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20 BACKGROUND OF THE INVENTION

21

22 It has become standard practice to plan wells and analyze bit performance by

23 using log-based rock strength analysis and/or specific energy theory. The most
- 24 widely used characterization of rock strength is unconfined compressive
25 strength (UCS), but this is somewhat problematic because the apparent
26 strength of the rock to the bit is typically different than UCS. Specific energy
27 theory has been used for bit performance assessment for years. One of the
28  challenges of application of the specific energy'theory, however, is uncertainty
29 or lack of consistency in reasonable values for input variables to be used in

30  specific energy based equations.
31



SUMVARY OF THE | NVENTI ON A net hod for predicting the

rate of penetration (ROP) of a drill bit drilling a
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22 determined by another method or specified as constant.
23
24 Correction factors may also be determined for the effect that mud weight and
25  bit configuration have on those relationships between the coefficient of sliding
26 friction g and mechanical efficiency EFFy and the estimated CCS values.
27
28  The present invention establishes relationships for specific types of drill bits for
29  bit-specific coefficients of sliding friction p and mechanical efficiency EFFy, and
30 preferably weight on biﬁWOB and rpm N all as a function of apparent rock
31 strength and drilling environment (mud weight, equivalent circulating density

32 (ECD) etc.), and then uses these relationships to predict reasonable and
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(ECD) etc.), and then uses these relationships to

predi ct reasonabl e andachi evabl e ROP and associ at ed
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21 FIG. 4 is a graph of differential pressure applied to rock in the depth of cut zone
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22 versus radial position at the bottom of a hole for impermeable rock using

23  calculated values of confined compressive strength CCS and values of CSS
24  determined using a finite element model;

25

26  FIG. 5 is a chart produced during a full-scale simulator test for a roller insert bit
27  for hard formations;

28

29 FIG. 6is a graph of a bit-specific coefficient of sliding friction u as a function of
30  CCS for PDC bits with more than seven blades;
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FIG 9 is a graph of rotary drill speed N (RPM versus

CCS for roller cone bits; FIG 10 is a graph of a
waeorseeioron factor for coefficient of sliding PET/TE10051044742
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16 which is dependent upon cutter size for PDC bits;

17

18  FIG. 13 is chart of a bit optimization and selection for a first well;

19

20  FIG. 14 is chart of a bit optimization and selection for a second well;
21

22 FIG. 15 is chart of a bit optimization and selection for a third well; and
23

24 FIG. 16 is chart of a bit optimization and selection for a fourth well.
25

26 DETAILED DESCRIPTION OF THE INVENTION
27

28 L Overview

29

30  FIG. 1 illustrates a flowchart of steps taken in a preferred embodiment of the
31 present invention for calculating the rate of penetration (ROP) by a particular
32  type of drill bit into a subterranean formation under specified drilling conditions.
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strength of the rock to the bit (psi)); EFFM =

nmechani cal efficiency of the bit (percent); WRB =
waowedoghssessr bit (pounds); and A B = area of bi tPCHUNZINE044742

inches). Referring nowto the flowhart of FiG 1,

rock properties of the subterranean region to be

drilled is determined in step 10. In particular,
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17  Referring now to the flowchart of FIG. 1, rock properties of the subterranean
18  region to be drilled is determined in step 10. In particular, properties are

19  determined such as unconfined compressive rock strength (UCS) and friction
20  angle (FA) for intervals of rock to be drilled. Core samples from nearby well

21 bores may be obtained and analyzed to determine properties of the rock which
22  are likely to be encountered during the drilling of a well bore. Alternatively, by
23  way of example and not limitation, such properties could be estimated from

24 open hole logs or from seismic surveys. Next in step 15, properties such as in
25  situ pore pressure PP of the rock, mud weights MW likely to be used during the
26  drilling operation and overburden (OB) pressure for a given depth of formation
27 are calculated. From these properties, the apparent rock strength (confined
28  compressive strength CCS) for intervals of rock along the well bore path is

29  determined in step 20.
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if the nud weight to be used for drilling is different
fromthat nud wei ght under which the relationship

wheinsmess7€EFFM and m and CCS were deterni ned. LPREWAHG5/044742
a correction factor CFcs may be applied in step 35 to
mif the cutter size of a PCD bit is different froma
PCD bit which was used to devel op the mvs.
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19  the CSS of the particular mterval of rock being drilled and the drill bit

20  configuration.

21

22 Referring now to FIG. 2A, in order to determine the coefficients of sliding

23  friction u and the mechanical efficiencies EFFy, for each particular type of drill
24 bit, full scale simulators tests using hydrodynamic pressures that are typically
25  encountered under normal drilling conditions are performed in step 50. Test
26  results from these full scale simulator tests are used in steps 55 and 60 to

27  establish relationships of bit-specific coefficients of sliding friction p and

28  mechanical efficiency EFFy as a function of confined compressive strength
29 CGS of the rock. Correction factors CFmw and CFcs due to mud weight and
30  cutter size of bit used may also be derived from simulator tests using different
31 mud weights and bits with differing cutter sizes.
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I1. Determ nation of Confined Conpressive Strength

based upon Rock Mechanics Principles The nethod of the
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apparent strength of rock to the bit or confined
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dat Zbagethaod dippogregentdnvgntion fetigs fipari dsing an ketrmathdmpparent

the oyerbyraen, mqg%p%?ﬁo%ga cBﬁu?%‘é@Q@lsﬂgﬁ%thﬁgcék The
real rsti™c estimate of 1 n situ pore pressur 'n a
Bbt ' prefermcmethod of egtiomding £Gfetdizas aedivhenn cadkouéataning

fi ' he .. Kk b
55T EGSSAIE SREAR P Tl 0 B b s o
OVderomDEﬂnleml:]itedt p‘.erlfhé_ah)ﬂTty. dhisenefengd ortidieofpakektiad COS is
aracteri st

18" e R Sl B R PSR Mg Gorned
hpcl gdemressive\Stienyiyfot Rosialt sragbes UtIEing SingfoPPhdory “ which
%esgvgg%orﬁ)cﬁ;r%tnﬂ;tf iti]lgd ?v%ttf?ig] aggﬁctatti]gn.mflcéndbe%rsgd description of this

21 preferred method will be described below.

22

23 Animportant part of the strength of a rock to resist drilling depends upon the
24 compressive state under which the rock is subjected. This apparent rock

25  strength of rock to resist drilling by a drill bit under the confining conditions of
26  drilling shall be referred to as a rock’s confined compressive strength CCS.

27  Priorto drilling, the compressive state of a rock at a particular dépth is largely
28  dependent on the weight of the overburden being supported by the rock.

29  During a drilling operation the bottom portion of a vertical well bore, i.e., rock in
30 the depth of cut zone, is exposed to drilling fluids rather than to the overburden

31  which has been removed.



(imredi ately below the bit in the depth of cut zone),
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22

23 The rock previously overlying the depth of cut zone, which exerted an

24 “overburden stress or OB pressure” prior to the drilling of the well bore, has

25  been replaced by the drilling fluid 124. Although there can be exceptions, the
26  fluid pressure exerted by the drilling fluid 124 is typically greater than the in situ
27  pore pressure PP in the depth of cut zone and less than the overburden OB

28  pressure previously exerted by the overburden. Under this common drilling

29  condition, the rock in the depth of cut zone expands slightly at the bottom of the
30  hole or well bore due to the reduction of stress (pressure from drilling fluid is

31 less than overburden pressure OB exerted by overburden). Similarly, it is

32 assumed that the pore volume in the rock also expands. Contrarily, it is
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expansion of the rock and its pores will result in an

I nst ant aneous pore pressure PP decrease in the
w@tdoewswds region if no fluid flows into the poPEEUSI005/044742

t he expanded rock in the depth of cut zone. If the

rock is highly perneable, the pore pressure reduction

results in fluid novenent fromthe far field

(5 el RI ke d REnE R, 1 BGLOR: AR Lack RaLedufig fuiq
fe OWECDmresetuimls@xq:mardtedn ltrmgnemmved bwbmqiaalOEz pn@gswrlae The

of the anded . r 40 tha}twggegd%e orc

? res§uro ero CE 1<[,) resw! r n sta
ela é’Srth ‘?% %3 'S 83‘[5 ART a nu
of f amtsswrs PPPGGGWSE nr&ﬂm@ﬁdctwsregnbao‘tmrfm;d ovidiatortae tpota‘s of
g {alteralon rrelatlveto rate of
ne

NegpPariadiget 'ﬁ‘éﬁ? QF%% &0 feabi lity of the rock:

t@ the pore fluid. This assunmes that the reservoi r
volune is relatively larg co ared to the depth
oot ' T ook B B parbiains PE pissisdBi w13 are Ui

At hRvERBR: fidrihe fhf fidld l(Heééro@r)ﬂht@lwb @tpaﬁﬁaj PISRSTS WE endidated
greater than in_situ pore pressure filtrate from

t Ae &Y RIPVRE2$ Uheirale {and gegrenn whish @ﬁfeef+U'<¥ AevpBinigbl e
Qgr e e§ 8q rdbid e HeRiBifhg %tp&@ﬁf%ss&g%f fHe! éx%%n@@é(r%ck to

't during the initial I nvasi on (soneti nes
Aéf etheédf the fardiekplieservaisypsuse) slsa@panqtmt ph@rnungper of factors.

f1 Er t Iﬂ’ﬁhafq} éljn&?g# ﬁeéé‘f’a@ﬁﬂr%’%thé fra’[ IZSFrofck tl&?lﬂ/ﬁ \Aﬁ?sﬁ%orrelatlve to

ild up in an ul ck,
d63| rad Ioép@mcﬂrabcﬁrt end @ehelevaermeabléty@mm tethegore fluid.

S u %lstéggﬁmggﬁ\a m@argéer%lr \f/(gﬁﬁ]lg ﬂst lt%l#éﬂ%g%{rﬁg gg?rﬂg%rted to the

terl ore pressure

négl «iephhmf netgdomg; \blhneh isl genemllalaseamebl&mssmmaﬁort h@t tm?.l dame
f.i.l t

ket EATESRAE Bl EGPT P RGP ae o B IETLY B0F pigsure P
gre atﬁerratd @ thodridlingr fess willeatBRpt fB‘E_Bﬁ@fftbeE eerrfieblep@blspace in
B Gl SAthOL o ot ool et ke, b BBl i gl vasior

@Suwﬁﬂnét%&&em@rﬂé b@kpirt I036) &8s aDaltrlRe td Arthbt fltrB@iBvasion.
pr essure PP of the surroundi ng reservoir rock.

If the filter cake 126 build up is efficient, (very thin and quick, which is desirable

21 and often achieved) it is reasonable to assume that the impact of filtrate
22 invasion on altering the pore pressure PP in the depth of cut region is negligible.
23 ltis also assumed that the mud filter cake 126 acts as an impermeable
24 membrane for the typical case of drilling fluid pressure being greater than pore
25 pressure PP. Therefore, for highly permeable rock drilled with drilling fluid, the
26  pore pressure in the depth of cut zone can reasonably be assumed to be
27 essentially the same as the in-situ pore pressure PP of the surrounding

28  reservoir rock.
29

30 For substantially impermeable rock, such as shale and very tight non-shale, it is
31 assumed that there is no substantial amount of pore fluid movement or filtrate

32 invasion into the depth of cut zone. Therefore, the instantaneous pore
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For substantially inperneable rock, such as shal e and

very tight non-shale, it is assuned that there is no
wa@aipsedsrs al anount of pore fluid nmovenent or PCT/URBINE044742

invasion into the depth of cut zone. Therefore, the

i nst ant aneous porepressure in the depth of cut zone is

a function of the stress change on the rock in the

%sfulrg tptthé gg&h of ?? ol%cr?f FJncﬁc?n 8“?.9 sﬂgss cl}ainge 8n the rock

per s,” and
@ opeiitta waﬂo pf muiraomé yo@m’rppmss &sxudhr asygermé:eblﬁhyraaed stiffness, and

rrpre sive Q s determ ned >d upon the
GhconetnedE Sl et v PR RGP TR ock and ' he
confining or differential pressure applied to the rock
dr i n. ( sents one w del
o3 nc R S P oe R Benolh i B TR0 Tngl frsrcGpined
oeal Cctdnairemer:szm‘ngrmeﬂ th‘@m@k ass ltheeccﬁrrmrag @ hrﬁefenm@rqdreséa@

DP +2DPsi nFA/ - Si wher e:
7nco<’r‘ﬂﬂ"ﬁ%83 s ng ”@99 e ‘O%é rﬁpEﬁSPF‘*éroé‘ﬁt"Y'%‘F‘y PraC’“Ced

P eSgi ﬁ:o@:@fedeﬁbﬁf( hitlcAghisd” rn@eﬁﬁad ﬁ)%@l@ﬁlaﬁrﬁgecdrfﬁﬁed c@’ﬂﬁre’é@rve
= i nternal q%e of friction of the rock. In
C

p? ef Efanel %fr'i@l xempl ary enbodi ment of the present
dgvention, the unconfined conpressive strength UCS and
I nt er nal angle of friction FA is calculated by the

ptocessi ri@C%f: Hcoh &R tZQ\%SlmFN@gS‘dﬁf\h or seismc data. (2)
T@ose ski He‘?éj in tUP@S archlWJrlr n@tegsﬁé@e {Hner

nmet hods of cal cul ating uncon ressive Strength
€S and internal &MYyl & d)ﬁersnhlatpre@ﬁurIéAOac@rﬂnrmgwtreaWacross
n be used with the pr ention. By way of
exanple, and not limt aﬁ‘l%er%k aﬂése alternative methods
o5 det erm ni ng UCFAand ifArrahshgledef flctier ofdhé weknet hods
? processing of well |og data, and anal ysis and/ or
sting of core or drill cuttings. Theoretical details
1egamahagreféreed aidesxeaiplanghboditndnt btihe preseaninbentioaliind

1&5‘ Uirr%onﬁned compressive strength UCS and internal angle of friction FA is

19 calculated by the processing of acoustic well log data or seismic data. Those
20 skilled in the art will appreciate that other methods of calculating unconfined

21  compressive strength UCS and intermnal angle of friction FA are known and can
22  be used with the present invention. By way of example, and not limitation,

23 these alternative methods of determining UCS and FA include alternative

24 methods of processing of well log data, and analysis and/or testing of core or
25  drill cuﬁings.

26

27 Theoretical details regarding the internal angle of friction can be found in U.S.
28 Patent No. 5,416,697, to Goodman, entitled “Method for Determining Rock

29  Mechanical Properties Using Electrical Log Data”, which is hereby incorporated
30 by reference in its entirety. Goodman utilizes an expression for the angle of
31 internal friction disclosed by Turk and Dearman in 1986 in "Estimation of

32  Friction Properties of Rock from Deformation Measurements”, Chapter 14,
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Patent No. 5,416,697, to Goodman, entitled "Method for
Det erm ni ng Rock Mechani cal Properties Using

web@eweiccsl Log Data", which is hereby incorporert/es200y044742
reference in its entirety. Goodnman utilizes an
expression for the angle of internal friction
di scl osed by Turk and Dearman in 1986 in "Estinmation

9f  Frb&deiBs B fP]B(?/_W‘%H @33 miBesikmf drombRefiesmEidspTuscaloosa,
Measur ements", Cha roceedi n

f the 27
Gy i . 5 20 SR BR ICHST PG oRe RS 123 andes
33- Zth chdB&es ﬂ"\lﬁatér‘é‘éﬁ}rét@ﬂ Poefbficss! hatanar dPaitesaniristion

rati o changes wt changes in water saturation

dhalchaegss; Toaanga @f wiesnalifiptiep isaiherefore @lsoy eat%‘aée& gijjigbility
%ngla%d%%bf&h?{on(ﬁiﬂ it ye%fn‘?éhcbs AdBshef mrs%ét'hé@olb @186 bottom

ock and therefore to dril
|@er fh@fam“rhldf@ COAdapm oy penme@bfeepﬁb@cﬁcé@mpﬁ%\eﬂrw dehpingm

. C d qréxjﬁl? '%6&95% 595‘ I\Ea‘?%r}t REFE l(fenrsWECbspressug% minus

erenti al pressure
&g uithialnesit prire pmlsamneer d’é‘ns iesyltEahe ﬁ@hﬂm@wﬁi grpsegsims for

- sj por r sure
A PR B L b ey
ﬂbOV&sM\mbﬁ tHaeapﬁcrh ah@le e?quat]me&an a(:r2>)ss akEguge odeC$2)Equatlons may
i near .acr.os

assunes that friction a

Pangdsae s W'Eﬁ*bﬂ?‘? Bﬂtén%ﬁe/lhlglhggar% g auP i 'eh l§Ad‘ue not
fmke this linearity assunption for FA. ECD pressure is
nost _preferably cal cul at ct]

T e @raRe0te et Yo 67 L lgf B rinke g gour Bagressure wih
A eSEHIENdIBIOIRE AEhhdiRbIAEDY prekdlrgmay b@@Sﬁmaﬂ@HGby\a@Hm a
to mud pressure or calculating wth softvv%re Wg

ki | leagPnapler yraueaiormMyg Pﬂes%ﬁ%g@'ﬁf‘%’f‘ﬂgﬁ%‘fh e p%seo%k'”ed in
Pft S ERI AP ab YR ciBIAN A ot AYE @F aetem AR, the nileed E@D Bressure

e present |nvent|on to estimate CCS for a rock
Rat heey baasedwdiu ejesais inyeriiongp estinple GRS 4 ok
§rneablllty rock is essentially zero, the present
invention ideally utilizes a soil nechanics
et hRdibboiyn besweing the pree prassaieaitym 1ow peoneatpity sxlfrie

B, “Eie iRl YL AePRRiRER 8N S i} Mgl
desciiet@doloyy Skeatpiame tha.dAtnge iRgroee PressisnerRP and applies this
Coef zfaépgzrlogg}] to tf?‘e 3rrﬂﬁ|ng of rocks. For the case of impermeable rock, a

23 relationship described by Skempton, AW.: “Pore Pressure Coefficients A and
24 B, Geotechnique (1954), Vol. 4, pp 143-147 is adapted for use with Equation
25 (1). Skempton pore pressure may generally be described as the in-situ pore
26  pressure PP of a porous but generally non-permeable material modified by the
27  pore pressure change APP due to the change in average stress on a volume of
28  the material assuming that permeability is so low that no appreciable flow of
29  fluids occurs into or out of the material. In the present application, the porous
30 material under consideration is the rock in the depth of cut zone and it is

31 assumed that that permeability is so low that no appreciable flow of fluids

32  occurs into or out of the depth of cut zone.

-11-



B," Geotechnique (1954), Vol. 4, pp 143-147 is adapted
for use with Equation ( 1). Skenpton pore pressure may
w@eweneiory be described as the in-situ pore prECHUSEORNA4742

of a porous but generally non-perneable nateri al
nodi fied by the pore pressure change DPP due to the
change in average stress on a volune of the materi al
assum ng that pernmeability is so |ow that no
appreciable flow of fluids occurs into or out of the
réat erigdifferential peessreslaRacesptiecrgek brihe drathgd cgtgene may be

t ation is the rock in the depth
? %%ﬂ%g%ﬂ%ﬁ%g?é’r@%%ﬁ%%umd that that perneability
ids so low that no appreciable flow of fluids occurs

to or out ofpthe (p of t zone.This drftﬁrentr al
pressure DP across the roc€| the depth of cut zone
My be nat herratl caIIy expressed as: DP = ECD - (PP+

P) (3) dif s the
rock: o8 gy vitant. & PRR e R AT e BTb e
il I ing fluid; (FERBDBPE&;urvalSkrelmukanngpDeesrgrce‘s‘.lserdr&itrngPﬂRJid;
= Pore Pressure pr dr i in the rock; and DPP
9 change in pore f FES&F%@) o%‘ee pg eRre¥iiive
{@pl aci ng eaH h stpress: P&@wred m\r/a\;geﬁagldhemgﬁmmpgcre and
ressure coefficients A an : i C et er m e
hange in pore pr S ila ecrgsge&%@@rﬁu@éfegtg}eq#pressure
applied total stress fofephdiRyau sMELri al under
conditions of zero drainage. The change in pore
pPessure, DPP, is given in the general case by: DPP =

?JL ( D§kerﬁbot9§ 3es‘"crr%§tvr)cf ;§oré Egeﬂs(rr‘é c%eﬁlcéﬁtszA %nd B( @ﬁlch detdpine
zb@ef rhecghéme inkpgre @r@setrrewe% ma@gy r:harpgﬂsen sraré@éd?fe' stress for

16 a porous material under conditions of zero drainage. The change in pore

17  pressure, APP, is given in the general case by:

18

19 APP =B[(Acy + Aoy + Ao3 )3 +

20 Jilig-20) +bo b0 ) ~bo,-Ao) A= 1) a
21

22 where: A = coefficient that describes change in pore pressure
23 caused by change in shear stress;

24 B = coefficient that describes change in pore pressure
25 caused by change in mean stress;

26 o, = first principal stress;

27 G, = second principal stress;

28 G, = third principal stress; and

29 A = operator describing the difference in a particular
30 stress on the rock before drilling and during

31 drilling.
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caused by change in shear stress; B = coefficient that

descri bes change in pore pressure caused by change in
wore@n/oeloress; 1 = first principal stress; ( J PCHUS2005/044742

second principal stress; 3 =third principal stress;

and D = operator describing the difference in a

particular stress on the rock before driIIing and

d,ur 'Frlﬂag{e'ng dllggeljt:%l \A?ell%%p&rtqé %H’)ét %r‘rar{c al s es‘é’el l |sk?i9§ &verburden

stress pressure

@3 RIrbQurd @deriok d dmln‘éﬂw%h 1s$e;5!§ééoet9yeﬂe@(3[§ Br%sﬁﬁ;@ applied to

pressure applied to the rock during drilling, and -
andgharaskiivring diittied, apdicncanphd , @armohzeitelasiveipabgasin sksses
to the stress block. Also, + D2 +

/
Feprapplied 9 the stressdiek. ﬁd%&é@a@ észnAq%%ufepé%ﬁeééesthe&hange in
Is14 LR fdgelor fH8an st sr]'és@sar’\d Ds 3)2+(Dcr2 - Ds 3)

Jrepresenfs the C ange In shear stress on a volume of

ot el il Fary 0. (8] U & JTbert 2k J P ear o thouriRat

ear stress causes

o VéNeHFT&ré‘sB%%/d‘ILQﬁe 8hmeleAst i c material. If there is
no vol une change then there is no pore pressure change

(8t he pore fluid neither expands nor conpresses). If it

?&%’ﬁ"éﬁa&l@%a’[é%@ it %Iﬁ Ke @ﬁﬁg f@ﬁAb‘?Bt oifiOE beBS Y &hange in

orn1ng el asti ca € pore pressure
thargjeaesgiessicansasarnw \mizurse apdridei fedan elastivPpaterigl Abthere is no

HSZ voh%g’)ﬂ[\%gg(?%er{: t‘P}Fsre lg%o‘b%ﬁee%r)@gﬁ{sglghgnd& tf?esﬁ’&gglgggri‘éj\ger
’(%) &pands 0or OB)rehsse) iIbitls ashamep et therresls ne@ toh holgen of the
%3 P hole %oo%%rmtmog élgsqicgw,]%e%%e pore pressure change equation can be

14 simplified to:

15

16 APP = B(Aoy + Aoy + Aos)/3 (5)
17

18  For the case where it is assumed that 0, is generally equal to o3, then

19

20 APP = B(Aoy + 2A03)/3 (6)
21

22  Equation (5) describes that pore pressure change APP is equal to the constant

23 B multiplied by the change in mean, or average, total stress on the rock. Note
24 that mean stress is an invariant property. It is the same no matter what

25 coordinate system is used. Thus the stresses do not need to be principal

26 stresses. Equation (5) is accurate as long as the three stresses are mutually

27 perpendicular. For convenience, oz will be defined as the stress acting in the

28 direction of the well bore and ox and oy as stresses acting in directions

29 mutually orthogonal to the direction of the well bore. Equation (5) can then be
30  rewritten as:

31
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B multiplied by the change in nean, or average, total
stress on the rock. Note that nean stress is an

WO pooatsmme property. It is the sane no matter BIEUS2005/044742
coordi nate systemis used. Thus the stresses do not
need to be principal stresses. Equation (5) is
accurate as long as the three stresses are nutually

per pendi Gel-ar (&pr 88%‘)1%%' goce, s will be defined as ()

the stress ac & inthe direction of the well bore
&hd sx and sg as stresses acting in directions

t uﬂ!erg w?!r)t% h&‘%?l on én'a% dr{e f?nt '%OWD%J?@ h@? l lHoQ%(/gr

quat [-on can en oer
Bsx thedaschanbds eré)ge'ﬁeemlg smial! Iwhbe commaaggesoiNvzsxd @ﬁd bSy

o o ehratte) SRR S RE b AP ERa RO

regl ected for a sinplified approach. Equation (7) then
inpliflg%éat P—B(Dsz)/3(8) For nost shal e, Bis8
et ween a ?. 0. Young, soft shale have B val ues()
of 0.95to 1.0, V\,hlleolder stiffer shale will be

closer to For a

0. 8. h t d
oo aranoxs ahalBy b Bt B Penf o 4L SLAHEA. Folh e BvaoE Values of

b NCE9H%F 1 bSwhkGher SHiffbE&Hale wil %))e di&rer B 08l Fbﬁé‘%lg\gﬁ#héd
bore, equation (8) can be rewitten as

§b) / aprreachibeledqer Aot [Brpirg Eck IPRRRSIies mng@ggtha;eB 1.0. Since

at r I e r
12" 5 S8 (LD, efRenEs g SeRs Ry eopsafourcn

Thi sa$ s because ECD pressure is al nost always | ess

an the in situ stress parallel to the well (sz) The
altered pore pressure (Skenpton pore pressure) near
the bott ARRE (EGP )@ is equal to PP + DPP, or PP + (9)
q(l)ECD - sz )/ 3. This can al so be expressed as:
17  Note that APP is almost always negative. That is, there will be a pore pressure
18  decrease near the bottom of the hole due to the drilling operation. This is
19  because ECD pressure is almost always less than the in situ stress parallel to
20  the well (c;)
21
22 The altered pore pressure (Skempton pore pressure) near the bottom of the
23 hole is equal to PP + APP, or PP + (ECD - 0z)/3. This can also be expressed
24  as:
25
26 PP - (02~ ECD)/3. (10)
27
28 For the case of a vertical well, 0z is equal to the overburden stress or OB
29  pressure which is removed due to the drilling operation.
30 Inthe case of a vertical well and most shale (not unusually hard and stiff), the

31  change in average stress can be approximated by the term *(OB-ECD)/3".
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PP - (sz- ECD)/3. (10) For the case of a vertical

well, sz is equal to the overburden stress or OB
wW@e@ssesoes whi ch is renoved due to the drilli ngPCT/US2005/044742

operation. In the case of a vertical well and nost

shal e (not unusually hard and stiff), the change in

average stress can be approxi mated by the term

" /3" ing t the, Q!

okcpr 2025z 2Rt Gl e ARSI Al e LA ey

bor egeridabwell hodeewhpwnﬁmbpérrrteybiﬁtmclq is bisiigreyilled:i | | ed:

Qg:SLp UCS + DP +2DPsi nFA/ (1-sinFA); ( 1 1) where: DP

ECD pressure - Skenpton Pore Pressure; (12) Skenpton

Rbre PresXife =GP+ DE%DE@E}‘AKm@inEB) where: OB = (11)
erburden ressu ress Sz ection;
T pp S HheRE e e Fe bR ST BR RS UL, (12
i@ nost pr ef er abl )e}@ahpﬁ(od poredPrbysure G (OB CEK (13)

dznsity fromthe surface (or nud line or sea bottom
r a marine environnent). Alternatively, overburden

@B pressuwiréray beoRstdvErb@de®pregalrewr atréfidoOih the z-direction;
assum ng average val ue of rock density fromthe

s@rface (or nud |i#¢ for marine environnent). In this
poeferred and exermb ar y, gfheft pratyef this invention,
Equations (2) and ( 1 1) are used to calcul ate
¢bnfined conpressive strength for high and | ow

Rer n@@@ri LideX dl? Yesshire§s mogﬁgﬁera %lc%@s By int é:r%fing rock

|nterrrE|ate va ues of |ty, eva ues are
(8 edderssity &nah theisutace (@n muﬂ L phge*a imttqrmfoe BEORHIE] erfylronmen’f)

2 t \Aﬁﬁﬁggm d; WerBQ%ER'dﬁ ﬁre's§ur8 a | a?éﬂb@{ @alc%

ocks ternmedi ate ween
05 | evsuaring aveyhgeer ne albiokk dqnmtwoﬁbm ths spéacme(ab munithynecfem

38 oo alnS Hilieh sl P R Sl ref bl LB Ehbod 38Rt ofthE

venti on’pre utl i Zés
Por osveitioh, Equdtiohe (2)iane (pbb)ra]ls uted fo @ldutatel ebnfimed casprdesive

qgrogtlrér}éthlr % and?fwtpgremena%qltysro% < ”(?(%;_I{pognd *‘CCS.p". For

19  intermediate values of permeability, these values are used as “end points” and
20  “"mixing” or interpolating between the two endpoints is used to calculate CCS
21  for rocks having an intermediate permeability between that of low and high

22 permeability rock. As permeability can be difficult to determine directly from

23  well logs, the present invention preferably utilizes effective porosity Qe.

24  Effective porosity Qe is defined as the porosity fraction of the non-shale fraction
25  of rock multiplied by the fraction of non-shale rock. Effective porosity e of the

26  shale fraction is zero. It is recognized that permeability could be used directly
27  when/if available in place of effective porosity in the methodology described
28  herein.

29

30  Although there are exceptions, it is believed that effective porosity (e generally

31  correlates well with permeability and, as such, effective porosity threshold @ is
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of rock multiplied by the fraction of non-shal e rock.
Ef fective porosity f e of the shale fraction is zero.

WO Roob®6Ioex ogni zed that perneability coul d be UuBETIUS2005/044742
directly when/if available in place of effective
porosity in the nethodol ogy described herein. Al though
there are exceptions, it is believed that effective

ROT @8hd ¥s b rr?eagﬁlﬁdi@rﬁlw 188 peghedis an®impeninthble endpoints. The
perneabi lity and, as such, effectiyve

1
2hr éaliewing meteosialeeyeg PaRIeEb o¥ed 1§ &5&9{4%&% o', the

Bef%gﬂe%c% réIRBISFRAGh @ edpek ftf tBe diimeitf ol | owi ng
met hodol ogy I's preferably enployed to calculate
CCSM X", the confined conpressive strength of the

ock to b%%gq(u Il C@GSIHP ,fqp&\(wigs) CCsHP if fe HP, (14) (14)

CCSM X = CCSM X CCSLpX ( HP -
6e) / ( FHQCSMRL:P) QQ&CSI‘#FPe)é‘QlIqu Lp)/( FHP - if fLp f (19)

A ks ner e _ Ebge T IOWhe
ger rreabl ﬂ? rock ecé(ﬁve po%gﬁ F@Eﬁr es Fél lgd? qTLPb O¥he
BHP = hi gh per rTEanprI»lty rock effective porosity

threshold. In thi enbodi nent, a rock is 16
consi dered to haviﬂff%w be?’?%abl lity if it's effective (16)

for osi ty whees:i s Ierses—efﬁmmvelpomihyal to .05 and to have
a high perneabilit its eff |V i ] .
Egual to or great Pt‘ H%‘ﬁ Srrﬁ%?bq%%oggfeg%ﬁ&? so%lyor?&i/ﬁgé&o‘d’
f»ll ow ng values ehdCCSM X in this preferred

embodi nent: CCSM X Pif
TSP if f e < MoSDHﬁ I Rﬁ%@e‘t&%@ﬁe (e) Wt%’esm'd
e/ .15 + CCSHP X (f b-.05)/.15 (19) |f 05<f e<

As can be seen fromthe equati .ons ove
é@summs&ﬁemglambqqﬁ@pn% gock is con51 ered to have low permeablllty i

16 it's effective porosity @ is less than or equal to .05 and to have a high
17 permeability if its effective porosity Qe is equal to or greater than 0.20. This

18  resulis in the following values of CCSwx in this preferred embodiment:
19

20 CCSux=  CCSpp if Qe = .20; (17)
21 CCSux = CCSip if Qe < .05; (18)
22 COSux=  CCSip X (:20- P)/.15 + CCSup X (Pe--05).15 (19)
23 if .05< Pe< .20.

24

o5  As can be seen from the equations above, the assumption is made that the

26  rock behaves as impermeable if Qe is less than or equal to 0.05 and as

27  permeable if Qg is greater than or equal to 0.20. The endpoint Qg values of
28  0.05 and 0.20 are assumed, and it is recognized that reasonable endpoints for
29  this method are dependent upon a number of factors including the drilling rate.
30 Those skilled in the art will appreciate that other endpoints may be used to

31 define the endpoints for low and high permeability. Likewise, it will be
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rock behaves as inperneable if f e is |less than or

equal to 0.05 and as perneable if f e is greater than
weeooeqesalrs t o 0. 20. The endpoint f e val ues of BCODBESHNE044742

0.20 are assunmed, and it is recogni zed that reasonable

endpoi nts for this nmethod are dependent upon a nunber

of factors including the drilling rate. Those skilled

i1n téfﬂ)? C?ft?tﬂhla Me%ﬂn?ér olEh‘?‘L sPLhes c%g%%' tﬁet SclRY eBfnate

ne t endp 0|  ow an
;Qer Bk b@ty/eenlthee@mdgemta tFusiher, oﬁ@&pph@ﬁ@%@fecealqumﬂg CCSmix

oot o ERraglb SRl e BUERES W ARR BV aR poR, Rt 2
gic heskesnpidn aircadhatdasnipeCCGHove fdrmalcalamag]gerequessure change

r iLities e s
Phe St hblbHS ST Ee L Bo Bt vesD eREbbaedPRl,
pbre pressure change DPP which is generally

tlcaII cr| ed Equat i.on 4-9) .

i LARTERS FirC 43 B o f e a1 the
faacthvﬁat@dJ@rhgl@ﬁorh vbrtDcaléthrﬁiﬁMhat\A%d b@ftgnb%efﬁgmﬂllu@ r(ra) Stedss
at which the wel| bore is being gﬁ éﬁ% ?
SoncERERREAtIERS N tAe FRRNGE pYlFoBE: %19{ Bifects @é%f'eor shape of
£ f apb el bot@udbahd %&)rﬁ’étrysdifalﬁ@dmf bit h&nyvatdd R Eatd U well
to the geonetry of the drill bit bei ng@used to create

the hsel Tb@?eecalcnkﬁé@és ar daseERe RSO Rea e St aePlication
£0- p&ﬁlﬂé@gwﬁﬂo%WBr @Qﬂdtlﬁ@boﬁﬁn@"@bhb%@mve Mt fﬂc)rqjiook

Estimating Confined Conpfessive St rengt h for Rock

or nfeermetiontiilizing Pkerskempheriy Theory”. FIG 4

i/ lustrates that using Skenpton theory in conjunction

w th equation (3) produces values for differential

1 esisiGr. ¢ ilmtmhaﬁhai@sine%emwmtéwrym ednjeictipe mEhenagtion (3)
es ri i :

Rbaer Phge e e ehbias e e P L EBE s wel witn

tor r@ﬁf@anhﬁalrpge950reF!DFeaarrWed|aEu$jegarﬁhib@ellemeaanod@hng Thelfinite

Bottonhole Str S Af f

E%T: | QPWSHHEP%‘EI gxpd B %ccrr%spoﬁilpg tol. a(r SSS&&)SQ% Warren,

15237 Mo 3SmithVv IBe. “Bbigonamey Strdﬁléaidt@rtsIﬁcﬁf@cmg)Kbnl_dre}lee_eat Depth,”
he! ST, LoLoeslepl gbng SCS. (hose skilTed in

get epVHi8 iOafdv® description provides the preferred mode for calculating CCS,

22 those skilled in the art will appreciate that other methods of determining CCS

23 may also be used in conjunction with this invention to calculate ROP and make

24 other estimations based on CCS of rocks. By way of example, and not

25 - limitation, one alternative method of how to determine CCS is described in U.S.

26  Patent 5,767,399 to Smith and Goldman, entitled “Method of Assaying the

27 Compressive Strength of Rock”.

28

29 lll.  Determination of ROP based upon Specific Energy Principles

30 A methodology has been developed for quantitative prediction of the input
31 variables to a specific energy ROP model, except bit size as bit size is known

32 or given, based on apparent rock strength to the bit. This allows rapid

17-



may al so be used in conjunction with this invention to

cal cul ate ROP and nake ot her estimations based on CCS
wo@boos063638 By way of exanple, and not |initatiPCT/USNE5/044742

alternative nethod of howto determne CCSis

described in U S. Patent 5,767,399 to Smth and

Gol dman, entitled "Method of Assaying the Conpressive

Sire @Hi&n@i oR@fekexpekidd BB§E bIMROA é@dldﬁrfln(_i,?@%é@@&@@ (WPOB, rpm,

Sgem fic Energ Pr| nci pl es A et hodol ogy has bee
foor alyuRihttyRest | ¥&OptRgi ot T SFoRenles r@ﬁgt the  drilling

vari éler%ﬁrr{eﬁt 2eSPRGA egheass B¥pROP nodel , except bit
size as bit size is known or given, based on appar ent

ck_str th t he bit. This allows ra redi ctjon
oloatiength LR e, bits o2 AhLoue rapldpredicion o
( 8\OBperf@Mant®r ISI%)befs@ﬁ oﬁ'fundahienﬁa\f’ BRSsip|as FatEl BOthkQmount of
rock properties and the envi ronnment

e R AU R0 Sy T Sl ANy ey BT s to

PEOV &SRS theRRR. Bie BE SQr‘aﬁwte'téng QDSQU%¥§M}‘Q f&?'p?edlctmg the
performance. Es is based f undanent al lprl nci p
a

r 8 apeyertreqyirpmeip (ifttosie @ﬂ@r@"y) foeqwertisdlar bit 6’@§t’f@ dyl! ata
it fa h |
305 P I oty B L RO RN 2 P ol Bl e
flor px@i&ﬁtp@ghlﬁmlmww rce:b]ltbrneerrents (bit torque and
En) for a particular bit type to drill at a given ROP
|n a given rock type, and the ROP that a particul ar
BBt ireght RbéTfea(@)@uneedoﬁ %p@xﬂml Eneegy in RoogiDrdlimgr"dok Jt Rpek Mech.

gal ‘{Q(/llnlgy SC{ T@@6§°§E§P§3 Of% C % Lt% Cas?%eq‘%%isilg%gfe@y theory in

55 53$se(§e|sgr blbe@rfllc‘oheamtm oEqLaDem %0 cshener gyalbheep@tlﬂid’l energy
[ t 20 T
i [N T R O

ay atnospheric conditions. where: Es = Specific energy

(psi) WOB = Weight on bit (pounds) A B= Borehole area

(18q-i n)ZS=WOB+120*7t*N*T (20)
As As* ROP

19

20 where:  Es = Specific energy {psi)

21 WOB = Weight on bit (pounds)
22 Ag = Borehole area (sg-in)

23 N =rpm

24 T = Torque (ft-lby)

25 ROP = Rate of penetration (ft/hr)
26 WOB = Weight on bit (pounds)
27

28 Pessier, R.C., Fear, M.J.: "Quantifying Common Drilling Problems with
29  Mechanical Specific Energy and Bit-Specific Coefficient of Sliding Friction,"
30 paper SPE 24584 presented at 1992 SPE Conference, Washington, D.C.,
31 October 4-7, validated Equation (1) for drilling under hydrostatic pressure.
32

-18-



N=rpmT = Torque (ft-1bf) ROP = Rate of penetration

(ft/hr) WOB = Weight on bit (pounds) Pessier, R C,
wWo-2@nr/063678). © " Quantifying Common Drilling ProbP@rES20%/6u4742

Mechani cal Specific Energy and Bit-Specific

Coefficient of Sliding Friction," paper SPE 24584

presented at 1992 SPE Conference, Washington, D.C. ,

qct ghehuds %’e Méjbh@%f%l@é‘t@tﬂs%tr(e formf s¥rsuiaté |rrhef&urements of

under hydrostatic pressure. Because the

t
B NEiahian s THPEhET ol 310 Gl (o RenRlsael Lk & Bf-specific
\(639' %Eff@fénpbftsh@v}@?lctlornqm M,lnfmcé@b? TeblePBNSbFsi BRjue (T)

t-specific coefficient of sliding friction
“m aﬁa’sfwnﬁwqu@ l)’ké@@ Byisreaffigieniys aipi &xc0rpRiig §Re ¢y Inyt @pergy

8N GG AR 1R abbahce qu@ﬁém&to%ue headip&dehia, SOMNGLS
specific input energy (Es) values in the absence of
réel i abl e tgéque measurenents, as follows: where: T = (21)

bit torqdé (Hewobf) ; DB = bit size (i nches); m=
speci fic coefficient of sliding friction

tydl mensi 8HFPESs): dnd Wﬁgrqy T”@iﬂt on bit (Ib). Teale

aj so introduced tImg =coinsieplineesyyi ni mum speci fic energy

and maxi mum mechani cal _effi

specific energy id'r eQEﬁBEC'ﬁ\% %‘?‘F@IQE@@H% fnUtépﬁ‘er gy

fpproaches or is roughdiyersib@bsd)oarihe conpressive
strength of the rock being drilled. The nechani cal

Bfficiency (EFFM) WOPB aH§OB " RIUER- i s then cal cul at ed
as follows: Es p, MO (22) Es where: Es min = Rock

Strength
13 Teale also introduced the concept of minimum specific energy and maximum

14  mechanical efficiency. The minimum specific energy is reached when the
15 specific energy approaches or is roughly equal to the compressive strength of
16  the rock being drilled. The mechanical efficiency (EFFy) for any bit type is then

17  calculated as follows:

18

19 EFF=E5300 4 10 ‘ (22)
Es

20 where: Es min = Rock Strength

21

22  The associated bit torque for a particular bit type to drill at a given ROP in a
23 given rock type (CCS) is computed by using equation (23), which is derived
24  from equation (20) and equation (22), as follows:

25

* 2% ROP
EFFu 7 *Ds” 480* N

27  Substituting Es in terms of mechanical efficiency EFFy and torque T as a
28  function of WOB and solving equation (20) for ROP, the rate of penetration can

29  be calculated using equation (1) as described above.
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The associated bit torque for a particular bit type to
drill at a given ROP in a given rock type (CCS) is

W@ vpleed by usi ng equation (23), which is derP@EUSIODDM4742
equation (20) and equation (22), as follows:
Substituting Es in terns of mechanical efficiency EFF
and torque T as a function of WOB and sol vi ng equati on

(?O)Sﬁﬁlflgﬁﬁerg}fﬁoﬁ SERBP) BRI ration can be
cal cul at ed using equatlon (1) as descri bed

above. Speci fic Energy ROP (SEROP) Mdel The present
| v eTiid p:resia@teawryonrcméilmosecudne tme(ie‘ﬁl@ér&mr@qwrequm Egdation (1)

Mhest® Bt BAFLY 5haoh oM GPEn(8e% ¢ BAr O AaTRTcats are

rwnb@érfdafﬁne@rf@d@mmmet obprfedbly)ﬂ%ﬁt bit Iﬂﬁde@dlrﬂ@d&fgeﬁéel tooth, insert
tooth, insert tooth nat ed

n%t uiogth. dPRFp NS ﬂm@%@%}eg MEhe n%ﬂfer cHiegiong, e types.  More

rel abérﬁ&ﬁjéﬂyp%lgﬁﬁnsﬁ&a}s f(t)rh@l)@lﬁ@&é@éfﬁél&ﬁ%f%ﬁldlﬁb'fﬁ’(’sﬁﬂg p and (2) the
friction mand (2) the nmechanical efficiency

and
p® ef Begmnjca @FflC(eayy ROBy. aadprefgsabhy ftor é})é/&@BNan% 4) blt speed N is
| dft ehSbAGHed R athuMbEP8f ttyﬁtf—:-s Bﬁflﬁi%sasoaf fulﬂbt‘io?u FapBafehPfdck QBength

apparent rock streng to the bit. Equation
Q) DISCQ§é@ItftedDii:al cul ate ROP for mul tiple bit types.
l];‘jeally three ROPs are calculated for each bit type:
a mni mum ROP, a maxi num ROP, and an average or
nam Equatla@'ﬁ) Emee@tccmmuataﬁ%@r ardtiphobis ke Ibemlyutece ROPs

ree effi | (m eff Y,
i, R TS aet TR B P T ang ) S dfROP. and an
det eemragei o rrammindieROBI Thesalcempuiatibiag @re tpessislef necause three
ggch bi %/Eg uIJ- cal.e Sg}:l at or Testus Fﬂca'@ﬁzialﬁn inal
mu[M&CP" sefféc'%é‘reé CEWAYT B Y HIgHEE "R PEP eh gl homina
flaci kificiensy)idhe tibtermibed framdse fillexale disulagr gy s sach Zietpe.
vessel test rig to determ ne sliding coefficient of
fifi cti on m and mechani cal efficiency EFFMfor a sel ect
AgbeucaleyPiafulstor Bestsl bits. Detailed information

Bout this faci I i ty and full-scale sinulator test
?@ch%i”@é?a fJg%g'P ator tfegtlér\]/v%ré gor%cnmte]d %19—1 F?es CEFIFSC(:E nsenﬁfggﬁ’ties in

21  the Woodlands, Texas using a pressurized vessel test rig to determine sliding
22 coefficient of friction u and mechanical efficiency EFFy for a select number of
23 types of drill bits. Detailed information about this facility and full-scale simulator
24 test procedures can be found in the 1999 ASME ETCE99-6653 technical paper
25  titled “Re-Engineered Drilling Laboratory is a Premium Tool Advancing Drilling
26  Technology by Simulating Downhole Environments”.

27

28  The drilling simulator, which is capable of testing bits up to 12-1/4” in diameter,
29  reproduces downhole conditions. It is equipped with a high-pressure drilling

30 simulator and uses full-scale bits. The laboratory is capable of re-creating the
31  geostatic stresses in the well bore at equivalent drilling depths of up to 20,000 ft
32  with typical drilling fluids.

33
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titled "Re-Engineered Drilling Laboratory is a Prem um

Tool Advancing Drilling Technol ogy by Sinulating
wmoomhedees Envi ronment s”. The drilling sinul at oPCT/vk100$1044742

is capable of testing bits up to 12-1/4" in dianeter,

reproduces downhol e conditions. It is equipped with a

hi gh-pressure drilling sinmulator and uses full-scale

bil t sDrilihg phabatat CWMgthtSorﬂlﬁmbiB? réthrylpeed fRFALE @f bé]fétratlon

os stress n wel | bore at equiva
g F&%ﬁf’g ?cagtbq ﬁ’s rlﬁf bltl?:y ig@awnmu?% cpﬂtrglﬁgil qu?or recorded
dBl | thr@@hbbuuhdmdarcﬂddl k3@ TRAICANELRIUS, T Web&e®NORE b two
eed rate of penetrati on ROP, torque
T A KR WS B i GorRHE G iR e EiRaRgiec
r 5Cofe@§5n§eh rMAHghalts theg u‘sék!jiovdo?d-}!ﬁllte B|ﬁ§5ec1f-@d8eﬁ@|én¥of RSC“ngg

que T is recorded. One of two variab
a? e EGHW o)1 eachantR! efieeoHEF Fkeng Sae%fé?a@mr@w(ES) for each test
respanssittybBi s data is then used to conpute
bi t - speC|f|c coefficient of sliding friction (m ,
méchani cal efficiency (EFFM, and specific energy (Es)
for y n
oo ago ey M e Xt NE MBS oGP AL
wer e7u8ed psldvaiewemm ddvelopélh@talameumpsfofr or amg EBRgG aEBFhction

a sswe strength (CCS)
73 ) e B e Sk sRT G T ERRRIS R G 25 were
G8ed: - Catoosa Shale - Mancos Shale - Carthage Marble
] Crzi\{% gr]lg\llwverl]rd % andstone - gsfi el d Sandst one From
Ri s Pe oW ek SETIP S WaIEdS§Er i ved to devel op t he
ne¢l at i onsbatpssd Sialen and EFFM for an 8-1/2" roller cone
g't for rdf%rh tions. These points are: m=0.11

66, 000VPL°S
16 - Carthage Marble
17 - Crab Orchard Sandstone
18 - Mansfield Sandstone
19

20 From this test, three points are derived to develop the relationships for p and

21 EFFy foran 8-1/2" roller cone bit for hard formations. These points are:
22

23 u=0.11 at 66,000 psi

24 Minimum EFFy = 19% at 66,000 psi
25 Maximum EFFy = 44% at 66,000 psi
26 CCS = 66,000 psi

27

28  Bit Types in the ROP Model

29

30  The following bit types were tested:

31

32  Steel Tooth bits (ST);
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M ni nrum EFFM = 19% at 66, 000 psi Maxi mum EFF = 44% at

66, 000 psi CCS = 66,000 psi Bit Types in the RQ Model
wab@edederow Nng bit types were tested: Steel Top€TURIIDS044742

(ST); Tungsten Carbide Insert bits (TCl _SF) for soft

formati ons; Tungsten Carbide Insert bits (TCl _M) for

medi um formati ons; Tungsten Carbide Insert bits

(4TC tdﬂFg)stemfarHaé ﬂwsfeﬁrblT@ECQﬂSF)F&WsM@fdfﬁﬁﬁMsj ne Di anond
Compact bits (PDC) th 3 to 4 bl ades; -
BDC bingstepiGaide {nsert bt Hels MP) fespeediyp ormaliAngor e t han

3 bl ﬁ, fenl\@érHlﬁéllns@\'t%WCp'kﬁfdrN@)d folfipiggnated bits
(II\/P ; Thermal |y Stabl e Pol stal l'ine bits (TSP);
Uhi v%@lxcavstﬂbme @narrwﬁ&%nn@tpg‘r&’ “TA bits);

i ver salpRDG QEC bits); and Universal ND
Hha Top LCTHPs (P bie

ows data fromone of the tests
ddnduct edR@bitreviér rimé bledes,coef fi ci ent of sliding

f-}tl ction BBc g%c\pﬂph% thgﬁf7 iency EFFM and specific
cu

energy for a part ar |nat| on of bit type,
ehvi Netung DigmanibitsdNDi); ned rock strength CCS. The test

L erireiiia Tl (uPREBhor 2 given bit fype and CCS,

a(md Tm&rma%&lswbleﬁsolymﬁamnéﬁﬁ Eﬁ@)cal cul at ed.

Bl U BReS L Qo ehhL BT Qly 7Ll ispg Friction (m)

12 Universal PDC bits (all PDC bits); and

13 Universal ND and TSP bits.

14

15  FIG. 5 shows data from one of the tests conducted to determine bit coefficient
16  of sliding friction y, mechanical efficiency EFFy, and specific energy for a
17 particular combination of bit type, environment, and confined rock strength
18 CCS. The test data shown in FIG. 5 provided values for torque at several
19 WOB/ROP pairs for a given bit type and CCS, and from which Es, u and EFFy
20  are calculated.

21

22  Bit-Specific Coefficient of Sliding Friction ()

23

24 An example of how a relationship between a bit-specific coefficient of sliding
25  friction p and confined compressive strength CCS is determined from multiple
26 tests is illustrated in FIG. 6. In this case the bit is a PDC bit with more than
27 seven blades. Rock samples from Crab Orchard Sandstone, Catoosa shale,
28 and Carthage Marble were used for multiple tests with a PDC bit with more
29 than seven blades. All tests used a mud weight of 9.5 ppg. The corresponding
30 CCS values at 6,000 psi bottom hole pressure were 18,500 psi for Catoosa
31 shale, 36,226 psi for Carthage Marble, and 66,000 psi for Crab Orchard.

32
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An exanmpl e of how a rel ationship between a
bit-specific coefficient of sliding friction m and

w@ enhioersds conpr essi ve strength CCS i s det erm nedr/U8205/044742
multiple tests is illustrated in FIG 6. In this case
the bit is a PDC bit with nore than seven bl ades. Rock
sanples from Crab Orchard Sandst one, Catoosa shal e,

and Gy édragfioNrsRbsnaarion §eskebodatiuhd iineudeg3é Somblite | as a
a PDC bit with nore than seven bl ades. tests us

| 1S Al |l , d
2 minGHnGIC(O 1B 2P Bt WiRbmEEs a8 ssHen Aoensaruph aem FIG.
& 66,00 inkQLARIA B9l.e pressure were 18,500 psi for
Cat oosa shal e, 36,226 psi for Carthage Marble, and

66, 000 psi for Crab Orchard. The correl ation

established fromthis test data and then used to

conput e i A4 EIRERE-0A* ©FS)CCS for a PDC bit with nore(?4)
t han seven bl ades, derived fromFIG 6, is shown in
eQuation (24). m= 0.9402 *EXP(-8E- 06* CCS) (24) The

r 1 [ r t I
;’é‘mrﬁgmo%%?é‘o pgo@éaﬂré uldes ﬁ&elﬁlsc,ealec‘ éTHllu%E& éésﬁ? werde pgn‘ormed to

etermne t rel ationship m as

f&incdetermioe theoiefatiprshipsodfpr esaifunstien peeqytiiReCegnp@ssiye Istrength
ht jcal Efficiency (EFFM As shown in
A 6 STt e,

ges as drilling paraneters change.
Godnsequently, Es can not be represented by a single

@gcu géﬁa#]gg%icieh&gi& I_S)and maxi mum val ues of Es were

npu rom eac cale sinulator test, and
these val ues were used to conpute m ni mum and maxi num

Mo RechOua LG oneeictinesd s i & malzch s TR CBhsequenty,
ed f i Es ey nbh behepraegdoby appimié nmtelaye kRMbea #4%num and

for this test. Fl 7 illustrates the rel ationships of
O T VRS WS meteeaeked Bom Crcori-ees SrbBer st and

6 t Sthaké hyaRdse weha lis6@ U8 Nodth@de Smdsmalar Ave dndiomt aflchanical
data. The rel ationships derived fromFI G 7 and shown

1f Eeiisenens Rsph ARl [ OBy amRe: ieretseHa i bifput didicates a
e Robhinion efibleRbeiade (MgB oFEFMbxRTELIIBYY MY, for this test.

19

20 FIG. 7 illustrates the relationships of minimum and maximum mechanical
21  efficiencies for PDC bits with more than seven blades as derived from test data.
22  The relationships derived from FIG. 7 and shown in Equations (25) and (26) are
23 then used to compute the minimum efficiency (Min EFFy) and maximum
24  efficiency (Max EFFy) as a function of CCS for PDC bits with more than seven
25  blades are as follows:

26

27 Min EFFu=0.0008*CCS +8.834

(25 and 26)
Max EFFm =0.0011* CCS+13.804

28 A nominal mechanical efficiency (Nom EFFy) is the average efficiency derived
29 from the minimum and maximum efficiencies. Equation (27) indicates the Nom
30 EFFy for PDC bits with more than seven blades.

23



efficiency (Max EFFM s a function of CCS for PDC bits

with nore than seven bl ades are as follows: Mn EFFM =
wWO200085678CCS + 8. 834 (25 and 26) Max EFFM = 0. POWUSIGCS044742

+ 13.804 A nom nal nechanical efficiency (NomEFFM is

the average efficiency derived fromthe m ni num and

maxi mum ef fi ci enci es. Equation (27) indicates the Nom

EFFM fﬁ%E?@Codeﬁ*d’éﬂsﬂbmre than seven bl ades. Norn (27)
EFFM = 0. 00095* CCS + 10.3 19 (27) Sim |l ar procedures

and testing rret hods were applied to determ ne the
nmechani cal efficiencjes i mum.and, ngm n

Bor AMjlapPfocegyes . a%é@%“f@omegu%&% 8‘f?§e AP Losﬂ8kﬁﬁm|nr? the

ihi %@dﬁ@hﬂcﬁlaéﬁ@@nmé@'rﬁmmﬂm I dxirh WPBAncaREmbiat, foprall bit types.
Drilling parameters WOB and N are variables that are

del ddeee coaaiprsrandfuiedr bihis aRRIGFON- i nel udi ng but
t limted to field experience, bit type, and/or

bottom hol e (BHA conf| uration. However, the present

|7nve\N@ig<bhoalb$td k%é!?)‘ﬁbi lity of predicting the
propri ate WOB and N based on CCS. FIG 9 shows the

relati onship between WOB factor (pounds force per inch
¢f hillir pareteters AMABGES, Naarg vdiiables| thef @r@sml?ﬁt%tbﬂé@dw on a

W for etr Ogﬁ%ﬁ??r é&ﬁéméggw?t% ?r{g ﬂ e xgr %)cgib@l?ﬁ%s and/or

find mm Balp LQBHA}EMrsﬁgUmtmaHdwE@F tu\ae)re@nannVIehhmgalso has the

B BTt AP T bR ot o

ﬂ;‘l SI ng from changes in mud wei ght has been determ ned
S B0 ol Bl e B e or i

ﬂsk l cﬂlbr‘heteY)p@@d @eseamﬂfea@rmdnmp bgtweef. VBOBp‘gr am@.5" steel tooth

ﬁ:FMI;]I%\ﬁgé e Sgie(gtcé gl@q%{ ecrtela%onsrﬂ"Jp betwe% N ?EPm %r roller cone

17  bits) and CCS.

18

19  Adjustments to p and EFFy due to Drilling Environment

20

21  The efficiency of drill bits is affected by mud weight. The magnitude of

22  efficiency change arising from changes in mud weight has been determined by

23  performing additional tests that use different mud weight systems. Because full-

24  scale simulator tests for all bit types were performed using a 9.5 ppg mud

25  weight, the potential effect of mud weight on p and EFFy was evaluated using a

26  heavier mud weight. Consequently, full-scale tests were performed for all bit

27  types using a 16.5 ppg mud weight.

28

29 It has been determined that the value of py for PDC bits is reduced by

30 approximately 49% when increasing mud weight from 9.5 ppg to 16.5 ppg. As a

31  result, the value of y is preferably corrected if the mud weight is different from
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heavi er nmud wei ght. Consequently, full-scale tests
were perforned for all bit types using a 16.5 ppg nud
wowrioghese7dt has been determ ned that the val uePp@f/UR200D044742
PDC bits is reduced by approxi mately 49% when
i ncreasing nud weight from9.5 ppg to 16.5 ppg. As a
result, the value of mis preferably corrected if the
mid 9Simiet fFremdiih. doetite fiiawiBy SompggionFadon f'@k@oefﬂlﬂenttdffeshding
| owi. 0 ar, on. factor far coefficient of i, di ng
PR SIOER Bt B%0Plm SEr P &0 bR Bt
was established. CFm = -0.8876 * Ln (nud wei ght)
+2.998 (28) Equation (29) is a revised formula for
chnput i ndClre-08H76€ Lof (mmdfverighahy2.888 wei ght. m = (28)
[ (0.9402 *EXP(-8E - 06* CCS)] * [-0.8876 *
La(MudWei ght) + 2.998] It was deternined that
chapi C f d
ot oAl dPol g e Rrmliael oS B VERGHY rcapy mue
975 wp@hto 16 5 ppg. FIG 11 est abl i shes the foI | ow ng
cgrrection factor to EFFM for PDC bits with nore than
ven bl ades: CFEFFM = - 1.0144 * LN (Mud Wi ght)

+3. 2836 (3 g;[& (32) show the revised
cbrrel ati o ?%W&?}‘({g’}’ q}t g/zﬁ% echani cal efficiencies 29)
for PDCb[I @i 8bven bl ades. Mn EFF M =

0. 0008* CC8+8. 834] * [1.0144* Ln(Mud Wi ght) + 3.2836]
%%1) Max EEF M = [-0.001 | *CCS+13. 804] * [1.0144*LnMd

Wi ghtwas ddtedBRRl tha2inethicRreEfidiery i Bg W@%ﬂglﬁW% V&Qi%lced by
conducted to establish the correction factors

ARd RRROXFlately POt Whenipersasing tieotiyH Waight doey & 5 5bg 16/16.5 ppg.

aguarl@nﬂ a&8blldhBs #e fcﬁi@wﬁgecdrﬁé@tl&wa\éﬁﬁ 18 ", foP PDCSBits with
10 and 11, it is recognized that non-Ilinear
14  more than seven blades:

15
16 CFerrm = -1.0144 * LN (Mud Weight) +3.2836 (30)
17

18 Equations (31) and (32) show the revised correlations for Min and Max

19  mechanical efficiencies for PDC bits with more than seven blades.

20 Min EFFy, = [-0.0008*CCS+8.834]*
o1 [1.0144*Ln(Mud Weight) + 3.2836] (31)
22 Max EEFy = [-0.0011*CCS+13.804]*

[1.0144*LnMud Weight) = 3.2836] (32)
23

24 The same testing procedure was conducted to establish the correction factors
25 for y and EFFy for all bit types. Although the above equations are linear, as
26 are the curves shown in FIGS. 10 and 11, it is recognized that non-linear
27 relationships may, in fact, be valid and more realistic. Accordingly, those
28  skilled in the art may preferably employ such non-linear equations/relationships

29  when appropriate.
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rel ati onships may, in fact, be valid and nore

realistic. Accordingly, those skilled in the art may
w@e@beed y enpl oy such non-1inear PCT/US2005/044742

equati ons/rel ati onshi ps when appropriate. Correction

Factor for PDC Bits due to Cutter Size To account for

the effect of cutter size for PDC bits in the ROP

Mo dedorrdddidn-1Sdcb6rof PDE Bt Hub €6 Cutter Sezeper f or med usi ng
various cutter sizes with PDC bits. FIG 12

idlustrates the effect of cutter size with PDC bits.

%eca%s&cf)b'ﬁtlfoxstﬁéleﬁeét' dﬂéhﬁér‘%"zetfﬁﬁp§0ft§?t% il ROP IR Sull-scale
performed using dri bits with 19 nmcutters

Addi Teaier t@ﬁé%wgra/@@@rﬁ@ﬂf%me\@ﬂm Ruitaitsizae wijh,RDC bits. FIG.
o eafL£f Ilugﬁﬁgs ot'he ttcﬁaeut‘?e? IR Wie ArRsthifseBHchSse full-scale

i ndi cat ed t hat |t coefficient of sliding friction
M | ssnajele’roea@éﬁfoaPDG]blﬁeewgr@op%ﬁf/)rrmeC?u%wﬁiéh bithwit (etrem cutters,

Thovs BNEERES T e G ERA ! PR ot HelhTes tnan 10

the roor rdet feshresalis grdicadecattjatighe it denefficient f tsidingi frietion i is
[ afollvvs 0. 017 t 7..(33)
5 BB A LI TGS ST faonses o

aboviacregst fopsadhndilhadtersalave ionbalbwri@l ratn, amslhmvm in KIGI. $2.
recogni zed that non-linear relationships may, in fact,
valid and nore realistic, and nay preferably be

el Dryeeford) et EpRICAE faatde o ddjist,p due tbactier dize isrdifeiined
bg/ FIG 11. Conbining all the correction factors, the
nal correlation for mfor PDC bits with nore than

$43ven bl ags7+ usiewn olggsequation (34). m = [(0.9402 (33)
EXP(-8E - 06 * CCS)] * [-0.8876 *Ln(MidWeight) +
$5998]* (34) [0.0177 Cutter Size + 0.6637] In a

ssm | ar el finabr 6% [8h aliliRBerd or mfor all bit
types nay made for other bit types.Limtations of

ROP Model The above descri bed ROP nodel based upon
i3 eCMtllno(fJgﬁ W Qyoﬂoe%%aﬁ% inﬁi@gi%s a linear relationship, it is recognized that

19  non-linear relationships may, in fact, be valid and more realistic, and may
20 preferat\)ly be employed when appropriate. This, in fact, is indicated by FIG. 11.
21
22  Combining all the correction factors, the final correlation for p for PDC bits with
23 more than seven blades is shown in equation (34).

w =[(0.9402 * EXP(-8E - 06 * CCS)] *

24 [0.8876* Ln(MudWeight) + 2.998] * (34)
[0.0177 * Cutter Size + 0.6637]

25 In a similar manner, final correlations for p for all bit types may be made for
26  other bit types.
27
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into account bit design features, such as cone offset

angl e, cone dianeter, and journal angle of roller cone
whedas/o6smml does not take into account design fREX/USHO;/044742

such as back rack angle and bit profile of PDC bits.

The sel ection of the proper bit design features for

each application could inpact ROP. Although the inpact

an RGRiwfiond brf Hepigeddleat ures i s quantitatively
measured in the lab, field tests using the subject ROP
rfodel indicate that the i npact on ROP coul d be between

0% ada ¥ debBfhetaR DBt inBRelbasBPRIpas shetifs ldnbrg\)fddﬁst not take
design features is assumed to be captured by the

rfoddNorREeaK Bitidesign igAILTES SRS ?noé‘ﬁ%t e ﬁP"r‘ﬁJHﬁaﬁG’fﬁr and
655 a}ourHQlcé ng%rbf%llerméhé"’ytf@ andg dﬁbi‘hé'ﬂ—tﬁk@xfnfd §dc@01¢%esl features,

exanpl es, the nom nal
(ﬂ OS%ICE} a@@aﬁbr@k@@gw ang lat:@reﬁlle 0@6150 tl?ﬂ?t Thegelectipneofghe proper

fFf(P tﬁﬁ?e%iqn' Bat s gééhhég{ph%%@)nreoﬂ{ﬁi%&rRéheAI%'gﬂqﬂé impact

corr ate wt such
v&t eon B&Fedf atutks{onBwptuoss l@uquabht@mlm@ﬁswﬁtﬂ hietheclabaBeld tests

cherty i wuiefl! Rebnivie! IGH, Fiche' Bhtf GEREY 'Bud ve
m g ntbe{twggln}l 0% it cﬁO‘Vafﬂeotanagorbutth %@E refscer mgld: g}‘ Eaih desz?n:geatures
Wt h'S@ﬁfH”H%F}Lrﬁg Oqangr?e/\(%gly R@Erﬂ‘?cgﬁll} aqﬁudltc FEpert ggximum
Fh el inacaésr}dlg?d.lrﬁ RO raeda Gmr&ﬁi(r)rrE@P mngdid;uxh%r@ipmrrﬂexmgmaéféblyéncy In
b GRG0, L B Bt S8, Bk Flofay felres with

$£al gotgdROR] Biit therd Sralaedwt @asds\lmv@flbﬁ BiehdrGRe moidiBhum or the
wer e erformsd wi th optinmm ‘;\; raulics. Again, because
ihe @g@mum Bogrf?@f@&?t‘??(ﬂﬂ“ REYE g?edl cts m ni num and

pexi mum ROP, the actual ROP typically falls wthin the

m ni rum and maxi mum ROP paraneters for any bit

ty
bf ovM@dosyﬁiﬁems BHe aétw:%t@r RgeRdatiue ¥Rl eoaak faate mupi&%mthetlc
€h}e | R UfHe
adaptey% olEd (?WI@E@@ Ble inBY @t OMaled MUHeeRidfic energy ROP

19 model. However, field tests show that a significant factor affecting bit
20 performance and ROP is bit balling with WBM. If bit balling is eliminated with
21  optimum hydraulics and control of mud properties, it is assumed the predicted
22 ROP will be approximately the same for both mud systems.

23,

24 The specific energy ROP model does not consider or optimize hydraulics. Fuli
25 scale simulator tests used to develop the ROP model were performed with
26 optimum hydraulics. Again, because the specific energy ROP model predicts
27  minimum and maximum ROP, the actual ROP typically falls within the minimum
28 and maximum ROP parameters for any bit type, provided that the actual
29 hydraulics are adequate.

30

31  The ROP model of the present invention is currently adapted only for sharp

32  bits. It does not take into account bit wear. However, ROP model may be
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bits. It does not take into account bit wear. However,

ROP nodel may befurther adjusted for bit wear as bit
woweas/oedsds or bit |ife nodels may be devel oped. PERERIOES44742

of how bit wear and bit life nay be incorporated into

drilling predictions are described in U S. Patent

Nunmber 6, 408,953 to Gol dnan, entitled "Method and

%/Sﬁ‘lﬁ'm& a8juEle8 ¢brdithvitgr B@Mt@xféﬁﬂ@ﬁ@’o%lt e Piddels Mgy By st em
for a Gven Formation". The disclosure of this
%{eg into

Ps KevaleRed: fosnpirsis@wilt W%r@rnér%té'f% may P8 INGRERY

Br e‘@!ih%@ dredidn oﬁ@ére%@@crl%écﬁn iUSS fodte BNQHRISer @l 4081 453 tBas@Eman,
count. Three roqus were_est abl i shed: PDC

Bi t @W%‘Mﬂﬁh@bando%fs&w fagIFApRiGlingPt SN ARC PP RGeSy gem
FEVEl} é’éﬁ/@ﬁ%grrﬁﬁ%np DehDhik S0k by Y Satéﬁ@é"h%%%@ﬁ\corporated by

bl ades. Field tests indicate that m ni num
Geneefatdnge doity @ltisetss with PDC bits with the highest

unmber of bl ades within the group and maxi mum ROP
correlates with the | owest blade count in the group.

Br edfredieted RO mrrPD@) bltefs foogeubs 0§ bitakaseddw llade fount. Three

9088y GBS PR VLS b phReERchiwin e
ffoor rmtsaves blaidHs| eandl PREr bltsbwmth fhore Ittmndsé\mnn‘arademsField tests

The s ener nod doesn't ac t fa
e TERG B LIL B OF e ey e eres witf Et isp gl 8 Hlohes:
par trivetHeRrof ldddsywehin Ale &ro@s ahtl, maitbmt ROPexcre@Ehicsnwith the

of ver hi h strength rock, the specific energy ROP
%dé@""%% 21900 If ¥PUP+t hat the hi ghest ROP for a

ﬁDC mbdicliatiRop héraslidreohe bits Rlaadesie HhRungoups bghlﬁtsteel tooth
ROP for a PDC bit with five to seven bl ades,

For S, P0G PO Sl RISy POORRSTR 1 0y pegum formaions

AL C b Nk HDiBIG RPS forRRES®S. Bit Sel ection and
Optim zati on The nost common approach for eval uating

orilli ng perfornmance and bit selection in the oil

e SRTTE SaRpLTROE AR B ERGLATIOC RLh AT GS5 mion
i | dxcaed per marimant ECanslilablekfor a particular bit type. As a result, with
20 the exception of very high strength rock, the specific energy ROP model
21 generally predicts that the highest ROP for a PDC bit with three to four blades,
22  the next highest ROP for a PDC bit with five to seven blades, and so forth,
23 through the range of different bit types according to aggressiveness.
24

25  Bit Selection and Optimization

26
27 The most common approach for evaluating drilling performance and bit

28 selection in the oil field is based on past observed performance from offset
29 wells. This methodology tends to apply the same drilling performance and rock
30 strength to the current application without evaluating changes in rock strength,
31 lithology, drilling environment, and potential ROP if other bit types are used.
32 The CCS and specific energy ROP models use rock properties and drilling

33 environmenis to accurately predict the potential ROP for all bit types.
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strength to the current application w thout eval uating

changes in rock strength, iithology, drilling
werwie/eisnent , and potential ROP if other bit tREEESEN®044742

used. The CCS and specific energy ROP nodel s use rock

properties and drilling environments to accurately

predict the potential ROP for all bit types. Therefore,

the PresRnd, ieppreadsttppfodth®agbbar o ot Rékrici€td 4 gé@?%r area

té a rpar_ti cular area or regi on nor does It neces:
requPr8JICAINPhYRRS IbRetessardt BauEe Adlibrationdo laaal eonditions.
rgal-tinme bit optim zation scenario, predicted ROP and

Es energy val ues can be used to assess bit

pr f Bradaft-dmeTit aptiairatine seeseip dredielddiROR rmdrior knergy values
Ps Op&d hEBs& & it [ | Lhlished i
directly .mseasur é%%ﬁglt?aewﬁ\q%r?éd?@rgoC%hic{RDg%Og‘é)&lshneéj If the rock
vihi | RIOBIPTIES PRegincald, &itloer Hyrepmethtih i digeqiigtmasasterdsamscalculated
i-ndi i [ [/ [ r.f.ormance and .
chnd T o0 2eSREb e MR8 4t Broat Tl RLBRRER @8 Spdncicates
p¥ edincsenorsly Aslowe!Bit aerfynaroepard rgnditéruakan REP dvaluated by

edi : [ erfor e _anal ysi s using.real
Y et BB S b et VR B BAmBe o aguel ROP to
i edpredictet BROP. @iid perdsriraate dinblybisNgsiny ebdiefife pPatifle@SEs and
Predi cted and actual Es

jt vibration and bit balling.
@al u Cs“,“aég? e G&B%Ssaéﬁo seciidetast enderrest oBling pettlems such
#hal yshisvibiaWon Bae it Gallieyl| REdieRdehd doBaThe vaines ki Siso he used
ia%er.ay h?g:’ and Cgs,mdel descri bed above can be use
pH &K 0% pRY/PR PIETERES SiSock properties in the
@bsence of |og or other data. The rock properties can
e \}Je used for real-tinme bit optimzation, wellbore
a&i—?—%—(—y—an&ﬁg\i%'—‘&éﬂm&ﬁs_drill bit optinization,
yel | bore stability and sanding or post-drill bit

optim zation, wellbore stability and sandi ng anal ysis.
suthengpasificl energy paFared &GS modelsbtesirizatl dbmiencen be used fo

SR S S R M3 0P e
tol Be tsick-psppartids carc dehf he ueett favfresiHingé by dptimtdation, wellbore
5N &?oilﬁ?laﬁa”sgﬁcﬁﬁig dr E)&%dﬁﬁlgﬁtobgrﬂizggol& :wellbore stability and sanding
21 or post-drill bit optimization, wellbore stability and sanding analysis.
22
23 Assuming drilling parameters are obtained during drilling, values of CCS can be
24  determined as follows: downhole torque and WOB are available from
25 downhole tools, bit-specific coefficient of sliding friction can be calculated using
26 equation (21):

T
Ds*WOB

28  Once the bit-specific coefficient of sliding friction has been determined using

27 =36

29  equation (21), the confined compressive strength of the rock being drilled
30 (CCS)is determined by using the relationships between bit-specific coefficient
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Once the bit-specific coefficient of sliding friction

has been determ ned using equation (21 ), the confined
W@ vp/0es3$ ve strength of the rock being drill eBC/CEH)5/044742

is determ ned by using the rel ati onshi ps between

bit-specific coefficientof sliding friction m and

confined conpressive strength CCS determ ned for all

3' U ok ¥|@% ity & %Hfﬁ@@ Bbrﬁ?ﬂeﬁsﬁé Gréngth QUTEILEERihé&d for all
eterm ned, the mechani cal ficiency EFFM for any bit

Qyp@ltltxépeéé‘? DvektiPREIR il G ®1 at i onshi ps bet ween mi ni num
nd maxi mum nmechani cal efficiency (e.g. relationship
in FIG 7). Knowing CCS, the ROP for any bit type can
He &alce@iGh isdistrmingdehgamedignicahgfigigney ngwf@ha%?"‘ bpe is

g;r i ehf‘egj fc% mﬁa%nsgﬁm%o@twg?%mnlnﬂmt% @Qﬁ%ﬂﬁﬁm@éhamcal

orque, m can ul at ed étrla
& r afficepth(elg. ralatiohship edilct dd KOPwingt @ Svﬁhterlfi%%fqa@my bit type

EFFM
S L L L
@ ediMO R andOP rmtches W th actual ROP. Then CCS can be
cal cul ated using equation (1). Further UCS can be back
| culated fromthe CCS using equation (2). Once UCS

1'b(}5 dﬁﬁfﬁi%ﬁslﬁﬁée oﬂdﬁg\mh\@aﬂ t_u&qUGf p t&Sbe asiclieted wydrial randeinor

ore stabilit nd s |n i s

4 el 8o bt Uk iracies RPESBAroa BEP b RPTust T e e Harined
{£S @i ai@%‘gefvaﬁjeB@PEWQ@r Set’@ﬁﬁmb@ bylﬂeﬁ ah®eirophetheds until
drilling performance % E hg””'n%éwage

Hhd raeqilpqeﬂ I%D%G@f@esmﬁ §CB@ Pn{ar CE §d using

sl egdy (1?6&1@@%@6@ danh bé bhik Sal@andedrbhlthegcs usmg
aramsters or each plication. Wll 1 FIG 13 s

ﬂ“ne efrelion o @;"repd)%pﬁ;@etqamm%j %@g@lw ef \JﬁtSé:,a{;ge used in well
ggta?m%;grw é%fndﬁi'@é‘)‘ i,gig in which the ROP has been
:

ver oxl mately met er/ hour) with roller cone
‘b?ts (TCl), heavy set PDC bits, and inpregnated bits
18 EXAMPLES

19

20 The field test examples presented below illustrate how the CCS and specific
21  ROP models may be used to improved drilling performance by reducing both
22 drilling time and drilling costs. This performance is achieved by selecting the
23 optimum drill bits and drilling parameters for each application.

24

25 Well1

26 FIG. 13 shows the drilling performance for a specific interval composed mainly
27  of dolomite in which the ROP has been very low (approximately 1 meter/hour)
28 with roller cone bits (TCl), heavy set PDC bits, and impregnated bits
29 (IMPREG). Analysis indicates that CCS ranged from about 20,000 psi to
30 35,000 psi.

31

32  Track 5 provides an example of the correlation between the predicted ROP to

33  the actual ROP for all bit types used to drill the interval. Predicted ROP is
-30-



(I MPREG . Analysis indicates that CCS ranged from
about 20,000 psi to 35,000 psi. Track 5 provides an
wezaapbs7of the correl ati on between the predi cCPEURIOPS/ 044742

to the actual ROP for all bit types used to drill the
interval. Predicted ROP iscal cul ated using actual
drilling paraneters (WOB, RPM from actual bit runs

?howculé‘tear@% dotual rcﬁ‘ﬂliﬁgi’peﬁbm\@ﬁéré v O3B; tReNA) bbmsacﬂ&zﬁCblt runs
and their dull” grades

k
pot Swrain T{@Ok for Rk @rthogq%ttge @?@Iauatﬁ%riﬁtﬁﬁﬁs pot ﬁ:ﬁf | Grisgrades.

g’DCTFECR% g%étl%ltéé %h% S ReRRY ROMFFAASera s m:lrmb@autnt RFrations),
ts with nore than seven bl a

PDBRZRYits Wit ﬂveato syVERTNCEND)d b9 1Em WH@M&H%@P&W@C bits
é’ol With )I‘_v%r@ltﬁdnne%véﬂ_ gl:éhRasl(l£§C> dd I\J'aﬂ]?él%iﬁﬁ%ﬁ@’ Nﬂé}\'B%E@hermally

he pre I cte
Bs ssabdm%almyat@img ?g'BBbd?ltSdeﬁ%ll@“i@rqgﬁafteﬁe (8F& @) bits. The

gne %e,c&?dtg& abr Nﬁﬂﬁ@aéwélnapw@%ﬁg &d éag}%ﬁa@glrasn@ global

roI er cone tS nor bits are suit
appdefalts mrthd epsifceenefgyl I&@PR@@IGI The anal ysi s indicated

hat PDC bits with five to seven blades and 19 nm

utters could deliver a ROP between 6 and 8 neters per
bOurThé\mybletsm@@%te‘rﬂhahmb@@r illbiscaneditsl noe tragreg bl Greasidtable

bi th t t
O R RN R A S GRS Rl o b
1phi Svntlﬂlfh/eV\!@Sseﬂﬁf b?ﬁ6§ Iad?ﬁ@dnbﬁcl&ttﬁ:@ cblie deligh a BOP between 6
strength exceeds S .roc
3 1 esfiamerrcon seonmundr g sdent Py SRR ebidgn £ anc
1al aded [BRG Atdoudh,td PLT P8 A Al 8o FOS IB4RBOGI @lelitedTs higher
and t hi nner di anond_t abl es (less than 0. 120 i nches

hi GGRR48Y. SVIN oiehni ol BEESIPRY PFRSIUSTEG RECRHSF S Hep rock
@ &ubAgh @E@éd% F?r?é Bﬂéirrocly\éhﬂrer%tlﬂ Gapabflityr Q¥ Qaesresult the

anot her ° exanpl e of the use of the CCS and specif
ﬁner@@orﬂ@%dﬁﬁ*d@nprwhslé|t@¢tsetaq@xcbmqewnﬁ>@.b@t Wil 19 mm abrasive

&Pl aLatAly Wekls ah89ifHea @Bfond tables (less than 0.120 inches
19  thickness). Wells can now be drilled at an average ROP of 6 to 8 meters per
20 hour.

21

22  Well2

23 FIG. 14 provides another example of the use of the CCS and specific energy
24 ROP model to select the optimum bit for an exploratory well. Log data and
25  drilling data from offset wells are used to create a composite for the proposed
26 well, and then rock mechanics and specific energy ROP analysis are
27 performed.

28

29  The evaluation shows that the interval is comprised of low strength rock with
30 CCS ranging between 3,000 psi and 5,000 psi, and that the interval can be
31 drilled with an aggressive PDC bit. The recommended approach is to use a five

32  bladed PDC bit with 19 mm abrasive resistance cutters. The well is drilled at
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drilling data fromoffset wells are used to create a

conposite for the proposed well, and then rock
wore@hasicts and specific energy ROP anal ysi s arBCT/US2005/044742

performed. The eval uation shows that the interval is

conprised of |low strength rock with CCS rangi ng

bet ween 3, 000 psi and 5,000 psi, and that the interval

can R@Pdrfaitédbﬁd(i(y\/itd hﬁ@ﬁt/rﬂ?g\ﬁﬁ@!@wﬁfeﬁ%l@gﬁg fReewell dnlled is not
recommende approac | S O u |V e

Vit t HEXEstYrihe, Beas iapeing elfsst Hﬁ@% f@% @ed %@%Dﬁ ‘frge track 4)
o5 i | fieskiptdredtateaivin gétuéﬁ@op@cﬂ@%é i/ g1l driflinfghough t he

lithology in the well drilled is not exactly t he sane

& the offset wells, the predicted ROP (solid Iine,

tg aclyeft)s cl osely correlates with actual ROP achi eved

inwell drilling. Well 3 FIG 15 shows the drilli

per f biGrelcaomsrihedriding perfermangeifer afr B111% - ugierftfl”msmg PDC
ts

o oo FERE BN AR TSR SRR =t YRR bad Bk i

the BIQ. 15pmisaillzsitatenthpdiitf aptimizhtibo medomiettior aciidadiack ofit of the

(o SRHE WLboR? ek RS 8HGEs MAR Jodi MBS or the

bet mmezmvzﬁ (COE, preick 29 id 0cD@RNPSD0@Pd tohid O(B(hesw\mhd that the well

The By baégh FhhipiT® SR T B ienate S Saed ®lari the

apal ysdisalweygrsd. G’(D\etahaltymﬁ hg%giesttk&i thatte Beiethach Irblgsdrﬂw}dt\hith a six
it

R R R I

HE OBLOAITROP \MehievdPiherighal Walt Koré iafiecipl eddl ptRIbiEOROPs for the
for the sidetrack in track 5. The sidetrack was

dpi | Pidetra¢in '8AES-PDC bit at ROP of 60 to 80 ft/hr. The

$6 derraGigat@ek ids! Higdal Wit @HE m@asmr at Reyp hao @ ghtit/hr. The
days required to drill the ori %I nal well bore. Wl

4
G S*ﬂ@”@%\_ﬂﬁs Kelect imefoptdaym et N R | 4aYe dpaiedyi9edrill the
LE ABRGAS Wiibore.

19

20 Well4

21 FIG. 16 shows how the CCS and SEROP models can be used to assess bit
22  performance real-time, and thereby optimize drilling performance. Predicted Es
23 and ROP values can be used to determine whether or not the bit is performing
24 efficiently or whether or not bit efficiency is affected by bit vibration, bit balling,
25  and/or dull bits.

26

27 FIG. 16 illustrates that the first bit drilled the top section of interval efficiently as
28 the predicted ROP closely correlates with actual ROP (track 5). In addition,
29 actual Es also correlates with predicted Es except for shale intervals where Es
30 s several times higher than predicted Es (track 6), probably due to bit balling.
31  The second bit drilled the lower part of the section inefficiently. Neither the
32 predicted ROP nor Es matched with the actual ROP and Es. The actual Es was
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performance real -tinme, and thereby optimze drilling
performance. Predicted Es and ROP val ues can be used

W 000d®6%rsTi ne whet her or not the bit is perforP@TyS2005/044742
efficiently or whether or not bit efficiency is
affected by bit vibration, bit balling, and/or dul
bits. FIG 16 illustrates that the first bit drilled
t1hedfﬁglfér3tE§Rr8§B@|p?édi}:t@ﬂeEyaiyl ok Qh@’ﬂﬁi\/&‘ #@8ed, hiddicating that bit

redicte clo correlates wt .actu : .

B ¢ Sy SR 19SS Butudi Saat ibSudt ahaler B eling T bi
rzrede@dr@@h&ﬁecﬁmemwta@bamaloe intervals where Es is
several tines higher than predicted Es (track 6),
ﬁrobably due to bit balling. The second bit drilled

tshe WANEH tifoke F%ﬁp nd i@cm@&tdnqms imehfibrchanbéon dézsiehﬁébe.h relation
t he predicted nor Es matched with the actual

ROP
dnhd teseria greferehempadimasiitbier. eramankdelniaanrs kepresst forth
By Y SurbbR ()ff'llM@trétlo'ﬁe§ will Hléjépﬁ)%‘;érﬁ'% Fh'B@é sQlléd in the art that the

eff|C|ency is extremely low as a result of

\A briaangan srriseeptivie totseibration ancrﬂ@t pertain ether de@ﬁmmrlbed
t at

TSP e St By o O I s bpinciplos ofthe
el dbvestiob.o certain preferred enbodi nents thereof, and
many details have been set forth for purposes of
illustration, it will be apparent to those skilled in
the art that the invention is susceptible to
alteration and that certain other details described
herein can vary consi derably w thout departing from
the basic principles of the invention. WHAT IS CLAI MED
IS 1. A nethod for determning the rate of

penetration (ROP) of a drill bit drilling a well bore
through intervals of rock of a subterranean formation,
the nethod conprising the steps of: a) determ ning for
at | east one type of drill bit a relationship between
a bit-specific coefficient of sliding friction u and
confined conpressive strength CCS over a range of
confined conpressive strengths CCS; b) determning for
the at |least one type of drill bit a relationship
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bet ween mechani cal efficiency EFFM and confi ned
conpressive strength CCS over a range of confined
W@ 9pes3s ve strengths CCS; c) determ ni ng theP€DOS100& 04742
conpressive strength for intervals of rock through
which the at | east one type of drill bit is to be
drilled to forma well bore; and d) cal culating the
riat eVEAT peeMMEDOS: ROP for the at |east one type of
%:i Il bit drilling along the intervals of rock to
eate a well bore, the calculations utilizing the
caonﬁi nedAGMROE@ RS deRndinirengé hatobf pdrestiaibe (R@PFofd dfilpsik

eing drill ang the rel ati onshi bet ween ,
i+ b et eshuerGe ot g ARt B iR e
@chﬁahwborﬁmgmg m@q;yepgﬁﬁM and the confi ned
conpressi ve strengths he nmet hod of claim

vher ei n: @ he C?eé?rﬁi'ﬂ'ﬁglgqfl%‘e@éft%éﬁpq AlArilibit asi%%‘iof‘%p between
coefd H)lfié[féaﬂc%eﬁlb'eﬁt &Slibing &iction unardntihe; &Qﬂfréﬁ?\% strength

conpressi ve stren over a range of confined

Fonpfres sV ee @D@@ﬁgﬁwlnéﬁlsom@’ie%'h%S@@”Q%%@@Sone type of
il i's t

ﬁ uid belb g uﬁﬁ%ﬂﬂﬁgﬁ#ﬁ@%é{kﬁp }qu Of;a il Bﬂ%rgl%ﬁn&éﬁ?gg

et Hetvesfn oeeianical e\ﬁﬁeleeq:mEFﬁmdmnﬁn%mm@ssw skeength CCS

{ he (RlleF ?é)n 'Jf cgnfﬁ%%fcro'n@rg{éRe%f[rteﬁétE%g&vf riction mand

e Tonf I €ssi er a range of
tonfi ned c):onpdeésrsmmeg $her mm@néttcmSessvejewrgﬂrefw indgoals of

ﬁﬂé%@ﬂ({%ﬁ&mﬁlﬁ:wgtaﬁés{% e tﬁé? éf: é;{}flgb?t 1S % a?%dr‘i!ie%qg r?(Sjrm a well

wherkmret dnkde reI ationship betyveen t he rrech_ani cal
BLL! Clensy SRR e onl e EOTOESSL Y8 L g o

‘f EDT @i Hthﬁlﬂhg aregdné interbalt of @Cld epeogent welpbére! the calculations
21 LRl tiekoriies e RvsaS U SUsPalATANE e of ook beimg crileg
FOMDrdthBeslationships between the bit-specific coefficient of sliding friction p and
19  the mechanical efficiency EFFy and the confined compressive strengths CCS.
20
21 2. The method of claim 1 wherein:
22 the relationship between the bit-specific coefficient of sliding friction
23 and the confined compressive strength CCS over a range of confined
24 compressive strengths CCS for the at least one type of drill bit is dependent
25 upon the weight of the drilling fluid being used to drill an interval of rock.
26
2r 3. The method of claim 1 wherein:
28 the relationship between the bit-specific coefficient of sliding friction p
29 and the confined compressive strength CCS over a range of confined
30 compressive strengths CCS is dependent upon the size of the cutters for
31  polycrystalline diamond compound (PDC) bits.

32 4. The method of claim 1 wherein:
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determining a relationship, for the at | east one type

of drill bit, between the revolutions per mnute (N)
wa@eooshess t he at | east one type of drill bit iBCT/USHE5/044742

operated and confined conpressive strength CCS over a

range of confined conpressive strengths CCS; and

calculating the rate of penetration ROP for the at

l[feast onéhet rpgfgiondhip beétweebithe dechdnicageffibieocgBFElhend the

intervals of rock to crea a well bore utili,zing th
R LGB B AT rgoR B = i el g SolProsse

ki ngredgink |Gt andt et drel dalllibins e e dbet wgeerthd veight of the

bjt-specific coefficie of iding friction u, the

rftech%ﬂl”@é\“'detﬁ'ri‘%V%erﬁjcﬁ‘? J&bfh\?&‘ﬁ%, B8 revol utions per

g nute (N) at which the drill bit is to be operated

and the confined conpressive strengths. 6. The nethod

d cFai mMPemEheke! dympl ILEPHCORESESNI ni ng a

rel ati ongliePmiriig 4 F@at%sﬁi?ﬁ‘é?ﬁ thene [84dtlohe Bide dIRKIMBR between
the weight on bit (WOB) at which the at |east one

dof i | thepevolytions gehaingiseiMaeEwhigh de alrieasi one SRt del pijés to be
sgre ﬁe@%ﬁrnge oARESSAE sGRAGhRAS 6 @8k ¥econfined
strengt hs ; and cal culating the rate of pehetration
1Qr ¢dreprassiveestsngthseCE§pandof drill bit drilling al ong

pe intervals of rock utilizing the confined

conpressive strength of the intervals of rock being

tizi |l ed aattutatieg thel ratd dpshetpadiopdtone éor thdat Ibast-onpdyrief dfarill

59! ) B0 ePL o R R o S P e

Oper edreided nompeative etergginpf ts sitvrealstof evngtheing drilhe and the
R L et T

et hewslidried efisienesEffipand tbeewsiutiREl per Rituge (1) at which the drill
i ST DR B R R R I
hgast one drill bit;

19 6. The method of claim 1 further comprising:

20 determining a relationship for the at least one drill bit between the

21 weight on bit (WOB) at which the at least one drill bit is to be operated and

22 confined compressive strength CCS over a range of confined compressive

23  strengths CCS; and

24 calculating the rate of penetration for the at least one type of drill bit

25  drilling along the intervals of rock utilizing the confined compressive strength of
26 the intervals of rock being drilled and the relationships between the bit-specific
27  coefficient of sliding friction u, the mechanical efficiency Effy and WOB at which
28 the bit should be operated and confined compressive strength.

29
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CCS = Confined conpressive strength (psi) of the rock
in the interval being drilled; WOB weight on bit

W@ biwsposeE-FM = Mechani cal efficiency (% ; DB =P@GI/US2005/044742
di aneter (in); and A B = Borehole area (sqg-in) of the
wel | bore being drilled. 8. The nethod of claim1l
wherei n: the confined conpressive strength (CCS) of an
i it evval “ﬁfemetbkd bécidiat emmereatd at | east in part based
upon t he nedc I essi trength (UCS) of the
|%t erval ! ?r per{ert]r@ &glﬁC@Eﬁué%fds'e|at‘3€?fldé'i‘?en‘g‘“ﬂ@'ﬁ§?’i%wm9
(ECD)nattferraatxdailldxbnasloﬁi uid being used to drill the
i nterval of rock, the overburden stress (OB) renoved
f omthelnterygxgj-; rock being drilled, the in situ
p{l)re’a@é’ A fluids proximate the
i pterval pg ing arillled, and the perneability
of the intelZaFwoW®BckAbgi ng drilled. 9. The method

of claim@8 wherein: CCS is calculated in accordance

th the W ow ndRRBEHBAARO! eaneteipr £4-ion f or
igterval s of rock hav = UCS +
f?DP) where UCS = Bncéc;ﬂ écﬁ’: r}pgg@ggsi}céx%{rﬁgﬁ@th for
the rock; and;f (DPN irefvulmtrdsmmemfﬁmmtbe)f thef dtes=nbhébirill bit;
essure DP appli eg cr ss the rock during drillin
&% The nmethod of SC&iT (O eS8lvs ﬁt@”@tﬁl (esi) et B rock
i h accordance with the fo’P nHgvalReReseteGal

expression for int q,q@gl_swggmr&pgﬁt hayi ng | ow

%bprreabl lity: CCSLP
LPsi nFA/ ( 1- si nFAFFu = Mechanical efficiency (%);

Dg = Bit diameter (in); and

15 As = Borehole area (sg-in) of the well bore being drilled.
16

17 8. The method of claim 1 wherein:

18 the confined compressive strength (CCS) of an interval of rock is

19  determined at least in part based upon the unconfined compressive strength
20 (UCS) of the interval of rock, the equivalent circulating density (ECD) of a

21 drilling fluid being used to drill the interval of rock, the overburden stress (OB)
22 removed from the interval of rock being drilled, the in situ pore pressure (PP) of
23 pore fluids proximate the interval of rock being drilled, and the permeability of
24 the interval of rock being drilled.

25
26 9. The method of claim 8 wherein:
27 CCS is calculated in accordance with the following mathematical

28  expression for intervals of rock having low permeability:

29

30 CCS = UGS + f(DP)

31 where UCS = Unconfined Compressive Strength for the rock;
32 ‘ and;
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where: DPLp = ECD pressure - (PP - (OB-ECD)/3); ECD =

Equi val ent Circulating pressure; PP =in situ Pore
wee@sdeioes and OB = Overburden pressure. 11. TPeT/Deio0dok4742

of claim 10 wherein: CCS is calculated in accordance

with the follow ng mat hemati cal expression for

intervals of rock having high perneability: CCS = UCS

+1DP +2DPsi nFADP) =-fenaiiBAYT thiealiféarenii@bprestimedi? ap@igd

Conpr essi ve Streng%@rog%éﬁe%cﬁgﬁﬁﬁmi = ECD - PP, DP =

differential pressure

ween om Hol e pressure

eXerted by ECD and in-situ pore pressure; and FA = the

7058l 08 588 LGl 15,100k, 2 The o

cl

rel ati ons®CH$s dedduiated it fzorizats ivith €1d foddwiad inditimegmatical

i

RIS

d th hapi cal efficiency EffMof at
O InesFa  SEER AR ' pIREEPUN of o range

of confined conpressive strengths is bit wear
dependent . 13. A nmet hod for_ back c?lqulating confined

cBnpr essiveSetT BhgrhPOes AP et

siBRMint erval of a

sybterranean formation in which a well bore has been
drilled using a tyBe of drill bit and driIIin?/?qui ds

flle met hoW&®npri s

nate of penetration ( s Edd i '
(1?i i) bit torque T, arl?(cjgé(‘le) l(Eatq %al%\gvcg%ltaﬁg ?P per

Rep ¥ ReDstepssie aPRed OG- FRBVE)) the

dss(rA0B) ;

M2nute (N) used during PHe @iniditbiRege Prassuighanh
isgterval of rock in a s(y@_ter:rmw%&%@%l%rgn by the

type of drill bit; b) estimating the coe

I ci ent of

dhiding friction mduring the drilling through

15
16
17
18
19
20
21
22
23
24
25
26

27
28
29

30
31
32

11.  The method of claim 10 wherein:
CCS is calculated in accordance with the following mathematical

expression for intervals of rock having high permeability:

CCS = UCS + DP +2DPsinFA/(1-sinFA)
where:  UCS = Unconfined Compressive Strength of the rock;
DP = ECD - PP,
DP = differential pressure between bottom
hole pressure exerted by ECD and in-situ pore pressure;
and

FA = the internal angle of friction of the rock.

12. The method of claim 1 wherein:

the step of determining relationships between the coefficient of sliding
friction p and the mechanical efficiency Effy of at least one drill bit as a varying

function of a range of confined compressive strengths is bit wear dependent.
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the interval of rock; and c) selecting a value of CCS
froma predeterm ned rel ationship between u and CCS
wo evostobis78 ype of drill bit. 14. The net hod of PBCHUA023044742
wherein: estimating the coefficient of sliding
friction mis calculated in accordance with the
foll ow ng mat hemati cal expression: //=36 TI D *WB
V\herﬁS TA=mbﬂ'hbd F@Thwe chlttiatilf dqnanedchbriefssnsé zength CCS of
nches it-specific cqoefficient of slidin
"Rl v b SRS et R ol g s been
(:k bsarilled Bsing laetyeebhan wfanel driliny H3idk Utht mesthed bamprasingthe
det erm ning the nechani cal efficiency EFFM of the
i I$eB¥t utilizing a predeternined relationship
bet ween EFFM and CCS. 16. The method of claim13
wher ei n: nechani cal efficiency EFF is cal cul ate

o tan e AN TS € Hao e Rataeion SRaRY | (Ve RREssbT MESB); (i)

=7 RagietopfuePe "é%tdr 1@5 'ﬂ?é"re(vﬁﬂjﬁ&ﬁs) per'?‘?nrrut@'(N) §§&Pdﬂrln@ the drilling
coeffticient of s iding friction; N = revolutions per

n$ nutheoush anHeterrel plask iIncheubipTaneapifermatios by teohipe ﬁfe@n“ bit;
conpressive strength (psi) of the rock in the interval
being drilled; WOB = weight on bit (Ibs); EFFM =

Mechiani calstimbfingihermogfficint of sliding friction u during the drilling through

11 the interval of rock; and

12

13 ¢) selecting a value of CCS from a predetermined relationship between u
14 and CCS for the type of drill bit.

15

16 14.  The method of claim 13 wherein:

17 estimating the coefficient of sliding friction y is calculated in accordance
18  with the following mathematical expression:
19 P
D.* WOB
20 where: = bit torque (ft-Iby);
21 Dg = bit size (inches);
22 u = bit-specific coefficient of sliding friction
23 (dimensionless); and
24 WOB = weight on bit (Ibs).
25
26 15.  The method of claim 13 further comprising:
27
28 determining the mechanical efficiency EFFy of the drill bit utilizing a
29 predetermined relationship between EFFy and CCS. ‘
30
31

32 16. The method of claim 13 wherein:
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DB = Bit dianeter (in); and A B = Borehol e area
(sg-in) of the well bore being drilled. 17. The net hod
wo@toosloedons 13 further conprising: back cal cul at PemyUS1ve5/044742

unconfi ned conpressive strength UCS of the rock in the
interval in accordance with the foll ow ng nmat hemati cal
expression: CCS = UCS + DP +2DPsi NFA/ (1 -sinFA) where:
UCS = r ookclartetificiedcy BB sslontatsd neangbidanBiPwith the

ffert ntial ]gr%ﬁsure (or conf| ning stress) across the

c KRR COYUPRY hal angle of friction of the rock.
B. Areal-tine nethack

1y anal yzi ng the performance
of a dril ROR+ f a well bore, the
thod conprisimg: e Gdmat i ng_one of ROP or specific

energy Es during &HFFAII*W@B)]C A bore; measuring
t he act ual he wel | bore or

&l cul“é’t*i‘?"ﬁg n%%%ur%%*gﬁe%“@fﬂaég%@@y usi ng measur ed
grilling parameters: andedat scséﬁ.@érma)f LpgnPeihiqr mance
of the bit by conparing the neasured ROP or neasured

gpeci fic energy EsNagaveigiongmedimitidel oROP abteapt end drillet;

SSPeCI fic energy. CCS = Confined compressive strength (psi) of the rock

10 in the interval being drilled;

11 WOB = weight on bit (Ibs);

12 EFFum = Mechanical efficiency (%);

13 Dg = Bit diameter (in); and

14 Ag = Borehole area (sg-in) of the well bore being drilled.
15

16 17.  The method of claim 13 further comprising:
17 back calculating the unconfined compressive strength UCS of the rock in

18 the interval in accordance with the following mathematical expression:

19 CCS = UCS + DP +2DPsinFA/(1-sinFA)

20 where: UCS = rock unconfined compressive strength;

21 DP = differential pressure (or confining stress) across
22 the rock; and

23 FA = internal angle of friction of the rock.

24

25 18. Areal-time method for analyzing the performance of a drill bit during

26  drilling of a wellbore, the method comprising:

27 estimating one of ROP or specific energy Es during drilling of a well bore;
28  measuring the actual ROP during drilling of the well bore or calculating

29 measured specific energy using measured drilling parameters; and

30 determining the performance of the bit by comparing the measured ROP
31  or measured specific energy Es against predicted ROP or predicted specific

32 energy.
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