtole3T 31 soliied b i) Sae SaTSie (5 5m0 S5 (5,106 canslie paans AR Y

bﬁf Olasin . Lowa L;Mb;;@.l_};j?s‘.k} d\)‘)_}ﬁﬁf&)\fa «._.)—Y‘_}ii)b

el ol 1Y i s e eslel _alKilesl (lads yas @

o wall

“ 9 e e8| 0
?:O .
.

> o w o o
03

- - e | > | -

01 03 05 o7 09

Rotindness O 2mm H3mm Admm

Aeglin (& s foden 9 ¥ 0 Y (lassIail 53 odd Ol )5 a3 5 31 (51460 (LI Y K
Pl 5 ales S ls ged b el FOAI slad sed IS sla 5l
AL LT (d ges Sluaseds N gl

Ssaiosled Lped i Gsad 15 KNIMP) pmm dmly o e (MM) )3 03 5 s

S-1 A 5e Sl S Y LYY
S-2 S Sal g8 TVY P
S$-3 oSSl gsS Y. £Y Y
S-4 alfeSal gsS \a\g £ vy
S-5 alfeSal s 8 ARt £or Y
S-6 ol Se Sl gsS Youu £Y Y
S-7  aSe Sl gs5 YA £YeY

~

ploil {1 ASTM D2938 5,1kl illas (55 5meSS (5123 (551081 (sla il
YOS sl sk (ol pa SlesT Sl e s L8 iolesT slawises s el

el 0 03l LS (6 eSS (gLid Lilesl 5l e 5 L3 Laesae 31 (ol



o WY Ol 5 sl ) esled (i o ¢ pntige ol s o 5

G g lid byl ol des 8 K gbaoshe ¥ S

Sl Jlssad 5 ¥ dsdr 53 opecSS 5oL ISL bl 4 by e mls

d;J.;,—p«;,-jJL{.qMﬂlo,L:ulzoLijiJi.iﬁ‘am&bjéudﬁg.bﬁfu)w
Md&.ﬂb‘.{a

"4 gig'\.nji 6"“‘\:’3"3 “ bﬁf kel Cewddy UCS&{;\:& ﬂ:u.o ."JJ.\?

“sieled 5.1 S-2 S-3 S-4 S-55-6 S-7

UCS (MPa) YVY/A* YIY/A+ YYO/Y JAVFe YYA 4e/1+ Yo

e 3bie Sl 31 IYATAYRT 53 po sl bl ol (2lasT Slaki g staslie ih

M‘)‘J‘)‘}?‘JJJEJb)y@)j)‘&u)fj‘d.)\ﬁiw}bijéﬁfﬁkjﬁr‘,t}.ﬂrsu

I Ol53 03 5 5 LSJ‘-:@JL.‘ J*l"‘ﬂ
odliial e D3 o saglie sla bl oLl okea il lais,
S S b 4 ol GRS L e 3 i, ol 1 S 0s s

Lau,i..ll.aﬂ ol s Sy Gl s ke sdd 4 S JSa iis (6,0 Olpe S e



e 3033 st ML GaledT 51 auliiund b il Sas AT (55550 5 (5518 oo glin a3 \rav

Lol daghlsl 51w ool w apde S s cS (g5l Olgen
Sl e iS5 s baie gla el V0] VAT 355 e aiS o ey (53,55
ol o IO AYY] 35 e eslinal Iz 3 63 5 eslis gla el oLl 8l 50
Sl i b wis b plis)) 5 035 4 x5 b e 0 Jlesl 650 Olie il
o ialosT s jiolosT 5l aws cpl 0 [VA] 355 o annlns s (6551 Ol b cabo g jo
SHHSL sl el w3 3,0 sla iy s 5l s e aiS Skl 42
Ol I8 b Lo nlesl o b (hlesl cpl oplis ol imme D55 03 5 5 oo
GoolKas 1 icilies laolKans O SU .ol aalesl b os 5 4 Jlasl (35S Ol
Sl oS JISOLE U Glaolans b a8 1] e o 5 i k3L 15 (651800
O3 en 2 p GOELL aney 53 V] 05, L ad @ iz D3 03,5 5 (g 1S

el ol onlaial  alises Calal b B \J}r.d

300

250 L

200 T e e . .
- N ‘5)Lmﬁw}w6)yj|aj~.iJ$m
] N P
S »° Y plie BN L Sus)y, o5 6, 0usS
- N - -
§ 100 N S0 SS ol eyl 5l edel sy

50 S A e olis ‘Jh&'ﬁududﬁﬁ

0
S1 S3 sS4 S6 57
Sample name

Alis cpl g5 el a3 S 8w limee D3 o3 5 5 (g 1AS L oKws s 5L JL«_&\W

el o e e VB /Y0 dolee o e b (10850 GG a5 sl > b gl S
Sy b Glages wagl j3 T VY sl (S Sl b Lsd Sos pESe
Cy)‘&fﬁé}‘.@)b}b)ﬁdﬁsw;Cfﬂ%J)}Ao&wswlfbJ...lka.sdl.a.t«‘
<33 b s g S5 S ) Sl gy s plrals 6, Seslul ) shea ol Sl

e Ve EEs b dlas s 5l Jlesl 655 Ol oSSl sl s 05 S )



\YOoA WA 0l 5 ler ) ot cotid Al nilige polid e 25

Loy ciliiee O3 5 @lIELL Sulosl b abg e olSais (i) SO il ol oslizal

)‘&Lwo J.g.:')} [\]C,.w\ @;)‘J; LfLi)J| JJ}ALAM}NJ\J&?U:@‘UQ}))‘ n}u;w‘

ol o3y QL& Dimme 3 03 2 5 Skl (IS0 gl an, w180 oKaus

D] e
aalai oL PRI
St s Az ) 13
D S e pyal Y
] 12
e Jlasl sl v (1] 1
el s £ 10
LSS o 6 Ll 9
it N = 7 —
At sls oe v [
3
sl =S A
e 3 4
o a2 it sl "
0 lgSS U Jlsdl 1 1
ot lugds A5 Y
1y

ol g sl S
[N bse @l sl b e 13850 oKas 0 IS
b Sl s e Blo Sl gl 52 dpzme D3 e IS shlesl s
o313 (55 Dl S Sl S s b a5 aiS o dlasl U 55 003 63 5 4 gl S
S i) B EL0 Jalesl il axils sy el s U iolos] wges o

.by)ﬁcaﬂ&)sjc.vxﬂjﬁ)\ edeLw\LL;jL:..G‘ C)‘M‘jé\};&\: 43l lfu: C)bb eJJ,>'-
g_.,...aJ &ﬁ)}.} )‘ b)u.:.‘.n\t.:‘)l.: JL&."‘CAPJQ‘)J )w)ﬁwjﬁ J_’hwb )}m@@)«s
EPL;-\JK.;)J K:»aﬂ‘OMTM«J6)\JJJJ-£‘)~G-’;&fﬂdb@}&.})lﬁ[{;ﬂ)éﬁ)f&“

el 0 0313 OLES Timme 3 03,5 5 (1SS0 aalesl 3 Ol i < 5 L Jlas

2 MELL (W A s
(o 9 om0 Ol 53 05 5

PCE] IO UGN

3 555 0,3 03 7 (@
(8L

ﬁj‘wd‘;;wsuﬁ(c




as @300, 5 6L GinledT 31 soliieal b il Sas SATSiun (550 S5 (5 liks can slio Spaan YYod

Lol 5 LI cass @581 5 Tame b 03,5 atls ool Slased VS s

SV Sty ad o Jiolosl Sl o3, SO Sl [V] ol o osls OLES
ol 0l e (SCS) 'o,365 (Lt Cnglie Ol oy 0T ol Cnslio 5 035 st
o lad s T 3 e 5 1SS0 ilesl 670 5l edtal sy slie .Sl [V ]
woaxm g bl ol ST sl 5 Gsed 8 3500 3 I el S 5 il

sl V5 Y gladised 4 bgs e 54 SCS uslie 1 508 5 S e T s

Sl 55 a5 ¥ S8
Sl S s Kal K os 5
23 5 S bl )
S5k b3l 51 )3 63 >

° s 10 13 0 2 0 )

Displacement (uM)

Iime S5 03 5 5l 503 81y 1L sla 3T 5l ol gl X Jgur

Gy stz SCS(N) SCS(N) SCS(N)

Sl 5,
D=2mm D=3mm D=4mm
S-1 Ad/0n \LRV YEA/A | ds
S-2 ARVYA TR - LVARRE A VR -
S-3 va YAY YiA/O: -
S-4 £V/8e /LAWY i
S-5 Ao WA FYa/gs ey ds
S-6 g 04/0¢ 4V /A S
S-7 YA/ £4/V 04/ -

0> S g sl Jesar (651300 s (oSl Sl day 5 IS abog e gladisal
_}\@j&o“&bjTC)bSebﬁ/\Jﬁijb.w‘oﬁw)ﬁk_ibuéuﬁﬁé‘)‘}a
bl Gladigas 53 Lisu b 5T Y S oS an ol ol esls Ol (1S

[\]MW}thsﬁ‘db‘buww):s‘oMWJon



'y WY Ol 5 sl ) esled (i o ¢ pntige ol s o 5

|j>uu|):ea}>j6)‘..\sjbw.ab) )‘M}J‘ﬁdﬂé““i’"\“cw‘ubé /\JS..«
.w|ﬂ@tyﬂyw o J‘il")‘ P e;fw&adﬂ‘ 5 g oo sdalin aSOL>

S5l 5l ol s s 5 oo

&‘LAJT BEI C,._w.{.;' a b S el C,._J&bul?-j SCS ua;—L.: C)‘J.::x: J‘D}M

dl.«;u q ‘)g«i DL Lk-it}’;ﬁ c)‘Ju\ )L@.?: DL 8'4 6[.&44}&.’ )‘ ol 4.:@..; CJ‘)J c.};>' B LS)‘K)L"

‘q,_,a;LLo ULAKJ; ej}’\.& CJ\)J ebJP'- jhi JZAS L g:j,.i:& sdalise ASQLQ_- RGO IS VAP K

Ao e Oly3 b falS cl asl JalS 50 S dasd Ueds 8 plrals Ol

Sla i, S 5 p i s, s e laagad odd S5 es 2 5 LK ladsly Jlasl ials

s e 0L 1 Lol s 258l slsla

400
0 *
35 P R
300 * *
250 . * « D=2mm
200 ‘“A A A e D=3mm
150 ?
[y
>

4
100 *

SCS (N)

50 A i

[} 50 100 150 200
Displacement (uM)

SCS ezl Hlsged & IS5
dd G 0dd Sof plralr
e hi a4 by e (LSS
S-4 & el 3l

sl il sl i a5 y5e 55 3 L3 LSCS [astls Ol ilal, Ve S s

Yo i by 0 SCS 1 Sle g IS5 cpl 3 ol aseie dall i .ol ol o205 LS



as @300, 5 6L GinledT 31 soliieal b il Sas SATSiun (550 S5 (5 liks can slio Spaan VY7

)bkﬁﬁuﬂ}udjbﬁyoi&w‘}@md}jbW‘WLSJBLOJJ e.);>'-

Sl QA ) i et S s eyl sl g e sl ﬁwuv.a e

450
400
- S-1,R=0.99
350
—&— S-2,R=0.99
300
. 250 —-5-3,R=1
£
¥ 200 —%— S-4,R=0.99
[}
150
—e—S-5,R=0.99
100
0 ——S-6,R=0.98
0 ——5- =0.
1.5 2 2.5 3 3.5 4 4.5 §-7,R=0.98
Sample Diameter (mm)

sdal w3y SCS jyalis 5 o Sialejl I3 Jhad o ok 515 ot (Kamen N0 IS5
Vikal, Sl eslinal L1y cadte gla s s &l )3 SCS Lasls jlade Ol el 5 b
23S dwloes
SCS=ID-A )
Ol e 53 03 5 Cuaslie b s BUSI s A 5 1 eas 2lasT o3 ks D
Lok b me 0l bl Iime 3 03,5 el gla it

SIS GilesT 5l el ez SCS uslis o o 513 sl Stmen 4 425 L
o 5 D) T 5 (e o 505 5 o e ecilien lae3Il 53 e 53 03 5
ged e SiaslineS 5 S2) pipslie 4 by e (D) eas osls 25l b skt
ol e Sl K €505 V (gl 0 5w Ol oo ool o ool (S-7) 0t 2o
ssbiean ittt 5 S A 51 ls e SCS slie il il e iulesl

O oa g L lad el (Qwﬁd\ﬁAjlﬁ;um oty 51(D) @y sl )l G



vy WA 0l 5 ler ) ot cotid Al nilige polid e 25

L oyl ea, 5 sl SCS slie il A 5 1 &l 1os5 ls gad sl el s Vo S
La S ol a8 bl o oo 5V IS0 55 650l a4y by o iliss sl a3
S Sl Olys es o Caaglie 5 eglie sla aze Sl elUS A o Y 5 Y Ll Ol
ol &L»ﬂgbbj_h}gwjjbyﬁi); ol osls 5l bt (b als
Sl 4l 2alS bl (S ol)d s Il s el by e

I= 0, SCS - B )

A = 0\SCS - s ™)
j.,\.;:,.,.;a;.,\.iosbui)'lﬁijiwjldéﬁjwid:w%je’v}\’ Lis, 30
Lilodd B yme 0,3 o3Il Gl pate Ol geas ()5 b L e BLISI e

Iyoes 13 03,50, had (ﬁ,a)g\uduwﬁ@ﬁj\v)mo & Loy,
o by e o3Il gl e Ol o Sl s, ol 51 eslizal b tileds] sty (D) ol il

o;=1\D™" (t)
Pi=easD ()
Or=4/4YD ™" )
Pa=onaD V)

03 S aas sl iove B s sl 13 dal g Sl 55 S e shateny
S Se3l05ISCS slis ol o ol 11 (gla e 5l aslizal b ool ol 51,1 Y ISS
S es, 5 an by e las SCS w1 cilises glaoslll s Sl es 5 Silesl 5l e
S ol carle bas Gae o de b 570 ods lesT (gla b o by o l5ome
(8 a3 s S Sl bl U5 S Gl 1 e 3 es 5 o301 1 Ol e

35 desloes ool Cowsws SCS 25Ls 3l eslil L 1, UCS Laxla



Do o305 5 6,RELL Ginbe3T 5 suliiad L ) Koo SAT & (55 5m0 5 (5,158 oo slio puaad

\YPY

20 25
15
E = 2mm ) » 2mm
z :
£ 10 4 3mm = 4 3mm
G4 =
s « 4mm = « 4mm
5‘3
5 |
0!
0 100 200 300 400 500
500
all SCs Q) o
N s
10 10
1 1
ai S
0.1 0.1
0.01 0.01
S 10 15 ] 5 10 15
Single Particle Diameter (mm) Single Particle Diameter (mm)
10 10
1
o fn 1
0.1
0.01 0.1
5 10 15 0 5 10 15
Single Particle Diameter (mm) Single Particle Diameter (mm)

&30.\.5)154.3 Q\ha.bj‘AS‘_;J; Qb.’:#,ﬂ s.ﬁb)_,haﬂ ‘5;% ‘5\}:6'0::‘ AY JS.Z
Llodel Cewdds ‘J'.’.u olys 03 B~ 8510 9 o3l ‘5L&ﬂ.5.h



A3

WAV Sl 5 5l ) eslad coiid o dige pmlidpnes 15

e L s D3 en 3 sl 5 (555 SO ()L sl oy LLII 613 5 5 sk,

@L)_sf@uW‘OMJ|JJJQLS;'~.QV_&SCSJUCSJ%J[_;JJ:.!;LL:}MJ_})

J.(..i 53 4SOl Ll ol sy QLS

WSS s SCS ;USC ,slas LSLWV.&

;KQJL?-)J_}Q_w‘ &Lu L;<:-w"('_a M.layf4%b_~o Q)—“’JJYLQJJ‘_;A odalie

ol 03 5 e e ¥ Y b sladiped 4 by e o S (S ol 0 5 e

Hres Ju3 LB slie glyls 5l 5

250

UCS (MPa)

100

0 100 200 300 400 500

! SCS (N)

UCS (MPa)

0 100 200 300 400 500

- SCS (N)

|-2mm, R=094 A3mm, R=091 &4mm R=0.594 |

|l2mm, R=0.97 aA3mm,R=095 ¢4mm, R=098 |

300

250

UCS (MPa)
= (]
[ [=]
o o

=
(=]
o

50

0 100 200 300 400 500
ra SCS (N)

USC jslis o 0 135 (S AT JS2
g3 edd Jralal Slyd s 2 4 b e SCS
Soen (Al (s 0 oo £ 5T (Y (glaolsl
S (g 5 p33 455 (S (0 (b5

Mo $55 g odd patte B SIS 2ol

)5 03 3 5 ek plawil b3l Yo o Klbe dslas

i 0 ere sLa0 I 5 e

‘lme, R=098 A3mm, R=0.9 &4mm R=098




yae aly3s0a L ML GhlosT 31 ol b Ll Sao SAT S (55 5m0 S5 (5oLt cnslio s Y7o

4 35d pn sdalie Saeson g5 an pa 53 WSS s 0l 1) slaslsped 4 ax 55 L

SalS ol 4l 2alS bog e ls ged oo ol Sislesl b3 es 2 85100 il slsla
s olea b oy sl gl 3 en 5 e glie il Wsas basls ges
s il Kl e gl byl sdd (el 3 e 2 o3l i Oles
b s, 0 g lIELL bl 2l 3 eslinal b (65 50ncSS (5)LiS Cuaslin (s 51
Gt Sl eslial U by e sla S s Sopl a5 Lo el oz e
ol Syl § sl 534S sdel Casy o p dal, 4 pl o Lo aod ol ) 3 Ciles

o]

£ Jgd
4 g0s Jhad B> p9s &>y Lo
Y UCS =v/0¢ (SCS)+  UCS =—+/+¥: (SCS)" + vt UCS = \yvyry In(SCS) —
v UCS =1/eY UCS =—+/++1(SCS)" + v/ UCS = 1yv/¥.In(SCS) —
$ UCS = /1 (SCS)+ UCS=—+/+.7(SCS)"+ 154 UCS =11+ In(SCS) —

sl Cawddy @\SJW 153
@Il Gl Gl s by e gla pove 5ol slgily o balyy oo oLl sk
S e 0 a3 Lesdes = Ve 58 =2 gladigad Sl e e SO kB L o)d es 2 Ve
w g bdpe S e 5 @850 bl 51 e el sds Ol S— 4 &gl
o3l gla e (VY JS2) (eolgiin (gl e 5 eslinad L lanl s lesl ly3 L
0 5 ) Sl oa by osleldy gl s ool v polis Lol avuloa

) oS 43\)‘0 J)J’.');LSJ':‘JL:‘
Golgin s o Sl eslitul b aS (520 o 0 9 ) Oly5 4 b e 0510 (gla paze 0 J g

.XS‘A.\.:: M\:u
o311 (gl i
PSR BRI R e o By @ By
S-2 \ YYAY U /48 478 0/\A

S-4 0 YOA/Q0 /Y AV ¥ A




v\ WA 0l 5 ler ) ot cotid Al nilige polid e 25

ol wl;;» L;'IA}ULA dl.af“a.:.or E) Y ja.g\}) )l oalaul L go)'\.Ju'\ Lgl.h]:a.’la QMLN )l o=
)bd)b)ébf@k};)ﬁ SCS‘)\J.EAQ‘};& L;."A}LEAL;LAJ:&ZAJ\ abb)\ GJLQZMA\L:&:AM"
Slagilesl & byse s 55 ambee 1) G &5 7Y ol a3l (sla s
&:»w‘ ol AS‘J\WJ‘}JJ-JJ [y MLNSCS ﬂ}uﬁjgﬁjuﬁ (5LA).:&"A

by o bl sl oyl 5 ok dlows gaglis sla sl )b 5 SCS Kike sl A g

saslie sl jine 50ke (N et alos SCS il

g0 o led
| A D=2mmD=3mmD =4 mm
S-2 18478y AREZAS ALY YYY/AN YAY/+ &
S-4 VY/04 AREFALY £Y/44 AR Y2:2% \LTVAR

olis 4 (e e 0 5 ) 3 3pe 53 edd (6,863l SCS sl Ldd Sl e
aploms 3lie O aly 3l eslizad byt ee £ 5 ¥ Y glaoslhl 43 el 4wls SCS
I3 SCS S UCS (laasli (ol 5l 35 sla Saues Sl ool sy Lol gy 53 el
53 ek el Slle Sl ol sl sl ale by e UCS ,slie 5 o ol
el 0l 11V gd

6“»5‘”‘#“ 3okl sty Jaulg; 5l e3litul b o amslons USC &Kl pslis V J g
ib.".'}‘ 6JLJ 6\.&)&‘)\4};&:5;‘

ol wbu UCS(M Pa)wi-ll—:ﬂ

b S Viz s Saoes sl (Sosen
D=2mm|D=3mm|D=4mm|D=2mm|D=3mm|D=4mm|D=2mm|D=3mm|D=4mm
S-2 | yrrses | yvure | vaassa | vesas | Yooy | veor | vraay | ywvay | yuna

VYAJAY | YOA/QQ | YoY/Vo | YEV/VE [ YAVAYY [ YVA/EQ | YEA/YA | YAY/AV | Yvv/ad

S-2 é&bwblﬂyﬁ oLl 6;0)\.&3‘;0“ MWUCS ﬂ)kia uail':‘ ;..ﬁl.s.a
s3las bge sbajlased a a5 Lol sl esls QLA V0 5 VE gla IS5 5 S-4
5 LAONY lawge ssba Lo ja S-4 5 5-2 il 4 bye sdd aslss UCS

Kyl Cglive ol (5, S eIl pslie L /AL



as @300, 5 6L GinledT 31 soliieal b il Sas SATSiun (550 S5 (5 liks can slio Spaan \YFY

300

250

200

UCS (MPa)
g8 &

w
o

Il »ucs

[] cucs

I
I
|
|
|
|
I
I
|
|
I
|
|
I
|
I
I
|
I
I
|
I
I
|
I

M‘UCS}2mm 3mm 4mm !'2mm 3mm 4mm 2mm 3mm 4mm

| Linear Relations 1Quadratic RelationsILogarithmic Relations

Correlation Relation and related diameters

(C.UCS) sas awlons 3 (MLUCS) s (5 ,565101 USC 5l dslin Hls 403 NE S
Sk V ome S5 05 5 4 by e cilises gl jhad 3 odal Camss aily, 51 eslizad b
S -2 &g

200

UCS (MPa)
g

|
|
t
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
1
|
|

80

60

40

20 B Mucs
0 [] cucs

|
M,ch: 2mm 3mm 4mm

I Linear Relations

2mm 3mm 4mm 2mm 3mm 4mm

Quadratic RelationslLogarithmic Relations

Correlation Relation and related diameters

L (C.UCS) s amslne 5 (MLUCS) s 5,803181 USC pslas aslis 3 903 VO e

j|6J:.adL:¢O|J';§MQ|)5a:,‘i-da.Lx,ﬂhﬂiﬁudhﬁ):a..\.cid.w.:q.keb)ﬂobu;w‘
S-4 &4



YA WA 0l 5 ler ) ot cotid Al nilige polid e 25

S S 4o

S g3l 53 S eSS sl S Slp eetes b la ) 5 eslinad

AT Gl hlsl Gl el uSelr ol s el Bgel g O
G s pde Il 03 K oy eSS goliS Caaslie L5 Ll 55 ol
s Al ol 3 5 ol 3l el Db es 2 Caglie Lol (55l (slae jae
oozt gl el 0 s Wlin ol 53 68 el LB (50 eSS Caglie 5 LOT o
S Sl S gad Vol 035 1Y (55 el plnil Glatlel Sl el
03,2 Cwglie GL\; SORESpEs u_<,..~(._A sasOlis g lenl Wl L;LAQJM_}'C) @ by
S 3 ol et sty sy 4S5 5ba el (5 eSS glia 5 3
o ol e ialosl .o /Y 3 Sopp s 2 113 UCS 5 SCS
ks Al L as sl Olis cooslane (gla lad 5 Ol sl K3 L il slad el (59,5
s35does 53 LOT Jl3 5 b 3,5 Caslie o daly b s il 0T Cunlie 3
5 Jalss daals 3100w by e sla eyl bome bl o g 5l el oy gl a3
Gl pund 53 ails Jas 31 Gl Ol WOT 51 eslizad L aS o slgnin ala sows
baims sUCS 5 SCS oy oms als,y _mslisl 5 sliians 5503 35ms Sy 03,
ki IS8 s S b e s Gialesl wmld Jlab i Gl (gl ol el &l
Ghy S ekl bosdd auloe (eSS Suslie Sl 0dd plnil e ke 0 5 )
b doss AVAE 5 Q07T (s Sas S aa e 0 5 ) ladigul (gl s ol 53 (ooleiny
s Bl das e LS i lzel (pl s jls Bllail el (g S 03Il (g 5ee SO s slis
Coglis pnd (gl s p"}/ 3y shls Dy es 2 3l i Bl (gl esledn s
S s g sty 0l plnil Slilows 3 3 15 lten Cl S (5 5SS

gl sl L5_<:.M_,(._;a Cj_}«.ﬂﬁ«{.\aﬁf Ll 5l edel ey L,:fjlﬁﬂﬁzuﬁ



e 3033 st ML GaledT 51 auliiund b il Sas AT (55550 5 (5518 oo glin a3 lARA

J‘AJJS K} fi"“"‘&.
alie Opeli )3 48 H58S o))l 5 o) K o5 ) Cules (Bediea ) Al soan

Aedn Gl 5 S allarea dilen S (5 e i 55 cnl ) paY S

@l;.o
03,5 o L olSaws Cotl 5 b g al3als (et ) edidgdex L)
i gl s S i O ool Gty el (S k)T ety s e 3
OY40) 5y 8l s oKl Ol ) ) Jaes

2. Jaramillo R. A., "Estudio geomecanicoestadistico delaestabilidaddurantela
perforacion de pozos en el Piedemonte Llanero, campo Recetor”, Tesis
professional Fac. Minas., Universidad Nacional de Colombia, Medellin,
Colombia (2004) (in Colombian).

3. American Society for Testing and Materials, "Standard test method for
unconfined compressive strength of intact rock core specimens, Soil and
Rock, Building Stones", Annual Book of ASTM Standards 04, 08,
Philadelphia, Pennsylvania (1984).

4. Gilvarry J. J., Bergstrom B. H., "Fracture of brittle solids: 1. Distribution
function for fragment size in single fracture", J Appl Phys Vol.32 (1961)
400-410.

5. Bergstrom B. H., Sollenberger C. L., "Kinetic energy effect in single
particle crushing", Trans, SME, AMIE Vol.220 (1961) 373-379.

6. Bergstorm B. H., Sollenberger C. L., Mitchell W., "Energy aspects of
single particle crushing", Trans. SME/AIME Vol.220 (1961) pp. 367-
372.



YV QY Ol 5 5l ) oplacd oo dom ¢ pibign polidh a4 23

7. Arbiter N., Harris C. C., Stamboltzis G. A., "Single fracture of brittle
spheres”, Trans, SME/AIME Vol.244 (1969) 118-133

8. Rumpf H., "Physical aspects of commnuition and 'New formation of a
law of comminution™. Powder Technology Vol.7 (1973) 145.

9. Schonert K., "Role fracture physics in understanding comminution
phenomena”, Trans, SME/AIME Vol.252 (1972) 21-26.

10. Schubert H., "On the microprocesses of comminution”, Aufbereit,-Tech.,
\Vol.5 (1987) 237- 246.

11. Yashima S., Saito F., Sagawa T., Suzuki H., Sano S., "Kagaku Kogaku
Ronbunshul™ (1975) 344 (in Japanese).

12. Yashima S., Morohashi S., Saito F., "Single Particel Crushing Under
Slow Rate of Loading, Scientific Reports of the Research Institute-
Tohoku University", No. 1 (1979) 116-133.

13. Yashima S., Saito F., Mikuni T., "Effect of environmental water on
single- particle crushing, Kagaku Kogaku Ronbunshu"”, Powder
Technology Vol.2 (1976) 150-153.

14. Yashima S., Kanda Y., Sano S., "Relationship Between Particle Size and
Fracture Energy or Impact Velocity Required to Fracture, as Estimated
from Single Particle Crushing", Powder Technology Vol.51 (1987) 277-
282.

15. Dan C. C., Schubert H., "Breakage probability, progeny size distribution
and energy utilization of comminution by impact”, Aufbereit, Tech Vol.

31 (1990) 241-247.



yae aly3s0a L ML GhlosT 31 ol b Ll Sao SAT S (55 5m0 S5 (5oLt cnslio s AARA

16. Awachie S. E. A., "Development of crusher models using laboratory
particle breakage data”, Ph. D. thesis, University of Queensland, Brisbane
(1983).

17. Tavares, L.M., "Energy absorbed in breakage of single particles in drop
weight testing", Miner. Eng. Vol.12 (1999).

18. Tavares L. M., King R. P., "Single-particle fracture under impact loading",
Int. J. Miner. Process, Vol.541 (1998) 1-28.

19. Piret E. L., "Fundamental aspects of grinding”, Chem. Eng. Prog, Vol.49
(1953) 56-63.

20. Narayanan S. S., Whiten W. J., "Breakage Characteristics for Ores for
Ball Mill Modeling Proc". Australia’s Inst, Min. Metall, (3rd Edn.) No.
286 (1983).

21. Krogh S. R., "Crushing characteristics”", Powder Technology Vol.27
(1980) 171-181.

22. Napier-Munn T. J., Morrell S., Morrison R. D., Kojovic T., "Mineral
Comminution Circuits: Their Operation and Optimization", University of
Queensland, Brisbane (1996).

23. Barnard W. J., Bull F. A., "Primary breakage of brittle particles", Fourth
Tewksbury Symposium University of Melbourne, Melbourne (1979) 1-20.

24. Sikong L., Hashimoto H., Yashima S.,"Breakage behavior of fine
particles of brittle minerals and coals", Powder Technology Vol.61 (1990)
51-57.



\YVY WA 0l 5 ler ) ot cotid Al nilige polid e 25

25. Denis E. Gill, Robert Corthe’sy, Maria Helena Leite, "Determining the
minimal number of specimens for laboratory testing of rock properties",
Engineering Geology Vol.78 (2005) 29-51.

26. Krumbein W. C., Sloss L. L., "Stratigraphy and Sedimentation”, W. H.
Freeman, San Francisco, CA (1963).

27. Bieniawski Z. T., "Engineering classification of jointed rock masses".
Trans S Afr Inst Civ. Eng. Vol.15 (1973) 335-344.

28. Deere D. U., Miller R. P., "Engineering classification and index properties
of intact rock", Air Force Lab Tech Rep AFNLTR-65-116 Albuquerque
NM (1966).

29. Cleaver J. A. S., Ghadiri M., Rolfe, N., "Impact Attrition of Sodium
Carbonate Monohydrate Crystals”, Powder Technology Vol.76 (1993)
15-22.

30. Unland G., Szczelina P., "Coarse crushing of brittle rocks by
compression”, International Journal of Mineral Processing Vol.74 (2004)
209-217.

31. Sikong L., Hashimoto H., Yashima S., "Breakage behavior of fine
particles of brittle minerals and coals". Powder Technology Vol.61

(1990) 51-57.



