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chmpressive strength (CCS) of rock formations into which wellbores are o be
17 drilled.

| 18
19 BACKGROUND OF THE INVENTION
20

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

22 using log-based rock strength analysis. There are several methodologies in

23 use that characterize rock strength in terms of CCE, but the most widely used

24 standard by drill bit specialists is "unconiined” compressive strength (UCS).

25  UCS generally refers to the strength of the rock when the rock is under only

26  limited or uniaxial ioading. The sirength of the rock is typically increased when

27  the rock is supported by confining compressive pressures or stresses from all

28 directions. This strength is expressed in terms of CCS, which is force per unit

28 area, i.e., pounds per square inch {psi).

30 '

31 The use of UCS for bit selection and bit performance prediction/analysis is

32  somewhat probiematic in that the "apparent” strength of the rock to a bit is

33 typically something different than UCS, There is an awareness of the problem,
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-1 WO 2006/065603 PCT/US2005/044301 1 as it is widely accepted and
documented that bit performance is greatly 2 influenced by drilling quid
Wpressure and the difference between drilling fluid 3 pressure and the

t%?‘i%(}(g B?essure (PP) of the rock being drilled. The 4 pres%ﬁ?é%?gq}”(%‘gm

by the drilling fluid is often referred to as the equivalent 5 circulating

deﬂs'%s(ﬁ%@&ﬁ%%d t@@%rﬁ@@é&ﬁn@%@@ﬁ?&%ﬂb@mﬂéﬁé@Hdgréawlght
i.e, pounds per ga lon. (ppg). For vertical WeIIs the dnlh,ﬁéqullwd [ pressure

or ECH BB Pl & 698 PIR A FOB  Hrass Bl ghe fuid
ovérburderuis drilléteawsiyufromn thessock {9 16 Oneowidelypradédedand

acgepigdsraekmeshanicsdnethodifor calaelaing 41 C6Sie ussidhe
following mathematical ex%essmn 12 13CCS=UCS +DP +

ZD%suﬁﬁﬂ%fiﬂﬁs‘?ﬁ&% (- 1URRerE BE 2408 BHEGRTrHED EBMprédeive
stréngthegftheslbawels (16 BRon (ifferentialaptiessurdsydheonfinntsiress

on, 17 oo hpd BFKbﬁBQe%&@ept@§£r@ﬁé 30gls, Pl drgHeN oltie togk aE

friction 19 angle (a rock property). 20 21 Adapting equation (1) to the
botton ol ﬂﬁﬁb%&yﬁﬂlﬁ\?{ﬁyﬂnﬁ‘lﬁ?ﬁﬁ% permeable rock is often
pedformed by defining the DP as the difference 23 between the ECD

prgssu I g i
S POl L Seote ol 2e 26 TR dCpictah ros e e

follbwirtd ExpressivH foP R CC SO RIS pe&tHEAbility rock (CCSHP):
28229 CCSHP = UCS + DP + 2DPsinFA/(1 - sinFA) (2) 30 where: DP =

ECD pressurgdn S'WO%OLQDWQWQn@“?l 3% r}g> the case of rock Wthf’{“

|s1very low in permeability, therg IS NO mdustdy

where: CS = the unconfine compressive strength of the
15 rock;
16 DP = differential pressure {or confining stress on
17 on the rock); and
18 FA = internal angie of friction of the rock or friction
18 angle {a rock properiy).
20

21 Adapting equalion (1) to the botiem hole drilling condition for highiy

22 permeable rock is often parformed by defining the DP as the difference
23 between the ECD pressure applied by a driling fiuid upon the rock being
24 drilied and the in-situ PP of the rock before drilling.

25 :

26  This adaptation resulis in the following expression for the CCS for high
27 permeability rock (CCSue):

28
29 CCSue = UCS + DF + 2DPsinFA/(1 - sinFA) (2)
30 where: DP = ECD pressure — in situ pore pressure. (3)
3

32  Inthe case of rock which is very iow in permeability, there is no industry wide
33  standard or methodoiogy to predict the apparent strength of the rock to the bit.
L.



33 standard or methodology to predict the apparent strength of the rock to
the bit. -2 WO 2006/065603 PCT/US2005/044301 1 There have been
various schemes proposed, but the only simple methods 2 that have

Wé’a’iﬂ@(ﬁ"fﬁﬂf?ed acceptance assume the rock behaves as if 3%@?%%7@45?01
that the PP in the rock is zero. The latter assumption results in 4 the

followi t ' ' i

ook & e B ORI e 3 arer g =
ECD phaddgrs 99nes)ipigrp sREIMATSH IR PP 2618 5P At the
differeptiahgressure ) PECO st genetaity syedbtetheshCDipressute in
for Jow permeanility Jack.aften deads 4. 1. ILonsaus:ESINAES MG rock.
apparent CCSLP Subsequent use of these CCSLP 12 estimates for low
pefmeability rock then leads to poor estimates when the 13 CCSLP
estimates are tsed-fockitisefeetiarr, il bt rate©f penetration 14 {4
calgulations, bit wear life-predictions, a ef, like estimates based on
thel? 15 stren\égt%yc%f the rock. 16 %‘iﬁ‘ot é%%raBWback to the above 5
method for calculating CCS is that it fails to 18 account for the change in
thesstrase staterefitherock-or geviatedrer herizoatah:izOnelberesrelative
to,vertical wellbores. Well s drilled a ' S S
nOSsonl IED S e & STty o BErc Bhengs iy
dépth erietesenestiiiens pre$surrrapplidd-byroverbefden 4sscemirafed toLe
22 yerticahwelieresaviereinsthe @wrburdeadias beenciiled awesn 23

24 Still another,shortcoming is.that CCS as,calculated above. is an
a0t oS g S e e
assumiericthtomie bR evprofile rsegisierally Thaelifrdkaianty)ae Betshehbie
profilesspkthe, welleates. 27 can be highly contoured depending on the
configuration of the bits creating 28 the wellbore. Further, stress
concentrations occur about the radial periphery 29 of the hole. Highly

sirmplifiéaaitetsasteraiciraahore osial to wileiato B0 @edotint theds to
gegmeticdastessimdichanisignificantychange theappatented biskengiia|

of ﬁt Q € r?v%ﬁt}c?réas Criélgtgg gou\cg]r‘gc%% %éﬂa'é‘&e%'.oﬁ%'i&?o?e‘é”o‘?ﬁreg %rttg!er\.]fiated angles or

20  as horizontat weilbores can have a significantly different stress state in the

[

21 depth of cut zone due 10 pressure applied by overburden as compared to

22 vertical wellbores wherein the overburden has been drilled away.

23

24 Siill yet another shortcoming is that CCS as calculated abaove is an average
25  strengih value across the bottom hole profile of a welibore assuming that the
26 profile is generally flat, in actualily, the bottom hole profiles of the welibores
27  can be highiy contoured depending on the configuration of the bits creating
28  the wellbore. Further, siress concentrations occur about the radial periphery
2% of the hole. Highly simplified methods of calculating CCS fail to take into

30 account these geometric factors which can significantly change the apparent
31 strength of the rock {o a drill bit during a driliing operation under certain

32 condilions.



32 conditions. -3 WO 2006/065603 PCT/US2005/044301 1 Accordingly,
there is a need for a better way to calculate CCS for rocks 2 subject to
wdantlvegssaesl more particularly, for rocks which have low 3 pefiHaabsise44301
The method should account for the relative change in pore 4 pressure
(LPP) due to the drilling operation rather than assume the PP will 5 remain
at'the/ISPOBTIRY SOPFE ihBIPRPFESE A/ BRI HRYIASE'Br RGN péNTRE e 6
roek asuagstireeinesedsecigpiitantP s Hoeleoekifbrine eaage of very
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significantly affect the apparent of rock being .15 drilled away to
o e R R e T AR R e
ptEsemeR/ErarsaTcddEstEernbifsasiorse timatieeats fof 2onscieimd
20itheidepihel cutzonepia subiersangandosmationimdicbrisdade drilled
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includipgh tagt&liBrg e in sreagili2mausitathe ABRIBHNET9ek ddr eing
driging. 'll'lh COS for th? rock hl’tl) thee depth of 25 cut zone is then

cé culéjt%cef ?/V‘!aac}’&ﬁﬂar?ﬁén’ &timated change in strength to the 26 UCS. For
tHe case of highly impermeable rock, the APP is estimated 27 assuming
that there will be no substantialymovement oi-fluidsinio efout of the 28
rock during drilling. The present invention preferably calculates the APP in
28%ccordance with Skempton theory where impermeable rock or soil has
a180 chanpredenpore vidome! diss wapphdddossisret strésses Wite fadd in
flew inta. 3dang: eut Rf-herroek e soikis,suksiRBH Y MR BHsteMtes using

21 adrill bit and a drilling fluid. First, an UCS is determined for the rock. Next, the

22 change in the strength of the rock is determined due {o appiied siresses which
23 will be impeosed on the rock during drilling including the changs in strength

24 gdue to the APP in the rock due to drilling. The CCS for the rock in the depth of
25  cut zone is then calculated by adding the estimated change in strength fo the
26 UCS, Forthe case of highly impermeable rock, the AP is estimaied

27  assuming that there will be no substantial movement of fluids into or out of the
28  rock during drilling. The present invention preferably calculates the APP in

29  accordance with Skempion theory where impermeable rock or scit has a

30 change in pore volume due to applied loads or stresses while fiuid flow into

31 andout of the rock or soil is substantially non-existent.



_a_ CCS may be calculated for deviated wellbores and to account for
factors such as wellbore profile, stress raisers, bore diameter, and mud
weight utilizing correction factors derived using computer modeling. For
the case of a highly deviated well (>300), well deviation, azimuth and
CCsarnthyprineijpalatedrizoital st setbhonayahe wtizeddofdniproveduabeidrachibore
prafli@ URLaFRES, WSIES 18%%‘419% %‘E‘{W&%ﬁ?r z‘?ﬁ%'é}"aEQQetH%S‘%Qf{BFsdderived
ccompressive strength (CCS) for a rock in the Hept 6f cut zone of a
UsIgg SREpRAR AR GeRH4tion which is to be drilled using a drill bit and a drilling
fluid, the method comprising the steps of: a) determining the unconfined
' cgmpressive str h (UCS) far k in.a depth of cut zone of a o
o T D R o e B oG S S 2 rhfgicipal
horiepertad siegesesmimity thidiethigénphedrerigdsof the rock due to applied
stresses which will be imposed on the rock during drilling including the

change in strength due to.the change in pore pressure (APP) in the rock |
10 GBS i K £ SRR PP 6 Ry THE e R Bt BP T e
stragtie @Céd(ﬂdm_g thekestinateptichéingezmséngtivtothedd GSniatiarsedirids to
be @H%ﬁt’ﬁﬁéea'%ﬁﬂompEgdaana?itimg fﬁ’&i@?ﬂ%%@ﬁx&ﬁ%f&%ﬁﬁﬁ% the steps of: a)

compressive strength (CCS) for a rock in the depth of cut zone of a
deleriBiB AR HRAMARS T WHIERSY f e R E-Tify 2@l Mt afifhgone
of Huidbdhreaneeihfoeheatopriging: theslepd-diza)udetesritling theduncnniinggid; b)
- lve strength for a rqQek in @ depth of one aofa, . .
e v RS (R 50 BB BRG] S
imppiad 1) Sstiomktiviy tedeiing munasiheridunst thereesbdye dodhreghsnge in
pogagst:e.g@m@ m@pmﬁme }ecith@@ﬁﬁ[ﬁﬁgpﬁ%ﬁ?&&&&ﬁ?ﬁ@% ;@@@Jﬂﬁgthe rock
. from changes in the volume of the.pores of the.rock due to nges in
o R SR B e B TR ReRte Etre g Bt bonuia
movement into and out of the pores of the rock in response to the drilling
in @f sthenwallhare with & grilloit-and deiling fivids angtioh asimatingthe bfrsive

for in the depth of cut zone by adding the estimated change in .
S“%%tﬁgfﬁ&@ 46 e bRl B ere € SHBSTERAFE AEEOFop Teh is 0

beebfiindtingnthe daiifiniedebmpratisiyelstietgtm(@ Ok tonmisaek inetheps of: a)
defERINRL Gt 2006 £f & SURISIAReAYY %&?E'B@g‘j MHELITR %3 ?ﬁg‘?%‘c%géone

a drilling fluid, the method comprising the steps of. (aﬁ estimatin

of R ripeaRTAIY Pt Al Rde kP acEBlthreB st tHH ilting fluid; b)

estina@ihiegriaticahboformibilasteaIHEY Thb) oSk HEAR);avkaeseidHad @thethe change in
unconfined co ssive strength of the rock: DP = differential pressure

oo e oLE M) it e AR e o

the Bk aiISgHO @S fBrosubaiaatrIisa pertiedbleorodle iFrale cwvdiingalling and

due to fluid movement into and out of the pores of the rock in response to the drilling of
the wellbore with a drill bit and drilling fluid, and ¢) estimating the CCS for the rock in
the depth of cut zone by adding the estimated change in strength to the UCS.

In a third aspect, there is provided a method for estimating the confined compressive
strength (CCS) for a rock in the depth of cut zone of a subterranean formation which is to
be drilled using a drilling fluid, the method comprising the steps of: (a) estimating the

CCS for substantially permeable rock in accordance with the following mathematical



with the following mathematical expression: CCSLP = UCS + f(DP);
where: UCS = the unconfined compressive strength of the rock; DP =
differential pressure acting upon the rock and is a function of the change
in pore pressure APP; and f(DP) = a mathematical function of DP; (c)

fomaltml@t@fgﬂaﬁ OtEs mediiztg GaS(COSIhenterekihasestesnng thength of
§ kmaﬁd:p mea |I|ty of the rock and the confined co swe str
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f UWW&%&MW@@WMQ %fﬁ?e‘t‘ﬁzﬁéﬁféraé]dl @mﬁrﬁgrzh@ ebrknigeagordance

w@pﬂeeﬁwmu@ ﬁﬁ&iamlaamgdp@gﬁd@ (Uﬂqug zthgdgeih@g}mpra,ﬂg@ngy{;g the
unS c}lngma baselln APP ug ng a thematical formula; N
d%r%ermlnlng a &?—Wfsor TSR B riI RREhP GRS gcH e upon the

rogdopnguted ﬁqo@@mﬁfﬁéq@bmdmﬂmgnwmm@ﬂ?baséd‘(won=ast featbtmatical
fuRincianacieristicabite rckdtilingcandi g}%smgck&f%@l’o&%%‘a'ﬂm the

a correction Ior gF relati ing the baseline and the APP of the

oSt UBANLRSF RN W(@ 85, T9RG WEEHRTHE S APRIRSSNEHE K Utifsin g CSte
fortebblasatine formmalal amd! thepeonmttiorotastor CF to calculate the APP. In

a fifth aspect, there is provided a method of calculating corrected
| differential pressures across a rock in the depth of cut zone during drilling

In ifqUiBIRHRSRE IR SHRENEahMREINg e, e bt shapeRiightie pressure
(ARRIS @foéa)dmlaudanngg uhhmr@hamthpmaigzaialemmeﬁgsmsas PaseiP@sing a
badISSRURLRIERSN 6, (D). ARTORRBIOGK ADA flenth ofpul 2000 1018, ANl Diter,
aving a ase ine profile under a a5éline se |ng condi |orfs ?b
utifiging atisrnpiRigRedenmpuber ierkdandtda iDPzargedisiohe bostdinnbe aelstist one
ch%@téfﬁﬁ@@ff?lfeafogiﬂ|Hﬁ'l‘l1|ﬂ§\6&9:iﬁlﬁf§,t %fogﬁf?j ferira-from,ih %%%H&%lon factor
eline ile und se of drilling con c) calculating,
Chy ;;?ro il co(r%r’ec Ilici)’ﬁ cto E} ﬁ?fa‘r’sfé%”%f I|W8‘%t‘i9§w‘[ﬁ tﬁ‘g termining
a @Feimmmmmqhel@bmmjtéﬁ rhoedhahdd) calod | dtingoarecomedtetbDPF to
caMliliging,thepmathematical expression and the profile correction factor, for
a drill bit with the first profile. Sa BRIEF DESCRIPTION OF THE
DRAWINGS FIG. | is a schematic illustration of a bottom hole environment
In fofi Bhventica) tvelthione-dinidedroustperndablevlathy kit Sci2Adafiet A Arer essures

w%@nmogﬁ %ﬁ@&gﬁﬁ cﬁ@!&m%ﬁ@edag finipgi Q% ﬁaa%'fﬁg FEross &R nean

ny
In the depth of cut zone; FIG t’3 B are sc ematic illustrations o

W%W@é%ééeaﬁmﬁ%ﬁita%%@wdéksS@PFo@& 13 trrdcypindotElipiagna fopthgraatical
expertital, wallbores Ia)f‘aciwﬂaoma:lml e aaiads) @cwel bekp@rignied:atafor a

drﬁn%l? %aqr?n 'atmg meth;%‘o et ICL%laae?d a%ase r%éms%%ha%fanr%lleng conditions; (b)
computing, using a computer model, the DP across the rock in the depth of cut zone for a
‘drill bit baving a first profile differing from that of the baseline profile under the baseline
- set of driilihg conditions; (c) caiculating a profile correction factor by comparing the
baseline DP with the DP determined from the computer model; and (d) caicuiating a
corrected DP, utilizing the mathematical expression and the profile correction factor, for
a drill bit with the first profile.



FIG. 4 is a graph showing DP at the bottom of a hole for impermeable
rock as predicted in accordance with the present invention and as
estimated by a finite element computer model; FIG. 5 is a table of
calculated values of DP, CCS, and rate of penetration ROP; FIG. 6 is a
graph of rate of pAEH&lcHTROF foNaCdtiTIBE VEtsuBIGIGS of a rock being
drilled: FIG. 7 is a graph of rate of penetration ROP versus mud density;
FIG. 8 is a graph of rate of penetration ROP versus PP; and Sb WO .
FlIGobi/065ko39PC HNsSaius 4460 e covERmik B bit pisevelibore n
posegmenisawibieican be combined to 2 characterize the profile of a drill bit.

3 4 DETAILED DESCRIPTION OF THE INVENTION 5 6 I. General CCS
Calculation For Vertical Wellbores 7 8 An important part of the strength of
FlGSrakk wodaisteldinhsodpert dlagen taaingt dbarsressing aratB amdisd across a

mcwmqheﬂaglﬁgq}f@%@j@pted during drilling. This 10 ability by a rock to
resist drilling by a drill bit under the confining conditions of 11 drilling shall
be referred to as a rock's COS. Prior to drilling, the compressive 12 state
F1©8 a3rpekdtd partidularteptisisaiangely dependemntiod thetweidghodfsthérdd in
thedd Burgen,being sapngried by dedekoRuning adrlng.orRaAtOR the d4) «
0

ttom portion of the wellbore, i.e., the rock in the depth of cut zone, is 15
welRptsseideRsea Ay MFIAL SRHEF RSO the SUErBLABS AL RHPHED S8R &
removed. However, rock to be removed in a deviated or horizontal

rrevello regé(?Pﬁ'gh%t‘i‘l’g‘?#uE.if éﬁﬁégﬁﬁﬁp§f‘5‘°'h°of*-£hf%f°%’?g%§?§%ﬂe' aad. a3 xavsg%hcted

as to the'drilling 1 ndent upon the of deviatio
in AEEORASINSS e FRoMELRESSTY. VRYEREPRABGIS P RETA3HA RN afgie dlgmept computer
mddaally, a realistic estimate of the in situ PP in a bit's depth of cut zone is

22 determined when calculating COS for the rock to be drilled. This depth

of cut 23 zone is typically on the order of zero to 15 mm, depending on
Flghé penabrhtioraaieied Wiehardetefisticsirahaisio bpardtdipp&afieters.

The present invention

FIG. 6 is a graph of rate of penetration ROP for a drill bit versus CCS of a rock being
drifled;

FIG. 7 is a graph of rate of penetration ROP versus mud density;

FIG. 8 is a graph of rate of penetration ROP versus PP; and
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25 provides a novel way to calculate the altered PP at the bottom of the
wellbore 26 (immediately below the bit in the depth of cut zone), for rocks
of limited 27 permeability. It should be noted that the altered PP at the

WA GPtRe hole, 28 as it influences COS and bit performa(ﬁ%lgs|2§m§/044‘7’0I

short time frame effect, the 29 longest time frame probably on the order of
ong segand, ] f [ 132
Wnrﬁle%r?(% v%léﬁéa%t?g]g é’mgfbﬁég gébaﬁr%e%rlgﬁt%%eg?yﬁ gt%?f%ﬁ}eﬁ%ogdescrlbes
thé 3§@éﬁ@?’é‘?§§%ﬁfﬁﬁ‘8ﬁ§ ’i’ﬁ%{tﬁ% arriving at a method for calculating
C@S for -6 WO 2006/065603 PCT/US2005/044301 1 rock being drilled
usllr:g a drill bit and gelingWid-to craateAgsperalyverieabr wellbore
with a fiat bottom hole profile. Referring now to FIG. 1, a bottom hole 3
ermvironment for a vertical well in a porous/permeable rock formation is
shewni. 4 A caslefaroodduRelistidepiotedentitte BiWeltticatsvellbore 22 being
drilfled 5 therein. The inner periphery of the wellbore 22 is filled with a
drilling fluid 24 6 which creates a filter cake 26 lining wellbore 22. Arrows
288inditate aseporart Piifste retk dornraide %*%‘Lé?”*fﬁ@ denFodndiny e
reserveifmgasfreely-flounintodithepore-spaseviadize tockdrithedepti of
c%zo are:ni dﬂfs IS ekn? r%'e}’s'i*%ﬁ R % %\é’n%itn% QQKe iﬁHﬂFﬁ'&’ F?:%HB‘?@P&

Also, the sure 1010t ewe ore as suggested
by hrr&ﬁ%‘@sﬂai‘ @qu ﬁ’é%iﬂ(ﬁﬁr%\?%ﬁﬁy@% yRig e deptihoFetiPZore
which @%@@étedaaec;i& ORsessehOR pressumebaniamathedvilling: of the
kot e U G L U

bet exce |ons the ress re exerted 24 is

tyﬁcanpo@ﬁ@aMHaﬁftﬁe rﬁeértar@ Pe1 8 iR tﬁrébfhdsﬁfw z&sﬁé%ﬁd fess
the th&&ﬁé@f&samﬁ@nammheewﬂed thy d/éthedeverburden bincer

this comman driing.sonditon, he.cack 5 1he 4epl ol 1RU 2N nore i

expanofs ng% Iy at the bottom of t e or wellbore due to the 1
retilictiof! GEBiPESE (FBBIURBIFONNENRG TURD IR tHEh E@@ﬁ*ﬂéﬁt&%@zo
ew tediby averodEdenteSinplareibigrssumaditabiine parpyeltae ine
i 21ro0 Joe égl So,expa Sdg,m'm% §@n5|on of the rock and its pores will
Uit i A ecrease in the affected region if no

5 INs antaneous
qu’ci@ flows into the 23 pores of the expanded rock in the depth of cut

ZOFe. ideally, a realistic estimate of the in situ PP in a bit's depth of cut zone is
22 determined when caiculating CCS for the rock fo be drilied. This depth of cut
23 zone is typically an the order of zero to 15 mm, depending on the penetration
24 rate, bit characteristics, and bit operating parameters. The present invention
25  provides a novel way to calculate the aitered PP at the bottom of the wellbore
26  {immediately below the bit in the depth of cut zone), for rocks of limited
27  permeabifity. It should be noted that the altered PP at the bottom of the hole,
28 as itinfluences CCS and bit performance, is a short time frame efiect, the
29  longest time frame probably on the order of one second, but sometimes on an
30  order of magnitude less.
31
32 While not wishing fo be hald to a pasticular theory, the fofiowing describes the
33  general assumptions made in arriving at a method for calculating CCS for

-6 -



24 25 If the rock is highly permeable, the PP reduction results in fluid
movement 26 from the far field (reservoir) into the expanded region, as
indicated by 27 arrows 28. The rate and degree to which pore fluid flows

A H&&%anded 28 region, thus equalizing the PP of the BXpand¥a/ 6tk

to that of the far field 29 (reservoir pressure), is dependent on a number

of factors. Primary.among 30 T e factars is.the ra r clérqg%{ i 0.
; artical -
Whgich fg%ogr)?éqgt‘f!’\'/yiget% ur%'[%; gf% ! %ﬁeﬁ%%rgtﬁgﬂgafnuég'[ Oeé%%%\%egperme% |I|t|3? @

of the rEieatR thishpofa!faito T hidl D efdg URFERTHREE WIE e SERvoiARAtIRNR 88
relatively/largecomparesit theidepth®b 3R eubzone ryhichnsgenersitya.

regsonable assumptiqn..At the same time, if -7 2006/06560:
R e e e
sit@ PEhéigatd frontehedimipy & e AnPetémpfiteemesr aehesiidaste
pore lsmm iBrdbe Q@mtﬁmﬂ@tmmfm @vﬂfﬂ@d‘i@@?@&h@@i@ Mitodbaringaheore
initial mud invasion (sometimes referred to_4 as spurt loss) act a .
oo e TS 1o G TR VB b LaEld s
(vety thiv aprg gedck, wviiehork de Sirainetant ofténng dddbegyaraly the case
reasonghle tnAssume Wal thendmact ol filieinvasion on Haltedingdhere
PP.in the deﬁtrl],of cut re%iog ls§%9gﬂg)lg'§5is also assumed that 8 the
mud filf8r ke I8 8 &% HEER ieranp rheablé membrane for the typical case
9 of drilling fluid pressure being greater than PP. Therefore, for highly 10
permeable ek diiiiad wisheAritineuichither RR 1 ibevdeptlef eut zone

can 11 reasonablg/ §) assumed to bte t(—:‘ﬁsquitialI)éft@]e gv%%% as thSe E:i)gé%itu
PP%f the® £3 &R dPﬁ%ngé%r off rock® 1314 For'subs an%iaqﬁl
impermealblerdokhsutiiag Shalet apithoes) tittie senshakssirtiasighe fiuid
asgymegLthatdhereds pe subsiantialamewunt,elaoe fud mevementa Fo
filtrate invasion intofthef\ depth %ficut rE}on hTI&eFreforeh;Qerigvs!g%g}agg%%sd .
PPN 1”7‘9%‘18%% SH et SRS IS UIRCHOR BPAS Stress change on'the Y
ro¢k in thedv8rdetn off cdtZbisesanoieppEtiesrsiish dsperph&abititgeativof
stifiness, andle 1 darsiluRens, hidopsrtiasHprmarieonpessiiing.

20 21 As described above in the back%roung_@ectlon, equ§t§)n élg
represeftiia 9 WIS IPLCTRER SN ACUEH I PR TEEham e idthod

forcalcelating GQ@Serourden). Similarly, it is assumed that the pore volume in the

£

21 rock aiso expands. The expansion of the rock and its pores will result in an

22 instantaneous PP decrease in the affected region if no fluid flows into the

23 pores of the expanded rock in the depth of cut zone.

24

25 If the rock is highly permeable, the PP reduction results in fluid movement

26  from the far field (reservoir) into the expanded region, as indicated by

27  arrows 28. The rate and degree o which pore fiuid flows into the expanded

28  reglon, thus equalizing the PP of the expanded rock to that of the far field

28 (reservoir pressure), is dependent on a number of {actors. Primary amang

30 these factors is the rate of rock alteration which is correiative 1o rate of

31 penetration and the relative permeability of the rock to the pore fiuid. This

32 assumes that the reservoir volume is relatively large compared to the depth of

33 cut zone, which is generally a reasonable assumption. At the same time, if
-7



23 of rock. 24 25 CCS = UCS + DP + 2DPsinFA/(1 - sinFA) (1) 26 where:
UCS = rock unconfined compressive strength; 27 DP = differential
pressure (or confining stress) 28 across the rock; and 29 FA = intern

WERIRBfiction of the rock. 30 31 In the preferred and exe%ﬁgf{%ﬁw baasin
embodiment of the present invention, the UCS 32 and internal angle of

frigtion EA '%m@hose ggﬁ?gé Iu?engogﬁsg@nm Acquste 3gwelklay @l@t@rmrng

seismic dn% n the art will appreciate that other -8 W(c
2006/0686083HETTHUS 2065/ 02,3 EME P BE LA L FCY
internakangle efifsicianit Awrire; knoinvitiand2 cansie: Lgsmdemtslaahef@resemt

Lg\éfﬁélgsgsggﬁ way of Xa%{}) b §m@p% nellimiigtion;. 3 these: aliemativg. 26

etermlnln and FA include alternative 4 methods of
précewi@u«@ﬂmq@@w%wﬁa ANIAE YO TSGR BBPLER™S drill
Custlngﬁahfede?eﬁallsarﬁg@mm@ thedntemal tandglepet frictivatcanbgdownd in

eerpnt %NBP %6 997 t gb(?? anls ﬁ@&xﬁb@giemg‘ﬁg Qgsumed that

Determlnln 5ck 9 echa |cal Prop rtles Usmg Electrical Log Data",
which IBeHErE B I MERDBRIRES BY FABIEREE v T &HARSHE CRSORIEH case
Ut'bze%ﬁdmiﬁ@ﬂglJ%réé%@%tgém@ﬁgf@t@ﬂmgﬂeﬁofmﬁ@fﬂad frictioyngisclosed

by J Ui and eamman, i 1e B0 iEsimaton ot friclion Eranetiesof

Tk Erom-Deformation easurements”, Cha ter 14, Proceedings of
tHe 271829982 Sy fpaiumeeric P4 ﬁéékﬂmwﬁa%@eﬁﬁe&wb%& RTaBidnita,
Jyne %n@%&g@dﬁe&gd 15 predicts that as Poisson's ratio changes
with changes in water saturation and 16 shaliness, the angle of internal
friction changes. The angle of internal friction 17 is therefore also related
tolfockrdrikabsieptait RereRnebte QAN BHCLS pEMRIMIAHCENMRIH ARG BhRe: It

m%ho@g%l»gbﬁ%égﬁag@;émml%&iﬁtﬂiﬁg@@ﬁﬁiﬂ@tﬂﬁ sRdauipermeatie: rock
ccomplishe efining DP a e o
S ACCOTRIS IR IO 2625 B BRECSRUE YR, AGIREMSILER

Gredrll |ng or e surroun Ing reservoir 21 rock at
th@?nmé\@ﬁ@mmm@cqtm@nﬁe@m@wm@qﬁ@méﬁﬁ@aﬁ@&ﬁégﬁfé@%ﬁ@%w the

18  depth of cut zone, rock properties such as permeabllity and stiffness, and

19 in-situ pore fluid properties (primarily compressibility).

20

21 As described above in the background section, equation (1) represents a

22 widely practiced and accepted "rock mechanics” method for caiculating CCS
23 ofrock,

24

25 CCS = UCS + DP + 2DPsinFA/{1 - sinFA) (1)
25 where: UCS = rock unconfined compressive strength;

27 DP = differential pressure (or confining stress)

28 across the rock; and

29 FA = internal angie of friction of the rock.

30

31 Inthe preferred and exempiary embodiment of the present invention, the UCS

32 and internal angle of friction FA is calculated by the processing of acoustic

33 well log data or seismic data. Those skiled in the art will appreciate that other
-8 -



22 CCSHP and DP as described above with respect to equations (2) and
(3). 23 24 ECD pressure is most preferably calculated by directly
measuring pressure 25 with down hole tools. Alternatively, ECD pressure
WA HEEYmated by 26 adding a reasonable value to mud pre&stie Y301
calculating with software. 27 FIGS. 2A and 2B depict exemplary graphs

Shpwi%%@%\é GGRaNALes Wit the, 2800 applied peressHRe okl they

depth of cut zone. With o DP applied 29 across the rock, the stren%ﬁh of
thé ro€RNS.ESEMMANYIRSBES! NGRS AL AR B Icedaet THE o
CGS alggdntraases: trefFitls 2A¢themoreade sashicwnindLdrsaéidmetre

fupction.In. FIG. 28, the incrense is showias:Ankinga-3%iupction e r
WO 2006/065603 PCT/US2005/044301 1 Rather than assuming the PP

in fow ‘B&‘rﬁ"n’g'&‘@ﬁity rock is essentially zero, the 2 present invention utilizes
a soil mechanics methodology to determine the APP 3 and applies this

e o determine the £ |
oo e SeCa b by e A B RS o

A &nd B GEGECRNig RO 1E95%) S0 UiGHh &81N05Jas 48T % B°4bapted
forusewith:equationddipsSkemreripore. presstre wiayhdgeheratdly be 7
described as the.in-sity. PP of a norol Ily. hon-
o Ct e SRR s St e
changésisavengberagass B avdiiiin siHesrhberialhssdmirfg TRa ™
peprmeabilityisEsordeithat F1ioine pppeetiakleflow pidiuidsieceutisinto or
oyt of the material. In th n icati 0 ial, .
e B D L e

addumBadthilethansertiesningpis R8Nt Hordppretiable NEaNe O f
fluigls ogedradmates ouiebihe depth afputvonerdhipnotedior BXGr2An 24d

that the .change APP_in DP.is. a fungci P [ due.
10715 GG LT B bl e o0k e (e el ot S 16

may besriEREnTatisaly 218! éxpressEiPad M CHBPREIEED bipp +
ARP) (6}2iwhererBBimgifierestiakpressteratiasstheieoekifeg eonditions

19 for permeabte rock is accompiished by defining DF as ECD pressure minus
20 the in-situ PP of the rock before drilling or the PP of the surrounding reservoir
21 rock at the time of drilling. This results in the mathematical expressions for
22 CCSee and DP as described above with respect to equations (2) and {3).

23

24 ECD pressure is most preferably calculated by directly measuring pressure
25 with down hole tools. Alternatively, ECD pressure may be estimated by

26  adding a reasonable value to mud pressure or calculating with software.

27 FIGS. 2A and 2B depict exemplary graphs showing how CCS varies with the
28  DP applied across the rock in the depth of cut zone. With no DP applied

29 across the rock, the strength of the rock is essentially the UCS. However, as
30 | the DP increases, the CCS aiso increases. In FIG. 2A, the increase is shown
31 as alinear function. In FiG. 2B, the increase is shown as a non-linear

32 function,



22 low permeability rock; 23 ECD = equivalent circulating density pressure
of 24 the drilling fluid; 25 (PP + APP) = Skempton pore pressure; 26 PP =
“Pore ressure in the rock prior to drilling; 27 and 28 APP = change in pore
&é tie'tide to ECD 29 pressure replacing earth stress. 36431 ?&9.5/5 301
shows principal stresses applied to a stress block of rock from the 32

depth g%%%%af LA agnesaly vaicakuralhare Digte that RGR pessue
33 replaces OB pressure as a conse%uence of the rock belré? illed, FIG

dr
36 - 1096 LOUIIBE B F P ETRI ST ORI AR QS S TS PP
black @ﬂ@@&(pfféﬂﬁh& generadtyih orizontallyoéxbekdifgr 2nparianodfrapermeable
wejlborg, Jn t%ﬁ&%%&%ﬂ%%%@ £2MaiRHOR the vegtical A spdface of
the stress biqc . FIG. 3C shows a stress block of rock obtained 4 from a
defiatEPHRTIBRR MRy dFPARGIE S ¢t devibioly HOm tHePOETCAT aha 'S
anazimtibaldangle Svptojegtetbonia Beszomalplareebuc onyCBnerally be
pressure_6.repl he prey ressuk that exi wioL
triing s 7 ‘.$§f§’%‘é5§é§)§%ﬁﬁ%*§;§%?§§&%ﬂ R O
twé PPeesiibRes O dHeCE WM det@iffine theUR PN afised Byerase
changesrir applied tetal Stiessfosraporans materiab uneteri bl icenditiotis:!
of,zero drainage. PPR.is gi 121 P =
o, AR LSRR P SRR DR R bR
U215 aprdketian=lepeefieisrt ti & SERbES BREMRIE TR A% Htddsdfdth O
caysed:by-6hange insshearsirass! il Brmeeeffigientdhat describasrecianie
Changs, i RO A8 BISSEYIR SRUGPS: e aBROB KLIMBAD SHRSRATHIES 28,
g 14 pthat the c?’xange APF in DP is a function of the PP change in the rock due to

15 dilling).
16
17  This DP across the rock in the depth of cut zone may be mathematically

18 expressed as:

15

20 DPlp =ECD— (PP + APP) (8)
21 where: - DP = differential pressure across the rock for a
22 low permeability rock;

23 ECO = eqguivalent circulating density pressure of
24 the drilling fluid;

25 (PP + APP) = Skempton pore pressure;

20 PP = pore pressure in the rock prior to drilling;
27 and

28 APP = ¢change in pore pressure due 1o ECD

28 pressure replacing earth stress.

30

31 FIG. 3A shows principal stresses applied {o a stress block of rock from the

32  depth of cut zone for a generally vertical wellbore. Nate that ECD pressure

33 replaces OB pressure as a consequence of the rack being drilled. FIG. 3B
S0 -



20 = second principal stress; 21 G3 = third principal stress; and 22 A =
operator describing the difference in a 23 particular stress on the rock
before drilling 24 and during drilling. 25 26 For a generally vertical

WREMBEIE e first principal stress (, is the 27 OB pressure pﬁ%%%%ﬂ?ﬁ%ﬁm
which is replaced by the ECD pressure applied to 28 the rock during

drillingy and. .. andt.are,porizenial pHRGiRAlRALR siessas:ZSapplied to
the rock. Also, (Aol + Ao2+ Ao3)/3 rggéesents the change in 30 average,

or fedSRR 852 NIRICAE BV XTTE/J6B 875 BT RISU0BI0A3 46T R ((/ 1
1 Q61 AlrfatbAE BeAtess (AaskARIS~3 Capasentstitrs Ohange ipcioobkmasd
strgss pn.a.valume of Matesiah s AFe-an slasticmatarialit grnbeshann
that A = 1/3. This is because a change_5 in sh?ar stress caugiino
voRim@CRARYE RPAR ShRIREfIEtetar IPHEREAS RS %6 ofUihe Chahge™ ™
then theresizn P Prehange{tserporestieid Heitksisexipaidgorniong in the
compresses).. Ifitis. 2d that the rock near the bottom of the hole is

8 efo?nﬁ?fgggléggtﬁgﬁgityhmeﬁ%ﬁg éP change equation (7) can be simplified
to'£9 10 APP = B(AO1 + pot + A03)13. (8) 11 12 For the case where it is
assumeddhatP2iis generalyrequalito®ds themd E3 MlidRRErB(Aoba-APP

246313, Q) 42 48 ggﬂy%ﬁbé%}j deseabes that BB shange Al B-is.equal

to the constant'B 17 multiplie %/ the change in mean, or average, total
stidss GATHECRECK ANGIE AT B%at RfeAh stPeddSR BR ARSIRITETdPerty. It is

thezsame no matter what 19 coordinate system is used. Thus the stresses

do1 R}ot need tgFQge p_»nﬁﬁj:poal ggosggeggaeﬁ,agquation (8) is accurate as long
Iy

as the three stresses are fnutua
14 Jilhg-ag) leo-say) Heg, g S eA- e )
15 where: A = cosefficient that describes change in pore
16 pressure caused by change in shear stress;
17 B = coefficient that describes change in pore
18 pressure caused by change in mean stress;
19 G, = first principal stress;
20 G, = secondprincipal stress;
21 G, - third principal stress; and
22 A = pperator describing the difference in a
23 particular stress on the rock before drilling
24 and during driliing.
25

26  Fora generally vertical welibore, the first principal stress ¢ is the

27 OB pressure prior to drilling which is replaced by the ECD pressure appiied to

28 therock during drilling, and ¢y, andey  are horizontal principal earth siresses

20 applied io the rock. Also, (Ao + Aoz + Ao3)/3 represents the change in

30 average, or mean stress, and

S14 -



21 perpendicular. For convenience, oz will be defined as the stress acting
in the 22 direction of the wellbore and Ox and ay as stresses acting in
directions 23 mutually orthogonal to the direction of the wellpor
WEBTWSHYR be 24 rewritten as: 25 26 START HERE! FIX g ﬁ@%ﬂ‘#‘%l
MARGIN FOR (10) AND OTHER 27 EQUATIONS 28 29 APP =B(Aoz +
3 { PGT/US2005/044301 1
he4r tﬁé Bottd i SEERERAIE TIBHEVEr,
2 t@esg1 dggageessé gﬁedgj%ﬂﬁqglgf smaliwhen compared to Aoz and can be 3
neglected for a simplified approach. Equation (TO) then simplifiesto 4 5
APP = B(Aaz)/3. (11) 6 For most shales, B is between 0.8 and -1.0.
Youngs goit shateshaveBivalues shof01B5ite 1.0 while iolkeestiffer change
Sh%"esu\"’éﬂ%? GoserioQ 8,k 953@&”‘1[?%%9 BARPLAGR that does tﬂ@Fe is no

require roc propertles It is assumed that B=1.0. 9 Since Aoz is equal to
(EED YouyRFHetiear wempse dduatatl)can pi %‘%Wﬁttgﬂa&gﬁl
- 127APRoF dhecisaz)(3i (1235331t Noterthat APRaistadmosbalweys hole is

negative, That is, ihers will be AR decrease, Lodiqar the Hotamiaking:

3 &
hole dtcjjef hné; Ing 3perat|on This is %ecause %[g 16 pressure is

alrfiost always less than the in situ stress parallel to the well (Dz) 17 prior
toidrilling. 18720 Thealtered HR (Skgmpton pore pressure) near the (8}
bqqom of the hole is equal 20 to PP + APP, or PP + (ECD - az)13. This

can also be expressed as: 21 22 PP - goz ECD)f3. (13
12 For the case where it is assumed thal G; is generally equal to G3, then

13

t4 APP = B{Aoy + 2A03)3. (%)
15

16 Equation (8) describes thét PP change APP is equal to the constant B

17 muttiplied by the change in mean, or average, totai stress on the rock. Note
18 that mean stréss is an invariant property. it is the same no matier what

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

20 stresses. Equation (8) is accurate as long as the three stresses are mutually
21 perpendicular. For convenience, gz will be defined as the siress acting in the
22 direction of the wellbore and ox and Oy as stresses acting in directions

23 mutually orthogonal to the direction of the wellbore. Equation (8) can then be

74 rewritien as;

26  START HERE! FIX THE RIGHT MARGIN FOR {10} AND OTHER
27  EQUATIONS

29 APP = B(ACz + ACx + Agv)/3. (10)

-12 -



23 24 For the case of a vertical well, 0z is equal to the OB stress or OB
pressure 25 which is removed due to the drilling operation. 26 27 in the

case of a vertical well and most shale (not unusually hard and S%@&?&mm
W%B%%@@’f’n average stress can be approximated by the tefin™ S/

‘ECD)/3". 29 30 Utilizing this assumption, the following expression can be
used f nerally 31 vertical r rel ili IS
g e s B e 13
WO 20061065608 PTT AISTBDSIRASTE “ICHRERE TP A%k &1 fRéKure -
(15) 2 ShempptonfosenBressupe3:8kemptanPOIe PressurgifePR - (OB -
EQD)/?, (16) 4 where: OB = overburden pressure or stress 5 oz in the z -
direction, and 6 PP =in situ pore pressure. 7 8 OB pressure is most
préferably cdlBRae ¥y aitegrating rock density from the 9 surface (6"
mud limgarsaahotom fosawaarning endiraninEntnalteshatively h24@ OBalues

pressure %@ﬁ&'@@%%ieth;%%(l%ﬁaggg\,ﬂrb%sa%@mg gyerage valuef,

11 rock density from the surface (or mud line for marine environment). in
thi§ 123preferedraéPexanm pary @ MBOATRTERTST this vento ddtations
(2)cands(d4) A3 aresused tecalculaterGCS-fosighband daveperreahbiitybe
ro1cé<, i.(ra. "r tCe:r§la-|SP" 14 and "CCSHP". For intermediate values of
permea%ﬁlfy, these values are used 15 as "end points" and "mixing" or
intérpolating between the two endpoints is 16 used to calculate CCS for
rogks having greiateraedigtgzpermeability between 17 that of low and12)
higg permeability rock. As permeability can be difficult to 18 determine
directly from well logs, the present invention preferably utilizes 19

effdctiviqiotositiPes BIQIvMIBFoSER b5 9 Bidindarasthasprositp orase
thes 20 pensbalefradionofdeckauliiliediby thefastioref nopcahalesCD

rogk- 24, Elfgelve RRrerivape L e Al Magian s perandt s recnenteey
17 prior io drilling.
18
19 The altered PP (Skempton pore pressure) near the bottom of the hole is equal
20 to PP+ APP, or PP + (ECD - 6z)/3. This can also be expressed as!
21
22 PP - {0z ECD)/3. {13)
23
24 For the case of g vertical well, oz is equal to the OB stress or OB pressure
25  which is removed due to the drilling operation.
26
27  in the case of a vertical well and most shale (not unusually hard and stiff}, the
28  change in average stress can be approximated by the term "(OB - ECD)/3"
29 '
30 Utilizing this assumption, the foliowing expression can be used for generally
31 vertical wellbores wherein low permeability rock is being drilled:
32
33 CC8.p= UCS + DP + 2DPsinFA/(1 - sinFA) (14}
-13 -



22 permeability can be used directly when/if available in place of effective
23 porosity in the methodology described herein. 24 25 Although there

are exceptions, it is believed that effective porosity 9Pe 26 o] n%gl%_ 044301
WEAKAEEE Rell with permeability and, as such, effective porosEy 77

threshold cpe is used as a means to quantify the permeable and

impermeablg,; 28 endpojs. T_hg@@lgyg@g@ethodology is preferably)
employed to calculate 29 "CCSMix", the CCS of the rock to the drill bit: 30

312COSMix = CCSHP if (Pe ? cOiB{17) %5 CEEM& = CCSHP if (Pe 5
(PLP, §k8)nptdr PWEF2606/065603-PORLUBR005/044301 1 CCSMME

CGSLP X (WHEs We)/(dBHP= {RIR) 4F GSER X §gL PN( WHP 2
(PLP) 3if (PLP5 Wes WHP, (19) 4 where: We = effective porosity; 5 WLP

= fow permeability rock effectivéBr8Sify tRFESHYIAAR"d 6 WHP = high
pegmeability rock efféctivegionusityotheestold. 7 8 In this exemplary
embodiment, a rock is considered to have low permeability if 9 it's

effective porosity We is less than or equal to .05 and to have a high 10
ehmeaBIRG TEHE SHECHVE BFORN P skl s SRR ARSE R Som the
This lsuresultsrimtheifoltowing vatue ook CESMaxwirdhisepteféritechatively,

ol SR Tt LR R L WPl gt i o
x {'pe 10SY/SEE{RYOTE!e BEleth Y Stdr el AWHAR B SEER O THYS
equationsrabave;dheassam ptiondmaoe thatithentkSreckdieha@saas (14)
impermeable if e, i lessthan orequal 19,0, 08.and as 20 permeabla if

We is greater than or equal to 0.20. The endpoint We values of 21 0.05
arid 0.20%reGSsUrhatNEHTGCIE PG A A TFAETRYS0 EHTR EhdSotts 5

15 as "end points” and "mixing" or interpolating betwaen the two endpoints is

16 used to calculate CCS for rocks having an intermediate permeability between
17 that of low and high permeability rock. As permeability can be difficuit to

18  determine directly from well logs, the present invention preferably utilizes

19 effactive porosity .. Effective porosity @, is defined as the porosity of the

20  non-shale fraction of rock multiplied by the fraction of non-shale rock.

2t Effective porosity @, of the shale fraction is zero. lt is recognized that

22 permeability can be used directly when/if availabie in place of effective

23 porosity in the methodology described herein.

25  Although there are exceptions, it is befieved that effective porosity @.

26  generally correlates well with permeability and, as such, effective porosity

27 threshold @, is used as a means 1o guantify the permeable and impermeabie
28  endpoints. The following methodology is preferably employed fo calculate

20 "CCSuu", the CCS of the rock to the drill bit:

30
31 CCSuy = CCSur if @e 2 Qup, (17)
32 CCSnx = CCSip If Qe = Prp, (18)

- 14 -



22 this method are dependent upon a number of factors including the
drilling 23 rate. Those skilled in the art will appreciate that other endpoints

mag be used 24 to define the endpoints for low and high permegbili#g.
WOREWIEE P will be 25 appreciated that non-linear interpolatigﬁ]g%ﬁ%‘} L4301
can also be used to 26 estimate CCSMIX between the endpoints.

Further, otherschemes 9f 27 £alcyaling CoaVixfesa. iR b/ oue -
permeabilities may be used which rely, in 28 part, upon the Skempton
ap%)roach described®#Hove for calculating PP 29 change APP which is
geherally mathgasaticatly-described using 30 equations (7) - (12). 31(32

Support for the.methadalegysiilizingithe Skempton approach for
determining 33 CCSLP for low permeability rock is provided bghc%mg#éer

mddels and from -F5AR¢P S GEBTEEEEHT BEFNTSLEIEEARS01 0
experimental data. Merrep; PeheSriith;dvk Bif¢Bottpmhele BtesssiFactors
2 Affecting Drilling Rate at Depth," J. Pet. Tech. (Aug. 1985) 1523-1533,

3 hereinafter referred to as Warren and Smith, describes results of finite 4

elémefft BYCORPAEY HBaeHHG S e BoRGRSEE REIE. R WoACKlppuIE
the 5 cenceptithattheiteffectivestressoonding holdranofithehole foh

p%meg@!%&&&ksty%iﬁseéﬁeeaavg%sg to.the, diffsrenge hetween dlling

fluid ECD Pre_ssure and 7 in-situ PP for the reasons described above,
exéept fSHIRINGPAIREPHGEEHEE °8 t6 tis BbitShPISORE S targer
differences near the-diameter due to an 9 edge effect. 10 11 FIG. 4

illystrates the.PP for a given set.obgonditions for impermeable rock.
Sﬁgwn are DP clirves (?etgprmsf%ed' by the finite element modeling of :

Wirren 13 dridSsmitt: @80 PeS By using the simplified Skempton 1)
method of the pregentdd, invention,)i.€s ushitbequations (14) - (16). Tlese
results are for the caTﬁ%Q% Qgh%e OB pressure equals 10,000 psi,
horizontal stresses ox,0y equals 7,000 16 psi, in situ PP equals 4,700 psi,
arid mud pressure (PWell) or ECD Pressure 17 equals 4,700, 5,700 and
6,790 psi,eespestivelyorhhes\darseonand Smitheld: sasyltsarenprovided tfer

P00 o he CEter e ot o vl Tadie e 05 Adiona
roek propErties epore HUEHROPEHIEs 2arl Sotteh e pianie wevaives of
2% 0.05and 0.20 are assumed, and it is recognized that reasenabie endpoints for
22  this method are dependent upen a number of factors inciuding the driliing
23 rate. Those skilled in the art will appreciate that other endpoints may be used
24 to define the endpoints for low and high permeabiiity. Likewise, it witl be
25  appreciated that non-iinear interpolation schemes can also be used o
26 estimate CCSux hetween the endpoints. Further, other schemes of
27  calculating CCSwix for a range of permeabilities may be used which rely, in
28  part, upon the Skempton approach described above for caiculating PP
28 change APP which is generally mathematically gescribed using

30 equations (7)- (12).

32 Support for the methodology uililizing the Skempton approach for determining
33 CCSyefor low permeabiiity rock is provided by computer models and from
<15 .



21 required for Warren and Smith's finite element analysis. As can be
seen, there 22 is fair agreement between Warren and Smith's more

rigorous finite element 23 modeling and the simplified Skem ,tcj)n 051044301
Wgﬁﬂ%@ﬁfgﬁﬁresented herein. The 24 agreement would be everl BEREr {4
more typical shale, as Warren and 25 Smith modeled a very hard, stiff

shale. JLis also,Doleory et ie apparans 26ligrenredeiuee the
two methods decreases as mud of ECD pressure 27 Increases above
in-Zitu Afectrediefsie Rate shinmad mBaiotesftheUsrdsent B8 nlehtion
may bapariculadisuiable ansacatedon rieseioverdalansethit29
conditigns and then become le rate iti
oA L BT e i P mcttieny B o loes g = e
one, tienasr BEoPdeEas BEeSURMINY BRUWIPCRGS® s Mg meable rock
over-pregictianpf HieamanatefzRiAcd 6aWe:2RBIBIREBOOZF CD pressure and
POTIUSZ00BAI JLasarease AR, s oxaLpedieion R avidentin:
FIG. 4 Whetéih rEsufts Are’ 2 shown from the finite"e ement model for a
shéle tisdhisbekaamely Hafteaid ‘It (BeweY ) Ro & AOTEE/Hiealc an
shale %d@léﬁé&e calculated DP values 4 would be about 500 psi higher,
which would match extremely well with the 5 simplified Skempton
calculations used in the present invention. A more robust 6 application of
thi$ Skefpidiubased hpsibdenaabisia sAcihcershien it diraiaareoPA
and B %@f@t&&:?@@#samémeh@gﬁé@rw%dm@e#ﬁww@asrrwas@sagaﬂw&;?n
account for.changes in ox, oy an if necessary. 9 10 For the case o
ey S B S Si a o Eh Ser iy Hopio p e ol
carbonaenBors likelpins lsaurits [€4s thEh T.0candesliiensiy15eastthe
12 9fd%]§%§9§5 E!ﬁ&ﬁ@&@dd@&ﬁﬂ)ﬁﬁf@ ﬁa,%di@aw%&r&%tﬁ%ﬁn iniesls l?,ooo
account for 13 tight non-s ithologies. Extremely sliff shales may also
re§tiire pﬁ&jﬂsﬁﬁ‘fe’%ﬁ °th a(q)? @2@ ?/?éhfggﬁuﬁgrﬁs%}éeiﬂ\é%@ﬁéﬁgg fiiate
octirs ematthe Bottordbathd Holkus ensraghie’y 17 edlise¢ibatelaste

behavier{due.te insreasing sheapsrss) thisras be L3asseuntes-toshya:

using the appropriate value of A, instead of assuming A=1/3, 19 In g more
kARt S TLEAE TR AR caleoun B gga pir e aalls K

20 Additional rock properties, pore fiuid properties, and bottom hole profile were
21 required for Warren and Smith's finite element analysis. As can be seen, there
22 s fair agreement between Warren and Smith's more rigorous finite eiement
23 modeling and the simplified Skempton approvals presented herein. The
24 agreement would be even better for a more typical shale, as Warren and
25  Smith modeled a very hard, stiff shaie. It is also noteworthy that the apparent
26 difference batween the two metheds decreases as mua of ECD pressure
27  increases above in-situ PP. Therefore the simplified method of the present
28  invention may be particularly-suitable and accurate for more over-balancec
28 conditions and then become less accurate as balanced conditions are
30  approached.
31
32 If a rock formation has a coefficient B of iess than one, then the error due io
32 assuming B=1 will cause a slight over-prediction of the amount of PP

-6 -



20 represent instantaneous PP changes APP that occur in the rock as it is
being 21 cut and failed by the bit. These PP changes APP are a function
of whether the 22 rock is failing in a dilatant or non-dilatant manner, and
WEH S Ehibit strain- 23 rate effects at high strain rates. S%%T&ga%:’fp.f\iﬁ?l

Sheppard, M.C., Houwen, 24 O.H.: "Effects of Strain Rate and Confining
Pressure on th farmation , Fai 14 P
19%44, %?Eaesaesﬁt%apit @58 \iS{Dg(%%(I%)%énZg %dr{ﬁ?r%lt %on Aé?e%?éée{g%gﬁﬂ%r
2, 1998 MOUseont Pk STERRRIhETS RIAIS EehinRIABS Y E5bAIbry
Study efifEffectofQOvesburden; t28Fammatidr and tMuck CakimuPresseates

on Drilling, Rate of P eable Farl el g\peqm}[g]si%
paiges CLD ReRiASLToR tock Hire 0 e e e
coRfiniR piées GreBR R Al PR DPFBEI 3N SSRIRRSIBS NHERS IR phapRigiePUst
and copfining;stressiareisnpun, the-CESotthen32d oekucerchetaloylaieds
for.each, test candition. Rate of penetration ROP 33 versus.C en
be ﬁlotf’éﬁ‘ gﬁ% %O(F’glgﬁgﬁs%sebe we ng%%)%%?\(f%%%esﬂl%\?&g ek
2006/065608! RCTIBS2o05/049301C I EStaHistisd. An example, using the

labgtest data of Cunningham et al., is 2 shown in FIG. 6. 3 4 The ROP

verses CCS curve in FIG. 6 is typical, and data from numero drifling.. . .
on b B8 SEKG T o DLt TR ar tonib ceed ¢ 6"

an optirrabgeteralizéefuneienecaiseribanti @ eo s cam spreit fest
7 data, aRewer fawrrend ingisdeatches to thedataandibe iresdliiagnt for

trend line, 8 formula s indicated in FIG. 6 s:é 10 ROP =6 x.101 C .
1 5354 B4 TT15 . RO B R o RO Yor R g L rent

(23%, is gpecifivadra lab 13 1.25" micro-bit and drilling parameters (weight
onykit, rom, flow rate, etc.) 14 15 Table 1 utilizes equation (23) and CCS

(S BT ant oy e e e S ) DT BE Gy
equiaitiona(@8)raresstrdwhanavable iandraissing FISS sTeid BISI8MIPFEIG.
7, e example.isifena welh 1000 iepkaernuths rodshavng afmel A=1/3.
19 In a more advanced approach, the A coefficient can even be used to
20 represent instantaneous PP changes APP that occur in the yock as it is being
21 cut and faiied by the bit. These PP changes APP are a function of whether the
22 rock is falling in a dilatant or non-dilatant manner, and can also exhibit strain-
23 rate effects at high strain rates. See Cook, J.M., Sheppard, M.C., Houwen,
24 O.H.; "Effects of Strain Rate and Confining Pressure on the Deformation and
25  Failure of Shale," paper IADC/SPE 19944, presented at 1990 IADC/SPE
26  Drilling Conference, Feb. 27-Mar 2, 1880, Houston, Texas.
27 Cunningham, R.A., Eenink, 4.G.: "Laboratory Study of Effect of Gverburden,
28 Formation and Mud Column Pressures on Drilling Rate of Permeabie
29  Formations," J. Pef. Tech. (Jan. 1958}, pages §-15 includes lab test data
30 describing the effect of mud confining pressure on the drill rate of rock
31 samples. If rock properties and confining stress are known, the CCS of the
32 rock can be calculated for each test condition. Rate of penetration ROP
33 versus CCS can then be plotted and the relationship between ROP and CCS
-7 -



19 9.0 ppg, an overburden load of 18.0 ppg, an UCS of 5,000 psi, and a

friction 20 angle FA of 25, and calculated ROP is shown as mud density

is varied from 21 9.0 to 120 ppg. In FIG. 8, the same condit}i)onsvgge_ 044301
Wé)p"ﬂ‘fé’élf”r?ﬁf mud density is 22 assumed fixed at 120 ppg ahd the PP 1S

varied from 9.0-11.0 ppg. 23 24 The data from Table 1 and FIGS. 7 and 8

indicate that ising absole. %9% 22 REessuie iopcalsHainaCasyiglds
unrealistically high values of CCS and 26 produces no or very little ROP

reépori88YTHild ISifconsistent with actual field 27 experience. The ROP
re8ponse based on CCSHP calculated from straight DP 28 or Skempton
based-giffesrsptial ressiue DRRAvistd Biare ealistic eyt Risnddus
further validates the approach of usmgéECS based on strgl‘%lhdlﬁerentlgl
30°preidiive PISHIEBF SREATHTSH S FEIRAR 58S GrR VB TATHED B =C a8
absolute BiECR metsuld, asisomeaibavaptoposed dsotheepredeifreteway

to fno%%ltéoglag\%@%\@n@@n%"ﬁ%é’ %Ckva%e&% WQQ%QQQAQQ@@Q@SUH%@ trend line
PCT/US2005/044301 1 The angle of internal friction FA may also change

astcorfffiittedr 8¥Ecs e £higes 5Thfs is due to what is known in rock

meachanics as a curved failure 3 envelope (see FIG. 213). The net effect
isﬁéwat at hig&@g@igigg@t&%ﬁm4 example, >5,000 psi), some rockgzg,)
exhibit less and less increase in confined 5 strength as confining stress
intreases, and some rocks reach a peak confined 6 strength which
daesn'tlirereassawitiefurthennBrerRsetmncosifimingistréds;, Erse#fconditien

wolld obyio %E’o%ﬁ?gﬁq‘kﬁﬁf% 5%%}9@%@%1@5993&9%@@%aqt,%man@i,set@j

f
invention if friction angle FA s taken as a constant. The degree to which 9
frittion angle FA changes as confining stress changes varies with rock
type 10zmndiroskprepeies Wwithima Ot valeen thedohange IDFiCishe); 2)
angle Fauitho Lhsbanas..seelining.syese e sigaiicant e lesigon
angle FA should be 12 modified to be a function of the conflnlré_?ﬁstress. ,
13714 PR SrtbTrscEaRplaR AR SHUAYY THiRe' prBe &t Eftion dBus®
natg 15ireqaire litholegypkas hit selectioroor it pestarmancenedelingPP of
lithplog 65 16 comm nly areq ired ification.to, tho i|led in the.art.
: . an overburd Hfﬁ BSBg PO, 5@0 . ey,

Tr?e8 meé{hooé)glogy 17/ presented ereln‘?j sumes that UCSSé;gnd FA
repleseEthE YohfinaRfc caiculated ROP is shown as mud density ts varied from

21 9.01c 12.0 ppy. In FIG. 8, the same conditions are applied, but mud density is

22  assumed fixed at 12.0 ppg and the PP is varied from 9.0-11.0 ppg.

23

24  The data from Tabie 1 and FIGS. 7 and § indicate that using abscluie ECD

25  pressure for caicutating CCS vieids unreaiistically high values of CCS and

26  produces no or very little ROP response. This is inconsistent with actuat fieid

27  experience. The ROP response based on CCSyp calculated from straight DP

28  or Skempton based differential pressure DPp yield more reaiistic resuits. This

29  further validates the approach of using CCS based on straight differential

30 pressure DPye or Skempton differential pressure DPyp rather than absolute

31 ECD pressure, as some have proposed as the preferred way to mode! low

32 permeability rock.

33

B -



18 influencing rock properties and, therefore, lithoiogy specification is not
19 required. 20 21 Rock stiffness, porosity and pore fluid compressibility
influence the amount of 22 PP chance APP that occurs when _
WithHeAEBle rock expands. The simplistic 23 Skempton mb&&( Bradaitdy!
above for impermeable rock does not take these 24 factors directly into
account. They can be accounted for by the Skempton "A:' . 'B"
coi;ffic[il(bﬁtg'.1 Fﬁé)a}e'?%rnlarﬁl:t%(')cﬁaged%@%é%%%%ﬁﬁ?ﬁ%%ﬁ%%ﬁg %%%osrs 26 is
refativelypaesal T iaceedRAIES! FHERYIOR Fl B eIty SiEHNFAAETES
27yockeempressibiity isssignidieantytgreatasthanigoterdfididg stress (for
compressibility. 28 This.is the case for most shales which ar.
i e A AR 05 o A Ay T ae e
beEomersigiifieaervifien SHe RCFRARES30 AP SR O SHRPEASE T ppfined

drep wilkbe everpriediciad aresthe DN wilthe 3tevespredietery stress. This

Over-prediction is also likely for very tight, stiff carbonates. 32 This error, .
ol DR Bty Hesel HAB L FCARRIES) A DR S e
stiffnessyenigifiecewsang eofosityrand pareontientormp essRsilig “19'wo
20Q6/ 0@!@@&35&}3— M&%@Q@é@%wﬂﬂﬂb Devatedard Horzantalock type

Welibores 2 3 In the case of a devi well, the earth stress that existe
a6 BRI S PO A G e B areE S el
substitutedder scovirngreiersirsafighéegi dien s abovermeiearthsstressde
thas existeghpoimal tor Bdhe, betierapkithe;halesis a component of
overburden and horizontal stresses, 7 az antl a3. Earth horizontal stress

is 1tﬁpically characterized as two principal 8 horizontal stresses. Earth
privicipdlaarizented shessesdpevtypitallyoess tared Byerardassaiept

in {he exstenee ablgctonisifLreiieh KapLamsethe B amaximiigy is
principal horizgntal stresa to bg?r atc?r Etgan oye {pﬁu.r[g}:i%n. Frpr %% methodolo
colfipeHTTEER iR S HORISEBRICERVIfBnments, Korizontal Gifective essdy
is 122 typicaijedmehancrsmaftditet 3/4 Deeffédtitre BB RtBS SIoBU Mivery

pligble 13 andiqs Rlasticpestethe efiestive-borirontal steesw.samappeoach
or equal 14 overburden. It should be noted that the stress blocks and
stredsef4ppied on 15 these blocks are greatly simplified, ignoring
factors like edge effects and the 16 true 3D nature of bottom hole

Str§§se§01ggg§%g£@%§§gpglggg AR Hressivility influence the amount of

22 PP change APP that occurs when impermeable rock expands. The simplistic

23 Skempton model presented above for impermeable rock does not take these
24 factors directly into account. They can be accounted for by the Skempton "A"
25 and "B" coefficients. The error introduced by not accounting for these factars
26 is relatively small for most shales. The error will be refatively smail whenever
27 rock compressibility is significantly greater than pore fluid compressibiiity.
28  This is the case for most shales which are not hard and stiff and which contain
28 water as the pore fluid. The ermor may become significant when shale is hard
30  and stiff. in this case the PP drop will be overpredicted and the DP wili be
31 overpredicted. Over-prediction is also likely for very tight, stiff carbonates.
32 This error can be removed by adjusting the "B" coefficient to account for rock
33  sfifiness, and if necessary, poresity and pore fiuid compressibility.

<19 .



17 the next section. 18 19 A simplified Skempton approach to a deviated
wellbore may be derived 20 assuming 1) rock is elastic (A=1/3) 2) Lox,

Lay are small; and B = 1.0. 21 Mathematically, CCSLP for jat
W\?/gﬁ%%%"?ﬁiaa low permeability rock 22 formation may be cﬁ’c‘diﬁég%fdé‘fﬁﬁ“

the following formula: 23 24 CCSLP = UCS + DP +2DPsinFPJ(1-sinFA);

(14) 3p wheig, RRFEERRIAsNIavREERARtON Pore Pressure; (15) 26
Skempton Poré Pressure = PP - (D, ECD)/3; (16) 27 where: ”. = in situ

stfess parallel to well axis, before well is 28 drilled; and 29 PP = in situ
pdie pressurese 30 Bl atiiel)s SkREMptopsPtecRrRigS uretalichiee

calculgtagd Using chanas.in, 32 AveEagesairrssoinramerthogonak sistesn. 33
Skempton Pore Pressure = PP +B(ECD 02 + #S‘X(’ Lo%g/t3' §2t42j -20 V\{(P
2006/0BEBYEBET ) S0BR/BUAT YA MiSrEendraredtiation o normal o

cofrespenditgtahaaton(7) carpbecitiii edefor then 2rcavssotldesigisgs.

wellboges inwhich, the:stiessspatallelipithe wellinartas3pinsipal sgess,
and if A cannot be assumed to be equal to 1/3. More 4 artlculq I f in g?a

x, §, z POTBRIRIE fEiife wiRreRkiny BRd 9 4RE ot Priricipai® s direclions o
stress asgeedein BIGp36 116 FxaRPce B[(Ausnic Aaya ke ¥8rHc8Usd 2NEAC.

Ao HAZ AAGIHHAS) 688 o35 stedado 735 eatdt 19634y a bk A25),10
11 where A = Skempton coefficient that describes change wfgmre 12

préssureRRtised B Ehange R-LHEaPAIOSTER TSR ™1 8 § < SiEfipidn
caefficigptthabdescriks chidangéinfEdrstitd Pressere balsedtypihznge
'”«@eaﬁn%%‘?%%eﬂk%%w prked-0v 5 Rl deseribing she sifferencein a
particular stress on .

14 overburden. It shouid be noted that the siress blocks and siresses applied on

15 these blocks are greatly simplified, ignoring factors fike edge effects and the

16 true 3D nature of bottom hole stresses. These effects shall be described in

17 the next section.

18

19 A simpiified Skempton approach to a deviated wellbere may be derived

20 assuming 1) rock is elastic (A=1/3) 2} Aoy Acy are smalt; and B = 1.C.

21 Mathematically, CCSp for a deviated wellbore in a low permeability rock

22 formation may be calculated using the foliowing formula:

23

24 CCSp = UCS + DP +20PsinFA/(1-sinFA); (14)
25 where: DP = ECD pressure — Skempton Pore Pressure; (15)
26 Skempton Pore Pressure = PP — (0,-ECDY3; (18)
27 where: 0; = in situ stress parallel to well axis, before well is

28 drilled; and

29 PP = in siiu pore pressure.

30

31 Aiternatively, Skempion Pore Pressure can be caiculated using change in

32  average siress in an orthogonal system,

33 Skempton Pore Pressure = PP +B(ECD - oz + Aoy + AGy )3, {24)
-20 -



16 the rock before drilling and during drilling. 17 = stress in the x-direction;
18 6 = stress in the y-direction; and 19 6 = stress in the z-direction; 20 z =
shear stress in the x-y plane; 21 = shear stress in the y-z plane; and 22 =
WEEPYPE in the x-z plane. 23 The above stress values Cgﬁrégszuesmmsm
determined by transposing the in-situ stress 24 tensor relative to a

COPrdiﬂaéﬁﬁ%Qéﬁé?aW%ﬁb%% axisoasaleldwtbe wellbere. 2mandiaaetaetne

axis whic in a plane perpendicular to axis of wellbore. Earﬁp, 26
pr%cip%%ﬁé’é%%‘%ﬁ%?gﬂ&?éﬂﬂﬂ‘ﬁ? B 5esmBA e AR 18 Tdta
or 327 pthenmethedszof ¢stinationef sdisurfbceroakdensity. BT2,
intermediate earth, 28, plincipal stiess ordnadmuym Rrincinal horizaniak:

stress, is typlcall¥ calculated 29 based on analysis of well breakouts from
image 8I9BER FiEE A& YD Wellbot® orientation, and assumptions (or
determination) of o, and 03. a3, -21 WO 2006/065603

PCT/US200 4;3%'%& migimuR).egkth stress or minimum principal
hocrrizontal st?é%g, IS yp%éalf)&/%ndireégy measured by fracturing wells at

multiple dépths or it c calcylated, 8 from a7, todk propertigs; ang, > -
4 Eﬁg@@f.\e;ﬁ z?regscﬁ‘ist%@: n%%?géentoszddy earth stresses. :

assumption
Pri@cipggAst_qu/%r?s al, a2, and 03 may be obtained from 5 various datays)
sources including well log data, seismic data, drilling data and 6 well
prBtiuction data. Such methods are familiar to those skilled in the art. 7 8
A transpose msytde tsedipioonvetfipendipalcttessesdranothepre
cogydnate 9 system RGNS MansemandPuratsUessesan 2

stress block. Such 10 transposes are well known b% those skilled in the
art3As an exampleBd 134 GARLSLS RS H & BSRFH TR PREEAD iRVEhtion
whigh is described by dviRsui2lcleeary anshivk An Adalesirass\Welliborek;
St%"“ty: The E_ffe%oi gr'a%hd%&%ﬁéiﬁg %%MHQCW@'QBEH@U%&\[ stress on
Recommendations”™ SPE 20405 (199(_)%. FIG. 4 of this 14 publication
shtfivs the transpose dhariosifPetresddiamandLetirassiioek with 15
appyopriately Ia%eledsrt}ggmﬁl @Bg.gheasiresses and deviation angle a
and 16 azimuthal'angle P. Appendix A of McLean and Addes lists the
equations 17 negessarystorcompstesstich arttansformation between
coordinate systems.

19 . G, = stress in the z-direction,

20 ¢, = shear stress in the x-y plane;

21 r,,= shearstress inthe y-z niane; and
22 r = shear siress in the x-z plane.

23 The above stress values can be determined by transposing the in-silu stress
24 tensor relative to a coordinate system with one axis paraliei to the wellbore
n%  and another axis which lies in a plane perpendicuiar to axis of weillbore. karth
26 principal stresses o5, overburden, may be obtained from density log data or
27  other methods of estimation of subsurface rock density. oz inlermediate earth
28  principal stress or maximum principal herizontal stress, is typicaily caiculated
20 based on analysis of well breakouts from image logs, rock properties,

30  wellbore crientation, and assumptions {(or determination) of ¢, and 0s. O,

-29 -



18 SPE paper 20405 is hereby incorporated by reference in its entirety. 19
Alternative transformation equations known to those skilled in rock

mechanics 20 may also be use to convert between principal str(?sses and
WA 16 21 principal stress coordinate systems. Also, ma §’ US2005/644303

commercial software 22 programs for wellbore stability, such as

GePM‘?ﬁ.m 65 dateroptionals,SRIET M, r%?b§ﬂﬁf¥¥§5%z§ﬂ§{ré§§v?sﬂ9ﬁ%l|y

Geotechnology STABViewTM software, can be used 24 to transform
priRciparetibaagastyarimria egrusla e HRY Wesraifedsch B BlRdA
coardinate systetngivena deviatonangle afaruiazimuthasiangieddre2én:

274" %%gﬂ%aﬁtﬁ ‘%‘éés%“g Bo g%'ai'éf?é%géy%s ?Pagég%o%m%é simplified

Skempto roach to prediction of altered PP in 0 expanded
imSernY8HBKs P@cﬁﬁ%‘é%@ﬁﬂ? B ARZ8R &3PS BBlEHR BB 2 Hle
treats theidepthalbeuizzore.acrostthe antiterialetbottemsagane eleament
32 in which one (a) of three independent orthogonal stresses has been
changed 33 and the other two have not. See equation (16). The one
stréiss ¢ HASTIARITGY 22RO 19006685608 PE TIOSEO05 R4 50 £02 BB
changeg is-acting magnmatiaithe:boitomddiiiber Roles sandiheschangeds Buch
represented by the dlff ence rth, stress acti |.to 3
bo[i@om ot te. %oslea anvéet en%wdgggwéé%égﬁggj ?g%Aai§ar%Iopg%?{e€<§m
is & 4 diAIERARA THIebaNgBPENAB R BITROGURRISTrEssds %@ﬁ%@!%ﬁr%ﬁ
the sideg.0f-5 thes aubesanssthevahiangingduist,omeof thoser stresgesCriteria
o ot e G A RORIAL e OO TR AT PRl e

thig' simple é;nd this'is primarily to two reasons. One is bottom
holé profilelierbaiedpyedre ﬁarﬁéerv&rc&mrmtt SORRG AR astiafeistHerE
edge effpeiophinb cIamirRe AofrsiresssrAcentalionas stessdiseryigheand
mo t sim I|f| roac of th n (S i b
doe%s no?é[) ake m%r%c%t?r‘l Qﬁrége)%f% E@ ge% noé;l d %q%gb%%%%ﬁz)@tshe
effétt oNeaessetonEerPatfors VA Wﬁﬁwﬁaa@a rb%?'%bﬁrqwé s fde -
the holesdS pidronibs sake-ol siaplisitie the fellowing diSt@Lé‘fﬁi@ﬁy except
where no%ed will 15 gssume the case q{ a vertic, Iwellk%g %ggmﬂ %b

i o1
stress e’h‘v‘?foﬁ?ﬁeé NETE Where overburden 18 glgOn icantl y greatert
eafth prm@ypa$¢]bﬁz@ﬁﬁ@| convert between principal stresses and rotated non-

anics
oth
21 principal stress coordinate systems. Alsa, many commercial software

22 programs for wellbore stability, such as GeoMechanics International's SFIB™
23 software and Advanced Geotechnology STAEView™ software, can be used
24 to transform principat stresses {0 alternative stresses and shear siresses in

25  other coordinaie systems given a deviation angle a and azimuthal angte 5.

27, Edae Effects and Botiom Hole Stresses

2?9  The most simplified Skemptom approach to prediction of aitered PP in

30  expanded impermeable rock in the depth of cut zone &t the bottom of a bore

31 hole treats the depth of cut zone across the entire hole bottom as one element

32 in which one (g,) of three independent orthogonal stresses has been changed

23 and the other two have not. See equation {16}. The one stress ¢; assumed (o
S0



17 stresses and PP, and both earth principal horizontal stresses are 18
approximately equal to one another. Those skilled in the art will appreciate
19 that this case can be expanded to using all three orthogonal stresses

WEEH S deviated wellbores if so desired. 21 22 The rockpiﬁwg%“e}z%?ﬁ% !
cut zone will have slightly different stress states 23 throughout the leading

profile of the wellbore, as will scribed in.greater 24 detail below,
Accor8ffi§nee<SiaHe 308 5%%%%&?%%?8&%80%?&@8 Eheecg%%#rilfbit
“appliettoeerthes! profile differer tobeireef the arstiberest isthas 0T 6f 26
CGS VMB{'%W%@%B@@%&%&H@M& w@dwiﬁlg@]{fimmét@wwwl &8 2
27 accurate prediction of COS, 28 29 A. e effect 30 Immedi - .
o T IATEF SRR DR aH R Hroes e S T G B e o
befen riéplaces bydried pressineiviivphe ditetyotitskie e didipietes, gother
Evéftr)]l%&%%l ! et aﬁﬁ%@iﬁ%@mgrﬁmhgt&%%‘s@m@t the visjnity-ak the 33
orehole diameter, the rock experiences an increase.in vertical stress
i bt Rt e et e
distance fronajdsti insidefiojustoarsidesthih didnrrsies difethe/ 2Tl g6awes &
example of. a vertical wellhwhere mud pressute issignificantbulessithan 3

overburden, the result is the trangfer of some of Lh,etstressl ini %pg et};ggtegfdé
sttBssEPRSGIdN B SIRETHREhACAISHRES To Th BWECSTHEL ey Fegion
Oust minsiderthie digmetar) {Ehefeebolistt teisds desisadirpamnsion ofrowke-"

near the, 6 diametst than feapthe center of the hole bottom, and the net
result is less PP 7 decrease in the less expanded rock near the diameter.

ThiS result is depicted 8 in FIG. 4. The pressure differential curves
deereaser teasdke disimeterna RIRvingalise unsreasassi wepresermatioin

of the ejror s indicated by the L0 difference-inuvaliesset assaniateskpairs

of curves. Note that FIG. 4 should not 11 be used as an indication of th
aroUNTBF &P AL A (PR A L SR DAL kRS For FoRR
that is relativelystit? P modbshatesargiessistiffizprdaldrdseseror would be
qug. 1%p93§)>§m'5"1%!? 5:;(9:{“% one another. Those skilled in the art will appreciate
16 that this case can be expanded to using all three orthogonai stresses and to
20 deviated wellbores if so desired.
21
22 The rock in the gepth of cut zone will have slightly different siress states
23 throughout the leading profile of the wellbore, as will be described in greater
24  detail below. Accordingly, CCS is the average apparent CCS of rock to the
25 drili bit applied over the profile of the bottom of the wellbore. it is this value of
26 CCS which can then be utllized with various algerithms that rely upon an
27  accurate prediction of CCS.
28
29 A Edge effect

——

30 immediately inside the diameter of the borehole, earth stress acting on the

31 rock has been replaced by mud pressure. Immediately outside the diameter,

32 overburden is still acting as the vertical stress. So, at the vicinity of the

23 borehoie diameter, the rock experiences an increase in veriical stress acling
-0



16 Again consider the case of a vertical well and normal earth stress 17
environment, where overburden is significantly greater than both earth 18

“princi al horizontal stresses and PP. A non-flat profile will result in altered
TO2BPHCSEE and expansion that is different from the above désthpey>/t44301
simplified 20 Skempton approach, This simplified Skempton approach

assumes that 21 horizontal stresses acting aon the.bottom of the hole are
et U BB e o e e HIse
hofe ischastifigdronieots, WidcZIRHMIGHAD S6 6358w tHe TeekifFthe laeptren
of gut zoaewilkheHatuencedbyr2dsraust pressufendtdsscemmenigrine
center of the hole to be slightly raised with he shape of a cone or,. .
ot RS GERT A s D aonel 30 e shara 2L dane g oo
mdre predeuircedwaith lixet catter Bt EOSSBidadien ahggrmesr the
Impregnatedbbite), AssthecontidemesinereaseasHin height (Rf Ao is iess PP

correctly, 28 as the side slopes or aspect ratio of the cone/dome. .
ket A e e A R
hofizorte!Strésshdar esflatstbiRyaiYito CBU 7RIS FRESSUTR ThisAWGiftEndéan

thag allghree dermsfaale LA0Zand AuRher 3 @ag. dayiandAaz)ef the

Skempton formula are non-zero. A% an extreme 32 >§arg§]}p[ep| VEDY | id not
oOtod CHHE I 1R APV T8 BB of & Bencl ey B 33 o0
corisideredkeObvisusigiciirdiienearofEmy eapiH suass it 2R i &5 vary
small 24 W0Q.2006/069603 R ¢ES200040A4300md s dheitip aiilbe unelers

the stress of the mud pressure and very little else, and 2 the influence of
earth strE<EEE WAFBRdexistent to very low from the tip to 3 near the
base of the cone, at which point earth stress would start to influence. 4 5
Finite elemenigr eqmputer modeling can be performed to better predict
actual 6 net effective stress c anr%?s as 1funé:tlon ofE gr%letrgj%%k
propertSB AT LI ERE Bt UEFSHELSLE. T8 TESUS Can be
cotiiparaditorthensinplifiecl B8k pte et ariktedtantie Hreseired

ex%nplﬁri}{o%@lk}@%% Qtfrégé%sqalﬂéf @*@i@ﬂm&%é@ﬁ%’fﬂ@ MBEHS! in atiered
determined which can be applied to the 10 simplified Skempton Eg&ggg}%
o krinBEPARVE TR A Wb e I T R ke A R T e
of rock Bxsheidrilbbiteaplitioveniifepilepbihepi2dsottsm okthaat
Orﬁﬁ%ﬁ%%%s&@@&%ﬁg%‘ﬁﬁw@@oﬁ&%ﬂ%@"ﬁé}é metbod 13isanesine

W
models the real case in the rock's depth of cut zone. 14
22 gz earth horizontal stresses. if the bottom of the hole is not flat, however, the

23 horizontal stress on the rock in the depth of cut zone will be influenced by
24 mud pressure, it is common for the center of the hole to be slightly raised with
25 the shape of a cone or dome, This is slight to non-existent with rolier cone bits
26 and can be more pronouncead with fixed cutter bits (PDC, Diamond, and

7 impregnated bifs). As the cone/dome increases in height (or more correctly,
28  as the side slopes or aspect ratio of the cone/dome increase), the dominant
28 confining stress will transition from earth horizontal stress (for a flat bottom) to
30 mud pressure. This would mean that all three terms (AC,, Agzand Acs) or

31 (Ao, Aoy ant Ao;) of the Skempton formula are non-zero. As an extreme

32 example, a very poinied cone similar in shape to the point of a pencil may be
33 considered. Obviously, the influence of any earth stress at the tip is very small
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15 An example of this type of comparison is depicted by FIG. 4 where the
APP of 16 the finite element result (reported by Warren and Smith) is
compared to the 17 APP of the simplified Skempton results ;@!r]_
Wﬁr%'ﬁ‘%f!ff?ﬁ(gthodology of this 18 invention. This may represent (l)%egi{o:’r%ﬁ&os?l

a very simple comparison, 19 analogous to the vertical hole example and

in which, earth harizon ?J & eg%g% #0218, 0Hals 40 thi5 6388, ihe 8aEhang

stresses acting parallel to the plane of the 21 bottom of the hole are _equal
aridl a ‘PDIRBISRIrACTAL TiRiRSERSHAMRTIABKEST! 22 eV IS PAS Wialteh
angd Srth fepsitedy. tAssoimeing trecfinitinetemientr2S apprioacirireprésents:.
the correct solution and to determine the correction 24 required to the
simplified Skempton method, the APP result of the finite 25 element model
aridl thEiniP PIEsai BIaBRsiRiITIREa SkEMTGP THERYH (ARt pEsdict actual
integrated:-ever thereircutanatea to: detetminé theiret@verageriRPefotthe

27 entire area (he eniice ale.bqtiam far pachimethad, Jess integralid.

net 28 &Verage results are then used to quantitatively establish the
differeftemePhawmipehUHieth s 8P 6F FEE0IR SRS GIRMI S ¢ SHrbttion
facfor ganbesQ desivre Jelating thesresulis whithectinite elermentontiedeling

e T B BB oL e O R e

the finitd Bleimen nction integrated over a circular area from 0O to
R{1s 45varies andateet ZBWOoRE0B/08580B FRETIErs200S/6 44308 °11he
simplifigsh Skempton-ARR: furclionsintegrated-averthérsamearea is5bd
units, 2 then the correction factor CE would be 45/37 or 0./88. That is, 3
4 APP C:méer—c% AB izseﬁ%Sef %ﬁ%n Zﬁ%) OLé 6 Fgélthe gaseoof a deviated
wéll or where earth stresses acting parallel to the 7 plane of the bottom of

thesholg varyyii3B: inieylementmodeh may bie:giregaiedifenariie dPpP of
the appronrate corecton faclor . 1is ease, U S llrence in ARE.of 2
3 6fl e £ |¥|e Il be

nit ment result-and the simp kempton 10 method wi .
deffendsift apon radidiieistate RO ATIHE CEHI ST PRSADIEGIRPAGIPEHET this

RIRU, valueias seddy Waaemandt Simithy andtherdinectionfrerarcenter
of 12 the hole. In lieu of a 3D finite eiement approach, i be A

to '3 aAPRgR RS dFeRES AL ?r%eﬁg%‘f%atgg?#ewpﬁgﬁeé%ﬁﬁm?%%%gr?\ggfgt egs
holé anate Bt thiein dpplyetise PDABIISHTOFAfetIPoRAFISOID HF (RIBsB TH &

ab?lve)'bé%m of the hole are equal and 2 2D axisymmetric finite slement mocel can
22 be used (as Warren and Smith reported}. Assuming the finite elermnent
23 approach represents the correct solution and to determine the correction
24 required to the simplified Skempton method, the 4PP resutf of the finite
25 element model and the APP result of the simplified Skempion method can be
26 integrated over the circular area to determine the net average APP for the
27  entire area (the entire hole bottom) for each method. These integrated net
28  average APP resuits are then used to quantitatively estabiish the difference
20 between the two sets of results. Subsequently, a correction facior can be
30 derived relating the results of the finite element modeling with the Skempton
31 approach of the present invention. For example, if the finite element APP

32 function integrated over a circular area from 0 to Ry, is 45 units and the

.25 -



15 modeling may reveal that this approach is of sufficient accuracy. 16 17
In the approaches outlined above, the correction coefficients CF are for 18
averaﬂ%e APP for the area of the hole bottom. This approach sim

WRaipie¥%9 the average APP result of the simplified Skerr?r%ﬁ%%%%%‘ﬁsm

by the correction 20 coefficient CF. In order to develop correction factors

CF, for gl MM@M}O&W%{@B. ical profileseus esiablished fofis,

the varlo it types and 22 these pro iles are used in finite element
madelign WigH e A0er R NP PR e 6P (HYE Aritd el8Riéht method

used to establish the "correct" answer and 24 correction coefficients CF

arg applied tggge%’pglgi@g Skempgarppethod. 25 It may be that using@n

"average net APP" for the hole bottom may present 26 another error. For
ex§mple bit experts generally agree that most of the work 27 in drilling
th@bonechmie dasdare atthesoutel thirchefthertiametersoidi hole)l<2 8 dnel

af the ro: % g#@s&%ﬂ%& isdelatively easy io.destiow As syidenge,ef this

29 thegr esigners typically focus nontg on the outer half to
twé- thurag%sﬁdsf@ftﬁ@\fﬁt%ﬁaﬁ|%D%{ﬁaﬂﬁé TAREFIATPEDT Setbbnthsy the
importanee-and fypierlly sz Gilicempromisa thatihiustadajit totkerptter

Pagion, sLitk: Bif &b e gagm%%uﬁggéuaéamegvm Heg R AT e

SO, usmg an average P may be 33 appropriate and aP proximatel
GREE

acurates H@VW AStISSERY W%fﬁ%@ﬂ%fw@ 2@%7@6*5’8  from center of
F’Cﬁ' /U$R0R04430 L1 1 phanamenasrotaddiassedhyy theadious to

CofLections sugoes E%dsggslgg'ﬁ ?&'fg%tk ARAD [rmay,be that partigwlar,

regions O? t?‘l% bOttO 3 accor n to region diameter range,

mag halfenemy m@hw%%ﬁ%%t@@ﬂ@% RYSREMABRY e

Again, finiteielementsnadelsiaan bepused to & estaldishoneights

asspciated with the appropriate diameter range. Further, 6 various hole
sizes could be modeled to determine the effect of hole size, if 7 any, and
holW to Echire 3REGRS TE MHBINE e 7Bt Ut cae B igtds fat AR 0a
"syite” ol prafiesthal spansther &pﬁc&rymmﬁhehtypd@moam@qnwaﬂmmwms
be "built" and then modele d this v I

that cou&‘é peTe re?eer'cfli\‘qr%ger ﬂ an mst{{enrnpélgatlg)ﬁgar\%% f& rg%% rofi g)lrul%%tf g
ordér tocpstiigssthe ri[]@ﬂ%f @f%@@léoﬁﬁ@ﬁ'l@%fQﬁéﬁk@f‘gfﬂﬁé‘ Ble hSttom

inte, 13-tegignsraanbe usehify sxamplesregionsmay-bednneysadiald
thlrd m!tggég profiles are used in finite element modeling, with the average APP
23 result of the finite element method used {o establish the "correct” answer and
24 correction coefficients CF are applied 1o the simplified Skempion metnod.
25 limay be that using an "average net APP" for the hole bottom may present
26 ancther error. For exampie, bit experts generally agree that mast of the work
27  indrilling the bore hole is done at the outer third of the diameter of the hole,
28  and that the rock in the center is relatively easy to destroy. As evidence of this
29 theory, bit designers typically focus priority on the outer half to two-thirds of
30 the bit profile, and the inner third is of secondary importance and typically is a
31 compromise that must adapt to the outer portion of the bit. it may be that this
32 issimply an "area" factor, and, if so, using an average net APP may be
33 appropriate and approximately accurate. However, if it is due to other
-96 -



14 radial third, and outer radial third, but it is recognized that other
divisions may 15 be warranted. If this approach is taken, regions can be
definedﬁﬂg&)a radius 16 range (as opposed to area). From a catalo

W}S’ra‘fﬂg@ fSfeach region, a 17 composite (complete) profile id 8@&%5%“88( TPt
each bit type. For example, for bit 18 type XYZ, the best representative

profile might be ACB. where AnCrand B.49 Jepiesst pigiles available

from a catalog of profiles for inner, middle, and . 20 outer thirds. A}Q hol
exémptaRFEREIPOIERIEH BRYME CGh AR S A8PIRLU R RIOT: Fadfigo'®
segmentsdsiitlustratgdr-bysFabte @fganddn MG @ 22 v2schsdididatekisy

the, resé”é%tgf 554 TRGKREAPR db%ﬁz and alues of-Bieand 24 egttio

stresses influence the result an difference in results betweengln%e
25%lePEAP b HEIHES ATaMHEISTBIHEE SIERRSRIA HRtesd . AF&uch ]
rarge obr26PRiandearthistressesstantbestrodeledhe deveBpansther

correction fag wéoé?ofgéaigwggmem0;4@'%%'%%@%%%@ rock

properties can be modeled to 28 develop a correction factor CF for "rock
prdperties”. Whether it is environment 29 or rock properties, the required
data cantbeintegrates intoofockimmechanics 3O soffwaneras theseatd are

reguire r!ﬁf gﬂk waritlons. 3, %A@«édpgef@tea%dﬁm@g@ea{ag%e of

presen modifie empton approach may 33 include usmg one or mare
of @eveﬁ%%@r?&tﬁ?ﬁi?d&dﬁée@lﬁceérf"’é‘?cﬁﬂd%ﬁIEG AP RS0 (/68585 In
PCT/US20%/044301h4 mnettordioles size pomdfaroreckipropertiés botienfanio
ronment a f T rec cisfor they
g e Tt boftons S Seacraption or fia Spor i

SKem pf@ﬁ*@hﬁvrfbdfpaﬁatﬂﬁéagauamrsﬁ dig Eﬁ&%‘b@é’ e S Htisions may
diametey: Thecasrection factoatorndalesizegorects & itefindiobe sizadius

'af ror Smagg%f tme%*g@z%g}e%% 9&;5*%99&&5?&%8&@9& 8 fagto, for

roc prope?t S corrects for the influence of stiffness, bulk

cof*ﬁpre@@fﬁiﬂwt%@‘ﬂiﬁ@Wﬁ‘%@é@ﬁﬁ@ﬁ%ﬁé&%ﬂ@ﬁ&ﬁe PALESHEN L Pt
8 permephility ot whatevesethettactorsiarendpemedas benpertinentahe

o C%”?Sggr”eg%ggor fq 8%5‘0%5%%["? aLearect 8é‘§f IHHeRGS: Al RreSRidie, and

magni erences between mud pressure, pore pressure,
ovaRbureleia e SeArtieX e TRIERSHRS! THYTeRTIEIRANE TOHEWA @fé’ﬁf’u‘éﬁ‘i’éﬁ?s

for,a vertigakwellmbais is ilustrated by Tabie 2 found in FIG. 9.
22
23 As indicated by the results of FIG. 4, rock properties and values of PP and
24 earth siresses infiuence the result and the difference in results between finite
25  element modeling and the simplified Skempton method. As such, a range of
56 PP and earth stresses can be modeled to develop another correction {actor
27  for "environment”. Likewise, a rangs of rock properties can be modeled o
28  develop a correction factor CF for “rock properties”. Whether it is environment
29 or rock properiies, the required data can be integrated into rock mechanics
20 software as these daia are required for normat workilows,
31
32 In a preferred embodiment, the present modified Skempton approach may
23 include using one or more of several correction factors CF - ane for profile,

-27 -



13 Skempton PPcorrected = PP - i(OB-ECD)13) " CF (271) 14 where: CF
= (CFprofle% (Crhole size) k (CFrockproperties) * (CFenvironment) 15
and: 16 CFpronie = function of bit type (steel tooth, Insert, 3-4 blade 17
WEBMSEEEI s CFhole size = function of hole size 19 CFroci ptopertis/ k430t
function of rock properties, as required 20 CFenvironrnent = function of

CB, PR, 213, A Ud 21 Rressie o deviation.and-azimmitn 2nd3dtisray
be that the approach of not accounting_for ed§1e effects and holelg{%%%?%m
eption of

242is thBSTRHEF SR PP ARIRCSOVCEE SF SRS Rt eRa X
rock 2Hhardsporstifiuidpreprtigidedf Sceapietieeidloypio terrsttdoprofie
bogtom, hole;prafile 26and gdae:&ifesis cand-roskand RRMR UG e corrects

properties, may be sufficiently 27 accurate. Regarding correcgion factors
forrocloahdPbRF AL BrEpeTRST I BB diRSEl SoRifioR Baet on® SO estion
furndarmemaiprcciples andsusimgofe ti dmdifillidn29gbrbfeetesbniay be
used. é&@p‘?@%?@ﬂ@kepﬁr@ igorhmavauld. then be.a. 39 function,of ene,or

more rock and f properties. This results in the following 31 equation
forBa veRiEAREN: SPWHRINRD SOUERBEEGE PETTIS 0B AU 1
SkemptondeReeractds =R OB CE)pt (flustierpbirock @agnitudes

pr&gergggﬁ@é&%@%&%@%%‘%ﬁ érek%sﬁree%r’é ‘Ef'és(?nﬁé 4,200 84 FRg earth

CFPronie = function of bit type (steel 6 tooth, insert, 3-4 blade PDC, 7
ett). ssypplcHbFEHEESTD BINMRY BrOBRIME T ET hedbove values

for2CCS may be used in various algorithms to calculate drill 12 bit related

pr%)erties. Bgég%t%@@mﬂg Q'ﬂ%r‘-‘%&&%‘-@@f?‘zg%g could be (27

14 where: CF = (CFprome) (CFhoe size) * {CFrock progerties) ™ (CFenvironment)

15 and. ‘

16 CFprome = funciion of bit type (steel tooth, Insert, 3-4 blade
147 PDC, etc)

18 CFhole size = function of hole size

19 CFrock properties = function of rack properties, as required

20 CF environment = Tunction of OB, PP, 02, 3, mud

21 pressure, deviation, and azimuth.

22

23 It may be that the approach of not accounting for edge effects and hole profile
24 s the primary cause of apparent sources of errars with the exception of reck
25  and pore fiuid properties. If so a methodology to correct for bottom hole profile
26  and edge effects, and rock and pore fiuid properties, may be sufficiently

27  accurate. Regarding correction factors for rock and pore fluid properiies, a

28  direct solution based on fundamental principles and using rock and fluid

28 properiies may be used. An appropriate PP algerithm would then be a

30 function of one or more rock and fluid praperties. This results in the foliowing
31 equation for a vertical well

32

- 28 .



13 used for pre-drill bit selection, ROP prediction, and bit life prediction.
14 Furthermore it is envisioned that CCS estimates using the above 15

methodologies could further be used in other areas. Examples includ(? 16
WRHIEIITBF CCS in predicting drillstring dynamics and quartitativer - 44341

analysis of 17 drilling equipment alternatives, CCS provides one of the

fuqdamentagﬁgggjignr@&essgpé i'@@"ﬁ(‘c@é%@)@@f”'ﬁﬁmﬂ Aynamics refers

to the dynamic béhavior*196f drillstrings. That is, how much does the
drifistring compress, twist, etc., a8 P6BWight is applied and bit torque
is generated, as well as when théi2d pxoitetiamnfdarcestcansmitted thréiigh
the drill bit coincide andlor induce natural 22 resonating vibrational
frequencies of the drillstring. These vibrational modes 23 may be lateral,
whHirl, axial, or stick-slip (stickEsTipYefets TEUHE b AURTOHAS ¥ Fepeated
cyeles of torque and twist building and thenaeleasing Intebdridting). 25
In general, it is advantageous to avoid vibrgtional modes, so prediction of
26 these can prove useful and valuable. Quantitative analysis of drilling 27
eqtiipment alternatives refers to prediction of ROP and bit life prediction
forg28 various bit types st ioovariaussi img eay ipraerheapabilities. For
example, 29 the predicted time and cost to drill a well with various rig
sizes/capabilities can 30 be calculated and compared, and then the .
reults Bethbverpasistn GSSdaY 8 vagkd aieummarsEnt eiunsheate ot
selection foprecamplishing desirethusiness Baoobjettives CTitece.is bet
presentl uantitative and robu .make . ictipns;
ho%evg%e§S|r{gD ?ﬁ—é‘ar @é‘és&?tﬁhﬂaﬁ’e%%%%%%ﬁfﬁﬁuﬁ& Qvte%%ﬁg &éﬁg F%/VO
20i86/068608 PCT USZ00H024 851 CL pretistriescaiblili ForYarious dril
bits;andheaipmenicembinatienssnaydie chmadess Bihile indbee
foregoing specification this invention has been descri in.. '
coltoin BHOIRTLH GrBgH e helhol S e e g e S
forth forplrpeseoemuiteatisner Wllberapperenete thede srimsati @ the
art that {hesipvention s susaeptibietpatieration and-thateerdainathesBavior
details described herein can vary considerably without rting from th
0 Dsic BATUES o 11 R B R g e AR O Es
20 bit weight is applied and bit torque s generated, as well as when the

21 excitation forces transmitied through the drill bit coincide and/or induce natural
22 resonating vibrational frequencies of the drillstring. These vibrational modes
23 may be lateral, whirl, axial, or stick-siip {stick-slip refers to the condition of

24 repeated cycles of torque and twist building and then reieasing in a drillstring).
25 Ingeneral, it is advantageous to avoid vibrational modes, so prediction of

26 these can prove useful and vaiuabie. Quantitative analysis of drilling

27  equipment alternatives refers to prediction of ROP and bit life prediction for
28  various bit types and for various driliing equipment capabiliies, For example,
29 the predicted time and cost {o drili a well with various rig sizes/capabilities can
30  be calculated and compared, and then the results of the comparison used to
31 make more intelligent equipment selection for accomplishing desired business
32  objectives. There is not presently a quantitative and robust way to make such
33  predictions; however, using the CCS estimates as described above, such

-29 -



12 A01, Aa2, 403 = changes in the three principal orthogonal stresses 13
Aox = change in bottom hole stress normal to axis of wellbore, psi 14 Lay

= change in bottom hole stress normal to axis of wellbore, pSI 11,5 AG 21301
W%Hﬁ% Hi%Bottom hole stress parallel to axis of wellbore, psi F% ,&IZ-S)I@’3
change in pore pressure, psi or ppg equivalent 17 A = Skempton

cogfii Kisaakempiag cosfficientdimeasianiass 49
C&eSﬁP %ﬂég}%g%gggri%r\é@swg Strength, ps?%%sed on DPHP 20 v

CESE®TE Confined Compressive Strength, psi, based on DPECD 21
CGSLP = Confined Compressive Strength, psi; based on DPP 22 DP =

(ELD pressyrg,s Fé?e)g& i 282R&ED mlgﬁ%ﬁfwgbpéh%és%%ﬁmw
- {PP-(OB-ECD)/3}?, psi 25 ECD = Equivalent Circulatin Qenfl%hpa%g
e R Kl ek b R A iy e o

InternalAngte foftF fiotimnp degrebd 2806 St HeurdeaTepsicdh ppgsRbaspie
= '%ffe%'VSrP}%?ﬁw (Porasity:of Ranshiale action ofreck multipliesihy the

30 fraction of non-shale rock), Volume per Volume, "fraction”, or percent
31PP de{at e prEsr 824 GF B SETI E BOUHHE RGN 48 RBPHP
= Rateratiperetiatieni ftihnnkased.on CCSHP -30 WO 2006/065603
PCT/US2005/044304 1 ROPLP = Rate of penetration, ft/hr, based on

CCSLP 2 ROPECQ = Rate of penetration, ft/hr, based on CCSECD 3
UTs = RUBRWHEBtined Compressive Strength, psi -31 1 WHAT IS

CLAIMED, 1855, 2:3-k é\nmgﬁmd for istimating thertenfinetscemspsessive
sugno {CCRLIBL ARt 6 depaloub Zanaelaisuiasanean

formatlon whic rilled using a drill bit 5 and a drilling fluid, the
m&ho@@omﬁ?@ﬁ@ Ifhtéogﬁfgﬁg\fgjp %ress normal to axis of wellbore, psi

15 Aoy = change in botlom hole stress paraliel to axis of wellbore, psi
16 APP = change in pore pressure, psi or ppg equivaient
17 A = Skempton coefficient, dimensionless
18 B = Skempton coefficient, dimensioniess
1 CCSup = Confined Compressive Strength, psi, based on DPwe
20 CCSgep = Confined Compressive Strength, psi, based on DPecp
21 CCS.e = Confined Compressive Strength, psi; based on DPe
22 DP = (ECD pressure ~ PP}, psi
23 DPgpp = BECD pressure, psi
24 DPe = [ECD - {PP-(OB-ECD)/3}], psi
25  ECD = Equivalent Circuiating Density, ppg
26 ECD Pressure = pressure in psi exerted by an ECD in ppg
27  FA = Rock internal Angle of Friction, degrees
28 OB = Querburden, psi or ppg
26 g, = Effective Porosity {porosity of nen-shate fraction of rock multiplied by the
30 fraction of non-shaile rock), Volume per Volume, "fraction”, or percent
31 PP = pore pressure, psi or ppg
32 ppg = pounds per gaillon
33 ROPue = Rate of penetration, ft/nr, based on CCSyp
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7 a) determining the unconfined compressive strength (UCS) for a rock in
a 8 depth of cut zone of a subterranean formation which is to be drilled
usinﬁ; a drill bit and 9 drilling fluid; 10 11 b) determining the chanagse in the

MS T ?ﬁﬁsﬁ?athe rock due to applied stresses 12 which will bng ﬂgﬁ%ﬁ:’,’m‘
the rock during drilling including the change in strength due 13 to the

cﬁanggdgﬁgrggé%ﬁsg#ﬁﬁe(éﬁm intheack e de drilling; and 14 15 c)

determining the CCS for the rock in the depth of cut zone by adding the
16 estiHbrsd THERyE PFEHERGR fSWhQ%%g?rl@}Cfg@, The method of
claim daghereink 1 tbeiARR isestmatettassytiming that there will be no
substantial movement of 20 fluids into or out of the rock during drilling. 21
22 3. The method of claim 2 wherein: 23 the rock has an effective porosity
of less than a predetermined porosity 24 threshold such that there will be
no substantial movement of fluids into or out of the 25 rock during drilling.
26 27 4. The method of claim 3 wherein: 28 the predetermined porosity
threshold is 0.05 or less. 29 30 5. The method of claim 1 wherein: 31 the
rock has an effective porosity of less than a predetermined threshold . 32
33 -32 WO 2006/065603 PCT/US2005/044301 1 6. The method of claim
1 wherein: 2 the APP in the rock is calculated in accordance with the
following 3 mathematical expression: 4 5 APP = B[(Aax + Aoy+ Aar )/3 +
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6 J'/ A6., A6,,? +(A6,-Ar+(A6,-Ac_+3Az,", +3Ar, +34z,;:)*(3 7 A-1)131];
8 where: A = Skempton coefficient that describes change in pore 9
pressure caused by change in shear stress on the rock; 10 B = Skempton
coefficient that describes change in Pore 11 pressure caused by chance
in mean stress on the rock; 12 A = operator describing the difference in a
particular stress on 13 the rock before drilling and during drilling 14 6
strassTirsthenadibacstion; 15 6 = stress in the y-direction; and 16 a stress in
the z-direction; 17 z,, = shear stress in the x-y plane; 18 = shear stress in

the y-z plane; and 19 = shear stress in_the x-z plane. .rhe . .
othod BTERTH £IRETETRS 25 0 AP R P A TR g oo
atiotdeth cbowiePrRe T oMo IRENAERPR el BXPrasditipr veines Hipp!-
BHAN(3 iAok B3 nidib@EompHzid Gre-AGR bt (AO~-A~~+(A6, A6~YJ
(3A-1)13) 27 28 where: A = coefficient that describes change in pore
pressure caused 29 by change in shear stress on the r%cslé; f6:;>3a\/r\c/)8( o

2006/06866%BANG SF0BRRINRZ0 LOTBENEHHENHL (hatdddchined
chisntyeinueveepriassiiercngse dPrrbijoohvdrmes terre o etredrd et FGeR;
3 Mg rerator describing the difference in a particular stress on 4 the
rock before drilling and during drilling. 5 6 = first principal stress on the

rock; 6 ES == second principal stress on the rock; and 7 6; = third
principal%ﬁ@?m%g’?da@%e in the strength of the rock due to applied siresses

which will be imposed on the rock during driliing inciuding the change in strength due

to the change in pore pressure (APP) in the rock due to driliing; and

¢} determining the CCS for the rock in the depth of cut zone by adding the
estimated change in strength o the UCS.

2. The method of claim 1 wherein:
the APP is estimated assuming that there will be no substaniial movement of

fiuids into or out of the rock during drilling.

3. The method of claim 2 wherein:
the rock has an effective porosity of less than a predetermined porosity
threshoid such that there will be no substantial movement of fluids into or out of the

rock during drilling.

4, The method of claim 3 whearein:

the predeterminad porosity threshoid is .05 or less.

5. The method of claim 1 wherein:

the rock has an effective porosity of less than a predetermined threshold .
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9 8. The method of claim 1 wherein: 10 the APP in the rock is calculated

in accordance with the following 11 mathematical expression. 12 APP =
wBlAGacedct + AO3)I3 + (A01 - Ac33)" (3A - 1)/3] 13 where pATrsoafficianmii

that describes change in pore pressure caused 14 by change in shear

stress in the rock; 15 B = coefficient that describes change in pore

Pressre causeadethbduy chingesmermean stress in the rock; 17 Ac, =

change in the firsbRrincinglistiess.achipg HReRdhe fackd 8-Rusitaiiing;

19 A02 = chance in the second principal stress acting on the rock 20, due
toSdrilFYP &R 93 RO ange in the third principal stress acting on the
rock due 22 to drilling. 23 24 9, The method of claim 1 wherein: 25 the
APP iﬂggezrglﬁgés £aleulated in accordance with the following 26
mathématical expression: 27 APP = B(Aol + Ace + AQ3)/3 28 where: B =
caefficion that desgribets change it pdre pressyré paused- 29:ty-chiaride(s
in mean stress in the rock; 30 Aol = change in the first principal stress
actingiupotithe 31 rock due to drilling; -34 WO 2006/065603
PCT/US2005/044301 .1 Ace = change | principal stress
acging on th& (}%ﬁ aﬁﬁet?:?p Fill i%%g;@%%r‘g%:%d%%%ﬁggnsgé*%n%%zl?hirdg
principedstrEs SUEHAG ORNENSFACIATE SHIBSHIIAG 56 10. The method of
ciaim 1 wherein: 7ghegABRdnthedaclkis calcudatedds accardansseravith the
fql{owin(% 8 mathemda%icalkex ression. 9 APP = B(Ac, i+ Ac, + Acz)/3

| pressure Y C 5

cause ange 1 meah siress on
12 A = pperator describing the difference in & particular stress on
13 the rock before drilling and during drilling.
14 . = stress in the x-direction;
15 o, stress in the y-direction; and
16 o5, = stress in the z-direction;
17 7, = shear stress in the X-y plane;
18 7. = shear stress in the y-z plane; and
19 r_= shear stress in the x-z piane.
20
2t 7. The method of clalim 1 wherein:
22 the APP in the rock is calcuiated in accordance with the foliowing

23 mathematical expression:
24
25 APP = Bl(Agy + Aoa+ Aoy )3+

26 \f"zl(ﬁo*,“ﬂdj “lag-aof *"{Ag;-&gjé*(sﬁ\ - 1)/3]

27

28 where: A = coefficient that describes change in pore pressure caused

26 by change in shear stress on the rock;

-33-



10 where: B = coefficient that describes change in pore pressure caused
11 by change in mean stress in the rock; 12 Ad, = change in the stress

wEshR@iRsthe direction of the wellbore 13 due to drilling; 14 ¥er/ebangesol
in the stress acting in a first direction 15 perpendicular to the wellbore due
to drilling; and 16 Lay = change in the stress acting in a second direction
17 orthogonal to Botldbitaeeltorecandites firstrdizectioreduesty @ritiiged18
19 11,1, %{Bgm%gg claim 1L whersiy: 20 the APP in the rock is

calculated in accorQance with the‘followingj] 1 mathematical exg{%ssgigg.
2% APP = B(Acz)B2PHRG B LUBEHE ‘?F?é‘é‘aé%é’rﬁ?é%“%ﬁénge in
pare pressure causeik 24byattiangs’ive mreddwstressifimthe rock; and 25

Ag, = change in the stress acting.in the direction of the wellbore 26
bgtween befor® aﬁé‘“&ﬁ‘?fﬁ”& [8%%?{9 27 28 12. The method of claim 1

wherein: 29 the APELin ibenekds saissmiendrcaccardance with the
following 30 mathematical expression: 31 APP = (6¢,)13 32 where: Acs =
change in the giressractimgrapehetdirectionofabe 33 wellbore due to
drilling. -35 WO 2006/065603 PCT/US2005/044301 1 13. The method of
cl&im 1 wherein: 2 the CCS is calculated in accordance with the following
matheimaticahe3@ipressioar 'CC8&UCS + f(DP); 5 where: UCS = the
upconfined gompressive skength o thereck: 6-8R diferentiabaregsure
acting upon the rock and is a 7 function of the change in pore pressure

Abp, BRTERE5P) % Rematical function of DP.

12 APP = B[40 + A0z + AG3)3 + (A0, — ATl (3A ~ 1)/3]

13 where: A= coefficient that describes change in pore pressure caused
14 by change in shear stress in the rock;

15 B = coefficient that describes change in pore pressure caused
16 by change in mean stress in the rock;

17 Loy = change in the first principatl stress acting upon the rock

18 due to drilling;

19 Lo, = . change in the second principal stress acling on the rock
20 due o drilling, and

21 Agy = change in the third principal stress acling on the rock due
22 to driliing.

23

24 8 The method of claim 1 wherein:

25 the APP in the rock is caiculated in accordance with the foliowing

26  mathematical expression:

27 APP = B(ATy + A0y + AC3)3

28 where: B = coefficient that describes change in pore pressure caused
29 by change in mean stress in the rock,

30 Aoy = change in the first principal stress acting upon the

31 rock due o drilling;
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9 10 14. The method of claim 1 wherein: 11 the CCS is calculated in
accordance with the following mathematical 12 expression: 13 CCS =
wodGiggsdeid +2DPsinFA/(1-sinFA); 14 where: UCS = the uneonfiredos/444301
compressive strength of the rock; 15 DP = differential pressure acting
upon the rock and is'a 16 function of the change in pore pressure OPP,

and 17 FA = inteknaFatiglegefifricieoinheriodkalsress 38npRe fhetsd
of claim 13 wherein. 20, the,RRiidg eleulated according to: 21 DP = ECD
pressure - (PP + OPP); 22 where: ECD pressure = pressure exerted b
dfilling fluid 23 uﬁaér"’&F@tﬁ‘%‘?iﬁ‘g%:%%“éﬁﬁﬁ%ﬁﬁ’?[%”ez% ek e Li‘négtfe
25 PP = in situ pore préssuile®f the rock prior to drilling; and 26 PP =
change in pore pressure in the rock due to drilling. 27 28 16. The method
of claim 13 wherein: 29 the DP is estimated in accordance with the
fQlowiily mAtRERFRRSP S68XHALR: 31 DP = ECD - (PP - (aZ ECD)(3);
32 where: B@Defpressureieixertedbiedritlimer fiidan33wihdes Ereutitng
cgndimmﬁ@g@p@gg@ggﬁ5603 PCT/IUS2005/044301 1 PP =in situ
pore pressure of the rock prior to drilling; 2 and 3 a2 = in situ stress in the
diection of 45 iellPGre" iflich 44 removed from the rock due to drilling.
506 17. Thevmethad-abeffiuert rathEwsinb & DR is palewiaeslin caused

ageordance with the follgwing mathematicalss in the rock;

12 Ao, = change in the stress acting in the direction of the welibore
13 due io drilling;

14 Ao, = change in the stress acting in & first direction

15 perpendicular to the wellbore due 1o drilling; and

16 Ag, = change in the stress acting in a second direction

17 orthogona! to both the wellbore and the first direction due to drilling.
18

16 11,  The method of claim 1 wherein:

20 the APP in the rock is calculated in accordance with the following

21 - mathematical expression.

22 APP = B(Ag;)3

23 where: B = coefficient that describes change in pore pressure caused
24 by change in mean stress in the rock; and

25 Ao, = change in the stress acting in the direction of the welibore
26 between before and during drilling.

27

26 12, The method of claim 1 wherein:

28 the APP in the rock is calculated in accordance with the following

30 mathematical expression:

31 APP = (A3

32 where: A, = change in the stress acting in the direction of the

33 welibore due to drilliing.
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8 expression: 9 DP = ECD - (PP - (OB - ECD)13); 10 where: ECD =
pressure exerted by the drilling fluid 11 under circulating conditions; 12
w& B id it pore pressure of the rock prior to drilling; and P8R min@dB01

overburden (vertical) stress prior to drilling. 14 15 18. The method of
claim 1 wherein: 16 the change in strength is estimated based upon
removal. of Stressdiant ol Zdime Tecledure to removal of overburden, the
prgssure anglieas he.(agadur, Q- LAR SN DA dRRDhIPsRR:
the in situ PP of the rock prior to drilling, and 19 of the internal angle of
frigtioMPE8F8e rock. 20 21 19. The method of claim 1 wherein: 22 the
change in sttergythlis ealéiidted based at least partially on the 23
deyiation angiea of e wellynreiDe gilesede 2620 ThepeRd o

claim 19 wherein: 26 the LAPP in the rock is calculated in accordance with
thé following 27 math&rRAGE Bk BrasithagE A B9 L BT8O DA £
Aaz)/3 29 where: B = coeffitienttittat deserbes chramgesimrpaié-pressure

caélsed 30 by change i In g}g\anasﬁngﬁ%ma%,r%ﬂgg Aag= change in the
stress acting in the dlrectlon of the wellbore 32 due to drilling; 37 1 Ac, =
chénge in the stress acting in a first direction 2 perpendicular to the
wellbore duerte drilting; dnrthid AaXerethange in the stress acting in a
second direclion. 4 ouhagonal io otb e welhere and e irskdiection,
due 5 to dril ing, an ax, ay, and arare are calculated by: 6 (i) determining
the prifgifedstiesses a 1, a2, and a3 acting on the rock 7 before and

duging drilling;cemne 8¢8)-transposag e pamcipal stresses a 1, a2, and a3

In}g normal where: UCS = the unconfined campressive sirength of the rock;

15 DP = differential pressure acting upon the rock and is a
16 function of the change in pore pressure OPP; and
17 FA = internal angie of friction of the rock,

18

16 15, The method of claim 13 wherein;

20 the DP, is caiculated according to:

21 DP = ECD pressure — {PP + PP},

22 where: ECD pressure = pressure exerted by drilling fluid

23 under circulating conditions in the

24 direction of drifling;

25 PP = in situ pore pressure of the rock prior to dritling; and
26 PP = change in pore pressurs in the rock due o drikiing.
27

28 16, The method of ciaim 13 whersin:

28 the DP is estimated in accordance with the following mathematical
3¢  expression

31 DP = ECD - (PP - (0,-ECD)/3},

32 where: ECD = pressure exerted by driliing fiuid

33 under circulating conditions;
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9 stresses ax, ay, and a3 using transformation equations based on the
deviation 10 angle a of the wellbore. 11 12 21. The method of claim 1
wavhiRERiEssd8 the CCS is determined in part based upon the kotioBsrieeke:d301
profile of the 14 wellbore being drilled 15 16 22. A method for estimating
the confined compressive strength (CCS) for a rock in 17 the depth of cut
zane of a subterram&an ifostation wekshrisabtbe rdekledansindydingsill bit 18
an a drilling fluid, the mgthod comprising the steps of: 19 20 a)
determining the unconfined compressive strength éUCS I rarockina 21
depth of cut zone & a sl?&f@frﬁf?@éhnfm%gf%ﬁ‘g@h? s 8!§8r8rﬂje'c UBing
a drill bit and 22 a drillingrflwielj 28m2ebiogktimatimgrthecchange in the
st%ength of the rock based at least in part upon 25 the change in the pore
pressure (APP) of the rock resulting from changes in the 26 volume of the
pdres b?'theﬁ%ﬁ"abr@%’fcﬂ%iﬁb&ﬁ%@mining stresses applied upon the
27rock due tte: driflinganchdugertafhoidianoveviie fidrftamdeoutiob thelipgres
oféhe go%( L,%eo%S response to the drilling of the wellbore with a drill bit and
drilling fi i%, and 29 30 c) estimating the CCS for the rock in the depth of
cu? zone by REdinG e~ 31 estinfitdd-Ehange in strength to the UCS. 32
33-38 WO 2006465603 RE&TIES2005/044 80141123 .fMhe method of claim

2%Wherein: 21itis eﬁ“%ﬁ%}“@%&h&ﬁﬁ IS.Hisgdhstantial movement of fluid
t

into and 3 out of the pores of the rock: 4 5 24. The method of claim 23
wherein: 6 the estinfAtiorntFit BRE&RSAG e b SERRS RIGUENTENTST Al
intg and 7 out of theperessnf thertackds bastahypoastheritock dréfmgg an

ef{gctive

15 18, The mathod of claim 1 wherein:

16 the change in strength is estimated based upon removal of stress from
17 the rock due to removal of overburden, the pressure applied to the rock due 1o
1 the drilling fiuid (ECD pressure), the in situ PP of the rock prior to drilling, and
19 of the internal angle of friction FA of the rock.

20
21 19,  The method of claim 1 wherein:

22 the change in strength is caiculated based at jeast partialy on the

23 deviation angie o of the wellbore to be drilied.

24

25 20,  The method of claim 18 wherein

26 the APP in the rock is calculated in accardance with the following

27  mathematical expression:

28 APP = B(Ag, + Acy + AT, )3

29 where: B = goefficient that describes change in pore pressure caused
30 by change in mean stress in the rock;

31 Ao, = change in the stress acting in the direction of the welibore
32 due to drilling,
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8 porosity ape of less than a predetermined effective porosity threshold. 9

10 25. The method of claim 22 wherein: 11 it is estimated that there is

there is limited movement of fluid into and of 12 the pores of the rock. 13

14 26. The method of claim 22 wherein: 15 estimates of CGS are made

for high permeability rock, low permeability 16 rock and for rock having a

permeability intermediate to the high and low 17 permeability rocks. 18 19
1 27. The mefkafnhelaime2oaubeteig i fkediréetonf the rock in the depth
» of cut zone is C%%HQ@&%F%O{@%I% the, 23 fall lrggcmathematlcal

expreSS|on 22 23 where: UCS Unconfined
3 Compresdfvé StraaytnBF ﬁﬁ@%ﬁ?“ﬁ A HEBEPIRGPEUL zone; 25 DP =
4 differentiatpressairte ettt wsiirethendthe imstrire@®udprh of the cut zone;

5 and 27 f(RR)ma m@tbemagg@bjgg@g,i@aaqgu@%d @8 29 28. The method of
claim 27 wherei - PP 31 where; ECD = %qw alent

6 C|rculat|ng densRy of ﬁﬁmt%nﬁﬁﬂa e pa?s]ge%f B S a ‘pore the rock
7 pressure ¥ 8PYSEENS SRS cﬁ"‘lﬁng 33 -39 1 29. The method of claim 28

8 wherein: 2 calculatirapdbesobahgepimdire! strengih is a funetioncefitke norma

@ dewauong,@gggsasof 3dhe A’V%Q#%Br@aréfo'ﬁn%%ﬁ\é&%f@g fRcestimaling ihe .

10 confined corppre§ ive %;Pength (CCS) for arock in 6 the depth of cut zone

of a subterr%mean ormaton which is to be drilled using a drilling 7 fluid,

11 the method comprising the steps of:

12 21 The method of claim 1 wherein:

13 the CCS is determined in part based upon the bottom hole profile of the
14 wellbore bsing drilled

15

16 2z A method for estimating the coniined compressive strength {CCS) for a rock in

17 the denth of cut zone of a subterranean formation which is to be drilted using a drill bit
18  and a drilling fiuid, the method comprising the steps of,

19

20 a) determining the unconfined compressive strength (UCS) for a tock in a
21 depth of cut zone of a subterranean formation which is to be drilled using a drill bit and
22 a driliing fluid; -

23

24 b) estimating the change in the strength of the rock based at least in part upon
25  the change in the pore pressure (APP) of the rock resulting from changes in the
28 volume of the pores of the rock due fo changes in confining stresses applied upon the
27  rock due to drilling and due to fluid movement into and out of the pores of the rock in

28  response to the driliing of the wellbore with a drill bit and drilling fluid, and
29

30 o) estimating the CCS for the rock in the depth of cut zone by adding the
31  estimated change in strength to the UCS.

32

33
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8 9 (a) estimating the COS for substantially permeable rock in
accordance 10 with the following mathematical formula: 11 CCSHP =

wdessmsEdeP); 12 where: UCS = the unconfined compressivestrenstz ofazer
the rock; 13 DP = differential pressure acting upon the rock; and 14 f(DP)
= a mathematical function of DP; 15 16 (b) estimating the CCS for
substagtially e petieadilelspek 2rnaeeardance with 17 the following

mathematical exgresign: 48 %ﬁ;ﬁ&é&%ﬁaﬁ(%@é% WREHG S andhe

unconfined compressive strengt e rock; 20 DP = differential pressure
actingPHp®th eTEEICaRE 9 function of the 21 change in pore pressure
ARP; and f(DP) = a mathematical function of DP 22 23 (c) calculating an

in?rmf 'iater%O%&]%ggM%%f% t\pg _'Egﬂ-‘ based upon the 24 estimated

permeability of the rock and the confined compressive strengths CCSHP,
25 CCSHPT§rosliBstieridif} PermeanEWnseRinpenaeante rodkgd ygo gnc
3% Thamaethodpé€im30wheteis2d therestiroatesipgrumeadiity=of the
rogk is based upan the effective porosity of..29.the rock. 30 3 -40 1
32 T ORI T W D HRe Frerrdie ECE et i

cafculated in accordance with the 3 followings mathematical expressions:
446G 5CCHRREENZARKR 2D @eSixz CCSLP if Pe <tPLP, 6 COSMIX

S CSLPX GO (BIBHE, CRRL Y COSHE XARR PRt B o
12 the pores of the rock.
13
14 28,  The method of claim 22 wherein:
15 - estimates of CCS are mads for high permeability rock, low permeability
16 rock and for rock having a permeabiiity intermediate to the high and low
17 permeability rocks.
18
19 27. The method of clatm 26 wherein:
20 the CCS of the rock in the depth of cut zone is calculated according to the

21 following mathematical expression:

22 CCS = UCS + f(DP}

23 where: UCS = Unconfined Compressive Strength of the rock in

24 the depth of cut zong;

25 DP = differential pressure acting upon the rock in the

26 depth of the qut zone, and

27 f(DP) = a mathematical funciion of DP.

28

28  28. The methad of claim 27 wherein,

30 DP=ECD ~PP

31 where: ECD = equivalent circulating density of ihe drilling fluid; and
32 PP = the in situ pore pressure {PP) of rock prior to driliing.
33
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8 where: tpe =effective porosity; 9 (PLP= low effective porosity; and 10
11 tPHp= high effective porosity. 12 33. A method for calculating the
change in pore pressure (APP) 13 in a rock due to drilling.. the method
comprising: 14 15 calculating a baseline APP using a baseline
mathematical formula:. 16 17 determining a APP for the rock and drilling
environment utilizing a computer 18 model of the rock and drilling
cinditioims beted op@Ematdedste@ne characteristic of the 19 rock, drilling

conditiong,,nsydsl Bitn20 irkbOatergriningareasrestion dagtasCingrlating
the ba] eolline APP and the APP of 22 the computer model (CCS); and 23
He%%ermﬁ'ning a APP in another rock utilizing the baseline formula 25
and the correction factor CF to calculate the APP. 26 27 34. The method
dclaima3sewbefeinsitihe thorechen factoeiShdsiengtiofeRs) for a rock in

charagteristics selested fram.ihe, 2R RARDRNS G ard %@Krp g

function of Qit type; 32 CtF~,esae = function of hole size; CF,0C
PP P SE eTBIS e B8RP Serties; 33 34 35 -41 1 CFen~~ooment
= function of one of OB, PP, hmin, hmax, ECD, angle of

{a) estimating the CCS for substantially permeable rock in accordance
with the following mathematical formula:

CCSue = UCS + {(DPY;

where: UCS = the unconfined compressive strength of the rock;

DP = differeniial pressure acting upon the rock; and

f{DPY = a mathematical function of DP;

(b) estimating the CCS for substantially impermeable rock in accordance with
the foliowing mathematical expression: ' o

CCSp = UCS + f(DP);
whera: UCS = the unconfined compressive strength of the rock;

DP = differential pressure acting upon the rock and is a function of the

change in pore pressure APP; and {(DP) = a mathemiatical function of DP

{c) caiculating an intermediate CCE (CTSuy) for the rock based upon the
sstimated permeabiiity of the rock and the confined comprassive strengths CCS,e,

CCSp for substantialiy permeable and impermsabie rocks.
31 The method of ciaim 30 whergin:

the estimated permeability of the rock is based upon the effective porosity of

the rock.
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2 deviation a, and azimuth f3. 3 4 35. A method of calculating corrected
differential pressures across a rock 5 in the depth of cut zone during
drilling of a well bore in a subterranean 6 wellbore, the method comprising
the steps of: 7 8 (a) calculating, utilizing a mathematical expression, a
baseline 9 differential pressure (DP) across a rock in a depth of cut zone
for a 10 drill bit having a baseline profile under a baseline set of drilling
condfitionstemet»qlsy esimpiitingei®iig a computer model, the DP across
the rock i éherslenidi-el dSscotznnedenrukibdik RavingaAdirsknrekle
|ffer!pgwfrom thglt of the basellnerﬁ)sroflle 14 under the baseline set of
dr|II|ng § CoRai i"gﬁ f%cf%eﬁr calcu ating a profile correction factor by
compann@@ﬁe—@@é"mh@@?’%ﬁh the 17 DP determined from the computer
model; angbg& é@ég) ,,@@Lcukﬂi;ng a corrected DP, utilizing the
mathemaB% §‘2§ign and th@ 20 pI‘OfII} §H§ctlo&fact%; fora drl bit
with the first PHofil 8507 Oedl P Siginod or @ik a8 il sin 2
profile correctionifaptot $ei@ealculated for a number of drill bits havmg 25
differing prafile; and28.24 %@gg&p,er of corrected differential pressures

are calculated utlllzm%, 2? resp e%trlve f}_rggée correction factors
corresponding BRI BILY 28273 Y @

Wp = NGH effectwe porosity.

33, A method for caleulating the change in pore pressurs (APP)

in & rock due fo driling, the method comprising:
calcuiating a baseline APP using a baseline mathematical formuia,

determining 2 APP for the rock and drilling environment utilizing & computer
modet of the rock and drilling conditions based upon at least one characteristic of the

rock, drilling conditions, and drill bit;

determining & correction factor CF ralating the baseline APP and the APP of

the computer moge! {CC8); and

determining s APF in another rock utliizing the baseline formula

and the corrdotion factor CF (o caiculate the APP.

34.  The method of claim 33 whersin:

the correction factor CF is one of the characteristics selected from the
group compssing:

CForane = function of bit type;

CFm.e sze = function of nole size;

CF ek properties = Tunc‘ﬂon of rock properties;
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CFenvionmens = funclion of one of OB, PP, hmin, hmax, ECD, angle of
deviation ¢, and azimuth B.

35.  Amethod of caicuiating corrected differential pressures across a rock
in the depth of cut zone during drilling of a well bore in & subterranean
wellbore, the method comprising the steps of:

{z) calculating, utifizing & mathematical expression, & baseline
differential pressure (DP) across & rock in a depth of cut zone fora

griit bt having a baseiine profile undear a baseline set of driliing conditicns;

(b) computing, using a computer model, the DP across the rock in the depth of
cut zone for a drill bit having a first profile diffeting from that of the baseline profile

under the baselfine set of driling conditions;

(c) calculating a profile correction factor by comparing the baseline DP with the

DP determined from the computer mode!; and

(d) calculating 2 corracted DP, utilizing the mathematical exprassion and the
profile correction factor, for a drill bit with the first profile.

38, The method of claim 35 wherein:
profite correction factors are calcutlated for a number of drill bits having

differing profile; and

a number of corrected differential pressures are calculated utilizing

respeciive profile correction factors corresponding fo the drill bits.
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