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1. Polycrystalline Diamond Compact (PDC)
2. Rate of Penetration (ROP)
3. Weight on Bit (WOB)
4. Round Per Minute (RPM)
5. Borehole Pressure (BHP)
6. Mechanical Specific Energy (MSE)
7. Brittle
8. Ductile
9. Drag Bit
10. Particle Flow Code 2D

S $3) 2 SilSo a8 S (o)L 55 o
9 G pud ¢ PDC G Lliee sloaais 5l g ol
DT sg—as soliiul (g5 0 S ol g (o 5o
ROP (g,la> 3985 &5 (55, ,I05 150 Jolse alox
‘\‘ WOB a_. SS9y U9 Wdlo &5_> S Slad i ‘Y
(5)L§.>J§s4_:.n &S—AJB)M ‘\‘RPMA_:.ALSB) g_A.C)_MJ
0 6 k> aldee [Y] cva ® BHP ols a5 Lz g
od oadlie yiored el of e (5 Lo JLs o
G,L3 o G Sty jeba S5d 5 A cl
i Conio 100 Jlw L Y] aol o iealS ol
Golb> agy 9 S (55, olzy a5 L2 5
JUNCICINUETL SRR I I | o NGO PN I X
39 00 jgame Ll o le S L) o ol
quw)‘yb)wwg}dolmbobm
e e L assln jLid g ols 9,0 (g la>
i Holsl 3 g Joles o Jolaig,d , La 5l ol
oo ol oty ol YL 0l 51 S 0 05 0
JJ)‘HQ |) 6)L§.>5 AR o0 )|)_9)_~:L’ [P ‘)
Jdoas S a0, 5 5l e Y gV ] 55l
4SS o (59— 00l 0,3 g s (5 g LB
Q_A—P[f] S s0 (5 Lo (5550t LS g o0
059 &5l S, 00S jpame LS 36 ()
oolai__wl l_> ‘F’LQWLO)I 6)L5> S92 9 . MSE
(S dgad 99 (59— VY mm , 8 4 PDC a5
)_ﬂmu_uo..\_usjjm)l_wﬁjéj_a)ﬁju_io_wc\_wu
0uiiS jgame Lid o8l ol sl Ve e psi s
5 05— i Gl sl S e—in jba
4..5»)5_,»‘50 QTMA_.’LQ)L_D S)90 4 w_fbls
4 VouuSd 5l Siw S el s o1 Jds
aldlas ool mede 0] el pi s s
Ll &0 g b oilwans cge LB il



WWAA 93 seis 9 313 yo Vo 05las 0;0!_"/;2

30 gdas Joeas Lol sihal syl 1) g5,
Ko ailes aBiolo;l slaiyge;l o5lwas
Juait b (Ss 03 51anl gy0] 5l el (8l
Al ogd colaiwl beSns i (6 5lg—0 = smlod
Sl S sloyellly S sloaJls o
Sl Jga—e =i sils—e — (il sla L]
P e—hr g Jbep gt i B ales
E &ilsme Jloas! Sl Jgome K /K mslos Jll
Sl Jlail jo (hp g Jlo b sla B Somns ¢
e Jal Jay eaglin o Ss K /K
ilas Jloal sy e aglin oy sSils <0 (Mean)
o35S b, LS 0o oy |, o7, (Mean)
Lo Joe poliime (S g (b g 0)9omedu
2 G gl Gl B _iobosl slsaiges
oSVl Jgae 3l o) eSS (5302 5]
Soglie 9 S5 £9rb A g—aly
Ohs— oymed (530 (53l ;3 5 0)5 eSS
Gt g s goae gl 10 5 gl S5
2Bilejl ages by Joo (itS Cnglio s
ol Lo ylidle s ol [V g Vel g0 IS
Ol ) aslr mlas 5lwJas gy (—ilats
S 0 ald 5l slaegome asile |y Loyl g oog—o
gty (—ihaie 9y Gl wlei s Joo 2
FOB LS e G O g0t S5 asgens
s Comusd i8I0 ol lalie saas 0,5 o )18
DAl el o)le sl slos i3l 5 ol
3l peslw (S—wsd il o bl e i3 -
S (Sob b o Wl 9 Jal part i
! BDEC 3 UDEC sLia,l33ls 5 j8) Jloaio5 4
=lalr Sl ahl, o hogame g -
oo azlw Jao oy del g o lasvg g Jos

g oo SmpaBly 4y
U gl oo sl byl g i ] o
ol 5o oo alodl a8 tylesl cln, 5 el

RGN 09g— w)

Sz S oy 33 (59, 2 5loj] Dlallla
ploul K b oy il ol e Se s S0
(rf)») as O)LNJGA ‘-g._b‘)s ‘) uls_o‘ U_" 9 »)»))_?‘.5,0
b2y gS b g i slpg s o LS| 5l e
Lo yiales] Jis ool s ol aiils o oy 38 s
L Loyl sl —an =l gosls oYha s
Az 50 (6T eelS slo Juw ol ol e SISie
sla Jow aloas] Libime oS a 4535 a_as
sloand b coeii Ly (30,5 <l sl (6, 9elS
claJos L ol il sla 5 lwg M Gas
C)_’ \.\JH‘SA ool u.\_b}.: 03— .)l_>u‘ ‘rl.,.l?u
dipen )L (590 2l 9 b S
] 085 et o (o ]l S lgeay
it 55 il gl il ) e
O09= 0dmzry Jdoay Jlo ol L ccul p3Y S
Gslas byl b 0 K b o, il el e Se
R 0d—Zt A_ij) u_:‘ L)‘A—"‘"ét'e eod_i.i_fjjm
lome ol (goae og, 5l asdlan ol jo ol by
Sl s g 0aisS jpams )Lid 56 g pgd S
059 5l § S S8l 05l (595 Lo
la—ol jo cwl sad ool wl cdi o> (g la> o
40)9_79«53 6)[_4.«3 u_nsLM da_".n)] )‘ oolai__wl l_:
i el Sal K SlSog S sln ol
e 555 Tl (335 Gilwand L g 5 00
LJ’“")_' ..\_>9) no..\_I.IS)ya.’Z.A )l_mﬁ 9 LS)LQ'.’ Jf)l_mﬁ

338 (85 lwaams

8o Jo

Jlos 6l e s | e el g0e s,
Seg Ly e sloslw jo JSId ;i g s
PFC2D |58l 5.0 5 oolaiwl Jaxo (9,0 (Kicwgnl
PLE S5 S 5 £ (s3lmtnnd yodle
G Sy g Slaas 5l Sl 5, S o al b4,
Gl 5 e L LT sl 5 LacS 5 o5



o Pl goae (g 5lwais

30 SIVAYD gz ;0 di v Jos jo —aiS
—y J)_? ory J.ALM.» aS el ool ol 4 gos
AFin 45 aisS Hlad iS5 VYOA
sl Jlal )l Jow o ol S5 cl
20,5 o Jol> alos S als ) Jas jo oS S
Olobo mlbals cd U Jos )0 552 i )S
5 S b S0l (b 5 Yl
ol S Sys i ey e L 5
S dises e 35 00 40 9 X jgore Sluiel o aS
/A’ &_i_JlJ Jﬁd_,o JQ_MGc d)ﬂfo)‘w‘ aA_J‘A.J;
d_a).]a )‘ 0)9_>uu$ L:A_AsLM 9 /a' 05—“‘"9) &_A.o_a.v..)
el ol —Soslal JB gilant
Ceoglio (imleyl Lo ataly )0 (g00e (gjldnds
g oozl b gdod ol 50 0,500 ST (g, L8
a5 ol b ol Sl S a8 il

sl 0al ool LS Y Jga

S Sl S slm el b 5l i ol o
oolal L ol yo [V ] il sas soliiul Sal

o 3 Ll 0,5 eSS (g30e g3
S ol 3)5 0 S (B (gilwand S
Sl 95k s 090 ledbl oo L cwlas §
sla bV Jgos 50 .0,90 Cwsas |, PFC ,l5-810 5
sl 00l ool s o ool Sl S

Al g5l ol o gdae Jas aS bl
sl Jlasl 5o sl oas glaw S cailes
el 00 eolail e Swss o (5 5l9—0 — bl
IS SCEW | Y PRUPIRWE TR SPUE S - DY
Hog—ai 00,5 0,5 0,520 ST Cnglio 5 (yg—ls
oimlesl soue (ilwand | ol i S -
o Sl (98l 5 0)5 0SS (5 Ltd Soglia
by las o wloadools s ) Sy (goue

5 —on sl 5 s e e ol 5 5 3
[V-1PFC2D ;5 soae Joo sl oads oolictul SeilSiag So (sla ol Y Jgorr
[PSCOUH A 08 Sal K b ol )5 e Sal Ko
0,3 &4 S WY (GPa) E (53150 Jlasl S oo AY

kg/m® acusls

YAV | (kn/ks) s3lse Jlail slo cben coms | YA

Dmin Mb &LM W

¥ Sl o N

D, /Dy S e glads 4y oy 38 Lo glad alion o

VEE | (MPa) 5. s3lse Jlasl Jlo 5 Casslie )

(a) 2o oo

0| (MPa) 7. (s3lge Jlail o1 Caoslia )

AY (MPa) (g;lge Jlas! Focx AN

@JLQE JL@S‘ 6[.@ B .- . .

¥IA (degree) (s5lye Jlail Sasl 4yl

i x) +* (MPa)

Ve e ¥ e o fde ofFe o[V o[Ae +[Ac Nfon +]Ve VY-

G XN T
(Sa] Kiw) PFC2D Jow coenSis 595l g 00 (g3lw o 5l Jrols 23,8 — a5 jloges ¥ S



+? FA 3
VAN 599 oo 9 318 po Vo5 6 Lo ';@1_/,"4

PFC2D 580 5 b 1 ooliil 5,90 Sl Ko SilSag Sl sl ol )y ¥ Jgoi

(GPa) 7.0+ KL Jgoe Ooley S (MPa) o,550S5 (5,8 Canglie =, Sal Ko mls
\%2 -/v4 Ve (Al alKioles!
ay “IYF A (Al i sous (s3loarcs
i\ A VoA Bz (pl jo g0ae gilwad
sl Sy Ssbiwlgnd ay byl S o2 Jodo

el B39 Jy—ere seba s sl o
Jr—=5 Gl jeslnl hwgs (WOB) a9,
s L) 398 £y Gizmen 09 dioe
JRR AY RO P IS C PR S SO RN
G (mlralr (b G G L gilwand
Ao olal S ol a S el al sa o o
3y el S laisgymi 5 0l o Sl
=97 (O 4 (595 (j9m SV 45) caas b
s—olie = oly oy ml a5 Il ool s
lesl 59 ol oSe 0,5 oy 6l
ol sl el wl Yol S o (s el S 4
o=l e UMV ] el 58gels e g5, (Hlac! 359 sl
PFC2D |58l )5 ;0 WOB (gjlowad Cpz> 5—ios
DAl coutoass soliul ' Sag 5 08 am 5l
a8 el g)lsms @3ly o o9 J S el
Cwload asd § ey s als 5l S B
Syt St SLn s i (gl Yyono Lng]
ot S5 84 Glwand Job o Lales
SleaiS oo 05T, 0)5200 98 S 45 g
Pl 5l Comnd ] o & Bly o o Jos ol
G50 S3 = Sy i gl W95 S
WOB (g5lmwarcd g o3 b 2§59, 25
Ly i 5055 o5l el 0 ool e
) ooas iy 59, = o5 Sz ;o S8 ol
ous pasie 59, L |y ol 5 98 e 6 Sl
Jolste slng i a5 a8 (oo dlio ;)5 Loy
i old Hleel lasy s oz ol (o9

RUCGEENW. J-N WY R VR

1. Servo-control

St ol 5 53 S s (il g
Lo VW mm a8 4y PDC () 4ol 00 iiS ) pamne
fool 51 Ye mm aLold o Vo' (o) cdie cods agly
Y Ss L sollae Fox V0 mm olsl L glages
VIO m/s el (88l Ce s L g Gl 00 o0l 1,8
YO mm ojla sl Veee e N ool a—e 59, 039 9

ol 00 o0ls S >V Jous slaools

Sy n Lid Jlac
S o (53,2

Lsos«»i S

¥+ mm

VO mm
S oy 6l S 0l axls gl ¥ JSCi

@liee Bos O 40 ouls (gilwdnds goae b oo ¥ Jgus

(MPa) > » slo s | (M) g,la> Gas | Cond olaws
ouds plx!
\
VY/AONY O~ i
YOIV YY Veoo Y
YAIOOYY VO f
NARAAL Yoo N

Cond g0 30 bagilawarcds ol 5l Jmol> mols
o=l g cul S an pY el oul a Sl e

aS cwloa s o8 g (K=1) cwl oo a s



o Pl goae (g 5lwais

7 M
0. =[pz)gdz
0

e i ot o Sis > ] o aS
Ao &S5 Cl (e sl A SClilgyane (g9,
el Sgae Ko o 1 (2955 (polas j5-bo)
9 St Sy b et o 51 ol
e ooldl gLisl | ain S8 s ul,
Sy i St () et o 25,5 sl
Jr=S il asiges jo (Hleel i Lt
a8l o Lawul jo cwl oo oolaul g5
By Y mmsgas s sb L lss (solyj slass
ool ol i a5l S yo 055 05l
S a8 cinl yml sdes Oglas Sl oal
asged yo (Hlasl i Lads ol Lacpl jo 509>
Logs )53 5 (A d &8ly )3 gy 54
Sl el 1S g9, ladie lall o Lo
bl gl o e 55 ol e 095 o
g oo aiSlh A5 lade lyedr g 05 oe
B e Sy e 2 jlade L s lade
S eloadl s Joie ;1 .58, 5 o dlin IS
S ol sl ;e Sl g den it e
S5 b Sty S R S5 595 )l
WDl ;S (S Hlaie 4S 590 50 9 9SS (o0
o ilS ) A o S o YL ety ]
Sy G—os ;o 5 b bl b g5l Jolaite cely
ol Sl o3 g ¥ S5 0,5 o b

Ao oo oLt 1) aged mhaw (65, )L08

i il S ke (53,00 03 1 25 5,5,
SIS (o0 S5 > (09— ez 50 5 b St
G903l 51 VL oS Jolate (59,5 ST
S o YL ooty |y i el bl Liie
O yg—ods (65wl sl 4 S bl 5o e
A LS ou@o iy OS> 09 oo pladl (gom g0
ol jetaieds oy vizmen .l oud ool sl
OMSid aly ol oaled 45 aged jo
2Ol b ey g bl Gse 0 (mslidipe
i gl degeme | (S SnSh 05 S
dsges 0 Sliwlyyues A ot 4y a8 s
Jolws als o 3l e ol oo ool il i
{(@stress_expand2(-2000000,0.05) a4 —b « —wiin
al B 69955 59 Loy @l ol 00, S e (538
Slaie Jsl 6999 wad o0 plssl | (p 5 o las
53 lome bz g3 (6399 9 )5 5l 050
6y Sy ol s o oyl y0 il s pakiis
(b 2l iy 50) (Flmlxe slpas >
S oo ol L ol ) asged )3 35250 A5
G5 e a5 A 05 Jlade any LS
S A 5 Gl b asgad ;o 0ol ol
sl s o) s Blasl jo .ol oolaiwl 5,5
A g WD or S0 by sl (Bl 5 G35
oo Sy e sl S
Al oo Sy oadlisne jolods 0)Lg) S A
> S S 55 5, 4 Sy L

IVY] o, aule 1 ) ccidises 5loocl

Yo Y0 Yoo YIO- Flee F/0- O/-- O

JS.:MX\' f
Servo 50156 b diges zhaw (59,0 (Jlesl Sobslgone Las ¥ IS



WA 92 5t g 10 po 1o 0 )lod 0;,0!_"/;2

S U"")_’ o)_>9 Ls))_t‘ (5)_.1)4\“ L)’“_")B‘ u_cla
e oo (HLoid yga) eole byl A oo
Y oimlidl el YP MPa L jLid aolidl o oen
LVO o jlid )0 Lol 9B o0 05 651 s =2
059 &=l Hlade ,o I,V uoliél a8 - MPa
RG] [P V-Y WOy W -

S

S oy B o poleie S e g0
olosd om0 ;05 ioldl Ly le s o |y Sl g9
So y0 00l 33 (yg) dxwgl g LS 59,
JS) 0, S dog bp eSSy G )l
3 4 Cwl suX S 50 & o (O
=_m.w5:’ W (_nggS).:w,.._w.S /BK:A_AAAO)NSBOO_:J‘JLQ)-S
0, S oy 'K od, 3 olsul g4 g9 d> o

Iye-yAl ¢ Js—2)

Sg—2g 00US jgame jL2d o bl g L2d
Sl S o, pBe gliiin p3ilSo 90 000

Ival asl e

S (332 (5348 (6 3Ll g LS

Juisl g 059 65,51 59, Sbslgone slo
il o iy S eS8 el

0329 85571 §9532 SHUwlgyiud (glo o T U

&l i )i )3 (MSE) 55 (65, po—to
ooty plol sla IS SilSie S (5, Sojluil
= 5 35 6550 Glomeds 059 (65,51 T adslas
‘5l_m)l§ 9 Sldlas 3o oo).'i_,...f )9_104.: us_,SL, PW
ua_‘>l_...4 015_&44 w_m S S9y— 03 lol_‘>u|
Dy gol cilazs s 18 oolan ol

MSE :M )
Volume of cut

Sebls e sl i (o BT F S
098 am azg L aaoge gLsi ) o5y 65,51 L
Loy s Gol®l LY oo m Goe U Y] "o
o balole s b s —aslisl o5g (65,
00 S ygame Lo i Lioli8l Jdoay Ges (1
=il Bl oy ) (Sl o) Sbwlgnd Lyl g
bion SIS e Gl 4 S 05 55
Sl ey 65,5l Hlaie jo liway 56 e 2
VW MPa s byl & 0 S (o S sl

|
YY/ADNY

I
YOIV VY
(MPa) Sslowlg,one sl yiis

| |
YAOOYY OV/F-¥YF

ol S (615 PDC a5 sy ofzg 6551 5 Sesbislyyone gl (45 o bl ¥ USS

1. Teale
2. Heim
3. Chips



o Pl goae (g 5lwais

[YV] oasls ok el § S

Ol Ll Gelh ool o, 5 als ]l o
i Al T Jlon 5 (o brae (55,
D950 05—

S 3oy 0aS jgmatw ,Lid 50

=

S 50 S 55 Slasd g oy Ges e bS]
VY JSs 0 ouisS  gase,Lid O gl Sl
Cewoty gl an ag L ocul oo ool ol
¥ omm S o Gee [0 VY ST 0 cael
O MPa a \Y MPa ;| Lo, oo ol s
oo ol lasS 5 ol jo Slas 356
Ymm oYl (5 Goe )0 a5 (F)se 50 0,100
SIS 5l Lyl s eaisS g, Lid &l s
e iy S, slasy ol con Lol
o=l 50 soal Gt moll dn Ay L o
S S Sy e e d sLa i 5 G
OIS Sl 5 (S0 e A b Bee
Sloie coud ozl slas 5 oolaw o Jlee
S el S8 0 5 (B ran 05y 5]
ploml sl 38 latal, (0,5 oy ¢l
cle,lud o clb b0 3—e 0 o

1. Failure Plain

[YV] i JSs et cnsss > & S5

am a5l Hlesl g9, Lid (o Ll 5 o
30 S glasils s SYLal Sl el S
P )0 (mgPar a8 350 o0 Cn Sl Amio Sy
30 slasgly L il dsio a5 cnl e in ¥
5 el S Jls 0 WY s sgas
I | ESNEN SRS CEIWIF X U U i N
= e Sl o A s oud plal SIS
amio Sy s i claails (o Jlasl Coglie
L5 o Lyl o Ll g o 0By G
Ll £939 Jlo 5o (Solaie o e 0aS pazme
i 4Ll el Ki s by el 5l 4o
S8 39 B se aid sola j0 0a b 0, S sl
o=l 5l ecmsl sl sal 0 15 lge ol jo (g
S lie o9z g AP (5L nd B3 S s,
S0 (g 0a O, dlg e il 4 S cel
Slyo 4 3ot o el b B oyl g o
ghw g9y g bl ass s g d> s b0, >
e VN A Gl Ss oS (o0 &S o 4
Ylasl el ) o 0 o lii |y gadge ol
A e sl e S sleally
o S Bhol o5 5 ad, o 5l S



WA 91 st 9 315 po 1o 0 )leid 0,&_"/,"2

160

&“i&“d‘ﬁ (Y4 MPa) o..\.:.;S)W)L‘Lé Jaa‘,w o u_i....uu,u).- ra)',:.ilsso\’ J&S)




o Pl goae (g 5lwais

Sal St gl (O) MPa) ouisS ygamo Lt Lyl s 5 S iy pilSo 1) JSib

—=-\Y/AO MPa —+ YO/Y MPa

—— YAIO MPa ——0\/¥ MPa
YYo-
Yooo —
VYo =]
A
V- - >
H B
ER7Y =
kel
N yee.
Y
Yo
D
Yo
\ A Y ¥ N 4 N A q \. VY Y WYY
(mm) %y Goes

ow)w)w& Lgl).g S&]&g)

JoLateds PRC I3 810 3 51 s oyl ,0 0,10 1, S 5
Ol SSbsletd slo p sla s Sl (o) 2
sl 00 00l PDC a8 pan 059 (55,
(3t oyl 10 00l plosl goue la Jow bl y

ol g am adole mal (o et
Eeel Y& MPa a5 VY MPa 3l o5 ol e i3l
Ol s 09— on o5 55l =l A il
A V8 5l S Gl il L as el s o
5 005 yqame sla s juoli8l | _Joas OY MPa
Ay (Sl jone) Sliwlgd o ooy Ll
Gl s Sl s S 059 (65,51 (il
Dylite pyilSe 9 o A B 0 0l oo

ooy ol LIS b gy bl 4o bl e (5l

O S olasd g G Bes o bLIIY S

s

& 5 4o
S gyl Sldee o 5,0 slodss o, Sles
§ S (e (i 0z 9 pbe e
Sl goue gilwad a s a S cul ol e
el sla s, 5 (e e Lol (g30e (g
Sl (i 00—z il s3]0 sl

a4

]

S5 goasie sl ¥l ol (sl S

o

s sl jlas el e plodl goss 90
oolai ol adly S S L8, 5lwand gl
A polda b o oa S glaLby 0S5
(mlrals (edllpSe slasy s s —=Sesll
Slasl g sl log 5 S o (Wl slo s



WWAA 93 seis 9 313 yo Vo 05las 0;0!_"/;2

9 =2 ran (59, Hlaie ool sloul slas 5 slass
a8 Hale o eSS w0y (55,4 oo
5 = pan (59, lade Jioll el 0o, 5 laS 5

39,5 0 05— (85!

LAl ¢ oM
(MPa) 055 (55| -MSE
(N) 4% 59, 0039 - OB

B eSSl dzio So )0 S sladsls s
S jganme Lid Cood byl 0 o Lol og i o
oy 3 sl as asbsl ecel Kw o,
S Bhol 9, 5 99—b o0 4 o> 0 00l
Olie a8l Gel on i o 5 als o
03— &5 ¥ Ol Jlssas 5 (o rae 59,5
Sod yo 0l 0,3 sl o 2 o S 09 oo
s g eaS jgame Lt83l ol b slass
Sloie ;o ySge Jolse A Loz 5l g il oa 0,5

(Mm/s) s,la> 3445 5 JROP O i alally a4z gi L ol 055 (65,
&l

[1]. Bourgoyne A. T., Keith K. M., Chenevert E. and Farrile S. Y., “Applied drilling engineering,” 2™ ed., Society of

Petroleum Engineers, Richardson, TX, pp. 113-189, 1991.

[2]. Garnier A. J. and Van Lingen N. H., “Phenomena affecting drilling rates at depth,” Society of Petroleum

Engineers, SPE-1097-G, 1959.

[3]. Cunningham R. A. and Eenink J. G., “Laboratory study of effect of overburden, formation and mud column

pressures on drilling rate of permeable formations,” Society of Petroleum Engineers, SPE-1094-G, 1959.

[4]. Garnier A. J., and Van Lingen N. H., “Phenomena affecting drilling rates at depth,” Society of Petroleum

Engineers, 1959.

[5]. Rafatian N., Miska S. Z., L. Ledgerwood W., Mengjiao Y., Ramadan A. and Nicholas E. T., “Experimental study

of MSE of a single PDC cutter interacting with rock under simulated pressurized conditions,” Society of Petroleum

Engineers, SPE Drilling & Completion, Vol. 25, No. 01, 2010.

[6]. Akbari B., Miska S., Yu M. and Ozbayoglu M., “Experimental investigations of the effect of the pore pressure on

the MSE and drilling strength of a PDC Bit,” In SPE Western North American and Rocky Mountain Joint Meeting.

Society of Petroleum Engineers, April 17, 2014.

[7]. Saouma V. E. and Kleinosky M. J., “Finite element simulation of rock cutting: a fracture mechanics approach,” In

The 25" US Symposium on Rock Mechanics (USRMS). American Rock Mechanics Association, January 1, 1984.

[8]. Pierry J. and Charlier R., “Finite element modelling of shear band localisation and application to rock cutting by

a PDC tool,” In Rock Mechanics in Petroleum Engineering. Society of Petroleum Engineers, 1994.

[9]. Menezes P. L., Lovell M. R., llya V. A. and Higgs C. F., “Studies on the formation of discontinuous rock fragments

during cutting operation,” International Journal of Rock Mechanics and Mining Sciences Vol. 71, pp.131-142, 2004.

[10]. Akbari B., Butt S. D., Munaswamy K. and Arvani F., “Dynamic single PDC cutter rock drilling modeling

and simulations focusing on rate of penetration using distinct element method,” In 45" US Rock Mechanics/

Geomechanics Symposium. American Rock Mechanics Association, 2011.

[11]. Khorshidian H., Mozaffari M. and Butt S. D., “The role of natural vibrations in penetration mechanism of a single



o Pl goae (g 5lwais

PDC cutter,” In 46" US Rock mechanics/geomechanics symposium, American Rock Mechanics Association,
January 1, 2012.

[12]. Block G. and Howie J., “Role of failure mode on rock cutting dynamics,” In SPE Annual Technical Conference
and Exhibition, Society of Petroleum Engineers, January 1, 2009.

[13]. He X. and Chaoshui X., “Discrete element modelling of rock cutting: from ductile to brittle transition,” International
Journal for Numerical and Analytical Methods in Geomechanics, Vol. 39, No. 12, pp. 1331-1351, 2015.

[14]. Curry D. A, et al. “The effect of borehole pressure on the drilling process in salt,” Society of Petroleum
Engineers, SPE Drilling and Completion, Vol. 32, No. 01, pp. 25-41, 2017.

[15]. Manouchehrian A. and Fatehi Marji M., “Numerical analysis of confinement effect on crack propagation mechanism
from a flaw in a pre-cracked rock under compression,”Acta Mechanica Sinica, Vol. 28, No. 5 ,pp. 1389-1397, 2012.

[16]. Manouchehrian A., Sharifzadeh M., Marji M. F. and Gholamnejad J., “A bonded particle model for analysis
of the flaw orientation effect on crack propagation mechanism in brittle materials under compression,” Archives of
Civil and Mechanical Engineering, Vol. 14, No. 1, pp. 40-52, 2014.

[17]. FatehiMarji M., “Simulation of crack coalescence mechanism underneath single and double disc cutters by higher
order displacement discontinuity method,” Journal of Central South University, Vol. 22, No. 3, pp. 1045-1054, 2015.
[18]. Haeri H. and Marji M. F., “Simulating the crack propagation and cracks coalescence underneath TBM disc
cutters,” Arabian Journal of Geosciences, Vol. 9, No. 2, p.124, 2016.

[19]. Itasca Consulting Group Inc.; “PFC2D Manual,” 2018.

[20]. Cundall P. A. and DL Strack O., “A discrete numerical model for granular assemblies,” Geotechnique, Vol. 29,
No. 1, pp. 47-65, 1979.

[21]. Hentz S. F., Donzé V. and Daudeville L., “Discrete element modelling of concrete submitted to dynamic
loading at high strain rates,” Computers and Structures, Vol. 82, No. 29-30 , pp. 2509-2524, 2014.

[22]. WurohTimbo M., “An improved methodology on wellbore stability prediction using geomechanical analysis,”
PhD Dissertation, Universiti Teknologi Petronas, 2012.

[23]. Teale R. “The concept of specific energy in rock drilling,” International journal of rock mechanics and mining
sciences & geomechanics abstracts, Pergamon, Vol. 2, No. 1, pp. 57-73. 1965.

[24]. Majidi R., Martin A. and Nigel L., “Pore-pressure estimation by use of mechanical specific energy and drilling
efficiency,” SPE Drilling & Completion, Vol. 32, No. 02, pp. 97-104, 2017.

[25]. Jaeger J. C., Neville G. W. C. and Zimmerman R., “Fundamentals of rock mechanics,” John Wiley and Sons, 4"
ed., pp. 1-469, 2009.

[26]. He X., Chaoshui Xu K. P. and Gun H., “On the critical failure mode transition depth for rock cutting with
different back rake angles,” Tunnelling and Underground Space Technology, Vol. 63, pp. 95-105, 2107.

[27]. Jaime M. C., Yaneng Z., Jeen-Shang L. and Isaac K. G, “Finite element modeling of rock cutting and its
fragmentation process,” International Journal of Rock Mechanics and Mining Sciences, Vol. 80, pp. 137-146, 2015.
[28]. Yang Y., Chunliang Z., Min L. and Lian C., “Research on rock-breaking mechanism of cross-cutting PDC bit,”
Journal of Petroleum Science and Engineering, Vol. 161, pp. 657-666, 2018.

[29]. Zhou Y., Wu Z., Isaac G. and Jeen Shang L., “Mechanical specific energy versus depth of cut in rock cutting

and drilling,” International Journal of Rock Mechanics and Mining Sciences, Vol. 100, pp. 287-297, 2017.



Petroleum Research
Petroleum Research, 2019(August-September), Vol. 29, No. 106, 14-16
DOI: 10.22078/pr.2019.3253.2502

A discrete Element Simulation for
the Effects of In-situ Stresses on the
Mechanical Specific Energy of PDC Drill
Bits

Amirhosein Mazruee, Mohammad Fatehi Marji, Mehdi Najafi* and Mohesen Mohebi

Department of Mining and Metallurgical Engineering, Yazd University, Iran

mehdinajafi@yazd.ac.ir

DOI: 10.22078/pr.2019.3253.2502

Received: April/15/2018

INTRODUCTION

Among the influential factors of Rate of
penetration (ROP) in oil well drilling bits, i.e. the
mechanical properties of rock, the drill type, the
weight on drill (WOB), the revolution per minute
(RPM), the hydraulic drill head, the drilling mud
and the bottom hole pressure; the effect of in
situ stresses is of paramount importance [1].
The value of Ap demonstrates the well situation
in terms of under balance, balance and over
balance. In each of these wells, along with
temperature and speed of the rotating bits, the
deformation mechanism of rock and its failure
process makes the drilling operation harder
[2,3] The researchers succeeded in simulating
the effects of the weight on drill (WOB), the
revolution per minute (RPM ) of the drill bit,
bottom hole pressure by using the numerical

method such as finite element method (FEM)

Accepted: March/02/2019

and also using the numerical software of particle
flow code to investigate the impact of these
factors on the rate of penetration and mechanical
specific energy [4,5]. In this study, the numerical
method (distinct element method) is used
to understand the relationship between rock
fracture and confining pressure and its effect on
the mechanical specific energy. The unconfined
compressive strength (UCS) testis used to validate
the micromechanical parameters of limestone
which are need to simulate the geo-mechanical
problem. Then by simulating the weight on drill,
drilling mud pressure and bottom-hole pressure,
the mechanism of rock cutting process by PDC

drill bits was analyzed.

NUMERICAL SIMULATIONS
Numerical simulations of the model samples

have been accomplished based on the unified



compressive strength (UCS) values gained from

the laboratory testing results.

SAMPLE PREPARATION

In this research, the micromechanical properties
of the modeled samples are adjusted based on
the macro-mechanical values gained from the
unified compressive strength tests carried out in
the laboratory. The micromechanical properties
of a typical lime stone is used for validating and
performing the simulation models for the rock
cutting process due to rock drilling PDC bits.
SIMULATING THE PDC CUTTING TEST

To simulate the rock cutting process due to
drilling bits under confined pressure conditions,
a sample test with a dimension of 150x40 mm is
designed and a single PDC cutter with a diameter

of 13 mm at the bake rake angle, 20 degrees

40 mm

Petroleum Research, 2019(August-September), Vol. 29, No. 106

(Figure 1) is assumed. In this process, a constant
horizontal speed of 1.5 m/s and 10000 N weight
on bit at the five different depths (i.e. 0-500-
1000-1500-2000) with a 35 mm motion is also

considered.

RESULTS AND DISCUSSION

To verify the results of the numerical model, the
effect of confining pressure on the mechanical
specificenergyanditstransfertorockdeformation
has been investigated. Under confined pressure
conditions, a different mechanism is taking place,
and the difference in pressure created in the rock
structure keeps crushed material on each other

and increases the specific energy of the drill bit

(Figure 2).

150 mm

Figure 1: Schematic of numerical simulation.

PFC2D 5.00

©2016 Itasca Consulting Group, Inc.

Figure 2: Mechanism of rock fracture in a confining pressure condition for a typical limestone under the cutting

action of a PDC drill bit.

CONCLUSIONS

The discrete element method (DEM) can be
used to analyze the stress and deformation in
underground structures with discontinuities

within different environments. In this study, the

rock cutting mechanism of PDC drill bits under
different circumstances have been modeled
using the sophisticated two dimensional particle
flow code (PFC2D). It has been concluded that

this computer software is able to simulate the
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mechanical behavior of rocks due to the rock
cutting actions of PDC drill bits used in oil
well drilling technology. The main important
conclusions gained from this study may be
explained as follows:

The force applied to the cutter blade causes the
rock failure at the inter-granular connections in
a single failure plane under the conditions of no
confining pressure.

-On the other hand, under confined pressure
conditions, a different mechanism is taking
place, and the pressure difference created in the
rock structure may crush the rock material and
increase the mechanical specific energy of the
cutting process.

- Also, up to a confining pressure of about 26
MPa, with increasing tension, the specific energy
has a relatively linear increase in its value.

- If the confining pressure goes higher to that of
26 MPa, the incremental increase in the specific
energy of the PDC drill bit decreases by increasing
the depth of drilling.

REFERENCES
[1]. Garnier A. J. and Van Lingen N. H,,
“Phenomena affecting drilling rates at depth,”
Society of Petroleum Engineers, 1959.

[2]. Bourgoyne A. T., Keith K. M., Chenevert E.
and Farrile S. Y., “Applied drilling engineering,”
pp. 113-189, 1986.

[3]. Cunningham R. A. and Eenink J. G,
“Laboratory study of effect of overburden,
formation and mud column pressures on drilling
rate of permeable formations,” Society of
Petroleum Engineers, 1959.

[4]. Akbari B., Miska S., Yu M. and Ozbayoglu M.,
“Experimental investigations of the effect of the

pore pressure on the MSE and drilling strength

of a PDC Bit,” In SPE Western North American

and Rocky Mountain Joint Meeting. Society of
Petroleum Engineers, 2014.

[5]. Khorshidian H., Mozaffari M. and Butt S. D.,
“The role of natural vibrations in penetration
mechanism of a single PDC cutter,” In 46" US
Rock mechanics/geomechanics  symposium,

American Rock Mechanics Association, 2012.



