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15 The present invention relates generally to the drilling of well bores in

16 subterranean formations, and more particularly, to methods for predicting and
17 oplimizing the rate at which the welt bores are drilied including the proper

18 selection of drilt bits and bit performance assessment.

19

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 sirength analysis andfor spacific energy theory. The most
24 widsly 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, howsver, is uncertainty
29  or iack of consistency in reasonable values for input variables to be used in

30 specific energy based equations.
31



1 The present invention addresses the need to provide reasonable values
for the 2 input variables used to predict rate of penetration and reactive
torque of a drill 3 bit using specific energy theory 4 SUMMARY OF THE
INVENTION 5 6 In one embodiment, a method for predicting the rate of
penetration (ROP) of a drill bit 7 drilling a well bore through intervals of
rock of a subterranean formation is provided. The 8 method uses an
equation based upon specific energy principles. For a drill bit, 9
relationBRRSESER RKRRiANRegBatRE e CGatiie evisp reasmpabio vayss DCSBe
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eff@'e@ﬁ%ﬁ%cﬁéé@rﬁﬂ%}ﬁﬂ bit WOB, and (4) bit rpm N. These

relatlonshlps are determined 12 over a range of conflned compressive
stfengths CCS and for a nadHiMARY, Ok Hife IMENTH

coffined compressive strength CCS is estlmated 14 for intervals of rock
thrpugh anbiahbtineiil. bitigtebeotipeditaitlitha welbbetgerdBol NROBEOS arinl bit
penet%?.tlon ROP g\nd bit torque is then preferably calculated 16 utilizing
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stitabfd) 88 RtAtn Srediden& %{@a&’c%ﬁg?é}nizém%@éhﬁi%ﬁ@@@f EFfu,
confingg) weighpresistw CHL, streigjtbiapehtig typesasdiaeo@@hm@atgsi&aémned
C@?“'%@Qﬁ%g@@?&%ﬁ% 83:1‘5!5?&% aﬁ&e%}oad %Peckf'ed

as constant. 23 24 In a first aspect ere |s¥)row &d & method"
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a relationship between 28 a bit-specific coe C|ent o iction u and
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confined compressive strength C 32 over a range of confined
CZ)%prm,§w8ﬂam§t@®§p?pnateiy determined by another equally sultabie

20 method or specified as a constant, and the estimates of confined compressive

21 strength and bit type as the only inputs Jor coefficients/parameters not

22  determined by another mathod or specified as constant.

23

24 In afirst aspect, there is provided a method for determining the rate of penetration
25 (ROP) of a drill bit drilling a well bore through intervals of rock of a subterranean

26 formation, the method comprising the steps of:

27 a) determining for at leest one type of drill bit & refationship between
28 4 bit-specific coefficient of sliding friction u and confined compressive sirangth
2% oCSovera range of confined compressive strengths CCs;

:? : b) determining for the at least one type of drill bit a relafionship

between mechanical efficiency EFFy and confined compressive strength CCS
82 over a range of confined compressive strengths CCS :

2.



c) determining the confined compressive strength for intervals of rock
through which the at least one type of, drill bit is to be drilled to form a well
bore; and d) calculating the rate of penetration ROP for the at least one
type of drill bit drilling along the intervals of rock to create a well bore, the
calculations utilizing the confined compressive strength of the intervals of
rock being drilled and the relatlonshlps between the bit-specific coefficient
of sliding Rictiof RN BES N SENISE SPERGESIKS BrRERtnia it @infhed
conmpee dvivessteanigitiseGCiSas e sgrooihab piidt, theeadisiatayitded a8 wali
metQ&g fowpack calculating confined compressive strength CCS of rock
in an interval of a subterranean formation in which a well bore has been
drilled usifl a tyBEGFHAIERR ERPHRAIT O R Wb sdeasi sy of
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CCS from a predetermined relationship between u and COS for the type
of drill bit. In a third aspect, there is provided a real-time method for
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methgd SOmRESING RS RTINSO LREE-0ISPer i GAGKAY S 4R in
drillin of a well bore; measuring the actual ROP during dn”m%@pf the well

boreBiEeACtpRPRTe s fredrdiSe In 8 AdYSY OSHTY K ad il pmifgids. the

parameistsoxisHgpierminigg the performance of the bit by comparing the
measured ROP or measured specific energy Es against predicted ROP

or p ae)dlctegtggﬁg%c e o@p&%ﬁ%ﬁﬁﬁ'@ﬁé@)ﬁsﬁ?%@lﬁ‘&%ﬁ (WOB}; (i)

determine that mud weight and Bit configuration have on

thosBy EMEtSnEHApE B@tﬁ@erﬁ\t%ﬁesém%fé?mesﬁw Haewerzsﬁ thesling

mechaaicsl affisienaydEfceMransutierestimatodn@iRS balire sypehef drill bit;
disclosure herein establishes relationships for specific types of drill bits for

bit-specific coefficients of sliding friction is and mechanical efficiency and
) estimating the coefficient of sliding friction U during the drilling through

the interval of rocic and

c) selecting a vaiue of CCS from a predetermined relationship between u
and CCS for the type of arill bit.

In a third aspect, there is provided a real-time method for analyzing the performance
of a drill bit during drilling of a wellbore, the method comprising:

estimating one of ROP or speciiic energy Es during drilling of a2 well bore;
measuring the actual ROP during drilling of the well bore or calculating
measured specific energy using measured drilling parameters; and

determining the performance of the bit by comparing the measured ROP
or measured specific energy Es against predicied ROP or predicted specific
energy.



preferably weight on bit WDB and rpm N all as a function of apparent rock
strength and drilling environment (mud weight, equivalent circulating

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

reasonable and -2b WO 2006/065678 PCT/US2005/044742 1 achievable
ROP and associated bit torque based upon the apparent strength of 2 the
rock which is to be drilled. 3 4 BRIEF DESCRIPTION OF THE

DRAWINGS 5 6 These and other objects, features and advantages of the
present invention will 7 become better understood with regard to the
following description, pending 8 claims and accompanying drawings

where: 9 10 FIG. | is a flowchart of steps used in a preferred embodiment

of the present 11 invention to predict rate of penetration ROP for a drill bit
drilling tlﬁ%ﬁgﬁﬂ%ﬁm@’&%éﬁ BHRT0BES fan &wnefem o mut Vg and
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being 16 determined based%)pon&sginﬁ' I'é't%rf“fg&?!; Or PR R REEalues.
knowledge; iid:L? 18 FIG. 3 is a schematic drawing of a well bore and

confining HuftiSplese Resein sssiinbastsiadrriphipd dpthmakifitt noRe SRUMbis for
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29 FIG. 6 is a graph of a bit-specific coefficient of sliding friction p as a
function of 30 CCS for PDC bits with more than seven blades; 31 -3 WO
2006/065678 PCT/US20051044742 1 FIG. 7 is a graph of minimum and
WeB80 A6t echanical efficiencies EFFM as a 2 function of BEI$8FRE42
bits with more than seven blades; 3 4 FIG. 8 is a graph of weight on bit
WOB and WOB factor (Ibs per inch bit 5 diameter) versus CCS for an 8.5"

steel 1QRRLDINMRESS a4 é@sa%é%e@ Qi'éqgﬂl?g Ry (}ircl}lh $heed Nre(rﬁi M e)ngth of

versus CCS for roller cone bits FIG. 10isaqgr rrect
facor 1BF E%Cécfﬁ’a‘é’ﬂf%tf’éﬁ?jﬂ&?ﬁctlon p Versus 10 mud Welght for PDC

bitd; 11 12 FIG. 11 is a graph of a correction factor for mechanical

efficiency EFFM versygig HESUGIBHBIRTRRRPER Afydad G- 121s a
gr%ph of a correction Tactor for coefficients of sliding friction p 16 which is

dependent upon cutter size for PDC bits; 17 18 FIG. 13 is chart of a bit
opfimiZatien anttbuiectient fofeatfirst aradl pdbarReELGr 44 ts»eﬁmtwea,tbjh will

OpfiMizaHOR ApekE el Rl 16
bit optlleatlon and!}i’tgtléfg|c£)9r(15 %ﬁ%{%%\\?ﬁ’eﬁé&és@ 24 el%]c%ﬁi% mﬁ of

a Bit oBGIMIS 218 SR RN IS0 &vell. 25 26 DETAILED
D@SCRIPTION OF THE INVENTION 27 28 I. Overview

10 FIG. 1 is a flowchart of steps used in a preferred embaodiment of the present
11 invention to predict rate of penetration ROP for a drill bit drilling through

12 intervals of rock of a subierranean formation:

13 _

14 FIGS. 2A and 2B are flowcharts for determining bit-specific relationships for
15 input variables used in calculating ROP in FIG. 1, the refationships being

16 determined based upon simulator testing or expert based knowledge;

17

18  FIG. 3 is a schematic drawing of a well bore and confining fluid pressures

19 applied o rock in a depth of cut zone during drilling of rock by a drili bit;

20

2% FiG. 4 is a graph of differential pressure applied to rock in the depth of cut zane
22 versus radial position at the bottom of a hole for impermeable rock using

23  caiculated values of confined compressive strength CCS and values of C8S
24 determined using a finite element modei;

25

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

28

28  FIG. 6is a graph of a bit-specific coefficient of sliding friction | as a function of
30 CCS for PDC bits with more than seven blades;

31



29 30 FIG. Il 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
vasmtosssmder specified drilling conditions. -4 WO 2006/0658#32005/644742
PCT1US2005/044742 | Details of these steps will be described in greater
detail below. The rate of 2 penetration ROP for the well bore is preferably
estimated using specific energy 3 theory. More particularly, equation (1)
idlallyf{uded fptrib WanenimeROE BaxdrighonesEBicaNsiRce: @fFpBs a
CCS 1dbibi AL E NG PASRwer 8 drORL T S29te efapepetration by a bit
(ft/hir); 7 p = bit-specific coefficient of sliding friction; 8 N = rotational speed
of drift bit (revolutions per minute 9 (RPM)); 10 DB = diameter of bit
(inthes$)CL  BaSrarivritRiehterir SR ardréfidfiqappare ner ik bingth
of the mekdesthechilésy B8R BRMsReneiapBicabefficiency of the bit
(p%rcent); 14 WOB = weight on bit (pounds); and 15 AB = area of bit
(square inches). 16 17 Referring now to the flowchart of FIG. 1, rock
properfis: St apiat e A1 sRess Oh (RPBY venred f<Cdeiriplineerie bits;
stegp 10. In particular, properties are 19 determined such as unconfined
compressive. rock str h (UCS) and friction_2Q angle.(FA) far.intervals

o e o R e e b e A B T Vs
obfainsedN®'eRbvzBR P EEtermine properties of the rock which 22 are
likaly to be encountered during the drilling of a well bore. Alternatively, by

23 vl ARG A0 PR ITUIAUAn. SEFRLPORALIFS POHIRE, SIS,
13 mud weight for PDC bits; _
14

15 FIG. 12 is a graph of a correction factor for coefficients of sliding friction p

16 which is dependent upon cutter size for PDC bits;

17

18  FIG. 13 is chart of a bit oplimization 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. 18 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 iliustrates 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 & subterranean formation under specified drilling conditions.

A



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
WyMerogwmth of formation 27 are calculated. From these pRSFHS@I Y742
apparent rock strength (confined 28 compressive strength CCS) for
intervals of rock along the well bore path is 29 determined in step 20. 30

-5 WO 2006/065678 PCT/US20051044742 1 Knowing the calculated

CCs B ERRoaP SRR AT B A BRiERE o4 T/ee Ban
bezrapiethebiainB o Frimtnelakd mehips prifielatiaestipraviousiyg:besiic energy
determi S upul 1ing; [

e L S g tne ROP 20
rel%tiof@%‘fbss are 5 established. Bit characteristics such area of bit As and
diameter of bit DB are 6 k%) ased upon the particular bit size for

which the RORDEadettgtion-is rformed. 8 9 Values for these (1)
input variables may, morﬂﬁ@d.madp priate cases. For 10 example,
correction factors for GERfw iMaYhe 4pplied in step 30 to EFFM and p 11
if the mud weight to be used for drilling is different from that mud weight
unBler 12 wrieerehe relaieishipRséawbesnetrtinn did plafidhoCcs were
determined. 13 Likewisg; a couggligRAastQ-GEeatHRNiBRARRISH in Step
35 to p if the cutter 14 size of a PCD bit is different from a PCD bit which
ws usegip develop thé'p 15VEIERE! AERBASAI. M aPistepaitnge
aforementionied inputs can be used to calculate the ROP of the 18 drill bit
ufifizing equation (1). Pre&ferabiignesieripiiitsiareckiiown based upon 19
thg CSS of the part'cu'abwr%&%ﬁ%e%&%mggruwr@%ﬂs galqit 20
cepfiguration. 21 22 Referring ngwrigri-iEindAudR @reher gtermine the

>

coefficients of sliding 23 friction u and the mechanical efficiencies EFFM
f(?rgeach particular type gfg gﬁ‘ll" ﬂ%ﬂ?ﬂﬁ?&%ﬁ%‘*&ﬁﬁ&f&i&& dReLE8g
hyérodynamic pressuredtbdt arev¢jgicatiypit (pounds); and

15 Ag = area of bit (square inches).
16

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

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

21 bores may be obtained and analyzed io determine properties of the rock which
22 arelikely 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
28  drilling operation and overburden (OB) pressure for a given depth of formation
27  are calculated. From these properiies, the apparent rock strength (confined
28 compressive sirength CCS} for intervals of rock along the well bore path is

28  determined in step 20.

30



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
wiietionaasnd 28 mechanical efficiency EFFM as a functionRfREs#dae/ek4742
compressive strength 29 CCS 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
ditferifgeUteeSicas e WD IoRbIIBEET 8BRS IR S0ELIRRM LT 42 EF Fras N,
Optioredlyy &l atio hehigsdiy vbtsins OEH addid/ SiBpeersith E4S prayoalso
be 2 eslablisheaiaslens S5and-AMadhestslationspins areaenerally

based upon; 3 thﬁ expert knowledge 80 of an experienced drillin ,
egin e BB GrrcProdRo & JHERBIATS SUISHE drvbove RRRe s gy
afad gistrliyreppliBébleradkpiinsentyt Vadeterfihati endecmidpres, lROPare

can bedetesnainechyainsaridik for nHser s ity Resvith.reasanable,

accuracy and without any calibration. 9 10 Il. Determination of Confined
ChmpE&&Strength based upon 11 Rock Mechanics Principles 12 13
THe method of the present invention relies upon using an estimated

apparentlostrRREN AL iR hediber-ronined compipsivesitengh
(gCS). The 15Qpref éﬁ%ﬁmeﬂ}?d of estimating CCS utilizes a well known
r

g CCS L
Tk EmRriCeTs DRIRET Frae BEE RS ORI TR AL SeEdiaaye H
gstiméitbeC a8 Yaiguicksbefudsti itovdaitithdi in itk pedrivembiitiy mibhi s gigtfermad:
methgheh ealcHIAng ORI, gescribed incocrending aprlcation
entitled "Method for Estimating Confined 19 m ressive Strength for
Aok FSTHIR GO UTARGPSRb RS R PhRO PPN 28 G dohtin iy
filed veite tis REPIbEcHTRerd rdoras €8 edonptibrves tiisdid peeédrpdtie b

methed willbedesediped below. 22 23 An important part of the strength
Q1f6a rock to resist drilling depends upon the

17 In step, 40 the aforementioned inputs can be used o caiculate the ROP of the
18 drill bit utilizing equation (1). Preferably, these inputs are known based upon
19 ihe CSS of the particuiar interval 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 drilf
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 resulls from these full scale simulator tesis are used in steps 55 and 60 to

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

28  mechanical effici’ency EFFuas a function of confined compressive strength
29 CCSofthaerock. Correction factors GFyw and CFeg due to mud weight and
30 cutier size of bit used may also be derived from simulator tests using different
31 mud weights and bits with differing cutter sizes.

32



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

W MpreeHivR strength CCS. 27 Prior to drilling, the compre8STTES0d47a2
rock at a particular depth is largely 28 dependent on the weight of the
overburden being supported by the rock. 29 During a drilling operation the
bottom partion of a vertical well bore, i.e., rock in 30 the depth of cut

zohe, RAERPBGE FiBtaRmiRS M HRESHRAEIRIRE 1 BRvermbERTEmag Bisthien
ha® bestebdaheudu stah\8d 2Q0BI0GD678 RETILBREAIE 044ar4Ry bideallyon

a realiglic SSUMpe ALY SHE RULE BISSRHEE B Qﬁ'g?n%%Rth%ﬁCgf‘;a%d rgok

zo‘?e istdetermlned when calculating confined compressive stre
for' 3 HEPSEK to be drilled. This depth of cut zone is typically on the order
ofZero to 4 15 mm, depending on the penetration rate, bit characteristics,

angl bit QRRrMIKbRPAAIPEIRSy EH@%?&%EW%%&O%%\Q%QR 5@45%@“% COS

inc{ludes a novel WE% to. 6 calculate the altere pressure at the
bo

ton? OF (AL RN BEFE A it Pl RrTHa BRIt RPHAET Brgious
zohe) Hbtyisekeibf Hmitedb® perwaability witha 0t Wiyileitostiwishing to be
hefd to a particular theory, the following describes the 11 general

assumptions.made.in arriving at a method for calculating confined 12
cSmpissive SRR E2) UG HER ST TrOLF i R 4R
dilling 13 flfiocto Wedtenicgémimeilesertical well bore with a flat profile.
Referring now to 14 FIG. 3, a bottom hole environment for a vertical well

|n1 inrous/ r e?%le 15 rock formation is shown. A rock formation 120 is
de%icteaewrﬂ%%{)rg&n SIRET nci@‘beér\% N BIEeirg HHiSE BGEIR=edeparsent
p&tiphelirpnstoes well bdre 1iRor isofiffogd tarmitesaldrittirngdthitCC234 Whizh

crgatesrarfiies cRitoa 2P dininannebberamhizs 184 euE-148dndigaigithat

B D e A e o
This idyeArddinitasereaseakitin s ekersedigieippeoimedhiieting <20 thie
chdlingyc2tifhaigl id 24-pORIIRS AERSHER hReIVRILPREEGSSUELRSIRbANNed
alepw %r?fno'rg Zsiv%?’s rgr? Et'cl)?cl)(r Qgc}g%%lxa%%lmﬁgi%heSCljcgﬁthto%fTC#&;[ozoDe’ i
which 8Xernea an g S P y " which
20 was concurrently filed with this application. A condensed 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 1o 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  Prior fo drilling, the comprassive state of a rock at a particuiar dépth is largsly
28  dependent on the weight of the overburden being supporied 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 fiuids rather than 1o the overburden
31 which has been removed.



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
vwpialygteater than the in situ 27 pore pressure PP in the reptisnbcuirsz
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 out zone expands slightly at the bottom of the 30 hole or well

bofe difeadvirrereabivictrRsiimpistlds tessarssrewEdTMifgfibie demt eyt
tham ommmﬂenwvm@&@wm kyravedsaendsssindashytit SC87%or

e 20R Dk Bl I R AR A o B B
pofes WHIEBOnARIH ST e ReRRiratianiTatg filieha asteipfiresuytiioperating
grezaterpﬂaamélmrem@\ﬁﬁmbrwtﬂea @Baw@ssnge:d&matﬁﬁpmoa oy to

esrocga?d%% éﬁé‘r '55?5'5 Eﬁ%@%% %?Eﬁe%?ﬁ?&&re PP

decrease in the affecte giaonl nofwd ows |nto e pores of 5 the
expandEeeER VR ik Bt Bdbs SRRIGT PYF BRBSLER rgcmz,ﬂwm'ted

pemneabiedhisiipore pressure reduction results in fluid 8 movement from
thegfar field (reservoir) into the expanded region, as indicated 9 by arrows
128. The rate and degree to which pore fluid flows into the 10 expanded

retflon, Witle Befudbing ttheepisie 19rd setiietbr theskphm fRlgwBEeRs cibeh Hie
oftthe fagfiell {sesentoingreskLiredrisice pendentafe patihangiiaciorns.

12 primary ?é?é?@s‘@&@% Rctass 45 1he %ﬁg%‘“% al ﬁéaé'f?ﬂ ‘Q’J@%'é‘ illing

correlative to 13 rate enetration an

Ive permea IIt of the
bk to/MiE IocEHER opaSTHIE ‘é?‘é&%ﬁh@%‘%ﬁ%ﬁ?ﬁ’éﬁ@s‘@}g%ﬁ%lﬁﬁ g now to
refativeiydagge baimpeaireld tonthendbnd épth \efited! aalidn whichusgeneslly a

reasoNANICBRSHORIOhMHNE RAUNRAMGHN 24 ¢ %@ﬁ@t&@l&tﬂ raFvgcha[ well

pressure is %greater than in situ pore pressure PP, 17 filtrate from the

drifing PRI i RRKEHAEHEE Hitaitn N5 A ASien pins s treh Dot 2 is filled
deisth ofitut Zdtieg Thid filembikeci2feb vifiidudaigs thesimifial waidbmyasion

19 éso’Rﬁ%@??ﬂ@fﬁéf@a@e‘%%%@ﬁhl&ﬁ?ﬁﬁ%ﬁﬁaﬁm sento Waherilirate,

invasion. 20 If the filter cake 126 build up is efficient, (very thin and quick;
wiith iEeaRRiTan FPehhisHalR ﬁ&?é’\/%&???%‘?éﬁ%é?\%ié“ﬁ& 3%%%%%&‘9”9-
thedmpEds of ditratai R hénsassiovnenibitesiigsthiepp ree presisiarefR, ihdhieilling

depth of g4t 52203 PRINIIIE, the well bore as suggested by arows 130,
22
23 The rock previously overlying the depth of cut zong, 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 fiuid 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 exeried 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 fiuid 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

-8-



23 It is 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
VARRWAMING#luid, the 26 pore pressure in the depth of cut zAEEERROS/E44742
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, itis 31

© assumESSHRRANFETE SIS BB IERRIES T BRPdPe TR TR dheRshitipe fluid
filtrate BZOnpvasionr intydhiedepthief cub@eoevEheretor@heessure. The

InstantaneOiy RAre S YWCLAORE/NGBE 1/ Rl YRZPRSA44/44, T pressure

in the depth of cut zone is a function of the stress change on the rock 2 in
the de gt BT 27 Fotk P IBR EHRELeSUEH A BN S 'ehmaees of
and 3 thesitppoieifiadd pripeitipd (Priniahecompressibility). 4 5 Confined
corgpressive strength is determined based upon the unconfined 6

compressive strength of the rock and the confining or differential pressure

7 aEplié% B8 FodR! I PRG AR Ry R RO PR AYSEM S SHE I
pragticetbvaraeTd ovdhtddr Telck(ressriainivst thethadided sdgidatimgindicated

confineg, comprassiverR stenath Rirechs MILLGE BT Hons hiPRe
+2DPSIHFA/%—§I 5@% (Vzé 12 where: UCS = rock unconfined compressive
e

n
strehgtAXPES 5P & B R RS BPERRRTHE S s Prarsis iR
rotk; atghtld A farifielr fabamglernésaetigrisofapenneck ol rivniretie factors.

Preferrediand exemPiy-a0Rod et Afdhe DER SRBLIBNS QR it rifative 1o

un1confin%d (];omggﬁ%sive sg[ggn trg l',JCS andé{%erngl anglg of frictioneFA,lsf
19' BalcASEPEY TR B SOEEMEP 6 4R SGETRARATY B ot b s BR e dis:
 THdse Ttssisletin e thet asttrapipiatine thelatrly lerathoetspaed to the
cajeulatipsiiincantings hieopessivg stengiCI anshiriernakroeleef
frlgtéon ir@e?i%%rﬁﬁr?g%ig%g g&B pressure is greater than in situ pore pressure PP,
17 filirate from the dritling fluid will attempt to enter the permeable pore space in
18  the depth of cut zone. The filler cake 126 built during the inftial mud invasion
19  (sometimes referred to as spurt loss) acts as a barrier to further filtrate nvasion.
20 [fthe 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 aitering the pore pressure PP in the depth of cut region is negligible.
23 1tis aiso assumed that the mud filter cake 126 acts as an imparmeable
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 fo be
27  essentially the same as the in-situ pore pressure PP of the surrounding
28  reservoir rock.
29
30  Forsubstantially 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 filirate

32  invasion into the depth of cut zone. Therefore, the instantaneous pore

-



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
wod@sAsstrsg of core or 25 drill cuttings. 26 27 Theoretical Rietdik2005/044742
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
incbrporasstre30 e esfdhericetinons enifensicoeidhwsirassssrag on the rock
expressia i dhae.eng %%,3&d?ﬂﬁiicéﬁéhfé§&gﬁr£&§¢d@ﬁﬁ§bbw;yr S ﬁf:cﬁwess, and
Dearman in 1986.in "Estimation of 32 Friction P rties of Rock from
peorm Lt e eme ey B el 000 065078
PCT/US2005/044742 | Proceedings of the 27th U.S. Symposium on Rock
Meshapigginkdseaionsave Adangiiin.i3rhilhBtesEaafonctionuedicss

that as Poisson's rati es [ ' rati
chBinee T avo S f?%%“éﬁ%‘@%ﬁ%ﬁ?;@éﬁ%i@ﬁ%é‘f@? e

nterna
frickionarniishitdhe mWdochuingetifsgo SUfliRbiit ShraRRNth SRSTTERY Birffticed

bit perfgimanctAdariingthisnmethedalogy: teathedinfeonibdaalenssilinge
cogditi(s){;s f%%gggﬁable rock is accomplished by defining 7 differential
pressureﬁgg as equivalent circulating density ECD pressure minus 8 the
in38itu pore pressure PP. This results in the mathematical expressions for
9 QCSHp and&P-asmiesaibeghmzmmayritaingsyect to equation (2). {2)
Equation (2) 10 assumeg that frigli Is linear range of
C%JS. Equati%g3 %1'ay 115§§o“k§éa£usggg,%veﬁ%&d:%@ﬁgtg%gal%%ﬁ%ﬂnearity
as€umption for FA. 12 1BFECHIfIIEBLRERERTYER [TefRPABRPTREPARTOSS
dirgctly measuring pressure witkheldaoaimdhole tools. Alternatively, ECD

pressure may be estimated by peding a?n&r@ 5@@@3@%9@}3%0 mud

pressure or calculating with software. Those skilled in 16 the art will
apfreciate that other ways of determining the mud or ECD pressure 17
may barusebwithtiespesenibaveatibodimestioidie Ee8foneentiok, £8 19

Rather [hal ASSHIINGLAS RAUFRIASEIHE B indonspsimeatiiygork is 20
essentially zero, the present invention ideally utilizes a’soil mechanics
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 unconifined

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

23  these alfernative 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 wﬂings.

28

27 ‘Theoretical detalls regarding the internal angle of friction can be found in U.S.
28 Patent No. 5,416,697, to Goodman, eniitied “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 disciosed by Turk and Dearman in 1888 in "Estimation of

32 Friction Properties of Rock from Deformation Measurements®, Chapter 14,

=10~



21 methodology to determine the change in pore pressure PP and applies
this 22 approach to the drilling of rocks. For the case of impermeable
rock, a 23 relationship described by Skempton, A.W.: "Pore Pressure
VELUHHEH S A and 24 B," Geotechnique (1954), Vol. 4, pp PABXISEROF044742
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

II df d b
oSk o he SRt s Lol SRR e,

m'*:’ater’i’étifi aé%ﬂrrﬁﬁ‘r@fth'ﬁaéem\%%ﬁﬁ%§§Q§§‘R§§vﬂﬂ%ﬁﬁ8 AUppres R AenEEs
23 flum@t&@&&ug&mtmamlsta@frmenmmr&mdasmehpres@etoapmmmmﬂne

rous, S0 J0eUA s Sonsilaration i hedeckdn the deRi ol ehfcoivey

zone an ass at that permeabillity Is so low that no

aépre@ﬁﬁi@%@&e&ﬁﬂﬁﬁ’ﬁgﬁ 32"@’66@@%@%9809 &nm%@ﬁﬂqu&att%ﬁgﬁom
-18 WKRi2QAB/06R01dR dre ot P8R0SR d4 R dedisidifeneotinlipgessure

D? achgzs ﬁ%‘%s ﬁ%%ﬁ%é%%%%ﬂ&éﬂ%ﬁlgﬂﬁg ﬁg{%@%?@@gg@l%mus

expresse PP+ APP differential
pr%ssm@laﬁwwr%%ﬂméﬁm}a@ pPeRetaRgBeegssomRior
drilling thigigh, 29d PP RE b &karopianiposerpee $sureaionRB. = Rargtion (2)
PSSHEE IR R IReroRs %&%@%@mw ROl&tions may

pressure due to pressure 12r acing earth stress
ke mBESHPELSEHEIRNG B ORS fﬁ?é‘%ﬂ?%“&&@ﬁ%@ﬁé”l?%‘é &hlch

determine 15 the change in pore pressure APP caused by changes in

31%0"696828#&%% SSilQho L6, ARRLBNS et sg&k%&ag%ﬂgmgfpz@é&re with

drainal ange In pore 17£ressure A Iven in thé general

cHkse wrigci@tg‘% Alig @Rg\fpi_y gr[;ﬁs%syi%map be estimated by adding a

15  reasonable value fo mud pressure or calculating with sofiware. Those skilled in

168  the art will appreciate that other ways of determining the mud or ECD pressure
47 may be used with the present invention to estimate CGCS for a rock.

18

18  Rather than assuming the pore pressure PP in low permeability rock is

20  essentially zero, the present invantion ideally utilizes a soil mecharnics

21 methodoiogy to determine the change in pore pressure PP and applies this

22 approach to the drilling of rocks. For the case of impermeable rock, a

23 relationship described by Skempton, AW.: “*Pore Pressure Coefficients A and

24 B Geotechnigue (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 materiat 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

20 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.

-14-



20 %2(A6i-a y+(A(7,-Ac3 +(Acz-Aj3Y *(3A-1)13] (4) 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
w0 mawsed 8y change in mean stress; 26 a = first principal SHEBTS203024742
second principal stress; 28 a, = third principal stress; and 29 A = operator
describing the difference in a particular 30 stress on the rock before
drilling and during 31 drilling. -12 WO 2006/065678 PCTIUS2005/044742
1 For a generally vertical well bore, the first principal stress 61 is the
overbumsleaifrpraappias OB ostoskittingoahictiis depiact dubyatrerEg be
pressur ' uring drilling, and 6, and6,are horizontal
pri%r’lciprg%ggrtgﬁ%@g%é%%égﬁﬁgd to the stress block. Also, (Aol + Ao2+
AdB)/3 represents the change in 5 average, or mean stress, and 6 vz {act
AQGsj +~A -A63~ +62-AC3}réfiresdrits the change in 7 shi&ar stress on
a yolume of material. 8 9 For an elastic material it can be shown that
A=1/3. This is because a change in 10 ?hear stress causes np volume
change for af6l&stic mdtérial IFHREFETR R T TbRIRESREAGE then there
iS 180 pore pressure charigE(thé&pave!foi @ inaitbigrg D2 sty dweriving fluid;
cogpresses). If it is assypied Abal theiaekineashg-baltesn of the 13 hole
is deforming elastically, then the pore pressure change equation can bg
14%implified to: 15 16 ABP = BINBL R0 PRy 4401 e H 418
cage where it is assumed Bt a2dsqenareitypeepsaleci oS i) p@ssure
12 replacing earth stress.

13

14  Skempton describes two pore pressure coefficients A and B, which determine
15  the change in pore pressure APP caused by changes in applied total 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[{Ac; + Ao+ AC 3 +

20 Jaag-ao) Hog-ag) oo TEA- 1) (4)
21

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

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

26 G, = first principal stress;

27 o, = second principal stress;

28 o, = tird principal stress; and

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

31 drilling.

-12-



20 APP = B(Aal + 2Au3)/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
wiresssigssntsnvariant property. It is the same no matter whatr23/cezhehinate2
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

thé 28 ¥ifcesir A R iRRIME R B (NS IEh BT by iaal stetses isdhing\arourden
dirfctieré%s%ﬁ?er@ﬁ@%v SAAgIRLR @%9‘5@&3%@) ithe wellbore. appiied to
Equation (5) can then be 30 rewritten as: 31 -13 WO 2006/06567
P%T/J&Q@@@?@Mvaéﬂ@wmﬂ%csma%@ ABEPESYTES prycipa sy etigpee
Chgng%i@&))&)emg 5@%%6%‘?@ QQHQM Uﬂ% flojﬁjaijj? Y&Sﬁ%&n%&ﬂ?%ﬂan ge in

changes are generally small when compare& to Aaz and can

ne%le&‘éﬁ%?’é’%iﬂ?ﬁﬁ‘f%@%ﬁ%ch. Equation (7) then simplifiesto 6 7
ARP = BliAaz)f3,(8 FOor mos [, B IS bedy -1,0. .
Yc?ung‘,ﬁ)s ft hafécggﬂé %C{;a@égsllﬁ‘h%&g? %;?Y(gg%v%%%ﬁ g?gqegr%g}?% F shale

wilt bestleseattes O & Faslanainophitieeidll approach that does not require
ro§k properties, it is assumed that B=1.0. Since 12 Aoz is equal to (ECD -

az) for a vertical well bore, equation (8) can be rewritten 13 as 14 15
APP FEETFRITFIBAGY AL oRP RipBEINALRG B4/ AInThist 'abessssrey aiwege in
Ttiat ishtherdrasl beiscporevplassutent8 e arcasetreastthalbottasreat the
hoje dyg, [gdhe Ariling.ARGIANQN,, TS I I RECASE R DIESRYEE e
almost always less than the In situ stress parallel to
12 expands nor compresses). ifitis assumed that the rock near the bottom of the
13 hole is deforming elastically, then the pore pressure change equation can be
14 simplified to:
15
16 APP = B{Aoy + Ag, + Aog)/3 (5)
17
18  Forthe case where it is assumed that o3 Is generally equal to g, 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. ltis the same no matter what
25  coordinate system is used. Thus the stresses do not need to be principal
26  shesses. Equaticn (B) 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

13-



20 the well (a=) 21 22 The altered pore pressure (Skempton pore
pressure) near the bottom of the 23 hole is equal to PP + APP, or PP +
(ECD - dz)13. This can also be expressed 24 as: 25 26 PP - (az-
vwECD)Rs54B) 27 28 For the case of a vertical well, 0z is equEltaIsaeNs/044742
overburden stress or OB 29 pressure which is removed due to the drilling
operation. 30 In the case of a vertical well and most shale (not unusually
hard and stiff), the 31 change in average stress can be approximated b

thé term 4(GBREEBYEez 148K DMP0Y8/065678 PCT/US2005/044742 |
Utilizing this assumption, the following expression can be used for

generally 2 vertical well in| ili ispeinRg
et 8 8 B S i
= £COBre I eSREAPRSF YT P NEEN ROTRoTeS R REFPIO PR
Pressuegiackl fo(@Brhshiidd 313 cH. Styhatien OBtheOvierpiieteie pressure
or stress oz in the z-direction; 9 and 10 PP = in situ pore pressure. 11 12
Overburden OB pressure is most preferably calculated by integrating ro%k
19 density fdRY tR8@HRe (or mud line or sea bottom for a marine ')
ergZironment). 14 Alternatively, overburden OB pressure may be

esgimated by P&%%‘;Q?‘E’?Q ﬁw%é?ﬂ%@él mipg Averageyalug ofJeGldeBSIYues of

from the surface (or mud line for 16 marine envwonmergtg. In this preferred
aifll exXetapmhPetsaitRBre e Ml Retiose EY 0o £ RRY e
are useghtoealtulataeoniinedurempregsiverids, treagthnfed HighBeridlo@ince

p?‘ém eag! "&’é@ﬂﬁt& el for @Ml whlTbofOlel SR BRI Yalliien

ojgerrgsea ility, these values are used as "end points" and
14
15 APP = (ECD - az)/3 (9)
16
17 Note that APP is almost always negative. That is, there will be a pore pressure
18  decrease near the botiom of the hole due to the drilling operation. This is
18 because ECD pressure is almost always less than the in situ stress parallel to
20 the well {oz)
21
22 The altered pore pressure (Skempton pore pressure) near the botiom of the
23 . hole is equal to PP + APP, or PP + (ECD -Gz)/3. This can also be expressed
24 as
25
26 PP - (0z- ECD)/3. (10)
27
28  For the case of a veriical 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 changé in average siress can be approximated by the term “(OB-ECD)/3".

14



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
weternligctirectly from 23 well logs, the present invention preferatsigso44742
utilizes effective porosity tPe. 24 Effective porosity cpe is defined as the
porosity fraction of the non-shale fraction 25 of rock multiplied by the
fraction of non-shale rock. Effective porosity cpe of the 26 shale fraction

is ZeroViAnEibsRRs WA AR JBRTRIBNIRG XBIRGTE: G3B dAHERIIPr BRRIFENif
availableringplegehafafientreporositynsathizymetb pdaelog\ddescrived 28
hergin. 29 30 Although there are exceptions, it is believed that effective
porosity cpe generally 31 correlates well with permeability and, as such,
efféctive porG&BrafTESHOIIYpe ROREBHE S6061865678 (11
PCT/US2005/044742 1 DRedesDeprasans 105gumntiy fresfenneaable and12)
imgermeable endpoints. Jhe.2folleyyingtaethodeleay ispeapspbly (4,

employed to calculate "CCSMtx the 3 confined compressive strength of
the'rock to the drill bit: 4 5 CCSMIX = CCSHP if (Pe z pyHP, (14) 6
CGSMx = C@8&re: if (P.<OBGRLRH{ISE/pEESKI X stEGSXhE( PR stion;
(Pg)/( (PNP- (PLP) + CCRHP X ((P.-(PLP)/( (PHP 8 (PLP) 9 if (pLP<_
(Pe< ipHP; (16) 10 where: cpe = effective porosity; 11 (" = low
péfneability rock effective pordsRFRPESREIREYE2 and 13 (PHP high
permeability rock effective porosity threshold. 14 15 In this exemplary

eq‘?OdEﬁ‘JQFBBré‘e'EP@'BiSr&Qéh%jQﬁ%é@pﬁ“&éﬁ%ﬂﬂy‘é%ﬂ@t%ﬂtﬂy%ﬂégﬂa@ié% rock

effective porosity (pe'is less than or equal to .05 and to have a hi

pere BT dfetiVRR PO S (e & &G0 APHP O gradter thamngranmend-
THis 18itesaiiein tvertnlidwingp piesssisi G SMEXtinaies prefiveding or

embodinertink Sverage value of rock density from the surface {or mud line for
16 marine environment). in this preferred and exemplary embodiment of this
17 invention, Equations (2) and (11) are used to calculate confined compressive
18  strength for high and low permeability rock, i.e. “CCSup” and "CCSp". 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 caloulate CCS
21 forrocks 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 preierably utilizes effective porosity @e.
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 @, of the
26 shale fraction is zero. It is recognized that permeability could be used directly
27 whenfif available in place of effective porosity in the methodology described
28  herein.

29

30  Aithough there are exceptions, it is believed that effective porosity @ generally

31 correlates well with permeability and, as such, effective porosity threshold Q. is

-15-



20 CCSMIX = CCSHP If (pe? .20; (17) 21 CCSMtx = CCSLP if (pe <_
.05; (18) 22 CCSMtx = CCSLP x (.20- (pe)L15 + CCSHP x ((pe-.05)/.15
(19) 23 if .05< (pe< .20. 24 25 As can be seen from the equations above,
wWhezessesswpsion is made that the 26 rock behaves as impergesbteu(pe 742
is less than or equal to 0.05 and as 27 permeable if ()e is greater than or
equal to 0.20. The endpoint (Pe values of 28 0.05 and 0.20 are assumed,
and it is recognized that reasonable endpaints for 29 this method. are
CeperkieR PN BF O YALEOTe THERIA G LR TINE o ot
skillecriticthiegamsivitcaimneis atefeheilp gropleyrtpisineickias HeCSsed 8931
define \ha srpaipiadardoyand bidhoeumesbiliylirewise, it ill be -16
WO 2006/065678 PCTIUS2005/044742 | appreciated that non-linear

infbrpolation schemes can also be used to estimate 2 CCSMix between
the endpointeCEurther, Ofigrrsitidem@srof calculating CCSMix 3 for a {14)
rapge of perg@@hmli;_ies may her wsedgyhich rely, in part, upon the 4 (15)
Skempton approach described above fQr, calculati e Syr

chlnge 5 Agﬁ%ﬁiéh isge Péﬁfr’ﬁwhﬁﬁogh%ﬁé %%Cgﬁﬁ%%r%%iﬁb@( e -
Ecqations (4-9). 6 7 Cafmslations for CCS may be modified to account for
fagfors such as (1) the & ggg@Mgle from vertical at which the well {16)
bore is being drilled, (2) stress.9 concentrations in the depth of cut zone;
ahfl (3) effect&YPine proﬁ?e"(?ﬁgﬁ%‘foeepgfoi' the well bore due to the
geometry of the drill bit feing 'owerpteenblibe ok aiEartive peresityiygshold:
cq%ulations are describggdn co-pending patent application 12 entitled,
"Method for Estimating Confined Compressive St f Iggg,k[
Fdfmation Utilizing Skerﬁjﬁfo:nm?%éjgtr'{/m.gigﬁ?{égélé;ﬁ%&lh%s%gates thhaf?%ﬁ%
Skémpton theory in conjunction with equation (3) 16 produces values for
differentighpisssiierPRibaticeesnosds welkwiied b tifferentipbpressiliieif
DP arri){ed at using a finite elemer%g‘ modelingr tThﬁsfg'riget %S@I%nﬂ t

mtRlel ARG FeSHEPOsHEL Berift O FIE. Fhre described in Warren, 19

T.M., Seithe iy if BoiteimivelpcRieas spE actaumiAfiectng Brifliay (Rfte Bis

De th" . - " .
1% results in the foliowing values of CCSwx in this preferred embodiment:

19

20 CCSux =  CCSBup if Pez.20; (17"
21 CCSuix = CCSip if @ <.05; (18)
22 CCSux=  CCSip x (.20- Pe).15 + CCSp X (@e-.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 ook behaves as impermeable if Qe is less than or equal o 0.05 and as

27 permeable if Qeis grea{er than or equal fo 0.20. The endpoint @, values of
28 0.05 and 0.20 are assumed, and it is recognized that reasonabie endpoints for
59 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 1o
24 define the endpoints for fow and high permeability. Likewise, it will be

-16-



20 J, Pet. Tech. (Aug. 1985) 1523-1533. 21 While the above 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
WiseepiPEsAtunction with this invention to calculate ROP an@®@iae209x[044742
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 o
AdsayREREST EAMpARERId SRAGIROPREBIeS 38 ﬁ@qwewé?éwﬁ.ﬁa"ﬁeﬂfa
ofZROPGsaseetpmm Specificoibis rffEhdncities 30 evasethcaolsgphas Swx

been develoned, tg eAHaRiialy e Ryariclian \th%!zﬂp% kVasiables to a

speC|f|c en P model, except bit |ze tsnze is known
R S S e
WD 2006/065678 RaTANSRADE0Alr24P desprbgittiohdEthetierpdtted
ragge of ROP and drilling parameters (WOB, rpm, 2 torque) for all bit

ty es, ertles he drilling 3.e V|ron

o R B T BRI g T T e A e
méans!@ﬁqweenoghgromaﬁalyelﬁgvmcietpeneﬂﬁam:e teinisdiiissd Drstress
fugdameptahRibsiniesdeaierb-thenmaiat of eﬁ&@@ﬁ@%@&‘éﬂ@%i@hepe of

destro volu ock an the fficj of bits to 8 destr,
e el s e R R e S S e e Se e e
réduirbateniBh@si teiqd@eﬁrﬂdarprﬁgsememﬁ@maﬂ@mww mm@than 10

Hyen Bk ﬁn%&@ﬂé@&&ﬂﬁ%@@@ﬁﬁ%R@&ﬂﬁ%@mﬂ@ﬁ@h Rit ridglt be

C‘l]g cte%0 |ev ePhrocK,type 12 13 Teale, R.: ‘'The
ncep‘%mfa peC| i& ergy N ﬁ%’hlllng," Int. J. Rock Mach- 14 Mining

SE. (1965) 2, 57-53, describes the use of specific energy theory in 15
apsessiing bifl parrmpncRirsBiaioncishons teglmsispesicenargy (16
W%g“gé% e e e T
dtfferentzal pressure DP arrived at using a finite element modeiing. The finile
18  element mode! and resulls corresponding o FIG. 4 are described in Warren,
19 T.M., Smith, M.B.: “Botiomhole Stress Factors Affecting Driling Rate at Depth,”
20  J. Pst Tech. (Aug. 1985) 1523-1533.
21 While the above 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 exampie, and not
25 - limitation, one aliernative method of how 1o determine CCS is described in U.S.
26  Patent 5,767,389 to Smith and Goldman, entitled "Method of Assaying the
27  Compressive Strength of Rock”.
28
29  Hl. Determination of ROP based upon Specific Eneray 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
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Aa Ae*ROP 19 20 where: Es = Specific energy (psi) 21 WOB = Weight

on bit (pounds) 22 A5= Borehole area (sg-in) 23 N=rpm 24 T = Torque
(ft-Ibf) 25 ROP = Rate of penetration (ftihr) 26 WOB = Weight on bit
wpawnde)se2¥ 28 Pessier, R.C., Fear, M.J : "Quantifying ConraiomExmikregs742
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 %&for
driflingRiRIETR e S A prieds e £ HARFRrtbteassygsters (WOB, mm
PCT/USepe5/0d44 a4 2bit Bypasiseatherdirgjority afdieldrdagsies iratide foemdoifiing

sugac%mwég{nﬁrltwdgv@@gQR@@QMWOB), rpm (N), and rate of

pegetration (ROP), a bit-specific 3 coefficient of sliding friction (p) was

intipduggekiay Jealy IR PRERSOIANALT L a2 SHprnm Af WO ENS o

coefficient is usedto compute specific input energ (ItEs) values in the

) 5
abSen PSS TR £S5 e e A8 HBRREPRS AL LTBREIRS BiHEs L Fparaynt of
*WOB éhaergereqdirediit tiesgue &iHif)yoiBriBofrbiksing {ieciBsindyoebits to

bit'@Peﬁgé@rSgE@%%RtﬂféE@B&M@His@&f&%é&%@l@%}ip@mc%&gWB
= weight on bit (Ib). 12 13 Teale also introduced the concept of minimum
spéifi VBRI ATS LI P8 CRENIERBRAEIEHE) PER@ M ARlIA! 2
specifigieae RYHIreabled ovkéypthend BrsieOfichehe gprimpadacesbbas
ropghly gaual 1o,1RERUDMRr e SR RIERAGIR Of
12
13 Teale, R.: "The Concept of Specific Energy in Rock Drilling,” Int. J. Rock Mech.
14 Mining Scl. (1985) 2, 57-583, describes the use of specific energy theoty in
15 assessing bit performance. Equation 20 shows Teale's specific energy
16 eguation derived for rotary drilling at atmospheric conditions.

17

18 ES:WOB_}_;ZOH*N*T _ (20
As An* ROP

19

20 where:  Es = Specific energy {psi)

21 WOB = Weight on bit {(pounds)

22 Ag = Borehole area (sg-in)

23 N=rtpm

24 T = Torque (ft-iby)

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
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16 the rock being drilled. The mechanical efficiency (EFFM) for any bit

type is then 17 calculated as follows: 18 19 EFFM=ES n*100 (22) 20
where: Es min = Rock Strength 21 22 The associated bit torque for a
WanraeseI® type to drill at a given ROP in a 23 given rock Biéi2@Sy44742
computed by using equation (23), which is derived 24 from equation (20)
and equation (22), as follows: 25 26 T_(CCS 4*WOB)*(De2*ROP) (23)
EEFa jf *Da" 480*N 27 Substituting Es in terms of mechanical efficienc
VR LB TALY 96 Rncih 31 VDb 2 S e i s o
foRRO/ghe qatbilofpeRstaiibNadndgae ehleenstelieonifEduativhspgeiiic
asydesgrbritabenvaiding FMON2Q0 /A6 HtrtBRed By S20R5(0440M42s korque (T)
Specific Energy RQR, P ; r invention | |

p ré% [ c%’sS %Qel?%%}é}# i c% ewgéﬁe%ﬁﬁg é!l\éllﬁ glIJES(:E1 u? ﬁ%%%sg Aél% zi%%ugﬁ%%%%gﬁi%e oY
stiengthsC S8t iie phsanaforsSrRGeBIsHRSgRrE5a o AN ENTHEa
nugnber of predominant bit types, including steel tooth, insert 6 tooth, (21)
PDC, TSP, iffipfegrates, and natural diamond bit types. More 7
particularly, relationships fQr caefficient of sliding friction p and (2)
e mechéﬁ%%f effic‘ijncy F)‘E%l%% dr%?’eferably for (3) WOB, and (4) bit
spled N is 9 determineB#5r BgREEEFkypes of bits as a function of
apparent rock strength 10 et dnidhedsiciddt Gk2idmgaticinfl) is used

tq fialculate ROP for multiple@ih@&g&lé@gglgﬁﬂthree ROPs 13 are
calculated for each bit type: @ minimum ROP, a maximum ROP, and an
1311average or nominal Fgﬁa TW@%‘E@%!Biions are possible because
thrpe 15 mechanical efficiencies (minimum efficiency, maximum

efipieney A PomARkh ARITERRAN A RIARIBHNBECHEURAS Ll Shalfnum

simulator tests for each |tt¥‘£)e. . _ ,
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 EFFa=EEER g _ (22)
Es

20 where: Es min = Rock Strength

21

22 The associated bit forque for a particular bit type fo 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

CCS 4*WOB,, ,Ds’* ROP
26 = - * 23
B (EFFM 7 * D’ )7 480* N ) ) 2%)

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 raie of penetration can

29  be calculated using equation {1} as described above.

A0



17 18 Full-scale Simulator Tests 19 20 Full-scale simulator tests were
conducted at Hughes Christensen facilities in 21 the Woodlands, Texas
using a pressurized vessel test rig to determine sliding 22 coefficient of
Wwistions/psssvd mechanical efficiency EFFM for a select numbermiis28ctiyess2
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

Todl ASpartisdEDeMGORB FERRROIMGHyY Simulating Downhole

Engironments”. 27 28 The drilling simulator, which is capable of testing

bit%_upfgela_réééﬁﬁ!'ﬂnﬁéaﬂaﬁt%at?ﬁ{%amﬁ&&@@%ﬁ&ﬂﬁ&?@é&@@ﬁ@@iﬁmgd?daon (1)

equipped with a high-pressure dri|lin ulator and.uses full-

o IR 18BN 18 C PR OFHE Cost e WGl bl SosflEn are

thebwe b Erargtdgum alenbelrifimsedepinard i eeso p8adrBReatiripidasert

drilgng fhdiels. ;3§c§0f@1§> %%Q%mTSaB@Hg&S%@O&@?M&ZDM Priing More
arameters, weight on bit WOB, rotar LN, rat rati

ROP. T St BIPRORALTOL A ot o AT A e Pl e

3 tiroutieobenive intiivrnaIESy Typivaly ki PlYYeBoredDestrard! is

4 vgriahlas QB and RABam cpay ellerswith hheaiheshpipgamenssresth

5 %%Rspon?f 'S[Ftu rga%% is ther_1 used to compute bit-specific co_e_fficient of

sliding B |gt|or?5fp?, mechanical efficiency (EFFM), and specific energy

(E®) for each test 7 and bit type. 8 9 Rock samples with confined

copppresgivasirantshdangingdimmr ROOGdoM Gt BRApetWeseINSEIOROPS
develop the relationships fqr nd EFEM. tion_11. of confi

coltoreS B a1 R LR RO AR i an
saffiplegvaiage gedominal BRRosheshdlemputations are possible because three

15  mechanical efficiencies {minimurn efficiency, maximum efficiency, and nominal
16  efficiency) are determined from the full-scale simuiator tests for each bit-type.
17

18  Full-scale Simulator Tesis

19 _
20  Full-scale simulafor tests were conducied at Hughes Christensen facilities in

21 the Woodlands, Texas using a pressurized vessel {est rig to determine sliding
29 coefficient of friction 1 and mechanicat 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 ETCES8-6653 technical paper
25 titled “Re-Engineered Drilling Laboratory is a Premium Tool Advancing Drilling
26  Technology by Simulating Downhole Environments”.
27
28  The driling 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  geostalic stresses in the well bore at equivalent drilling depths of up to 20,000 it
32  with typical drilling fluids.
33

20~



15 - Mancos Shale 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 EFFM for an 8-1/2" roller cone bit
widettatgSoBnations. These points are: 22 23 p = 0.11 at 600G eh2d4742
Minimum EFFM = 19% at 66,000 psi 25 Maximum EFFM = 44% at
66,000 psi 26 CCS = 66,000 psi 27 28 Bit Types in the ROP Model 29
30 Th ing bif types were t .31 32 Steel, Tooth bits (ST); -21
wh 200 BT R s Do e Carhdotregebe
(T€1_BRYrérraun forrmbib hudradichgstanraritiside st edmtsior G com@xfor
mediuoiaymoatitesndd TusgstenT Garhidetasert mtﬁé&(EBQéd).H E%B)éf’f}%ﬂb
fogmatigns; 4 Rolyc j i npact hits (PDC): 5 - PDC bits
W%h 3to4 gl:E;AIEz:aLdes‘; 6%%1% &%%v%%%%%%}qﬁg' ec.'i,h[;&1 9r-%'ﬂ%abrf?§a\ﬁw}?‘?nore
than 795RRISE: BN&Ripissismuind eommie dilmpre§nanstisingt of sliding
(IMPRiE®); 10, Tireimaity StatieBalyerygtalinesitgi¢ ErB Yy iHsPoiarglest
Rgllerag}p&@t%;; (ST and TCI bits); 12 Universal PDC bits (all PDC bits);
aréd 13 Univérsal ND and TSP bits.

8 Rock samples with confined compressive strength ranging from 5,000 to
10 75,000 psi were used to develop the relationships for y, and EFFy as a function
11 of confined compressive strength (CCS) for all bit types.

12

13 The following rock samples were used:
14 - Catoosa Shale

15 - Mancos Shale

16 - Carthage Marble

17 - CGrab Orchard Sandstone

18 - Mansfield Sandsione

19

20 From this test, three points are derived to develop the relationships for u and
21 EFFy for an 8-1/2" roller cone bit for hard formations. These points are:
22

23 =011 at 86,000 ps!

24 Minimum EFFy = 19% at 66,000 psi
25 Maxiraum 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 tesied:

31

32  Steel Tooth bits {ST);
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14 15 FIG. 5 shows data from one of the tests conducted to determine bit
coefficient 16 of sliding friction p, mechanical efficiency EFFM, and
specific energy for a 17 particular combination of bit type, environment,
vandoaeaiiaad rock strength 18 CCS. The test data shown ineE#aishoes/044742
provided values for torque at several 19 WOB/ROP pairs for a given bit
type and GCS, and from which Es, p and EFFM 20 are calculated. 21 22

Bit-Specific Coefficient of Sliding Friction (ir) 23 24 An example of how a
relbtionsnastpR frskided e e oo AP B LBREENSI5 friction p and
copfingdreerepmaside Bicengils GICS iR evemaidied fromatiunkiple 26 tests
is lus in ElG. 6. In thi hgl itis @ PRGhifwith more than 27
seglent[)%%getgﬁ Iggc ;%gr%é?@%o%nﬁdmaﬁ}mchard Sancilsto'ne, Catoosa

shéle; Polyayati BRPIRIRONBARERASHETREXPfOF multiple tests with a PDC
bitawith moreri2 shaniseyen Hinatis; All tests used a mud weight of 9.5

pPg- The _coqggg?g&qmg 538 Ghqualues at 6,000 psi bottom hole pressure
were 18,500 psi for Catoosa 31 shale, 36,226 psi for Carthage Marble,

and 66,000 p&iFdite 1l BRRARENIPZEHR 0 2006/065678
PGT/US20e5Dddbiibils TRe gorrelation established from this test data

ang thﬁﬂp\’é&%t@d%‘?@ﬁlﬁ%@'a 2 function of CCS for a PDC bit with

more than seven blades, derived from FIG, 3 6, is shown in equation (24).
418 =oTbami isbisoberyetaline A)tSd SFlie same procedure and
fulltscaleissmul RoitteGtaaviste (SaTtomh 18 téisB determine the relationships
of@ as&iwggi%@fmgﬂ%mg%ve strength 9 CCS for all bit
types. 10 11 Mechanical Efficiency (EFFM) 12
13 Universal ND and TSP hits.
14
15  FIG. 5 shows data from one of the tests conducted to determine bit coefficient
16  of sliding friction p, mechanical efﬁciehcy EFFy, and specific energy for a
17 particular combination of bit type, environment, and confined rock sirength
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, p and EFFy
20  are caiculated.
21
22  Bit-Specific Coefficient of Sliding Friction ()
23 :
24  An example of how a relationship between a bil-specific coefficient of sliding
25  friction § and confined compressive sirength CCS is determined from muliiple
26 tests is flustrated in FiG. 6. In this case the bit is a PDC bit with more than
27 seven blades. Rock samples from Crab Orchard Sandsionhe, Catoosa shale,
28 and Carthage Marble were used for multiple tests with a PDC bit with more
20  than seven blades. Alf 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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13 As shown in FIG. 5, Es changes as drilling parameters change.
Consequently, 14 Es can not be represented by a single accurate

number. Minimum and 15 maximum values of Es were computed from
wWacHubsvdle simulator test, and 16 these values were us@d TG 82IviisT42
minimum and maximum mechanical 17 efficiencies for each test. For
example, the test data from FIG. 5 indicates a 18 mechanical efficiency in

the range of approximately 19% to 44% far this test. 19 20 FIG. 7
Il fofoBior e B it e RS an S8 ooyt w as o

efficieess§do PO s anmAGrivy avithanose veanbiavss adesr lestygrb it te S1G.

data. 22id bevvelatiensshies @esived from FIG. 7 and shown in Equations
(25) and (26) are 23 then used to compute the minimum efficiency (Min
EFFM) and maximum 24 efficiency (Max EFFM) as a function of CCS for

POXC bits with momethansaver«2bdhlades are as follows: 26 27 (24)
MinEFFM=0.0008*CCS+8.834 (25 and 26) Max EFFM = 0.001

[*GCS+13.804 28 A nominal mechanical efficiency (Nom EFFM) is the

STyt BT ot
efficiencies. io ndicates the Nom or its wi
mite (AR CHU B A Tib B0 RS BET e SR fonath
NotnEFRRA£9.80005€E S+10319 (27) 2 3 Similar procedures and testing
mgihods were applied to determine the 4 mechanical efficiencies,

mﬂimﬁb%a)lgin]%gnd nogyﬁkéfor all bit types. 5 These correlations
are not Shown 1 this é%%% ion. 6 7 Weight on bit (WOB) and bit rpm 8
9 rilling parameters WOB and N are variables that are selected based on
a130 nunbeivafifaciars, includingsRusnativgitaddedield exnrrcasesBiluently,
type, agg/or nl%gtgottgonlj h%lsee@IHA% confé%ur%tloné H%\éveaﬁar the @re.sent g
invention aico has the 12 capa?bili 9’0’? preglctiﬁﬁ the apprrgBﬁrat (¢)=Hal
and N pEsdashveass. of Es were computed from each full-scale simulator test, and
16  these values were used o compute minimum and maximum mechanical
17 efficiencies for each {est. For exampile, the test data from FIG. 5 indicales a
18  mechanical efficiency in the range of approximately 19% to 44% for this test,
19
20  FIG. 7 illusirates 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 saven
25  blades are as follows:
26
27 Min EFFu = 0.0008+CCS+8.834 (25 and 26)
Max EFFw =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 EFFufor PDC bits with more than seven blades.

28



13 14 FIG. 9 shows the relationship between WOB factor (pounds force
per inch of bit 15 diameter) and CCS, and the relationship between WOB
for an 8.5" steel tooth 16 bit and CCS. FIG. 9 shows the relationship
wetweansd tRPM for roller cone 17 bits) and CCS. 18 19 AB{IKtIRZEE044742
top and EFFM 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
adbitionatteSEHAPHEE Bt ud weight systems. Because full- 2427

scgle simulator tests for all bit types were performed using. a 9.5 ppg mud

25 weight, the potential effect of mud wejght on p and EFEM w .
evéluagé'ﬂ"ﬁéir‘?&)ﬁa%eﬁeﬁ(}%rtﬁ?ﬁﬂ%gi’& %%or\ivs%aug?ﬁ fdft/‘izs%%fg alg the

were pedoraned! feffiak it 7nipesusingdntss pph rothdeightabdibdypes.

hag begg.determineddhat the s RfwifaiBREbIS is reduced by 30
pproximately 49% when increasing mud weight from 9.5 ppg to 16.5 ppg.

a

As“a 31 result, the value of p is preferably corrected if the mud weight is
differei¥éiginh e 2 ¥\ BBPSICEBEMBPCT/US2005/044742 1 9.5 ppg.
Frgm FIG. 10, the following correction factor for coefficient of sliding 2

friction p for PDC bits with more than seven hlades was established. 3 4
G Sl PRt OB 21088 (RS e et on geed on @
reMisechforbenlet fectomyipatidggHat/afidinotesfor 8alg eroerianoseightyse.gand/or

=[(0.940% )RR EERE e Ab - MiSRZGE?, i MrdWeialihtod. OR8] Y the

11 It was determined that mechanica) (%ffwsgcg/ng)& '?)Es% Gb(l)%sc\f@ reduced

b);z capability of prediciing the appropriate
13
14 FIG. 9 shows the relationship between WOB factor (pounds force per inch of bit
15  diameter) and CCS, and the relationship between WOB for an 8.5” steel tooth
16 bit and CCS, FIG. 8 shows the relationship beiween N (RPM for rolier cone
17  bits) and CCS.
18
18 Adjustments to p and EFFy due to Drilling Environment
20
2% 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. Conseguently, full-scale tests were performed for all bit
27  types using a 16.5 ppg mud weight.
28
20 |t has been determined that the value of p 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 p is preferably corrected if the mud weight is different from

D4



12 approximately 56% when increasing the mud weight from 9.5 ppg to
16.5 ppg. 13 FIG. 11 establishes the following correction factor to EFFM
for PDC bits with 14 more than seven blades: 15 16 CFEFFM =-1.0144 *
WONRERMEEsYVRIght) +3.2836 (30) 17 18 Equations (31) and (FZ)FsER0pIHE4742
revised correlations for Min and Max 19 mechanical efficiencies for PDC
bits with more than seven blades. 20 Min EFFM = [-0.0008*CCS+8.834]*
2L {1 Gk MUANRN 2000 S MK EEEM. LOAOIR o s
CCS+13.804] * [1.0144*LnMud Weight) = 3.2836) (32) 23 24 The same
teind ISP FERSLES MED CRoe I RR EIRHPIRESE SRS RsAPaRESks 25 for
p @&d EFFM for all bit types. Although the above equations are linear, as
26 are the curves shown in FIGS, 10 angi 11, it is recognized that
b

nch-linear 27 veTafiotattipS My oM PRt @ 8fd and more realistic. 28

Aggordingly, those 28 skilled in the art may preferably employ such
non-linear equations/relationships 29 when approprjate. -25 CVO

006 eI BB Koy BTN Pt tor A B B
to Cutteei@ize 2 3 To account for the effect of cutter size for PDC bits in

thg ROP model, full-scale 4 simulator tests were performed using various
cutter sizes with PDC bits. FIG. 5 12 illustrates the effect of cutter size

with PDC bits.-BESAREEERR(-8E a6 * 6Sintilator tests for PDC bits were 29)
performed usihEdril Lbddudittizb0 niPPEltters, 7 additional tests were
performed with cutter size greater than or less than 19 8 mm. The test

ré8ults indicated that the bit coefficient of sliding friction p is 9 decreased
onincriases Bstdn7irl vilhe mthehenital sifieisadetre®iutl bits Mhincseased by

for,each, Rllimsiar 360V RiRIDRIAN IR ASSHOR KRS s 1oud % pog.

Therefore, the correction factor to adjust p due to Cutter size is as follows:
13 FIG. 11 establishes the following comrection faclor to EFFy for PDC bits with
14 more than seven blades:

15
16 CFarpu = -1.0144 * LN (Mud Weight) +3.2836 (30}

17
18 Equations (31) and (32) show the revised correlations for Min and Max
18  mechanical afficiencies for PDC bits with more than seven blades,

20 Min EFFy, = [-0.0008*CCS+8.834*
21 [1.0144%Ln(Mud Weight) +3.2836) (31)
22 Masx EEFy = [0.0011*CCS+13.804]*

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

24 The same {esting procedure was conducted fo establish the correction factors
25 for y and EFFy for ail bif 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  skilied in the art may preferably employ such nondinear equations/relationships
29  when appropriate.

25



13 14 0.0177*Cutter Size +0.6637 (33) 15 16 where: cutter size is in
millimeters. 17 18 Although the above equation indicates a linear
relationship, it is recognized that 19 non-linear relationships may, in fact,
e 2alideasd more realistic, and may 20 preferably be emplegeaisebisis742
appropriate. This, in fact, is indicated by FIG. 11. 21 22 Combining ail the
correction factors, the final correlation for p for PDC bits with 23 more

than seven blades is shown in e atlo é%%% %(B .9402 * E)P(-8E - 06 *
CéS)]GZWF@tWH‘?(W&WQ@ﬁ 9885 Y5177 *Cutter Size +

0.8637] 25 In a similar manner, final correlatlons for p for all bit types may

be;made for 26 ather hikpes. &ér %@e%@@ﬂ@@l@ﬁﬁ@?@mp model, full-scale
PCT/U82005/044742 1 Limitations of ROP M d t%bfﬁfg bﬁ% fa.
€4

descriBE ROP S I B AR TIoh S PERE Y 5ye(5§(‘é?'§a ‘chY)V
acgoung bilLérsiga féatm@@;tsaﬁmd@t&meeoﬁﬁét EhglebtonBesiavretéyli-scale

ang Sgaunnal-apglergf @@Bw%rblbemmmmmgMma@mhuﬁers
design features, 6 such as backé? (?é and blt'p flle(of PD b|t§h
g eale an 19

The s@%@ﬂBﬂabih?ﬁtﬁ NS PRR LRSS e bt dton
cosild impadhR @8t pashﬁagmmwmme it Rosfigieal| feslighddaabiass isis
qugntitativelx megsured ladhey\ab, fisld tests Sbsigidhaisebiecidi@Bsed or

del indicate that the impact on ROP couid be 10 between 109
2484, THESGRAATE BT MO s PECIR T e e Bt L e 2

assumed to be captured by the ROP model because it computes a
MaXimuna karand-AcBN Bl R RS b agjadunstio roafuadpyigandiows:
minimum efficiency. in 13 fact, in most of the field examples, the nominal
RGP closely correlates with 14 actual ROP, but there are a few cases in

which either thid Fitriimienizgr-thes37 (33)
15
16 wheare: cutter size is in millimeters.
17

18  Although the above equation indicates a linear relationship, it Is recognized that
19  nondinear relationships may, in fact, be valid and more realisiic, and may
20 preferably 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).
u ={(0.9402 * EXP(-BE - 06 * CCE}} *
24 1.0.8876* 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

06-



15 maximum ROP correlate with actual ROP. 16 17 Mud systems, such
as water based mud (WBM) or oil based mud/synthetic 18 based mud
(OBM/SBM), are not differentiated in the specific energy ROP 19 model.
wWowmesessdteld tests show that a significant factor affecting BC120s2005/644742
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 Rog will be1 approximately the same for both mud
sySterh 53055 FROENGHR energy ROP model does not consider or
optimize hydraulics. Full 25 scale simulator tests used to develop the

F;@P m@%%bwm%r%mnﬁ@wiﬁ%d%g szaumohygga@#i@%ré@wemaam
the specific energy. ROP model predicts 27 minimum and maximum P
e ac A T TaTE TR o 7 S 2 S A e
paFanietens! frstengf bitlleysenp Riviced grasthet &t dtoachydredarisniatures,
adequaten 39 hadk Fhg BQR sedet pidie sresenbisvendies)éstu ety proper
adapt nly for sharp . 32 bits, It does not take into upt.bit wear. .
e B G e IS0R0 27 E GO ABRS Bty DAOHE s et
1 furthest BEjbstedlifdesionieaiiias itavanitaiglymisersah su1e Ry il sests
deyelqped, Examples ckhovwhitweanaag bitdifenpambarineorpoRtedirt e
3 drilling, predictigns are.desgribed.in. U.S nt Number 6,408,953 to

e R o R R e SR T
DiilindsSysumnadsdde £ apiest Py imboN” MPhd BiseiostiCoN IS HatesKigum
hesebyiacerpainiad ROB ierenesdn it arittalm 7 RipdiaieddROBNe In

PRC hits,is f f bi | _
iR PO S o o o e Bl St FOMRAE o
séden #RELRANPDTCHISRith MBreARRs VR RIGES tadringys o1 the

ingicatghiatumiriorice RER genesally caprelates with PDC bits with the
highest 12 number of blades within the group and maximum ROP

correlates with the 13 lowest blade count in the group.
17 Mud systems, such as water based mud (WBM) or oil based mud/synthetic

18 based mud (OBM/SBM), are not differentiated in the specific energy ROP
19  model. However, field tests show that a significant faclor affecting bit
20 performance and ROP is bit baliing 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 hydrauiics. Full
25  scale simulator tests used to develop the ROP model were performed with
26  oplimum hydraulics. Again, because the specific energy ROP modei predicis
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
28  hydraulics are adeguate.

30

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

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

-27-



14 Predicted ROP for roller cone bits was made for four groups of bits:
steel tooth 15 bits, roller insert bits for soft formations, roller insert bits for
medium formations, 16 roller insert bits for hard formations. 17 18 The

whesibeepsrgy ROP model doesn't account for when the CeSrniahssdsraz
exceed the maximum CCS suitable for 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
tol foulutihgr egjusiedtes RieweRIgREt REPAH ar PSRRI FAY RS seven
bladegeashse. festhmpids brasgivithestnage ot tiferenbdintypesaedanting
10,209t S"S?Q s o Bé&%%'&ﬁ %aﬁgtgﬁwﬂméé}%@@s%% eI,
ommon proac orevaluatin mance and bit_28 selection
|n4theﬁﬂl’?tf%§6‘\ﬁ§f58§é’6%ﬁyl§§§'ﬁ SRR %ﬁsﬁﬂfmwrﬁ bfidag System
wells sFrhissmetradelagytends tsapplystbetsameatatiliinig psfirnoanoeatan dy

robck ?Qe%{_‘eﬁggéq IﬁEQ? g,lrrent application without evaluating changes in

rock strengt , drilling environment, and potential ROP if
other bit types are used. 32 The CGS and specific energy ROP models
USE ragkdiRpeREs Bne ot ing iSHremdips ridits tesdouratelspraditt ffrece

tentjal RO |
e iohas R BT gt%fﬁfﬁﬁﬁg‘ﬁ?%ﬁ%ﬁz*éﬁﬁz P0G s it e
rétridReda6el (Riatetl A Erd 2 S}igre\ﬁﬂ B0 e itsAueR LaTRy rddgietests
cafibratipinie fegahnondititer Jeddraiy eatcinies it Firdi it ovits dea dighest

predi %S%tﬁggr%%@ HI%FQ%X,&&’S% 5ARSHRRY FRSSEReIBits with the

performance. This can e accomplished if the rock 6 properties are

Khbwriowsgidrase cerEinibn %’PHﬁectly measured and calculated 7 from
LW D (fegiing Raife fdrithiey) ciatabits fwam rdeadlentppirametars dditsdsatd dooth

8,1 seglion |y, 9@9%.@ Fo?%Uf?%}%%Sr%”ﬂaﬁmﬁgéwbﬁé%%@d@%%ﬁﬂ%ns

9 comparing actual Es to predicted Es, as well as by comparing actual
Ré&p fé’”‘i‘drﬁﬁéﬁ%@rﬁﬁﬁ f%'ﬁ‘ﬁfé?rl’ﬁrmance analysis using real time

predicted Es and 11 actual Es values can be also used to detect and
C%rec;@ilgggcmgoglg@, RUB model doesn't account for when the CCS might
18  exceed the maximum CCS suitable for a particular bit type. As a result, with
20 the exception of very high strength rock, ithe specific energy ROP model
21 generally predicis that the highest ROP for a PDC bit with three fo four blades,
22 the next highest ROP for a PDC bit with five to seven biades, 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 ofl field Is based on past observed performance from offset
20 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 driliing

33 environments to accurately predict the potential ROP for all bit types.
-28-



12 as bit vibration and bit balling. Predicted and actual Es values can also
be used 13 in dull bit and/or bit failure analysis. 14 15 IV. Back"
Calculation of UCS 16 17 The specific energy ROP and CCS models
wosenbettabove can be used to 18 back calculate CCS andgoais200s/644742
properties in the absence of log or other data. 19 The rock properties can
then be used for real-time bit optimization, wellbore 20 stability and
sa ding or post-drill bit optimization, wellbore stability and sanding 21 or
pOSt-dl’Iﬁ%r%? SimE R ARERE IS BN i iF soh trRlicipdipsinatic s area
AsSunmiéedianngr paerieterssand!pisaimedaiveistip el iblioga \@lugsak CCS
cag be 24 determined as follows: downhole torque and WOB are
avgilat”je frpen}" [Séigv,é/nhtole tools, bit-specific coefficient of sliding friction
can be calcuiated uding EBLRRASHBD): Preaviss BORNVOB B8 ©atey thlues
bitSspeificteoeTridinessesidin o frictivartvas Beenaebermicsahising 2te rock
eqeatiprofijesneconfine beInBress ing drille
BO%CQ%i@%ined %usépglt e ﬁgﬁﬁﬁggmggn e%%é‘gc?ﬁizc?%ted
coefficient - Jobe/ds Pt 8260 (rling Pararenamesinsienied
p dhd Eor¥RRERNcHmprisssiVitsperigth-D@Saeteonitidshfamallie biltipgsd by
(e 9. relatipashininBl@Slo F4R08 fetenpi han
eﬁfbciegggdﬁélél\/&z@ﬁ a%%( bit r%ﬁg IS 5%%%\%{%‘?35 %r?egﬁeﬁgéﬁﬁi%%%aqrﬂ% to
ind MAXIMURY THethtTEaH e its8h&pgeredicted Es and

between minimum an Ximu
rélhtioAShiy e RSP catrivnilsg GES falietRDENoramehitiypeprbsamdeuch

cafculatepiusingieauaton Chifer AraiaBssteLarling Bar@éysgwgfgo%%?ed
ated by

and N dn t ce of downhole torque, p can be calcu
tria?l ar%g cﬁ%‘@f%&t ?tc?fggs?uﬁ%ﬁf‘?ﬂesﬁslcted ROP match with actual ROP.

EFFM can be determined
15 V. Back Calculation of UCS

16
17 The specific energy ROP and CCS models described above can be used to
18 back calculate CCS and rock properties in the absence of log or other data.

19 The rock properties can then be used for reai-time bit optimization, wellbore

20_ stability and sanding or post-drill bit optimization, wellbore stability and sanding

21 or post-difil bit optimization, wellbore stability and sanding analysis.

22

23 Assuming drilling parameters are obtained during drilling, vaiues of CCS can be
24 determined as follows: downhole torque and WOB are available from

25  downhoie tools, bit-specific coefficient of sliding friction can be calculated using

26  equation (21):

De*WOR

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

-26-



12 using average values of EFFM or determined by trial and error
methods until 13 predicted ROP matches with actual ROP. Then CCS can
be calculated using 14 equation (1). Further UCS can be back calculated
Wwomsthndsés using 15 equation (2). Once UCS is determinad;this:veio®s742
of UCS can be used in well 16 bore stability and sanding analysis. 17 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
petormalidenirin Rt Isonned eRMmgsHR Shawifity CERETRsTT af
pepformanpesiseachieirpadnpsalesting the 23 optimum drill bits and drilling
parameters for each application. 24 25 Well 1 26 FIG. 13 shows the
drilling performance for a specific interval composed_mai

: ) nly 27 of )
dofomtenii GGl SFeEIh daaER BRF G BBBF Sty Ty B e s
meger/Beudd 28wt rolginestipstitsy @ nntavy set RGNS, mechanical
impre i =) Analysisingic Rate GO raRessf e
ab%utgﬁ%%goc%g'?é%?%h%%%%g%pﬁ@é1y§32k'ﬁl'§_§?:ﬁk§gé(j§r?vi%es an exar?}pl)%p
the’ corf@idtforrisuRirsersing stealipnld s By o859, SLH PRSPPI bit
types yseoktardrilljthe interval. Predicted ROP is -30 WO 2006/065678
PCTIUS2005/044742 1 calculated using actual drilling parameters (WOB,

RPM) from actual bit runs 2 shown in Track 4. Track 3 shows the actual
Dit9 s e P BRETE AUNEIEE ek SRR LI Bl AR for
Inpert bitst{ddE it disivfed Rat meichwWRD & bR REth Mo sevendsiedaded

aﬂg 19;}%5);6 cutters (BRS 3r Bk Q&@Fﬁﬁﬁ_b&’g? MY tharosa¥aRRiAges

(PDC>7B), Natural Diamond (ND) bits, Therma I% 6 Stabée Pog@%%ehlg%e

(T5P) BrRIERY WEF@@W&WFM%@%&TWe T pradieted or e

NBy TSdpainh (VP REGeDIECS catceadtack usitigagidiaimBivefduftsiénthe

Sp%ifi%&ré%@y(ﬁ.oeﬂ@é’%s% determined, this value of UCS can be used in well
16  bore stability and sanding analysis.

17
18 EXAMPLES

19

20 The field test examplesl 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 seiecting 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 o
30 35,000 psi.

31

32 Track 5 provides an exampie of the correiation between the predicted ROP to

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



10 The analysis suggested that neither roller cone bits nor Impreg bits are
suitable 11 for this application because of low ROP. The analysis
indicated that PDC bits 12 with five to seven blades and 19 mm cutters

Wi edeensr a ROP between 6 13 and 8 meters per hour (¥e@Bshaisaeraz
10 and 20 Klbs and N between 120 and 14 160 rpm). Although, a PDC
bits with three to four blades will deliver a higher 15 ROP (not shown

here), this bit was not considered because t 6str ngth

excetdls AED LS PIRCLIR T W@a%%ﬂ?eﬁs@g %uiism kv aclish bit runs
récorsimended rapbrbadheicktd abews shebtatie D Cspit withtrgmsmil grades.
aé)ra%%kl@;ﬂ@&%@@qseca&%m@nddlmnaerrg@m&d(tablﬁ%&aﬁsfmmmns

0%1621% i%e‘é (E éeSS\)SPV\é%%%aél/e” % dnl rovi eeér% ﬁ Bﬁs

ekamyite @pméhageﬁ@mét@@scaﬁ@gﬁ%ﬂ@‘éﬁ@@wwMb’ﬂ)rﬁsaew@maﬂy
S@|GC§%@@$BW%:@M@ mexpmsatoaﬁwaﬂ;pl;@@@tfa ﬁwmrimtaﬁ The
ta fro e used to_cr site opose
i, AR o Mo S oot e S e g
p%rfoﬁﬁ@@?SZB izospeifievalerai dr-5hBwdahat the interval is comprised of
law strength rock with 30 CCS ranging between 3,000 psi and 5 000 psi,

?Qd tt}gt the mterval capﬁ nex{hérm ith an ress ve Tglﬁtabte
comn?e%“(fé’c? ap 98ac IS o use a five 55 B ?edr\gb&‘% _3@ mm

ébras‘ﬂfé%@ﬁt&'ﬁ@@@&%%‘.sﬂﬁé RwIR&Brilleg éﬁ%@‘W@’Q@f@é/@@SW bits
%T/NW%(Q%VMbﬂad%@B@@Qﬁ&ﬁ&t@%ﬁ@ﬁeﬁmg&mmeem%n 6

tﬁ”%glcte We“d'"edﬂﬁ trac CIM 1he SRS IR Bl éevxe-é%,% and

the pre 3 closely correlates Wlt actu

ROP %ﬁﬂwféﬁédﬂﬁf\ﬂ@r‘dﬁllﬁ%c bits e t3reerGiovs ifdst e difmang higher
performgn penfosham8Hekd)nthiRolst drile chuSitghBiXredr taitawihtise \reghagak

D, Dl 2 e SR LRI A8 i oelie'
17 recommended approach is io use a six bladed PDC bit wrth 19 mm abrasive
18 resistance cutters and thinner diamond 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 Well 2

23 FIG. 14 provides another example of the use of the CCS and specific energy
24 ROP model 1o 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

28  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 inferval can be
31 drilled with an aggressive PDC bit. The recommended approach is to use a five

32  bladed PDC bit with 19 mim abrasive resistance cutiers. The well is driiled at
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9 same well bore. Rock mechanics analysis indicates that the CCS for the
10 interval (CCS, track 2) is between 8,000 psi to 10,000 psi and that the
well 11 could be drilled with a more aggressive PDC bits than the bits
viasashémelghsthe 12 original well bore. The analysis suggestedthatztheod« 742
sidetrack be drilled with a six 13 bladed PDC bit with 19 mm cutters to
achieve better penetration rates. See the 14 actual ROP achieved in
original well bore in track 4 and predicted ROPs for the, 15 sidetrack in

trakk 5328 THe sfadffaki WASEVIAHIRIETHRE PHeiGsY &t BeP'8: 60 b "ot
ftltyr. Theacty #idetemek svabel nlisdtivédar thaypresihied (RAT fegitidings track 4)

requireghta dril the, I8 ariginalieibrgnidf 2R Welbfimh FIG. 16 shows
how the CCS and SEROP models can be used to assess bit 22

pe?formance real-time, and thereby optimize drilling performance.
PredicWdliBEs 23 and ROP values can be used to determine whether or

e By e 28 27 Ly Jae 700
alrected oy Dit vipration, DIt palling, ang/or L.PITS.

oL IR TR 0% e 5% LB O R Aoty 3 40 g
thed prefligteld REPitigsabs tozrelfaetinifiian e (RO (Fagkeisliack out of the
?‘1@“0'93[12%9 @&ﬁé@b%g RS Cr@é?fﬁ?ﬁ?c% M$lp§%$ﬁ%é§_%igfgkf?t@ba%gr the
Intervals wnere_cS IS several iimes er n cle S (lf[aCkK,0),
prdbadRiitR @Bﬁ’bté?ﬁﬁgz.) fflgﬁﬂ’éeggcg & Sﬁeﬁdtigeblg\?\}earnga%%ﬁh%weﬂ
sddtiorciniffimatiipdNdiremtte :32rprsiicteDROP ihen Eierbittclved tithill the
ST A el A,

A7z er predicteda .S mor an 1v

s, MGG TR AU o R R TN B o e
vibtaticreartRPHrdbéding iMmiwibal Bibbore isHmwed andtisadicies BrRBE fgpthe
4 .3 While.in theferggeing specification this invention has been described

in relation 6.to certain preferred embodi ts.ther an ny. details
b DAER SEEEHR g BUCLLb I BA i o SBpRhst e e
thtse skilksthitk tMasadtitbatinhieur days rather than eight days required to drill the

18  original wellbore.

19

20 Well4

21 FIG. 16 shows how the CCS and SEROP models can be used to assess bit
22 performance reaktime, and thereby oplimize driliing 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  andfor dull bits.

26

27  FIG. 16 illustrates that the first bit drilled the top section of interval efficiently as
28  the predicted ROP closely comelates with actual ROP (track 5). in addition,
29 actual Es also correlates with predicted Es except for shaie intervals where Es
30 s several times higher than predicted Es {irack 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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8 invention is susceptible to alteration and that certain other details
described 9 herein can vary considerably without departing from the basic
principles of the 10 invention. -33 WO 2006/065678 PCTfUS2005/044742
WYMIATISELAIMED IS: 2 3 1. A method for determining tREWaR2W5/044742
penetration (ROP) of a drill bit 4 drilling a well bore through intervals of
rock of a subterranean formation, the 5 method comprising the steps of. 6
eGP INA 5851.00P SR P YA RSP BIIRSD il o
bit-specific coefficient 0 lon u an “Confine cor‘n reseive
st?engftﬁc'gr@t@ %’%ﬁ*’%ﬁ%l‘?@é‘ﬁf%éﬁ’ﬁ‘fﬁéﬁ 86m5f%f§§wgfﬁéﬁ>@théﬁmm§ hg bit
b3d e texroniah kg thatdtii eastiatiedtype of drill bit a relationship 10
bgtween mechanical efficiency EFFM and confined compressive strength
CCS 11 over a range of confined compressive strengths CCS; 12 c)
déterthRiRdthE EBREMEa %?ﬁ?fﬂ?@’é%?xf@%i%ﬁ@?ﬁ%aﬁw?@%@wﬁ@ FBERIation
thBou g aahiedh ghedeattbasbodientypetofrdo] bildistonpdadsiltctbie faren asvelin
L4 borg: susblesd) aalaHiating e sels,pLrenalinion SR fouibe atlsast

one type of 16 drill bit drilling along the intervals of r% to create a we
bére, ’l’h"é"’gﬁi&ﬁ%ﬁ?tWGﬁIﬁﬁﬁ@tmmﬁbﬁéﬁﬁ5?@%%?\%5‘%@?@%’69
the interealsai veckdoesitpcillediti8 adebtrincchatiotishipsibetineplr$he the
bt spegiicigefficient of sliding friction p and 19 the mechanical efficiency
EFFM 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 p 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 27 3. The method of claim |
wherein: 28 the relationship between the bit-specific coefficient of sliding
friction p

33~



29 and the confined compressive strength CGS 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
wiatwodosdsesein: -34 WO 2006/065678 PCTIUS200510447 42 1hishans/044742
relationship between the mechanical efficiency EFFM and the 2 confined
compressive strength OCS over a range of confined compressive 3

streng one drill bit is dependent upon the weight of the
rllllmﬁﬁémggﬁo drill the well bore. 5 6 5. The method of claim

1 farther comprising: 7 determining a relationship, for the at least one type

of @rill pit, batws@%ﬁbcﬁr&haéﬁmlﬂﬂgmfwmwm w!@ﬁ) &he aml%st

type, of drill |st d nfin swe tre
S oa/e!el} ?avr‘ie!a 0 conP n% ctcl)grr? ﬁggiéf%easstr%%&tﬂn érégrma o? ril

caﬁ:uldﬂﬁb%%@%ﬁ%é@@ﬁ)ﬁf ROP for the at least one type of drill 13
bitglrilling thegugh dbeamvgisra fesk Bm@tgaéaaameﬂlb@r@mtﬂizdﬁg Hagwkdn
copfined com re SSIV. tre e of r ein rllleda d th
159rela€#())%|s ?%s %e?ween ﬂgl Bit. séemp é coeﬁl%%orét)f% S|I(’?Irl‘$8g et Yc?nsﬂ t et%
168meElkEnivar effRen ey eRfrehermrrsesivuitgieth®ute (N) at which

th@ drill 17 r?ﬂ is t@aerﬁmer@tmﬂ ta@@ttr@amm&ﬁggec@nmrmweaéﬁmgt@s
019,68, i
reltiol SPwﬂpe?% rrnr1[1e od ﬁé@n@%ﬁpe SOMRHS rbgc pqgsg ﬂ%‘ CcCS

e at eas one bl't‘ efween t we|
(WOBY@HRIDE senEaRd epraripRpiR %"Rﬁ?ﬁéso%@?ated and 22 confined

cqmpressiveaﬁtreng&mﬁaﬁ&grﬁé eorfinge ehgaslisied somgressivesdads of
stren n t | a.
OI’EE tgpe 0% éﬂgglt\%‘éﬁ ﬁ%ntﬂ %I%)ng :%%rmt%e)ﬁr als o g(?é@%t Z[I%]%%ﬁ?u% gwei[

cdifind@€offressive strength of 26 the intervals of rock being drilled and
thesrelationshjps beswelatrihebiagpsipbacRaticaatiicint tlesiidungfustiompe of

u,,the mechanigal eificieney RV eRd NAB AN e bore, the caicuiations
17  utilizing the confined compressive strength of the intervals of rock being drilled
18  and the relationships 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 p
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
27 3. The method of claim 1 wherein:
28 the relationship between the hit-specific coefficient of sliding friction u
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 whersin:
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28 the bit should be operated and confined compressive strength. 29 -35
WO 2006/065678 PCT/US2005/044742 1 7. The method of claim |
wherein: 2 the rate of penetration is calculated in accordance with the
wintlwerags78 mathematical expression: 4 ROP= 13.33pN 5 Bsi@G5ds/644742
EFFM WOB AB 7 where: ROP = Rate of penetration (ft/hr); 8 p =
bit-specific coefficient of sliding friction; 9 N = revolutions per minute of the

Ieast on dr|II bit; nflne sive s i) of the
rock 11 in the i 8?\5’3 i?elng ?ﬁléde T&%ﬁ%eﬂ%gspg 8%%
@memﬁﬁﬁmaﬁ%m&ﬁww%@ﬂ@l FaE d’l‘hﬁ“ﬁ@‘i@?‘(m%%%B
?Borﬁ&aa@rare@mﬂab iebthenweHibs e Bengasitashod thd WE8gMhe the

nze_thgr%&f rocéwgi%g é‘nt 01‘38}lt Qﬁe 1) |Qgrg compressive strength (CCS) of

an |nterv etermine at least in part based upon the
u?lconfined compressive strength 20 (UCS) of the interval of rock, the
eguivialent Tieuhating d»ealaity {EEDafonpdstirgling fluid being used to drill

the '”ter"a'a%i em@ g Qrﬁrﬂ&”f&liﬁé%*(%%%t 82@?@8{%{? F8 $06veen

interval of roc e In situ pore pressur pore

fididstp axiRiaienmeshiERE OFyatwehigerhisastang fbi%eﬁ%ﬁﬁ%%nﬁ%?re
24 thepatsadched coaknkeipehihidedvesira®. Jbe methodrafeaiaitorined

\{\fperg agt % s s’c?eﬁ&!ﬁé'lé&d in accordance with the following

m@athem 28 expression for intervals of rock having low permeability:
)
12 calculating the rate of penetration ROP for the at least one type of drill

13 bit drilling through the intervals of rock to create a well bore ulilizing the

14 confined compressive strength of the intervals of rock being drilled and the

15 relationships between the bit-specific coefficient of sliding friction u, the

16  mechanical efficiency Effy and the revolutions per minute (N} at which the drill
17  bit is to be operated and the confined compressive strengths.

18

18- 6. The method of ciaim 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 ihe bit-specific
27  coefficient of sliding friclion u, the mechanical efficiency Effy, and WOB at which
28 the bit should be operated and confined compressive strength.

28



30 CCS = UCS + f(DP) 31 where UCS = Unconfined Compressive
Strength for the rock; 32 and; -36 WO 2006/065678
PCTJUS20051044742 1 f(DP) = function of the differential pressure DP
vappligghesarross the rock during drilling. 3 4 10. The methog®f ckauis 844742
wherein: 5 CCS is calculated in accordance with the following
mathematical 6 expression for intervals of rock having low permeability: 7
8 CCSLP = UCS + DPLp+ 2DPLPSIinFA/(1-sinFA); 9 10 where: DPP =
ECD pfessurd'e B 2¢GBEED) 14¥r%%: ECD = Equivalent Circulating
préssure; 12WPFate pf siveRalierFsestoriatahio 23:08arcoverbikdRiiowing
pr@su%théﬂ-,g&gﬂexg,gg%ﬁ;hod of claim 10 wherein: 16 GCS is
calculated in accordance with the following mathematical 17 expression
forgntz{égls of rock aymghhigh permeability: 18 19 CCS = UCS + DP

+2DP ﬁ(l-t)nFA@@Q where70CS = Unconfined Compressive Strength

of the rock; 2% R, DP = differential pressure between
bogom 23 hole pressure exerteéd by ECD and in-situ pore pressure; 24
and 25 FA =wherinternalpgle Baficfipprattiiendtthr26 27 12. The

meghod of claim | Whereiﬁ:=%§—speciﬁc coefficlent of sliding friction;

5

8 N = revolutions per minute of the at least one drill bit;
10 GCS = Confined comprassive strength {psi) of the rock
" in the interval being drilled;
12 - WOB = weight on bit (ibs};
13 EFFy = Mechanical efficiency {%);
14 Dp = Bit diamester (in); and
15 Az = Borehole area (sq-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
26 (UCS) of the interval of rock, the equivalent circulating density (ECD) of a

21 drilling fluid being used fo 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 permeabiiity of
24 theinterval of rock being drilled.

25

26 8. The method of claim 8 whersin:

27 CCS is calculated in accordance with the following mathematical

28  expression for intervals of rock having low permeability:

29

30 CCS = UCS + f{DP)

3 where UCS = Unconfined Compressive Strength for the rock:
32 ' and;
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29 the step of determining relationships between the coefficient of sliding
30 friction p and the mechanical efficiency EffM of at least one drill bit as a
varying 31 function of a range of confined compressive strengths is bit
wiesrsdepehdent. 32 -37 WO 2006/065678 PCT/US2005/CAa 22085434742
method for back calculating confined compressive strength CCS of 2 rock
in an interval of a subterranean formation in which a well bore has been 3

crjled using a ypg i bispe UGS HE-TRNeG SomYsing the

4 steps: 5 6 a) measuring (i) the rate of penetration (ROP) ; (ii) weight on
bi(WOB): (iii) 7 bit torcfRE°FS e et gBiitfons per minute (N) used
du¥ing the drilling 8 through an interval of rock in a subterranean formation

bysthe;ype pfdrilliitg 9 1R:R) gsixaing the coefficient of sliding friction p
during the drilling through 11 the interval of rock; and 12 13 c) selecting a
A i

value of CCSTrom A Pratstdr AT atEY e mgreraiFces
fob theexpprspreifilt bitervals 16 rodk Fadng st pdrofeelaility: 13 wherein: 17
estimating the coefficient of sliding friction p is calculated in accordance

18 with the follgwin thematical expressjon: 19 T u=36 Do* WOB 20
where: T = ngl)g: &qﬁ%%% ,@‘ﬁ L—E’%ﬂ%@“ﬁﬂgﬁls); 22 p = hit-specific
cdefficient of sliding friction 23 (dimensionless); and 24 WOB = weight on
bi(Ibs). 254645 The method@h ghaita 18 fyHber emmRrSing:

11 ECD = Equivalent Circulating pressure;

12 PP =insitu Pore Prassure; and

13 OB = Overburden pressure.

14

15 11. The method of claim 10 wherein:

16 CCS is calculated in accordance with the following mathematical

17 expression for intervals of rock having high permeabiiity:

18

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

20 where:  UCS = Unconfined Compressive Strength of the rock;

21 DP = ECD - PP,

22 DP = differential pressure between bottom

23 hole pressure exerted by ECD and in-situ pore pressure;
24 and.

25 FA = the internal angle of friction of the rock.

26

27 12, The method of claim 1 wherein:

gg the step of determining relationships between the coefficient of sliding

30 fiiction p and the mechanical efficiency Effy of at least one drill bit as a varying
31 functionofa rangje of confined compressive strengths is bit wear dependent.
32
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27 28 determining the mechanical efficiency EFFM of the drill bit utilizing a
29 predetermined relationship between EFFM and CCS. 30 31 32 16.

The method of claim 13 wherein: -38 WO 2006/065678
WETbiHR0R0H/044742 1 mechanical efficiency EFFM is calcedatesions/ed4742
accordance with the 2 mathematical equation: 3 13.33N 4 ROP = 1JB(
CCS_1) 5EFFM WOB AB 6 where: ROP = Rate of penetration (ft/hr); 7
p = bit-specific coefficient of sliding friction; 8 N = revolutions per,minute of
thelat 1ohot NI oS et EE R R LGP S SR O
the2roctockniantfrdene vk bedtryraniien formal e veh 5 iR been
EFEM machanicahelfisemani4n) dddpRiaShdianetsr dnpaasiteAs
= Borehtole area (sg-in) of the well bore being drilled. 15 16 17. The
method 6F ¢laim 13 further comprising: 17 back calculating the unconfined

cormpressive strength UCS of the rock in 18 the interval in accordance
with thefollowisigmathemrticad expsassiann IRGGS (1 WaghtoB Bit (WOB); (i)

+2DPsinFA/(1-sinFA here: = rock [ com Ve
cudngill BT L A SroLETS egﬁifsﬁ#,%%%‘&%é’%s%é rats S,
rock; atfioRgiFm inlpteatrfrapigie aewhiaTmneieTEtien by hs type &f drill bit;
readrtime method for analyzing the performance of a drill bit during

10 b) estimating the coefficient of sliding friction | 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:
18
p=36 DB*'fNOB
20 where: T = bit torgue (fi-iby);
21 Dpg = bit size (inches);
22 p = 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:
.38~



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
wWepenfeSeTRergy using measured drilling parameters; and 3@CRTESMHMEg742
the performance of the bit by comparing the measured ROP 31 or
measured specific energy Es against predicted ROP or predicted specific

32 energy ;:3%hanica; efficiency EFFw is calculated in accordance with the

2
3
4
5
6
7
8

9
10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

mathemalical eqguation;

ROP= 13.33uN

CCS 1 J
D o e e
EFFuw-WOB As
where: ROP = Rate of penetration (ft/hr);
u = bit-specific coefficient of sliding friction;
N = revolutions per minute of the at least one drill bit;

CCS = Confined compressive strength (psi) of the rock
in the interval being drilled,

WOB = weight on bit (lbs);
EFFw = Mechanical efficiency (%);
Dg = Bit diameter (in); and

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

17.  The method of claim 13 further comprising:
back calculating the unconfined compressive strength UCS of the rock in
the interval in accordance with the following mathematical expression:
CCS = UCS + DP +2DPsinFA/{1-sinFA)
where: UCS = rock unconfined compressive strength;
DP = differential pressure (or confining siress) across
the rock; and
FA = internal angle of friction of the rock.

18. A real-ime method for analyzing the performance of a drill bit during
drilling of a wellbore, the method comprising:

estimating one of ROP or specific energy Es during driliing of a well bore;
measuring the actual ROP during drilling of the well bore or calculating
measured specific energy using measured drilling parameters; and

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

energy.
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