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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 CCS, but the most widely used

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

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

26  limited or uniaxial loading. The strength 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

29 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 problematic 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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pressure and the in situ pore pressure (PP) of the

rock being drilled The pressure provided by the
waleookisssgs fluid is often referred to as the eqedwab®n$/ 044301

circulating density (ECD) pressure and may be
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situ pore pressure. e case of rock which is
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19 angle (a rock property).

20

21 Adapting equation (1) to the bottom hole drilling condition for highly

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

25 _

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

28
29 CCSyp = UCS + DP + 2DPsinFA/(1 - sinFA) (2)
30  where: DP = ECD pressure — in situ pore pressure. (3)
31

32 Inthe case of rock which is very low in permeability, there is no industry wide
33 standard or methodology to predict the apparent strength of the rock to the bit.
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the foll owi ng mat hemati cal expression for the CCSLp

for low perneability rock CCSLp = UCS + DP +
wQebesedess (1 - sinFA) (4) where DP = ECD pr essPCEUS2005/044301
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23

24  Still yet another shortcoming is that CCS as calculated above is an average
25 strength value across the bottom hole profile of a wellbore assuming that the
26  profile is generally flat. In actuality, the bottom hole profiles of the wellbores
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 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 to a drill bit during a drilling operation under certain

32 conditions.



pressure (DPP) due to the drilling operation rather
than assune the PP will remain at the PP of the
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for the case of very |ow perneability rock The present
| MVeRtERBin@YaAneeS e rlcbl %r@@ﬂtebmm@wmm@ ACPTRYRLks

net hods for estinmati g CCS for ﬁ@r %bl“tg rocks
afd Pedt S Rdling,gpd H&\/%P?”'ﬁﬁ“?%f?féi’ MVET BYVERBVt her
tbe pe@sRBlity MME ek s’k@dfd%ﬁs&@tﬁwt?&ﬂh@@éhvb%hange |n pore
accommpdate the altered stress state in the de

cht PBeUrestRE) due @dle dildes iy PYEAinan %Pmﬁg?eegpéﬁ“
CoNPadesln Lothk Pssr 1pé sM%Jn'dF%' re¥EbiPRIRS cé’égjcbftngiMc‘;ﬁbé%eable

t he present i nvention rovides a way to acconmbdate
gBonEAKiOF apHMDINEresig R %"f\ﬁéﬂq %%methamh fpethe gage of very low

a$8051?m<%@m§1 r‘b@l@srh%%é&% rn@&m%sadhr@segm need by providing
icantl’'y affect the apparent CCS of rock bein

dﬁu | !r@uomﬁaryeth@d%f%gﬁméﬂ ¢%6¢réovsgmwwbllmovk£an for rocks
| BVERILE (ATl hﬁte@%ﬁ?%?llltgvﬁfﬁh'epqhé [N @%?v iR LEREs{¥ the

estlnatlng rock cut zone
dp ansebtosrocamewdatedherati¢red sm$8c5ﬁat|esn th’g‘: Cb?@th:l@fl quit aehe found

%' n @ev%éé !amfllw(;riz%ﬁgl ﬂ{(ore%\%eésn&rﬁ;#fégh t'h5§é of \%’F%CQPS

|s d erm ned ange
ger em@tltbprei Addéionalbk thesprelgstné mvemtexh m‘qedesoa aqapltcp actommodate

3? %gg%etrlcf tcagmsutq% 'eIrB%)?éc' gr%ﬂ %Q%sg 5{39 glrn%srég

RCT e chan ren 0 the
DPP |cnn¢dmeammkhailmntstgndlcarhtlyl afigciTihe a@ﬁ:&*eﬁb@CShﬁ roabdleing

i,n the, depth of t zoelsthen cal cul at ed by addi ng
1ﬁe gaiq Waé'atoéheaaz 3weﬂ Yfrength to the UCS For the

dase of highly inpernmeable rock, the DPP is estimated
a‘s7sum' ng that there wi/| B| 0 I | venent of
fl'uids into or out of g. The
preesent invention preferably calculates the DPP in

accordance wth Ske on t heor ere inpe ble rock .
30 COTE Pre L ARG A 2s GBS0 (e bR h b g Fock in
I20ad $heOdeptit HEGS 2nabY d Subtdrkindah koMatiod hRAG BHe @rfuea hy@,mg
rock or soil is substantially non-existentCCS nma

CA o1l B e P PP LB F 1 Fhds AMaTDBER ATk e, the
fBCt QhangHR 'ﬂ\é"s?réf\@{ﬂ SR rdek & ddi&rmisdd RStolHbBES SresROE Ghich
di aneter, and nud wei ght utilizing

23 will be imposed on the rock during drilling including the change in strength

24 due 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 to the
26 UCS. For the case of highly impermeable rock, the APP is estimated

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 Skempton theory where impermeable rock or soil has a

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

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



correction factors derived using conmputer nodeling For

the case of a highly deviated well (>30), well
walgoobaéscan, azi nuth and earth principal hori zortEUS2005/044301

stresses may be utilized for inproved accuracy BRI EF

DESCRI PTI ON OF THE DRAWNGS FIG 1 is a schematic
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FI GS 3A and 3B are schematic illustrations of stresses
aﬁplied to stress blocks of rock in the depth of cut

zgne Ff)pﬂhe%)as@oﬁ/é?ﬁrbhl?@bv%féd Rar e 304) wa deidtisAMzhuth and earth
wel | bore, and c) a well bore oriented at an angle a

dBvi ﬁf'”cr‘@a'f"%rﬁ”f%étr@%%eﬁl"r‘?é'l bexyftized foa iPRIY$ARTFAIARANg! e
by FIG 4 is a graph showing DP at the bottom of a hole
for inpermeable rock as predicted in_accordance with
t Be present i nv£ﬁ|EE@Eﬁ£Q'EJ'QNQFnEﬁ5@%WWG$ nite
ehbenment conputer nodel, FIGS5 is a table of calcul ated
val ues of DP, CCS, and rate of penetration ROP, FIG 6
i18 aFiP.dpis agfichemetic Gestipdine of abpitem ROP engirormelitifon a pertical
rs ' rilled, FIG7 is a graph
\ﬁ rg]t%leI 'rgé%rg%g/ggliﬁ]oeﬁg ger sus rrud density, FIG 8
|1§ a graph of rate of penetration ROP versus PP,
dFl |4
gg’ cg%gnééilar?doﬁgﬁar%{g@é;r){)'z%@%ﬁOueg ?gﬁ éé%%*r %ﬁ
DETAk bR JRESERIaADEON tﬁFd&’rHEolkaMENﬂibﬂ\l . General
| cul ati on For Vertical Wellbores An inportant part
the strength of a rock to resist drilling depends
U1|60n F®G®. oandt &8 srevechsiratieillusideionsbi sifesbéwamrﬂie& td stress

Fide) SR el 0P B g Sepiiel Po g d Gber e e @bl g Porzoma

cendiwellions; &fd ¢) a wellbore oriented at an angle a deviating from the vertical

19 and at an azimuthal angle ;
20
21 FIG. 4 is a graph showing DP at the bottom of a hole for impermeable rock as
22  predicted in accordance with the present invention and as estimated by a
23 finite element computer model;
24
25 FIG. 5is a table of calculated values of DP, CCS, and rate of penetration
26 ROP;
27
28 FIG. 6 is a graph of rate of penetration ROP for a drill bit versus CCS of a rock
29  being drilted,
30
31 FIG. 7 is a graph of rate of penetration ROP versus mud density;
32
33 FIG. 8 is a graph of rate of penetration ROP versus PP; and
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drilling shall be referred to as a rock's CCS Prior to
drilling, the conpressive state of a rock at a
w@abedbar depth is |argely dependent on the REr/Ust000644301
the overburden being supported by the rock During a
drilling operation the bottom portion of the wellbore,
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cal cul.ating, CCS forrock heing drilled u5|n a. drill . .
57t C ahBb Rt Ry R B S o e Raikoer Ban 88 whl oS el drging
wel | hoeanalis Be@nﬁéﬁthpbﬁ&ﬁ@éﬁd@bﬁd@ﬁe@f)h|o€thBelﬁe$lbbriengarﬂGVé
to FIG 1, a bottomhole environment for a verti cal

W8l | vetica %@@&%Ysp%r"ﬁ‘étaﬁpéer ock formation is shown A
mgck formation 20 is depicted with a vertical wellbore
22 being drilled therein The inner periphery of the

wal | Besady. zpreplisticiestiaate\gf the ia sie PPIID adits darl oL uhBEeRens
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indicate that pore flu in rock formation 20,
e sane sumeitally Oﬂé@%@m@r of zecanlp 17 @&l ;dewraﬁmg o @e penetratlon

24  rate, bit characteristics, and bit operating parameters. The present invention

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 bottom of the hole,

28 asitinfluences CCS and bit performance, is a short time frame effect, 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 to be held to a particular theory, the following describes the

33 general assumptions made in arriving at a method for calculating CCS for
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the pore space in the rock in the depth of cut zone

This is generally the case when the rock is highly
w@eooimedsbe Al so, the drilling fluid 24 appli esPQI/esS®0F/e4301

to the well bore as suggested by arrows 30 The rock

previ ously overlying the depth of cut zone, which
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an 1 NSt ANt aneous
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f1|2UI d hepvereatiodshomeripiagftias déptelotcytzeserwiocir ¢xerteti@nt he

pan e as_ingdicate 28 The rate

OGS e Rshir ot it Bl e 20008 olehirRans
r1ﬁg| Qék?laddﬁiuﬁ/ftﬁﬂ galling fluig 2&h&|trialagnihetré1earewam@dom9me fluod
t hat of the d (reservojr sure
dpe RS Ro s riien i o & B A Agrdheh Pda gt PP
fi@Ct af thel deptie clBtdheadndriosithan ther @B iprsssWai ghvidgsly exerted by
correlative to rate of penetr on andthﬁre at i

i

o vy ogh. Uil s forigon Aulibe @ iton: fe TRan e deptn of

S UNBszdieaixphites JigE®F Mahé bRy Hﬁthb?ﬂoreaira@iéllké@ﬂe)d Uedtb @ee
conpared to the depth of cut zone, ener al

A9 GASBITADY &f HESHAPEPHe KOs Ong Siis 1 18 Ny S PHASRHES
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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 into the expanded

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

29 (reservoir pressure), is dependent on a number of factors. Primary among

30 these factors is the rate of rock alteration which is correlative to rate of

31 penetration and the relative permeability of the rock to the pore fluid. 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
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build up is efficient, (very thin and quick, which is

desirabl e and often achieved) it is reasonable to
was®anesedhat the inpact of filtrate invasi on OPCT/US2005/044301

altering the PP in the depth of cut region is

negligible It is also assuned that the nud filter cake
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i PhotRBTd RECRE BORG Bl AT IRTE RS drrdnl
(pr i pemidaplegospdréiedivhithl dritlipy flais!, thedtt indbel dabibwé ciltrzonRean
ckar cti L . represents . i
DT R LD BE VP s B ok R ATER By B Ol
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ﬁ%nFA) ( 1) where UCS = rock unconfined conpressive
rength, DP = differential pressure (or confining
3t r e§sn) substantdlytilmpemable rankl skfh as smleandlvegrighenaf-shale, it

friction of the..rock In th ref erred and.exe r
1B ot amarTes 1T e S b SEnDA B RS e e PRk or
et efirale iavigioa ot the depth ohclitxons. Telefuleatrednditynttheous PP in

ocessing of acousti | | ata or seismc dat
Fhos Beaiep S f ot advicinn ef P siPeepingRanape fock ™ e
aghegsamh R8s z0he Gaticpoptitiog s Wb swimicabigtyral safigdss, afd
friction FA are known an can be use,d..vv'bnth t he present
i"Bv e HY $1PoEs TIgia proaperiss ARy SeaPiese iyl t ati on, these
apternati ve nmet hods of determ ning UCS and FA incl ude

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

22 widely practiced and accepted "rock mechanics" method for calculating CCS
23 of rock.

24

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

27 DP = differential pressure (or confining stress)

28 across the rock; and

29 FA = internal angle of friction of the rock.

30

31 Inthe preferred and exemplary 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 skilled in the art will appreciate that other
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nmet hods of processing of well |og data, and anal ysis
and/or testing of core or drill cuttings Details

w0 sganelicnyy t he internal angle of friction can per/suongio44301
in US Patent No 5,416,697, to Goodman, entitled
"Met hod for Determ ning Rock Mechanical Properties
Usi ngefibes bf ¢t@liatihgwEmbad intarhalcngiesof et ¥ A are known and

A PR gh hErSRE R B TPhe S Bt mitaton,
| Bt emBed alfdrhéktvb@ﬂibtﬂcb@stfQi%&éﬂmbyngTUCE aaad-ADeslLo@altérnative
]ﬁﬁgg%nég‘pgﬁ ﬁfi;{)rgg%sﬁ)gacgmegrl e on ﬂ@%ﬁpr 7 %fsl a%%/o?ftesngg léf core or

Py ocg@dunggsof the 27th U S Synposn um on Rock
Mechani cs, Tuscal oosa, Al abama, June 23-25, 1986 The
n®t hod predicts that as Poisson's ratio changes with

changegilé gty the Mteinal Al @ﬁﬂctﬁihaiahrb%sraund ihe) anghent
of |nternal friction changes The angl e of i nternal

f8i chponh41&669hée Bpefeanl “%M%@P Diefggmining Rock
dgi | \@bhddiday p?ab@nteeejsﬂg%@cm@au%g IJatd WhigRlid 0

Adapting this methodol ogy bottom hol e dri Ilng
d¢ondincoonmatedby jgéaremeenn éS ﬁ@hﬂ@m @%@@@ﬁp‘l”ﬂ@ﬁ@dﬂﬁiﬂw for

f
(R BaEinfRoR% SR, B AR i QUaghl b Tok HhoThehhan
A2sef 98§ in "Eelirkatwn of Rectioniopértiely P Reakd™romi eferssaiions i n
g@e wg%l;@g%h&a'o -85 ShRRSeJifds e B grd E?Rg@%uzn g

escri bove MA res ect to equatlons
ECD Boeshleciarics. ﬁmlq@sewa@m Joak @8+25t 2886\ hdimedoed y

E@%S EFedQ:gs BEERSHE gso\p{lst tlch Qﬁgehglagi\ﬁgg;g?#ﬁ%esﬁw &@gﬁ%ﬁ%ﬁ@ﬁ and

ressure may
val uehalmesm(thqoar@asofn&temal triatiouttangag Tietdngieodftintarme! friction

\;ZH isdhed acﬁ'e%ﬁg‘? 'e8‘to gpha%}{ gﬁ@ﬁ»'e%?ef%‘%%ﬂ@?ﬁow &S

appl acro
dept bedrmzute. Zaketig this meathﬁ)ﬂblagp.ptloﬁ&ei battono ssletdniéing @okditions

t t t k

B e P e IRAN ooty 20 ar Bl By B RN R e P P R sy winus
bo Fite iRAitu PPeof ItHHJrfoClaS@foreSdrSIh@Vm tRs PR df ltrrmrrroﬁumag rex®rvoir
In FIG 2B, the increase i non-1jn

1s shown as
Plincf9ob PRiRerERe P nge L5411 NPt &l Sxpressions for
per meay, |, hhy DPOfkddssritssaidlvk alithYe FRIcOto dqtions (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 also 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.



present invention utilizes a soil mechanics

nmet hodol ogy to determ ne the DPP and applies this
wappsoessis t o the drilling of rocks For the casecDis2005/044301

i nper neabl e rock, a relationship described by

Skenpton, A W"Pore Pressure Coefficients A and B,"

Geot R@tgﬁifr 4@ a(ssdmﬂ@ﬁﬁe PR lmwaoeztmearaggso&élisewe?niiaﬂ,y zero, the

apte or use with equation ( 1) npt o re.

o e bireniay BenEvier § SHE mealebrtbaadoBhe b i Trine s APP

03 aaR@EOIRs S afieBetaloltie B@lﬂn@@f’frﬂﬁaﬁ)Fer ﬂﬁiatcéédz af impermeable

before dr|II|n nodi fj

he KB PIoTSUB CSEHEIOEh PESLOBRISR. O anEosr rEFure

et echatficRE&UIEMOB L RtotfehaBalpi 954y Wdisméa, ;ba@ystmamm%
nEpremable f1 ow of fIwgs occurs into or out of the
t ePAanteq foripe Wik €8eHtondphISKERPIoNPO RESHYP IR gendraly be

"ﬁt efbetribHa A8 inCiRRRL Ber it RAodsShit @énér@ﬂ)kn(br{lpérhféa@%ﬁtenal
cut zone and it is assuned that that perneabil.i

ty
!§ s@eﬁom\ﬂmlmmﬁ@f'%ibfb\f@élpfoﬂ@”@?é\ﬁpo‘ﬁ“qq0dh@§“@5@@d?§vefage
° g\éssoﬁnt a %IHrth%f %%Qeﬁ‘él a‘%%m%@@ﬁat'p@rd@aﬂ% %dsd 1Bw that
e change function of the
FPP cna@geracrabteﬁ@vwfélwd@@écwr@ lrdqa or Pmtmj}henwa?r@mra@pﬁ%sent
er
oA SRS PSP el gt PARABILRSs oo g oo
(16) Whtamﬁle[alﬁd:d iel e fuaresithatdhatresmsabidty icsow thatenor apkeciable
f.qr , t = .equi val ,
o ol HEB EEEN P Ll e oo B R R ppic o Fro- 2
(1|4?P heDRTY) changkeﬁﬁ’tlmﬁ)Ppseéurpxrtles@m’re PRPphangpdn the rock due to
essun |n the rock prior to drilling, and DPP =
ané’éI 'P% pore pressure due to ECD pressure repl acing
eart h stress FI G 3A shows principal stresses applied

t19 a Tﬂsrlgé%cr%lsgﬁ\ke r8(f:k lrnqcé(dépgtgn} CJ} zone may be mathematically

18  expressed as:

19

20 DP, =ECD- (PP + APP) (6)
21 where: DP = differential pressure across the rock for a
22 low permeability rock;

23 ECD = equivalent circulating density pressure of
24 the drilling fluid,

25 (PP + APP) = Skempton pore pressure;

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

28 APP = change in pore pressure due to ECD

29 pressure replacing earth stress.

30

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

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

33 replaces OB pressure as a consequence of the rock being drilled. FIG. 3B
-10 -



depth of cut zone for a generally vertical wellbore
Note that ECD pressure replaces OB pressure as a
waeeonseepsence of the rock being drilled FIG PCT/US2005/044301

3Billustrates a stress block of rock froma generally
hori zontal ly extending portion of a wellbore In this
caseiljuskntds 9§ﬁé§sebndsmirm< feoin bhenyenly hedtonsny bacediot

the stress_block FI G 3C a stress bl ock of rock

oBt aPAEE" PF%Mﬁeﬁb‘%ﬂ%\)f‘é@’%&a%m%‘aés%%v‘?rﬁ@'”%ﬂ”éPr‘FgYeé“c(?' of

devi atiitaya df taticle b)b@RtFFIGaBC%ﬂdwgﬁ stzb$ibbiabf @oigbistamed
projected on a horizont al ssure

P! Ho Sowpiad woltts npie SnABSs ) Spueton o Yt and

pKi OléntanQFthah |ah§l€ Bl groje b d @hrewdrizomappla iNdd Sro= €z pressure
dlrectlon) enpton describes two PP coefficients

afid Bp Wﬁfﬁéfﬁfv‘ eV IBHHPISSSYTRE" W%&a@%t%pm{aﬁa@@ng H‘ the
app! l4feeibAlRLrifd @3feb@inja porous material under
conditions of zero dralnage The DPP is given the
g8neral case by DPP = B ( 1 + Ds2 + Ds3 )/3 + <J, - Ds
+(3DS fk mgﬁ‘)n%ggg bes fio PP Qo)afﬂden {s(Bhna B1Ihigh d(a@rmwa%@AAP
f nt that describes c ange I n pore pressure
d@use:duftwi lyheageed in aphiéssh ok plesss, fomr poiue fMateriabredarhat
sc r ein
dgscr, o%ﬁon%*@ggu% Argmggé Lo e?x"JIHéggn%M((%Qg%?.
siecond pr|n0|pal stress, (J 3 = third principa
1%ress E @@;r@kg ggsgglblng the difference in
a’p ar str

articu SS on Ck before drilling and

d Far I t I h
st Sort bt Eéf% R R Ao B SR st e @)
dri | 1'i ng Wﬁ r%h is pepl %@&fmeﬁt%tﬁgger%%ﬁéﬂg% iARBHd ed

to the roc uring drilling, and , and 3are horizont al
@6 nci pal earth stressespressure caused by change in shear stress;
17 B = coefficient that describes change in pore
18 pressure caused by change in mean stress;
19 o, - firstprincipal stress;
20 G, - second principal stress;
21 o, - 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 wellbore, the first principal stress ¢y | is the

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

28  the rock during drilling, and ¢y , and ,are horizontal principal earth stresses

29 applied to the rock. Also, (Aaq + Ao, + Aa3)/3 represents the change in

30 average, or mean stress, and
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applied to the rock Also, ( 1 + Ds2 + Ds3)/3

represents the change in average, or nean stress,
waeasepisesent s t he change in shear stress on aP@DUSIMES/044301

of material For an elastic material it can be shown

that A = 1/3 This is because a change in shear stress

Cher a1 cho NGDUTE enongy (NG -CheT S e Re bl erhgee

<£hesrpe%rr%tr£{ i DI khey pexpands nor compresses) I i

'S aSsuned Fock ‘near the bottom of the hol e
i8 deformng elastically, then the PP change equati on

(%) %r ar}«ﬁ%ssi ¢TR tev\#} tdcaﬁwooe%i?\lgwﬁ tt%t’%\a“ ]r/3h Tﬁgabeégsﬂ%g a??:hange

¢ds ere it 1s assumne
génernaelhleyr ﬁqas;alcaMessﬂ; vdidmea cliPigeforB(n @dstic rﬁ@s@z)l/ 18 tH{ed¢ is no

R0 RS DEs EREMEEE Fbne typhe

. aver ag@omwé@les)sﬂfmasssgnnédmartoe kodﬂoteeartmaatotmmif the hole is

ﬁtgtr teé%ol(,ﬁxasg@gggaaynt t st & tr‘?ég e@giatzorﬁ-&ﬁgéc’r?ﬁeg sirr]nopliﬁed to:

spresses do not need to be princi pal stresses Equation
%S IS accurate_ as Io :@he three stresses are
tual |y 4Je éjpéﬁHQEUF Iﬁﬁc dnveni ence, a will be (8)
defined as the stress acting in the dlrectlon of the
wel | bore and sx and sg as stresses acting
der e€07 basapgivOge s dPeHBebIval 0218 Seheratly %La‘ % 81t he
wgl | bore Equation (8) can then be rewitten as START
HEREI FI X THE RI GHT MARG N FOR (10) AND OTHER
EAUATI ONPDIPP =R (B8z +2A%X3-+ Dsg )/3 (10)There will be (9
gganges in c and qg near the bottom of the hoIe

However, these changes are generally small when
d@n’p&ﬂé@lﬂqrd&ﬁ,fzs%lh%ﬁ hahPBeharag Afel Eequgltoghe pmﬂt@rftﬁed

375 P B0k D TR 0.8 v s i

481 GhaVowag streef is aphavasignhzoeersy. tag t@@§ame no matter 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, oz will be defined as the stress 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
24 rewritten as:

25

26 START HERE! FIX THE RIGHT MARGIN FOR (10) AND OTHER

27 EQUATIONS

28

29 APP =B(Aoz + Aok + Aov)/3. (10)
30

-12-



of 095 to 1 0, while older stiffer shales will be

closer to 0 8 For a sinplified approach that does not
WO 26063803 ock properties, it is assunmed that Bedr/0S2005/044301
~Since Dsz is equal to (ECD - sz) for a vertical

wel | bore, equation ( 11) can be rewitten as DPP =

(£CDrherd Zvil) be3ctabdks hb&paﬁch@,t neB?E’hd Sot@hiTBsthe AbMwamswever,
negative That is, there will be a PP decrease near the

bot t BEFHENINGES RER %erzfu@'ytwc”w@e@rqomqafﬁg’ BRFAWEA P s

I § bpeassiss R shhsisd aBplodcmstiord| 10yl eagifithan the
in situ stress parallel to the well (Qz) prior to

dfilling The altered PP (Skenpton pore pressure) near

the bottopmf -thgshed e is equal to PP + DPP, or PP +(11)
(ECD - sz )/3 This can al so be expressed as PP - (sz

EED) For mag)shelsp. B isddatwern B agdyvd it Yearg.seftishalss h?ée B values

eggabf 4 Q%H“?o% iRt dIeSStBEr FBIRNASEY Erésamb@ha 'F%r LamMedd

e drilling operation In the case of
v8r t Bpribasteinbt doeg NebEIGUER S0GK NreRsATiIGHM ﬁsms'rauweﬁéw B0

sgi f V&R

pr e R B e EeT e T AR A r g R

a8 sungtritlen ast he foll ow ng expression can be used for
nerally vertical wellbores wherein | ow perneability

rock is being drilled CCSLp UCS + DP + 2DPsi nFA/ (1 -

s'QnFA) ( 147V ESDDRA3ECD pressure - ( 15) Skenpton (12)
%De Pressure Skenpton Pore Pressure = PP - (OB -

E )/ 3 (16) where OB = overburden pressure or stress

sz; i NotehteazAPP th aleott dwaysamgjalPie. Thehnissthewe withbe a PP decrease

R ogra g RR! HenelSy H Pant AL el B bl e

GB S pResbaretiopiniost alvapmiciss thaprie mositosne}s phrbkel tathewedly(O,)
C? pressure may be estimted by cal culating or

ddsuRiHdoVlP%ge val ue of
18

19  The altered PP (Skempton pore pressure) near the bottom of the hole is equal
20 to PP+ APP, or PP + (ECD - 07)/3. This can also be expressed as:
21
22 PP - (oz- ECD)/3. (13)
23
24  For the case of a vertical well, 07 is equal to the OB stress or OB pressure
25  which is removed due to the drilling operation.
26
27 Inthe 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 following expression can be used for generally
31 vertical wellbores wherein low permeability rock is being drilled:
32
33 CCS1p=UCS + DP + 2DPsinFA/(1 - sinFA) (14)

-13 -



rock density fromthe surface (or nud line for marine
environnent) In this preferred and exenpl ary

weobedéssent of this invention, equations (2) ardr/(92005/044301
are used to cal cul ate CES for high and | ow
perneability rock, i e "CCS HP'" and "CCS LP" For
i pter rredlvaieee val ugsp of pmmrpaa@sbnet_y t hese val ues @eg
used as "end points" an Ig ;s i nt erpol ating
between the two endpoi nt epgﬁ%g eyt dcTAltul ate CCS for
r gckskéraybh PoriPicss@emedirl eopeEtERE | ity between ibpt
of low and high perneability rock As ger meabi lity can

b® diffi MN¥eto dePBrni rPé(em“F%W@SSTW RY SE3SF | ogs, the

psesent invention prefebgbhﬁegtkmkg@ﬁ\gﬁjectlve
porosity fe Effective porosity fe is defined as the

pbrosity of thBPTORSEKAPE AEERFon of rock multiplied

by the fraction of non-shale rock Effective porosity

fe of the shale fraction is zero It is recognized that
pBr nEBHrEsIUe Isdresheraieelly driceGiad L YRIEAIatiNg 49k deasitelrom the

phac guvgcg?érf 64 |n¥ aocﬁfttﬁbﬁ foPa h2EngRhNRAA LYY Altetrnatlvely

descri erein ough there are exceptions,
Bel i Obettesdng n@ﬁ/ﬂ)@@tsttmetegdxy@eiquwlﬂe ogesreindng gverage value of
?r r %Cﬁtd%ﬁ& té& F;B‘??rglol Ilniexomgmn vﬁHﬁrlﬂenl)] In thls
fective p ol used as a nea

galalnpra‘fe;,rretdmwdpmqemm emanwmenpefrtheameetl@n ¢potivns (Z‘h@d (14)
131 c TR TEEBRGRYs 1 REEL ROk FERURY R i, Gy
but é?ﬁZSI\ﬂ)(XSL-p (E@Smrnfedfateevallﬁe@f pelvigaliity thesé val @SSP used
s fLP LCS
LE) xr;}g (en mnd% >8(r ’W{%fé?\,ﬁbé@* néhe_tw?%%n(dggl % iS
peér ossdd/to daldulte=CLSVioperkedoiing zhrylntenmkdlefef mcinewality between
[ th d bilit
89" OB Y IR) PRl 2 SRR L Y

agbodeteaning d&editﬁydl’onh wel gs) tdérpeedsehnnh@r\llen lpeaferably utilizes
perne bi | effective [

e is |less
B fon chsctive phiostie bo ETa R b sy ot et a8 SbBPPRLg the
i20S @bh-8Rklk VRCROT S1SbAKYMIitiRiddDyars hctlod BPho@kRaE@6ck han
0 20 This results in the fallow ng values of CCSM X in

2Ai s Efpelfverncesite fp stinRShHele fraction is zero. It is recognized that

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 @e

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

27 threshold @, is used as a means to quantify the permeable and impermeable
28 endpoints. The following methodology is preferably employed to calculate

29 "CCSwmix", the CCS of the rock to the drill bit:

30
31 CCSmix = CCShp if Qe = Onp, (17)
32 CCSmix = CCSLP if Pe € QLp, (1 8)

-14 -



CCS MX =CCsHP if f e > 20, (20) CCSM X = CCSLP if f
e 05, (21) CCSM X = CCSLP X ( 20- f e)/ 15 + CCSHp x

W@ 200006906 / 15 (22) if 05< f e< 20 As can be SEETU$0031044301
t he equations above, the assunption is nmade that the
rock behaves as inperneable if f e is |less than or
equal to ACnx aC K x perrERD @44 fo f) €CCSLEx @RI®E)/ tdan
of equal to O 20 The endpoint f e values of 0 05 and O
20 are assumed®®nd it is recognized that reasonable
epdpoi nt sif tpps< ¢Rig et hod are dependent upon a nunbe(19)
of factors includi &&he drilling rate Those skill ed
i the art"&iFi fpeap% &Y HE°YWat ot her endpoints may be
used to definepthaoppdanbdtiBy foek effevivandrdyitghreshold; and
permeability Likewise, it wll be gq%?r eci at ed t hat
nBn- i near i nt@rpdlidt PEMeaRHy Rk ¢liasit BYOBY wsaoo
egti mate CCSM X between the endpoints Further, other
schenmes of calculating CCSM X for a range of o
p8r nErbisiaxemeernaybeEMgakd "o ie gopdfsred i hauelew pgppaability if
t je ﬁ%%ﬁ@ét% RRRIPRE s 188S@Eh Begy Pey 8570k 1§ Ahvdd Aighnd
PP c P whi ¢h

ange D PP 1 is generally mathematically .
descpeiyegbliti ihds eftastts ReTesilyAe is equalfo sugigater tagr0.2Ghd his
th bl 8 GO ARRFRRY iment
Jot et BRIl oo SR RS ag e ament
p2ovi ded by conputer nodels and fronexperinental data
rren, T~-M., S M B, ;Bot t omhol e Stress Factors
fecti ngC N :En%§ \ e_a'tngepth," J Pet Tech (Aug (20)
1985) 1523C¥ms33FCherfajerraPber referred to as Warren (21)

d Smt escrdhes resul t f fAdite el or
ggnputerhcn% '?é'f(i_ndg@%f’ Xt(ﬁzé' %i‘)ﬂ%ﬁwc{%@ﬁ WIS work 2
dapports the conbeptp.t 128t the effective stress on the
ttomof the hole for perneable rock is essentially
eZuaI to the difference between drilling fluid ECD
pBes fdrcan apdeemfrsmttbe PRudtions bbeve; d@ssamgéscisineatd that the
m nor differenc

101 e sk GFIPERdPRF R Pt B Ecos” Hedpod I 07 Aboer

dge herndabRdig . Bidréstér than or equal to 0.20. The endpoint @e values of

21 0.05 and 0.20 are assumed, and it is recognized that reasonable endpoints for

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 may be used

24 to define the endpoints for low and high permeability. Likewise, it will be

25  appreciated that non-linear interpolation schemes can also be used to

26  estimate CCSuix between the endpoints. Further, other schemes of

27  calculating CCSuix for a range of permeabilities may be used which rely, in

28  part, upon the Skempton approach described above for calculating PP

29 change APP which is generally mathematically described using

30 equations (7) - (12).

31

32  Support for the methodology utilizing the Skempton approach for determining

33 CCSpfor low permeability rock is provided by computer models and from
-15 -



FIG4 illustrates the DP for a given set of conditions
for inperneable rock Shown are DP curves determ ned by
wa tweMH63a0t e el enent nodel i ng of Warren and Sm RAT/USED05/044301
well as by using the sinplified Skenpton nethod of the

present invention, i e using equations (14) - (16)

Tmesgxﬁe%ﬁ%%b? détée\/\faﬁrent T cases mper Bo@n%l@%&@ﬁ@Factors
equal s 10, 000 hori zontal stresses sx sg}ﬁgg 1533

72006ﬁ9‘§i”9 D“H'”Qﬁelﬁle pHDeRibars el 7o pRyg- 188
pégsﬁé‘rreﬁlaﬁgm#érr)ed% ag%rPén%%%@nt@%@%r%eéarg%s o5ﬂr7 20

psi, respectivel Warren and Sm

r ésuleiegveaf @ Gompyiel sepdelpg e?/ the: bOB@P&Rﬁﬂ%e EEB'tStV%ﬂW 8¥PRAS the
b@f ehgl&oBHEf RE %ffg&gﬁgkreg@m PléSHJiBRN @lthepﬁéletfér%%gable rock

om t he center (0] hol e of overal radi us
A@dl isi epsaitiallp ekugp tolherdifasenceginteedn @rﬂlwqdwbﬁfa{)u REgssuamand

b9t t ﬁ{%@%ﬁfoﬁil{@ Heggoﬁ’éed'e%cﬁ tfo@g é)&ép Vﬁgr" tnfrdr @ﬁf@r nces due

finite elenent ana can be seen, ere
| § f & me@grteemetaprbﬁeweéﬂarwmfémem neat thie- ttarn@r%edue to an
gor.gus 1-ffé nite el ement nodeling and the sinplified
e
errp on approval s presented herein The agreenent
woul d be even better for a nore typical shal e, as

rr a har sh
1 ol Rl SR g B A S e ShlarBhtiam bLiuReoet Yook
het wseowh es DR@ues hi@dﬁmdedrt@&ﬁeeﬁm@selemdntonodﬁﬁﬁ)g of Warren
ressurvé i.ncreas S ove 'n-situf BP Therefor gh i ;
BBt Cett RobobFY PHES RS aRt e G GH TRy E e preser
part Ilrﬁﬁélht&iri ya.au;irtgge_kﬁt%UQMUa)i{:(l:lB;itTaeéleestﬂf gre for the cases
over - bal anced condition | ess accur
S8 barare o et soie T B et Esas del et 7.000
f1@r mpsksi, cmsnhw @qLerei foe pen;ancBmoﬁ pr@s&et nweuqmeecmegm
the error assum

e Soraarcnon ol 506 Asantessremebetieubs ot any

oger vp4 ad ikl ﬂ)r@ﬂdé@fcﬁ‘()l de ptioWth& b&itdh WhkedofeHoRssliage and at
are shown fromthe finite el ement nodel for a shale

t1Rat Vedousredighrasifions R n thesganter of e-hale Bfﬂve%'rfa%wﬁ&vve
topi %dltl%ﬁé\lrgck%rgﬁerﬁgs th?e ﬁﬁdj E#é'p@hl@g 4Pk BeRbHES MBI’ were

be about SOOéB gher, woul d match extrenely
vl | reduingdfer érfﬁ?ﬁ)@ncf 3@@*‘8&'@%?'9@%%\4’%3@ Aér‘@”@@é@en rihere

e PEE oA BL R v R it ORGPl
23 uawsodeling and the simplified Skempton approvals presented herem The

24  agreement would be even better for a more typical shale, as Warren and
25 Smith modeled a very hard, stiff shale. It is also noteworthy that the apparent
26 difference between the two methods decreases as mud or 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-balanced
29  conditions and then become less accurate as balanced conditions are

30 approached.

31

32 If arock formation has a coefficient B of less than one, then the error due to
33 assuming B=1 will cause a slight over-prediction of the amount of PP
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of A and B coefficients based on | og-derived rock
properties, and also to account for changes in sx g
waewe®&B6dd necessary For the case of a very stpdf/pSHos/044301
very |low perneability rock, such as a very tight
carbonate, Bis likely to be nuch less than 1 0 and

cqul deRsid XpPe TAR dvRRpRIIEEHN Rfevilcht fﬁmGa@W@Feur\’ﬁﬁsUEs are
of B should therefore Be taken into account for tig

nén- shave TRMHBE Bejlecalemrplraersal or &shete BRHP extremsy é??gdoand
r gquigkif (@ digust) BBt a Rford BBicH MRlde vhilie ttecadIfes umaemgee

t hat occurs near the bottom of the hole is enoug

c 4us evasishbecplpst @O PEHEANEH WHiLWOYIS Makeh ReeMely Wﬁ'é‘th the
Sk esHhpiifibd! Sﬁerﬁ%n Q%lc@%%’ws%@ if We P¥sdiR im@ntide A more robust

approprl ate val ue A, 1 nstead assumng A=1/3 In a
mér e apdicatiordf hisprkeamion baﬁed/@pl@@eﬁ*ﬁ oL e pcledmcaleraatingevalues

used fQ Jan 9&%erx't§‘§%s%r&tcﬁqg§—ﬂénfe@ rsa@&gsg Pane%to

occur 1 n the I ng cut an ‘ed by t

bist Heesunt RP cohrzgegeas CRR aad @: h nkegsseiyon of vvhet her the
ck is failing in a dilatant or non-dil atant manner,

and can al so exhibit strainrate effects at high strain

rdt eFobee oo lof aJe stifbelﬁprpa/rldw plvrr@eabil&mmmemuc@aﬁ a very tight

"Ef fect t

o orerale Bl e enaen T oo RaEhepR o Re
1@g4dard¢1rcﬁ965ntr bel aetlah\2A R dfMoSREthé)lngdre |bag?11@mnrhterfncmt for
F nn a : "
i et e e aee By S e e oo O gy B s ment
For megfitteB &aide Mud Col unm Pressures on Drilling Rate of
Per meabl e Formations," J Pet Tech (Jan 1959), pages

o915 includes |ab test data descri bi ng the effect of
mml CPMistre SYcHRINGS St @ceuts hbgr tHe bbtori af Bredfold ie@kiough to

anples If rock perties and confining stress are
KHowrE20ehE0TE8SYst DR oF (Al 1B i e5 Neane e - Aap CeaBR
tast £epdittd AR bRatiAg Ae HRIGHTAS VAN ROR iINQESAIST 4868maRNA=1/3.
then be plotted and the relationshi p between ROP an

(Sse s apnerensuanss deRRIMACE, he ) Gagicivat salbereadie wpgfdo of
Gni RgR_GH G stAtanedus Fﬁ*‘&\’éﬂgéi‘AEb%& obB& iIRPR2 8K 8% is being
curve in FIG6 is typical, and data from nunerous

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 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, 1990, Houston, Texas.

27  Cunningham, R.A., Eenink, J.G.: "Laboratory Study of Effect of Overburden,
28  Formation and Mud Column Pressures on Drilling Rate of Permeable

29  Formations," J. Pet. Tech. (Jan. 1959), pages 9-15 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
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drilling operations around the world suggests that a
power function be used as an optinal generalized
wo we6Bm3 t 0 descri be the curve For the speci f PCT/USBD5/044301
data, a power law trend line is matched to the data
and the resulting trend line fornmula is indicated in
HG @sta@shé@m&mnﬂ&ﬁ uiag tile BB &8st (28) of[Qunsigubd el , is
t hat ge ROP formula of equation (23), is
%ec?CWE”Pg §ab 1 25" micro-bit and drilling
pgraneters (wei ght on bit, rpn] flow rate, etc.) Table
utlllzes equation (23) CCS val ues based u on 1
b EesRip) el GRS auvain BBt & ekl Aa cerstssy NoaRe
E§D @ﬂ@rﬁ;sweeat(oﬁgaﬁﬂab tROWBrd 853k tHat d ch\A/é‘rgurQﬁUﬁtbeJ%ed as

are shown in Table 1, and also in FIGS 7 and In
Fﬁi G an optifaal geasislieed fgn%’f‘ 't dgraripe fite exsee fFé’ét‘heo%ﬁ'f'Ctt‘ﬁ%

r@C Kahavi Bsw@r @ﬁtr@ﬁd ﬂné)|sﬁﬁ)&che§f‘toQN@B§t‘éré#@ﬁhé radita tréad line
, and a friction angle

2% gmmu@a$6@KaE@d”ﬁﬁ@‘f§sshomn as nud density is

vgried from9 0 to 12 0 ppg. In FIG 8, the sanme

conditions are appl i ed, 2E)ut mud density is assumed

fidxed at &QPGQ)pQOa{P@StE PP is varied from9 0-1 1 (3)

ppg The data from Table 1 and FIGS 7 and 8 indicate

that using absolute ECD pressure for cal cul ati ng CCS

y2el dsshoniddzd naded that thg RO Forvwlarefeqoatic@dg3 andsysctigue edab
0 e

T n 28 b bl G o pARRRISS (gt RER IR i),

@ESHP cal cul at ed from strai ght DP or Skenpton based

G S5 ER FleBL AR PR PLS iabaalAPice oo

sul es t roa
aes Basredtoorpo&t prasgm (SICBfrramdtd) EJCmpres&ueéCDS’tdB) dsome

enpt on dj fer ent SS t he
T eoravls Bt Bl SRRt E A A b i, 7 ana s
pBef et Fiex) 7}/\/&}3@ &emmderorlamllp‘ml (Dm]a’eﬁi ddeyp, mabck'lﬁimn@w@ Pe of
i nterna riction, F SO C confining .
36, o 00 ia rp sk Hrioeh e 38 ot LRRIG od o9 B ficton
Pechangie ¥ 286 28° Gt \ceufatid RIOR i€ sl roRem(i8 eensity & Q@)ed from
The net effect is_that at high confining stress

@ﬁamgloeto 25 psp GG, 8, @Srf’@”}eda@g‘t'@&%?rﬁla( Pl %Q“E\W&Id Id§§§ty 1S
iopCr @as fndd et HPO%hpg and the PP is varied from 9.0-11.0 ppg.

23
24  The data from Table 1 and FIGS. 7 and 8 indicate that using absolute ECD
25 pressure for calculating CCS yields unrealistically high values of CCS and
26  produces no or very littie ROP response. This is inconsistent with actual field
27  experience. The ROP response based on CCSyp calculated from straight DP
28 or Skempton based differential pressure DP p yield more realistic 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 model low
32 permeability rock.
33

-18 -



strength as confining stress increases, and sone rocks

reach a peak confined strength which doesn't increase
woRaok/0§3603 her i ncrease in confining stress ThiBCT/US2005/044301

condi tion woul d obviously present error to the

nmet hodol ogy presented by this invention if friction

angl endhndie o¥ RleRal a%tin FANRAPALO Ehehgdadr @RfikiAg ‘Mﬁéﬁah
friction angl e FA changes as confining stress chan

vane8haRigen: 3 dtU%%WQHHSM%\N” BYTEple Meraaniqy an AUN® {Ppb'é‘re
WenetofeN@BIRIG ) el AR B8O BalA M BorfRREG8ebd (for

confining stress is S|gn|f|cant then the friction
athgl exFOIs PP ). AYEE FOEE exyblesa apg irssiinsiease ip lgenfined

ngf Lind g 8¢ E@rﬁl%m-ﬁhs@re% NN a%e@o%eems%xcmgbegdc@ﬁmed

resent I nventi on does not require [1thol ogy
bﬁt g@r@m wah@ipem tingreageowirnivEleenoerepsay, COﬁfnmasB é@@sq 5 his

awvdn | iphi e s i axaton u nggeep |c
ﬁgfp?n& !arl??ré@é‘ gé\&%'aﬁé % & nﬁh ln% 'Eﬁle?sg%/haiggglxéﬁe%% h%ck B/pe

req
dOnpeeSmdaldrmawtnemfnthueaQ@et W@eammmangé ermctIdmaaTWe BRRvith

R SRS R RSB TERU RN e r vt

into account They can be account ed for by the Skenpton
and "B" coefficients The error introduced by not
aacount ipngerfr@i aﬁ&@@nﬁlmhﬂiﬂﬁod & th@bn@tsémeh\xerﬂmabbesf oot

Renesite ot o selstion 6b] & Blptied wffing. peageis

t1gan ce@ffonfy wreduﬁme@ﬁ@stmri tbttryos“émksled $n thBaricase n'fet‘tﬁodology
nmost shal es which are not ﬁ?% a%% stiff and whjch
289 Thd

ddnt &IsPeiECEier R aptHEngsdhet Y cRiErght agoBEese

siggniidriueAdhg WRR Brépealed dng, thafdoraNdhdbdyf pdcichtiinsis @ase
the PP drop will be overpred| cted and the DP will be

dVer pe@dicet ed Over-prediction is also likely for very
tipght, stiff carbonates This error can be renoved by

8 usting the "B" coefficient to account for rock

ﬁh f Roek stiffnase, parosily ead pare/uiheproriessdiltydnienes ewangount of

COMPIERSSHRLE WP that JRYIs RN iABEEbIZRBE Bkp¥k! BRY &% piistic

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 factors
26 s relatively small for most shales. The error will be relatively small whenever
27  rock compressibility is significantly greater than pore fluid compressibility.
28 This is the case for most shales which are not hard and stiff and which contain
29 water as the pore fluid. The error may become significant when shale is hard
30 and stiff. In this case the PP drop will be overpredicted and the DP will 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 stiffness, and if necessary, porosity and pore fluid compressibility.
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In the case of a deviated well, the earth stress that
existed normal to the bottom of the hole and prior to

w0 bweessest ence of the hole is substituted for PCT/US2005/044301
overburden in all the equations above The earth stress
that existed normal to the bottomof the hole is a
conpbnentDeviated @l iHaonsal WVélroreont al st resses, s2
aﬂd g3 Earth horizontal stress is typically
characterized as two principal horizontal stresses
Eﬁr t n the icBsd ¢ral ddvidtéa @l ahe sarestsrs tiadtexisyga abytoltes s
t han_over bur d except the exis e of te ni
tbr c ROV BHE BReURERt IRMREREIRNT B PRGCIP SHorrIohiay
Sb1 e8%erb@dbe irtHIepé equathhns aByas. lTue @anh E@ésscmap@m@d normal to
rock in a non-tectonic envi rong?e zont al

ef f etheiRpdoR §f dashqle i3 ERTRRENE)! 8P r%f‘r’bl%f}d rIzgptapsteggses,
of ebf okl rartPRoBAidnas Strediib tydbawewarabtteaiédeam@/p}rnmpa|

plastic rock the effective horizontal stress can

aPpr baEIONEY siErpsas. EAFEYRSICRehharzoRRbtiEFSpeanedyRieeyHats than

t§e 3idiBggeh) e%ga lﬁn@ SESERBES tRid %%éwh.m @&?c&!s%%é

are greatly sinpl noring factors lik

éPf edtaxinlme PEimEPa! hg@zowl ﬁg%ﬁté befreriet AT ﬁwéugiteﬂeﬁgres
Wesgoﬁ)&gﬁﬁéﬁc@maé Aorpt%c@%wrfvp&%érns tﬂb‘ﬁz&%élteff%%ﬂé QReshis

Slr‘r'p | errp on approac to a deviated well bore

ﬁay bicady v e adentivnty 7 )of ptedtive Obestiessi wqrA\ten/@ iatpy
ST RTB e Ao Roohehafth BETRAY Sitrblen &7 cauaP

ﬂér rmt/qarbnrdnaylt Hwulhbe odtad debt i siggss hiockobnbolresges applied on

er & %E%E‘%g pé#géglusrlrlé?gl_lﬁe ﬁ&ﬂgﬁ/ gérssllk%%ge e%&é‘tl; 1g)the

SBemtmerSDFPmnﬁe Bf battum bole sP@sses( DzesECELB, shall 63 damtbedlm
=.in S|tu stress parallel to well axis, before well is
(117 Iltr}sdne ﬁ%ctg = in situ pore pressure Alternatively,
3Benpt on Pore Pressure can be cal cul at ed usi ng change

I1B a\Aesrlr% Iefiegtgk%%%tdnnap%rr]oa%wtho %U%leds\%esiﬁ)grrg may be derived

20  assuming 1) rock is elastic (A=1/3) 2) Aox Aoy are small; and B = 1.0.
21 Mathematically, CCS_p for a deviated wellbore in a low permeability rock

22 formation may be calculated using the following formula:

23

24 CCSp = UCS + DP +2DPsinFA/(1-sinFA); (14)
25 where: DP = ECD pressure — Skempton Pore Pressure,; (15)
26 Skempton Pore Pressure = PP — (0,-ECD)/3; (16)
27 where: O = in sifu stress parallel to well axis, before well is

28 drilled; and

29 PP = in situ pore pressure.

30

31  Alternatively, Skempton Pore Pressure can be calculated using change in

32 average stress in an orthogonal system.

33 Skempton Pore Pressure = PP +B(ECD - 0z + Aox + Aoy )/3;  (24)
-20 -



Skenpt on Pore Pressure = PP +B(ECD - sz + Dsx + Dsg

)/ 3, (24)A nore general equation corresponding to
we@zwaneeo (7) can be utilized for the cases ofPdBUSAMbT@I4301

wel | bores in which the stress parallel to the well is

not a principal stress, and if A cannot be assuned to

be eﬂ%reb@néﬂaﬁeqd&ﬂb@c@r@éstpbﬁ@lnhgltd ¥quation & can be}(x,t:hied for the

reference fra
1 cEnetens dBpmiee Medeo s riuli e hees PagTo BBl poke
*3'3 DSMruﬁ'cu;@%tréé@aﬁ'd if ;A c%nﬁot*be(a:%uﬁ@d%bé equalE!S)l/ISJ MbreD -

* (3A - 1/3%?&: ere A = Ske
chef P?%‘P@ﬁﬁ?y ﬂ'h%’i X.degdple érﬁ‘H}‘? R Xpb?réd 6??3%%“@3'
C8US gl dM¥nS HANIERs kB sehearFISt sess on the rock; B =
Skenpt on coefficient that describes change in pore
pPessure caused by change in nean stress on the rock;

D;= oper akSp 495G, 1A yg,A&}g/giLf_fer ence in a particular

stress on the rock befiore drilling and during

e, §yA1ati o) BB S00 F G FR Te 3507y Sebfonor: )

= shear stress in the x-y plane; ty - shear stress in
t Be Y3%&-gdl/dhe; and z\, = shear stress in the x-z
gloane. The above stress val ues can be determ ned by
transposing the in-situ stress tensor relative to a
cdor di nat ehagt & Bkewnptonmeeffigiensthpladesiclikgs ehangd g pore

| I bore and an [ [, '

pér pendi cul ar t eggli"se%)ép §E\3/\d/éw %rngéﬁé%ﬁr%ﬁ@%%%@ﬁhe rock
sllBr esses s-i, B)véﬁlmmmgncoaﬁmierb@abbeairihedC'ﬁ&frtmﬂ@ien@l ty

g data or ot he i [ )
o density. o3reTRDeaRst by SRR AeeeSL B e ACE
oI5 maxi mum pr |me|qmmkathmeszomnglthadiﬁf@ssqe ins ;teymutalsnryss on
c1%l cul at ed

the rock before drilling and during drilling.

17 o .= stress in the x-direction;

18 o,” stress in the y;direction; and

19 G, stress in the z-direction;

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

21 T, = shear stress in the y-z plane; and
22 r,, = shear stress in the x-z plane.

23  The above stress values can be determined by transposing the in-situ stress
24  tensor relative to a coordinate system with one axis parallel to the wellbore
25 and another axis which lies in a plane perpendicular to axis of wellbore. Earth
26  principal stresses o4, overburden, may be obtained from density log data or
27  other methods of estimation of subsurface rock density. o, intermediate earth
28  principal stress or maximum principal horizontal stress, is typically calculated
29 based on analysis of well breakouts from image logs, rock properties,

30 wellbore orientation, and assumptions (or determination) of o, and 03. 03,
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based on analysis of well breakouts fromimage | ogs,

rock properties, wellbore orientation, and assunptions
w@ 2e/desey m nati on) of s- and 3. 3, m ni num earedT/E$2083644301

or mnimum principal horizontal stress, is typically

directly nmeasured by fracturing wells at nultiple

dept hsinigfund barﬁgﬂré@s of Hidihluat ;ﬁ’?wcfpféotﬁﬂhr&ohtal étﬁé‘slré]z is typically

properties, and assunptions of eart tress nistor

arfd [ieSliPearedl Factutodidlis St Bk %%Hm%wr'b%@e%e Gilculated

and Gy rdt&k PHiRidednd BOINMALHO ISt EreSe WIsER$ and present
i ncluding well | data, seismc data, drillin

_dat
artd \H@VIG%BF éﬂ@fé@g A inepahSEESERS AeCheas OaF‘@beﬁrﬂb?al'%ﬁ% ({a%“

t BOS & afikid dRE sbitct RcREIgAVINGNSNISRISHY dBR, SR §Ra and
convert principal stresses to another coordinate

1 P il 1at €
syst erfllimedustiemeataoP vl MehPes aesamigr knibase gtlledds &€ Hh
asstress block Such transposes are well known by those
skilled in the art As an exanple, a transpose may be
uded A handpese ey datUSERIeeAVER PIRFIRH Sirgsersde enelber eaprinate

R ' . n | . .
ol o PP MO AU et b AL Bt bt s
REC o rtremnpletess ans WelSREoWDAHhosd 90iBd iRiti® artofisiahiesample, a

bl i ' ' f.in-situ
SR PSR ARt AL BRI P P PR i
ntr meViclaad apd dhA. Addess se¥Valbdredstabiityi dime Bfigttef Stramgih Criteria

azj mut hal [.e Lx A, n Add j.sts
R TR RS R R S G
t r/ansgublicaiph ahowe thedemspasey diimait.estsysststats irSPErgssfdock with
20405 i s hereby, i,ncorpor,ated, by reference,inn.i

STt | raPIPTAR LoD Rt Py SOt 3bf Sh ol BRces g e Lo s 2o

t fes eazrkiithhlethgieB. rAppkndie ahe it samayd alddes ks theeequations
convert between principal, stresses and rotat%d i

B pr 1GEES T CqOPRE SO A A TR B eR $B0 gl systems.
Cmﬂmh e ggpérczfoﬁwrsewmmghmoréwd t}@laiefdﬂém)% isttablhtir?tyy,

such as oMechani cs. I nternational ' s SFI B(. _software .
ald A¥lesrRlNE TR PERAIO8ICGHFIOET ABOVRIR thope §é@%f%€k pgpanics

bgy us@dy bRo be 488 tPESRVBR IbBEIdRAl privtibaISIRSsdard foRitétRbdrL e
stresses and shear stresses in other coordinate

sy/st eRfCRlEresa caRVingta Disieany| SR B @AM RAFOINTT e

by 1o EAaR Bf h8bbie &86HiH0SUAMRsHY Mehb8ieS Bferh AR APSBFIB™

sinmplified Skenptom approach to prediction of altered

PE8 | nsoftware and Advanced Geotechnology STABView™ software, can be used
24 to transform principal stresses to alternative stresses and shear stresses in
25  other coordinate systems given a deviation angle a and azimuthal angle .
26
27 . Edge Effects and Bottom Hole Stresses
28

29  The most simplified Skemptom approach to prediction of altered PP in

30 expanded impermeable rock in the depth of cut zone at 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

33  and the other two have not. See equation (16). The one stress o, assumed to
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expanded i npernmeabl e rock in the depth of cut zone at

the bottom of a bore hole treats the depth of cut zone
w@eoenssehe entire hole bottom as one el enment PaT/vB100$1044301

one (sz) of three independent orthogonal stresses has

been changed and the other two have not See equation

(16) bg Bﬁar@ag %)Jnﬁ %Pnﬁe#@&ﬁwlér[%%ho&%&ﬂggg&%thé cR&idend

nor ma and ange i's
r 2pr epesveattddy thidiffdientepeimeen feq orstinstiase asting moreet ©ss
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pressure anal 0g or exarrp e 1S acube wt hr ee
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t t trat
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the hehanhEarantdise osaeenand. sinplicity, the follow ng
di scussi on, except where noted, will assune the case

a vertical well and normal earth stress

QRVi FenfiRthke WheinBlidky &thB ¥IId@Thgl BisRisGibh fdxeaptuherg he@tewill
than both earth principal horizontal stresses and PP,

dAd @&W%@ﬁt%s‘bﬁ 'fh&‘?rﬁ%ﬁ‘ weland HREd! estth sliegsenyfranment,

aBP WheRBE RIS lsignRicans @Bakhdan TRgsearkirnkpe hdiizontal
the art will appreciate that this case can be expanded

16 usirggpealand Fivy aed Beth 166D RENCIRRIMOESRYaIHTGSEES ARV at ed
W@l | %Bfn%%rﬁd?el?@q&ja@?d Br?@aﬂ_cﬁ‘ﬁerr GRksd SifldEin dePibwifappciate

have slightly different stress states
t1ﬁr o@yﬁdm caspecandrdixpgngnddpiusegst! tiree ofBPdGH elresass and to

\é‘glsl idgsi?%g%&é’”b%g il QAkeat er detail bel ow Accordingly,

aver age apparent CCS of rock to the drill
pitt applied over the profile of the bottom of the

| o At SR T AR e
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  drill bit applied over the profile of the bottom of the wellbore. lt is this value of
26 CCS which can then be utilized with various algorithms 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

33 borehole diameter, the rock experiences an increase in vertical stress acting
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accurate prediction of CCS A Edge effect Immedi ately

i nside the dianeter of the borehole, earth stress
wa@eaobneseon t he rock has been replaced by nud prEsBsSRUES/044301

| medi atel y outside the dianeter, overburden is still

acting as the vertical stress So, at the vicinity of

the BRRehe! 1Be dispiiet @bm Liendi@cle J@é‘tﬁﬁl@l@tﬁ@%leﬁﬁbter In the
i ncrease in verti cal stress actingon it over th

d? st elassc exasmle 062 VerHed! gl vdere g cﬁ’u%%SPEfe'StSHJ@'f'G?%tWe‘?%?r than
18 t BEerGhAsS ithe RAANT Be @bndreV T donfeddr theLhedtheR r{lﬁﬁ’er

pressure is significantly |ess than overburden,
r ésublressed remion (ush s¥isidedhe digmetast torthe loyter slsessen regien (ust

hﬁghfﬁsm\%ttﬁ@&éﬁ\@téﬂeghQ '?esUt%‘Hhué’iét@ésd&pEHé?%r%ﬁ%ﬁ REAr the

ower stressed region (just insid di anet er)
The diemetar thgn nasir $he eentes ©F thexpia Beterm. ¢ndribe Retrieay!t ishess PP

za”‘ééﬁéaéé}ﬂ@hé‘nﬁﬁ F%&ﬁldé@% @rnegf th’éhﬁarﬂ&k? Th%trtegurn |s%g|cted

result ecrease Int
eﬁparmlrécs Aothe pressure Idéfecﬁnaﬁ%sn@resmcsealse@aaltthesilameter as

gzé d Ine |'r:1|cr sesﬂl\e Fe%gﬁtg{&h?”p&,\,é gFl’?lnlg r%ca%ﬁ B}?ﬁw

Rec i a i ncreases A
rlepr e!&ﬁerﬁnaé IIFDVBIlﬂZEfS df res@iated paiss ofrmdineat Edtebyattﬁﬁ@ 4 should not
i.fference in va associ at.ed alrs
it B REET a1 o iRl & e ATREN (R RR! dehofl B En =g
tihe awRtcubfesaird far rdadk tgﬁnere&ﬂat;veasstlmalrrrcfsnsm Swileds smff and
Cﬁrvgfiﬁ are foLngock that is relatively stiff - nost
g S[F¥ WOMADOEIESSf and the error would be I ess B
Hal e Profile Again consider the case of a vertical
wel |l and normml_earth stress environment, where
dver @ereﬂ ?i%fi'egnifi cantly greater than both earth

A6 N@igaRl coRsitibzieBtade std as6es wandn®Romdlerth kadss
profile will result in alteredfs sses. and ex anS|on
icag q.pg

t1ﬁat eNYIreiiMEnb IS PYESRYTE R ISAHIVECAHRYS BRI {8 BT P2 d

Slsemhﬁapmahﬂﬁw stBésesHnamA. A @sh-Rit eratonillaRN0aehered
assunes that horizontal stresses acti ng on the bottom

df t sEesEs@nd earsiEhatd ifefans fremrtae gloveqspribed simplified
%@r | zgRERlonddpRReSTHiE sﬁrrﬂ)ﬂfl&péﬁ&ﬂﬁtgrﬁ ab&%améﬁuhﬁasﬁﬁét

however, the horlzonta stress on the rock in
tHe deprdntaistresreseing o ihe tedomdfthehee arasgssentially the same

22  as earth horizontal stresses. {f 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 roller cone bits

26  and can be more pronounced with fixed cutter bits (PDC, Diamond, and

27 Impregnated bits). 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

29  confining stress will transition from earth horizontal stress (for a flat bottom) to

30 mud pressure. This would mean that all three terms (Agy, Aczand Aos) or

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

32 example, a very pointed 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
-24 -



mud pressure It is common for the center of the hole

to be slightly raised with the shape of a cone or done
wWabios/ 06051 i ght to non-existent with roll er corer/bs2085/044301

and can be nore pronounced with fixed cutter bits

(PDC, Dianpond, and Inpregnated bits) As the cone/done

| NCT L3REH Wil bE%thﬂ"thé Qfre BV ALIE B IsMire B \Féﬂﬁahtﬂé @%e and
sl opes or aspect ratio of the cone/done increase)

ddm thartfluesss pirfany sérteﬁ%es,sgNIU\PP NORPEATHSNHP YATVFIPY ﬁﬁO@hthf:‘ ﬁ'p o
heri zontdd p8lr 8 %% €drer atwii &@bo@@éér@f@tre*s@ W s%r‘f—‘ﬁﬁleljﬁence

This woul d nean that all three terns 1 Ds2 and Ds
ot (Dsx Dsy and Dsz) of the Skenpton forrrula are

ngn- F%ft@eéﬁh ﬂporec)& é)%rf%e @an Be M@Ffé’m@@'t@%@@er‘iﬂ&ﬁct actual

simlar In shape t ol n penci | may
cons helaffedtivemiiessishanges ﬁé aufnmqt@@@&@r%te EQPY pé@nemes earth
re t r [
L e
add Skemptoh Imetmekuttifedarthd preferesisaxempldry epdodiment of this
n neX| st ent f se
of " TREhER, bBRCUBRY et s MR ifh £ A BEpiE DT, B
tio | Bifv plitec 8k efrnmon epmbea:redﬁtscobecbahqyatterarr’rvedzélaimnge(aamrate

Bir g&g&gﬁ%@&gs 5 S{ﬁ%’@% FZ‘)dtth flﬁl%& %?;? ieg%tvestfh%%%ﬂle §f the
onprmmﬁSfmgaﬂmhoﬂt©é§ﬁ$$a:?ﬂdsmmm?speGgmggemh?Smemod
results can be are 0 e ifie e on
et h6e e/ N MesEly TP rh 6ossr 8 i 106 SRRsY S 0R0di ment
akh this invention Corrections may be detern1ned whi ch

b to . th Sk h
N TR S A
appatiniteeRntdnt Faaak (fepottdreb@niaken Bintl Safl) issebripersd tohtee
profile of the bottom of the well bore

i
BZoLED Ties TIrRITES SHEETRLRT 'St e e pesery Meb g loby Rptis

ngal ifaskor. Mhikheay replesentdRREMObf £Wiry 2RMie AompaaisRl €
of this type of conparison is depicted by FIG 4 where

e BPROBILY A1 YaTiAbNEIP GHMPIeBGUIT h(chEBEPTEHZasyal Siesses
Varrep 3 %mrﬁsh(),as'esth%%ﬁ%ﬁgsste@ at:h@g PiBiato ih‘éeplane of the

stnplifi ton results using the present
At h@dmrogi/tf@fh ehirg eidHgleandicorP FPYmEYiCiape esarant Byedel can

far myaf s@%gq%WaﬁérﬂTQr']&SﬁﬂﬂP@ddr 200 eur}ﬁinggpeﬁﬁmfeoe@mgm

vertica exarrpl e an ear ori zont al
Br esppoadhn eepegpgals théy colea selabien anChf@ detgrminesthe eogestion

agti ng, PALR el sih AirkARKBBRSR Rdtndd18he APP result of the finite

25 element model and the APP result of the simplified Skempton 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 results are then used to quantitatively establish the difference
29 between the two sets of results. Subsequently, a correction factor 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
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bottom of the hole are equal and a 2D axisymetric
finite el ement nodel can be used (as Warren and Smth

WO spenswd Assum ng the finite el enent approackCT/US2005/044301
represents the correct solution and to determ ne the
correction required to the sinplified Skenpton nethod,
t he %llr@sskémmﬁnm fhdliohentedrarm@rdveno@edananste s es DiRRts,

| B olteateerc o e P AD BB UAed ARHB. the et

agerage DPP for the entire area (the entire hole

bottom for each netho i ntegrated net average
DPP resul £BP arel XREF T g@-ﬁ@fz\ uant itatively establi sf26)

the difference between the two sets of results

Subsequently, a correction factor can be derive
r 6l afph@etqaée pba deyiateg el ReWPENS) G NSRS 2GiDe 8?5%‘15' to the

wizt h ofhe oPl MR8 M SR RAE ba@/f a BDEINRE @RpiEnt hidveNhip Be
For exanpl e, If the finite ement. DPP function

i Bt edgectred feasivesatdhe éienrareﬂaé$ ereighastaro npisicaseghe
ui t gy é:Bhr?EPme' L Arekhi éke%mér@%sfaff%nﬁw&.h%ed SlF]empton

|ntegrate over the sane area is 57 unlts then t
d6r r eatheshwill detdspeiangponiragial disfesgze Fpmahe gentenefithe §ole (i.e.

dqg\F; grgee RS \Hptféoars l%qer S/\f\gaa%rﬁ 2d LSt nd hE dﬁ@&%nqron?c nter of

stresses acting parall
t1@ t Hiee pdlare lief of hdDUintte element aipsodnbl, & nveyrbe adeqgate tO

fd 13 n| ta‘\a/el%l ?W@étre@ggfgctmgyapaﬁleﬁg%g Ege Bptrhe% (tbr\ﬁ%f e M]& and

a proprl e correc
dliaf f elnes‘mim)ly the RDPRcaofector8Betor metf@delogmmscnmmovah @D

g 31 R TR R BERRE M o RB SRR, (he”
R6Rw val ue as used by Warren and Sm'th) and the

fﬁ;“eﬁ%% g ath %&Jtﬁg cﬁabov? the correctlo co%g%n&s%l—sg)re for

may beé 2déqdua 0 average
tise sdvé@@sem:am thegarpaoithe @ébletbottbime Thik alpﬁraat:h ineply multiplies

PR G S 1000, 0 T PR 2R ERAAS Y B

rey eaoetfibiaht CRI 16 oaizaprt@a@\lmpsCOerfecwf facerLOF f@(zmtﬂtagzp'esl n
t he approaches outlined above, the correctio

ef f PRNERHESOCHPEAL rofflesyacsiblizhss fex e VAHO U itypgs and
the hpie HefibomeTlbed uamme@&herﬂlmeyn@wmtﬁé b@srabdaPpP

g%/ﬁetr ﬁgggmfﬁgfgggélﬁtlerr?efanttrr?e?hc?dl Lgrsrc)aldltg Iest(glbhskh trhrre)t"gor;reg%?'taqg\(/jver and
24  correction coefficients CF are applied to the simplified Skempton method.
25 It may be that using an "average net APP" for the hole bottom may present
26  another error. For example, bit experts generally agree that most 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
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coefficient CF In order to develop correction factors
CF for all bit types, "standard" or "typical" profiles
w@ezmeesweadbl i shed for the various bit types andPdhes®05/044301
profiles are used in finite el ement nodeling, with the
average DPP result of the finite el enent nethod used
t 0 ephedimata ﬁdﬂ%dﬁl@@ﬁd’cﬁw the ansovey coaredti@rarsuggestedin this
efficien

are [ to th [ifi Sk t
Ce! Sl Tl R PRk ool e el i SR GTB} R0
t be b@&cﬁdlhg&d w@dmayarpétesmge aney heve terbreonVe@medemmrplcete

bi t t | t hat

o 1 BT e ete R hi b TRRL Ge s hSe AR pieg P

t Be dikaBRieweights tbsodmeeewitagd atdpadpriatuaAdS.ém@t@rlramgehetunher
evidence

center is relatively easy to de

t Ri s VEFRIGYRPle Bres el Redelpg i degpiine Hadsst P ?/‘Z%Hf
“79 QHY edndfdW totsRalbWesUiBiffoftSorf hdibieizBitd amsteéd | e, and
the inner third is of secondary inportance and

t¥pically is a conpronise that nmust adapt to the outer

port 'A‘Pt@rr%ﬁwél?ea l%lﬁte I Prﬁiksbﬁattsﬁéﬁs {rRi P ekBurd oMl Yt f&:al
area" factor, using an average net

rilly peofigspnapbe ahtét' @ﬁd thasyness! ta@ﬂ;ihla@cqyms@ Panggepf
b T hed s PR cBQd%EW&FeFH?\%Q@gﬁ@Qn ﬂ% ﬁ@l‘%%@é&;ﬁ@d@& dfSrofile. In

varl ous corrections sugges ed I's speclficat 1 ONn,
tiRen ordernayedvee theanumpzr of QQﬂSﬁJﬁe pr@@ie@ntyeakmg e Netr bejtam into

Olf thg%mé r%a%gg%g%@ #9e Qngus%@%ngm%eﬁnérqggelggig@xnaddge

I'ndi c reater or
|1mf | uadislehifdyaind, oufar mct@ tieice et lsmngedamﬁtk@@msiefdﬁm@ may

%t atbl '\%}ra\’?ﬁéogr} ﬁ‘ns%ﬁér%gbﬂsqg%ewg% cfr@ecaﬂ%ro%%é gfg eradius

dlaneter rang S| zes co
misd e lrenge «aasdnepesem to eretd)ecrenfnf%catalog ohpioglesiferesach fegiony,,a

A RS (B ch Gl s Qg 80 for BLFRE LS £ 8 SBRERS For i
Si®e C ttypsTX oL, thheeéttrgmresaitétuvprpmcﬁﬂlé es;ghhby AhiIB vtmré A Caardt B

t en rmdel fndtﬂ?@ r ovi | 8 Z({Cr]f of rltsd
o e welie fodacaof af EP1Br AT pER 6°
fZU anyerpriefs. he ekemplafethattaf sechugefieemninatiens fof the various

possi bl e profiles, breaking the hole bottgminto
r?égl JALUREGIBN B Sl SHGIe I, gﬁ‘?ﬁ’l'eemqué’ 'rbﬁ y be inner
ragdial third, mddle radl al third, and outer radial

third, but it is recognized that other di vi si ons
23 welhs RACaIEY Py TnhiesUNRIFiGch TPk RTaREES PR VAHES el Bed

def | neginyredsdsaffiuéPce the result and the difference in results between finite
25 element modeling and the simplified Skempton method. As such, a range of
26 PP and earth stresses can be modeled to develop another correction factor
27  for "environment”. Likewise, a range of rock properties can be modeled to
28 develop a correction factor CF for "rock properties”. Whether it is environment
29  orrock properties, the required data can be integrated into rock mechanics
30 software as these data are required for normal workflows.
31
32 Ina preferred embodiment, the present modified Skempton approach may
33 include using one or more of several correction factors CF - one for profile,
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range (as opposed to area) Froma catal og of profiles

for each region, a conposite (conplete) profile is
w@swb/gesea f or each bit type For exanple, for biraT/U§2085/044301

XYZ, the best representative profile m ght be ACB,

where A, C, and B represent profiles available froma

cat abmgfopholprsik| bresfof arckipnoyertesibokelfoe endrwhnemt end so forth.

o U5 0 SR G bl LR AL SR 95 o
Tabl ghaéiidon for fhdsithphted Sidinabechetnody bed thesaetuas paffile

FI G 4, rock properties and val ues of PP apd earth

str e@%%@é)qen‘?ff)e&?r‘?géhet ﬁ@mfeg%uﬁe %Pﬁr(?cif%fg fOF $94 |h8%csézq gprrects
res Ullfdrf%Hégat Msﬁaﬁlﬁrgceir BF ‘srﬁalﬁéreﬁﬁﬂﬂﬁ basded sing oﬁﬁ@dél?%ﬂ;e corr%ction
Si ifie enpt on net ho such, a range o an

ot ok FeEeueTBR e Bty 0By Bo et apik

CPr I 8&hpr@Bsibig! Sure FIOK coTpYaSsNE Bheéarldteayihs Boisdor argie,

of rock properties can be nodeled to devel op a

c®r r Berehilipvaet whateyerodher fRQeR a5t BpREPed e RS The

1§ eRYidABRBIOr9Er KN RERRSFEES Sor itNRNEECEURE ntnAudes
can be integrated into rock nmechanics software as

flhesenddiffareaces ?@W@W BWHPSSHER: RATe %qu?,&)(@rqufﬂe&, and earth
Ry ef @{réﬁ%@s.erm%spmh thd RRoRING SR0AIINREN § L&HcaphRPt on
approach may 1 nclude using ohe or nore of several
dérrection factors CF - one for profile,one for hole

§528. OnesfobPRE, PLOPEPPLARoB BN ¥ cpnvi fonnent apgy,

so forth e correction factor profile corrects for
tlhe di f f ewlegiee bet Geer(CapbileAtChot $:0m (@Fh@ pr&ﬁrﬁésl}ﬁ)&ql:@ﬂironmem)
for the sinplified %*enpton nmet hod) and the actua
profil e and edge effects at the dianeter The :
dérrection factor €bsobhslfenaipaef bibtypeitee!tenth.dngrit.8-4 blade
ihze larger o r smaller ﬁgénmg)baseline si ze or node

e correction factor for FbCK properties corrects for
tise i nfluence of sCFfEpessiundiohlof bolepizessi bility, pore
fluid conpressibiljty, shear  strength, Poisson' .
18¢T 0, per moabi |1 t 5T wsperrar AT OB EHaE PREEDRS: & ipavired
deened to be perti OEQLhBe=Carctiecti OB, PRGE 96 5f viud
environment corrects for influence of stress
rfdlgni t udes and differen8@§aﬁﬁt&%@ﬁoﬁﬁﬁmﬁFgggnre, por e
pressure, overburden, and earth stresses This results
in the followi ng equation for a vertical well Ske

EBcolraay keythat bp apg[o@@pfgaﬁ)apgTuruin@,ﬁor(eggs; effects and rIgglteopr;oﬁle

24 s the primary cause of apparent sources of errors with the exception of rock
25 and pore fluid 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 properties, a

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

29  properties may be used. An appropriate PP algorithm would then be a

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

32
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VWerer - (Up rofiie) (Unhoie size) ( r roc |<
properties) (Cr enViro nnent) and CFkprofiie =

w0 em6enéseos of bit type (steel tooth, Insert, 3-BChUsEs/044301

PDC, etc) CFhG e size = function of hole size CFrock
properties = function of rock properties, as required

Crrer nr onn@@tnptorf PIPGLLQE ¢P OBOBRRCD 3] (Binclidd éidock
pressure, deviation, and azinuth It may be that the

approach of not accounti RPHYEAYE ef fects and hol e

pgofile is the primary caugeroperfgpanent egpucees of (28)
errors with the exception of rock and pore fluid
pfoperties If so a net ho@é‘pogy to correct for bottom

hgl e profile and edg@pe;f@%mé:mgﬁdrp@ﬁ@tagge patee fluid
properties, may be sufficiently accurate e%ardl ng_
b es,

cBrrection factors for rock and!q¥hénsatupd PerdpeP

aydirect solution based on fund ntal principles and
using rock and fluid properties may be used A n
appropriate PP algorithmwould then be a function of

oge or nore rockﬁgpﬁcétkaﬂgf@égwsrdmm% Phitiemgsul ts in

the foll owi ng eq lon for a vertical™ well Skenpt on
PPCOrrected = PP - [(OB-ECDJ/ 3] * (function of rock

o i fl i td - h, ‘ * ,
RSP b AL IPRL b o B o )i o
t1@ot bit rélated ptopeBies. By adg oPBEM@E ed Apidiniigdion.drCoHto@Ede

82 o (PR SRR BBy R e Y. P

rel aﬁ:edh@nmn;#fsi m?rszisB;newalyathC%xahnpﬂtes asidg Hetabove
PGP oS R e S gl

16 inclusion of CCS in predicting drillstring dynamics and quantitative analysis of
17  drilling equipment alternatives. CCS provides one of the fundamental and

18  necessary inputs for both. Drillstring dynamics refers to the dynamic behavior
19  of drilistrings. That is, how much does the drilistring compress, twist, etc., as
20  bit weight is applied and bit torque is generated, as well as when the

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

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

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

27  equipment alternatives refers to prediction of ROP and bit life prediction for
28  various bit types and for various drilling equipment capabilities. 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 results of the comparison used to
31 make more intelligent equipment selection for accompliéhing 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
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Furthernore it is envisioned that CCS estimates using

t he above net hodol ogi es coul d further be used in other
waemasedaaanpl es i ncl ude inclusion of CCS in predi/usiongo44301

drillstring dynam cs and quantitative anal ysis of

drilling equi prent alternatives CCS provides one of

t he prearavesdpbiligndr vees slal pits apléquifraentatibinations may be

Drillstring dynamics refers to the dynam c behavior of

dfi | M8#i ngs That is, how nuch does the drillstring

cgnpress, twist, etc , as bit meight is applied and

bit torque ener at ed
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ua

usefu e Quantitative analysis of drilling
dfui pment alternatives refers to prediction of ROP and

hist Tid& R&?ﬁf@t'on for various bit types and for
varlous I ng equi pnent capabilities For exanple,

tike poedi@t &ds £ changesdn tesbreeerideipallortiogenal stiggsies
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conpar é hen resu he conparis used
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lzl Y ive an
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scrA S? abov% uc tp enclt [ l\égscapabi lity for various
|II BHPFETRIRY 8%1 FSPrEﬁ C31bicRat i ons may be nade
Wa;l | &+ Bkérhetoﬁ@befgaentgdmmoﬁiesat| on this invention

IS SR descrbatd D LSl Sh o sEe A, L er

fr t tdy, ﬁ@dﬂlﬂﬁ&ﬁC@fﬂpiéShUéGtr@hgtﬁnp&I Basel loh 0rcp
_Qﬁparent to those skilled in the art that the

vertdoA |%°®U%%@Bmpb?3é"’?§“§r"9té‘r Bt Aved g hiat

C@ft@p’] %@@rpr@ggglppg@gprl bed herein can vary
conS| der ab Eé}WIt hout departing fromthe basic

P ndifrce s BSD PIRESYTRVRSAt i on
24 DP.p = [ECD — {PP-(OB-ECD)/3}], psi

25 ECD = Equivalent Circulating Density, ppg
26  ECD Pressure = pressure in psi exerted by an ECD in ppg
27 FA = Rock Internal Angle of Friction, degrees
28 OB = Overburden, psi or ppg
29 . = Effective Porosity (porosity of non-shale fraction of rock multiplied by the
30 fraction of non-shale rock), Volume per Volume, "fraction”, or percent
31 PP = pore pressure, psi or ppg
32 ppg = pounds per gallon
33 ROPyp = Rate of penetration, ft/hr, based on CCSyp
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Nonmencl ature 01, a , Ds3 = changes in the three
princi pal orthogonal stresses Dsx = change in bottom
whedoenetsoess normal to axis of well bore, psi DeOI/ES2005/044301
change in bottom hole stress normal to axis of '
wel | bore, psi Dsz = change in bottom hole stress
pRr aROP| - £ RafXdfpehétrath] foBr, ;@asélﬁd')n BBB = change in pore
pressure, psi. or ppg equiy nt =_Skenpt on
coef RPEE@nt Ralg GreResE Bsfgﬁragés%ﬁ%fhﬁggﬁ%oef ficient,
di NepsEankEeSSU et Corkpabiitedireegtargssi ve Strengt h,
psi, based on DPHP CCS ECD = Confined Conpressive
Strength, psi, based on DPECD CCS LP = Confined
Conpressive Strength, psi, based on DPLp DP = (ECD
pressure - PP), psi DPECD = ECD pressure, psi DPLP =
[ECD - {PP-(OB-ECD)/3}], psi ECD = Equival ent
Circulating Density, ppg ECD Pressure = pressure in
psi exerted by an ECD in ppg FA = Rock Internal Angle
of Friction, degrees OB = Overburden, psi or ppg fe =
Ef fective Porosity (porosity of non-shale fraction of
rock multiplied by the fraction of non-shal e rock),
Vol une per Vol une, "fraction", or percent PP = pore
pressure, psi or ppg ppg = pounds per gallon ROPHP =
Rate of penetration, ft/hr, based on CCSHPROPLp = Rate
of penetration, ft/hr, based on CCSLp ROP ECD = Rate
of penetration, ft/hr, based on CCS ECD UCS = Rock
Unconfined Conpressive Strength, psi WHAT IS CLAI MED
IS: 1 Anethod for estimating the CCS for a rock in
the depth of cut zone of a subterranean fornation
which is to be drilled using a drill bit and a
drilling
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fluid, the nethod conprising the steps of a)

determning the UCS for a rock in a depth of cut zone
wmtoos/oedt er ranean formation which is to be dred1/e82005/044301

using a drill bit and drilling fluid, b) determning

the change in the strength of the rock due to applied

syr eywgAT Y CERineD sbe i mposed on the rock during

drilling including the change in strength due to the

DPP in the rock due to drilling, and c) determining

the QCS f Qi difif) thosdinidting i OEBLHr Hfock thé%ﬁter}t’(%ué:gt zzone of

adding the estimated change in strength to th -
THe meuhisarapearcioanation Wiet &itp Oe Kallqprsinga g8l pirapeq drilling
agsum,ag thd &, tdd thD8idhQ opubst anti al novenent of
fl%ui mél |’trrl]iétrg\@g(')r(S outn‘%‘pt))r the rggk during drilling 3 The

mét hod of claim 2 wherein the rock has an effective
porosity of | (ay i -

PAr eshol dsuchrral M e B i SE G RpLPal argpne of -

mav e rsebterrefiedn faintiion mthichos tobe dofedtusengradidl lUanddrilling fluid;
drilling 4 The nmethod of claim3 wherein the

p|9edeterrri ned porosity threshold is 0 05 or less 5 The
nmet hod of bl aidetetminirey the mhaige indiok sthagttaof teé fanktduedo applied

3 hateB ST AL ST ik sk o bR [l B i Bnange

cal cuh erediti dusiotios dBRGR thai robk tihetof alliingyémdy

n%t hemati cal expression: DPP = B[ (Dsx + Dsy + Dsz )/3
+°A - 1)/3]; where: A = Skenpton coefficient that
deiscri bescchangerinmifpihe GTE &8 Wierochustad deythadiangeonerby

shear stress on the rock; B = Skenpt coeffici ent
That 9B e e A OR eyt © he s’

16

17 2. The method of claim 1 wherein:

18 the APP is estimated assuming that there will be no substantial

19 movement of fluids into or out of the rock during drilling.

20
21 3. The method of claim 2 wherein:
22 the rock has an effective porosity of iess than a predetermined porosity

23  threshold such that there will be no substantial movement of fluids into or out

24  of the rock during drilling.

25

26 4. The method of claim 3 wherein:

27 the predetermined porosity threshold is 0.05 or less.

28

29 5. The method of claim 1 wherein:

30 the rock has an effective porosity of less than a predetermined
31 threshold.

32

33
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pressure caused by change in nean stress on the rock;

D = operator describing the difference in a particular
warmesssean the rock before drilling and duri ngPCT/US2005/044301

drilling. (j = stress in the x-direction; (j = stress

in the y-direction; and = stress in the z-direction;

Ty —GSheafhe%étﬁe?c?of'cnautnhﬁwP(er}émp' ane; ty - shear stress
in the y-z plane; tw = shear stress in the x-z

ptane. 7 the #RB ”hﬁleﬁé% 'éfca@P'é {55 1R aGFRIARIGe: Withhige fipiowing
the rafleniScaaksiekabgd in accordance with the

foll ow ng mat hemati cal expression: DPP = B[ (Dsi + Ds2
+Ds3 )/3 + where: A = coefficient that describes

changppilg 5qgée§§gr ¢aused by change in shear
s?r ess_on [?Lg :)%coeffl cient that describes

changd o oot @%Br%ﬁﬁffagsf R TR el e

d ffere %i |n a particular stress on the rock before
dr|I Q nd during drilling Q1 first principal

sgr eSS OnyHdhe: A 9®Rembion-co§ﬂ|@@hﬂth9fdimm@@é cielhgesspera
the rock, and - third princi ess on the rock 8

The REERYE C@Fse@IbJ%aTQWW?hSP éoﬁFt> 19Kt he rock is

ggl culated in E@G(Skéﬁ*\@ﬂﬁﬁzo‘éﬁ'fcféni gt de¥lclioyd &nge in pore
mat hemati cal expression DPP = B ( 1 + Ds2 + Ds3)/3 +
(bsi Prespyg)caugesiby. cheppain MpR} iregsondBefdkei ent t hat

describes change d ﬁ@ramro%s&fbﬂﬁgsﬂﬂ\é%lﬁé?élﬁ:@dn Bypaftltar@etéds on
shear stress in't

13 the rock before drilling and during drilling.

14 G.= stress in the x-direction;

15 o, " stress in the y-direction; and

16 G . = stress in the z-direction;

17 7., = shear stress in the x-y plane;

18 T.= shear stress in the y-z plane; and

19 7, = shear stress in the x-z plane.

20

21 7. The method of claim 1 wherein:

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

23  mathematical expression:
24
25 APP = B[(Acy + Ag,+ Aos )/3 +

% Jiao s S +bo-sc) oo, -ag )] Ea-1y3)
27

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

29 by change in shear stress on the rock;
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B = coefficient that describes change in pore pressure
caused by change in nean stress in the rock, 1 =
wabmngesedn the first principal stress acting uponusioes/044301
rock due to drilling, Ds = change in the second
princi pal stress acting on the rock due to drilling,
apd Ds = change idafichet tlat 86scRbENERRRE IS bbRSFestld Eilised
on the rock due to drilling 9 The nethod of claim1
wher @Y $hange imean Atre3seP Y BB KOGKs cal cul ated in
agcordance W hh §eatbohds@nbing tHEBdifaRBEd Bid p AR £ SHe88 on
where B = coefficient that describes change in pore
pf essure causedt®yoehbefge driingeasd dipe81ie: t he rock,

-1 = change _ip_t L I nej . stress acting
E%on the r k_JESF?@méafﬁ%fﬁéﬁgghga%hange in the
sgcond princi pal - ' r due to
d?i ['1ing, aﬁdg%s‘?égﬁﬁﬁgﬁ’gg&féﬁgtoﬁgh‘% Eﬁ#dggd:i nci pal
stress acting .on. > T e Ll ling 10 The
net hod of c@éiHﬁiégﬁgégﬁﬁugﬁgxggsq§%ithe rock is
cglculated in accordance with the follow ng
mat hemat i cal expression DPP = B(Dsx + Dsy + Dsz)/3
whBer 8 B =Theoe¢thpe pkeleim habe@éscri bes change in pore
Rpessur & tﬁ@%&@qnwe ORRRASIAIPRANCELHESS bith 1RSoIR

= change in e stress acting in the direction o

tihe welhebmtiealdxeressiodri | 1ing, Dsx = change in the
gbress acihpg i\ A ALt AGHRECIARN Acs)*(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 Aoy = change in the first principal stress acting upon the rock

18 due to drilling;

19 Ao, = . change in the second principal stress acting on the rock
20 due to drilling; and

21 Aoz = change 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 in the rock is calculated in accordance with the following

26  mathematical expression:

27 APP = B(Aoy + Ao, + Ao3)/3

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

30 Ao, = change in the first principal stress acting upon the

31 rock due to drilling;
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perpendi cul ar to the well bore due to drilling, and Dsy
= change in the stress acting in a second direction
wmeaobogomal to both the wel |l bore and the firstPCT/US2005/044301
direction due to drilling 11 The nmethod of claim1l
wherein the DPP in the rock is calculated in
agcordance W hp, & h;éhafw%é Ik BEcdrat dnigBmbi fidlss @¥tHEsSihetock
DPP = B(Dsz)/3 where = coefficient that describes
change in pore prededpditiag<®d by change in mean
sgress in theap0ekshafgslindBg tirdGhimo el dtist Retid 6/e&® rock due
acting in the direction of the wellbore between before
ahd during drillingd¥nghe nmethod of claim 1 wherein
the DPP in the rock is calculated in accordance wth
the follow ng mat hemati cal expression DPP = (Dsz)/3
wher &0.Ds zZThe raptapg ef ¢lam hwhsieiness acting in the
directio f r i bybi i hod
of ol ai m 1o Gher ORI e 8 ALy Gah [RRolT
wBt hmalttenfadichiexpregsioat hemat i cal expressi on CCS = UCS +
fEDP), wh - = e fined conpressive strength
o? t he rd@i€ Egﬁéxa?E?é?%%$$al pressure acting upon
tthe rock wmieiB=gotfiinietl tbat dsfscties abhagey pane pseure caused
ressure DPP, and = tical function of
14 The net hod o$§§¥%‘ﬁ#?m§?@?§%%‘@ﬁ§”88§ S
dal cul at ed i n Aageoctamge & Wvetskreshactinglin twi digction of the wellbore
q@thenatical expregsion

Ue 10 drilling;
14 Aoy = change in the stress acting in a first direction
15 perpendicular to the wellbore due to drilling; and
16 Ao, = change in the stress acting in a second direction

17  orthogonal to both the wellbore and the first direction due to drilling.

18

19 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(Aoy,)/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 wellbore
26 between before and during drilling.

27

28 12.  The method of claim 1 wherein:
29 the APP in the rock is calculated in accordance with the following

30 mathematical expression:

31 APP = (Ao,)/3
32 where: Ao, = change in the stress acting in the direction of the
33 wellbore due to drilling.
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CCS = UCS + DP +2DPsi nFA/ (1-si nFA), where UCS = the
unconfined conpressive strength of the rock, DP =

walzdof/esseot i al

function of the change in pore pressure GPP, and FA =
angle of friction of the rock 15 The nethod

of ch@l mAR M@tﬁ{)@bﬁdé,hp1 Qﬁerel,,§ cal cul ated according to
DP =

in

p#

t er nal

essure !

o

ressure - (PP + DPP), where ECD pressure =
& &ASe ca‘yu'aﬁem ip pRgPrEANFeVitiHbR folleinaumalh prgtical

cgndpfdr@fgod:n the direction of drilling, PP =in situ
pore pressure of the rock prior to drilling, and PP =
change | pord/p¥ édiiftle in the rock due to drilling 16

The et h%@étﬁé gh?lg?%%@a BorhPesdle kerRt bnRE Sty n

accordance w

mat hemat | cal™ expression

DP = ECD - (PPR 1@!’2‘6&@0@'/%98%(&@1@9 ECD) thegpelsaig is @
exerted by drilli nfan&lowoth&%rn gl.rm&!ag;ésggre apP, and
conditions,PP = in u pore ssure ro

pBior to drilli ng, f(@RAK= sznaihemamatfunsttme@i)ﬁ n the
rection of the wellbore which is renoved fromthe

ck due to drilling 17 The method of claim 13 wherein
tthe DR i sTleahetibdbédaim1 ademidance vvi th the follow ng

i

er e Eco & GfrbBear BB esE By eneire iy b agteal
12 expression:
13 CCS = UCS + DP +2DPsinFA/(1-sinFA),
14 where: UCS = the unconfined compressive strength of the rock;
15 DP = differehtial pressure acting upon the rock and is a
16 function of the change in pore pressure OPP; and
17 FA = internal angle of friction of the rock.
18
19 15.  The method of claim 13 wherein:
20 the DP, is calculated according to:
21 DP = ECD pressure — (PP + OPP),
22 where: ECD pressure = pressure exerted by drilling fluid
23 under circulating conditions in the
24 direction of drilling;
25 PP = in situ pore pressure of 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 following mathematical
30 expression:
31 DP = ECD - (PP - (0,-ECD)/3),
32 where: ECD = pressure exerted by drilling fluid
33 under circulating conditions;
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under circulating conditions, PP = in situ pore
pressure of the rock prior to drilling, and OB = in
W@ 2d06/0686eF bur den (vertical) stress prior to drPdT/UszpoL@i4301
The method of claim1l wherein the change in strength
is estimted based upon renoval of stress fromthe
reck due to reppval, Rfi pBMEsBIUHEBS thE RECKASRS B Mdirfling;
agplled to the rock due to the drilling fluid (E
pPessure), the in &8u PP of the rock prior to
dei l1ing, and ot the Bl-esNaknReEBoRbf hEivib&B Wicrok
the rock 19 The nmethod of claim 1l wherein the change
iA strength is cal @nueedopdsesmdduedastilipartially on

T

tEe devi ation angle a of the wellbore to be drilled 20
e method of claim 19 wherein the DPP in the rock is

cél cdlat ethd method of dait &3 Whelkithe f ol | owi ng

r‘rgt hemat i ﬁ@lDlﬁéQEEﬁ%ke%H%go&aar%. th the %%wﬁ"ng[?ﬁét)wél%atical
t hat ore

where B = coef

i Cl ent escri bes change™n p

pBessypresgaused by change in nmean stress in the rock,

z = chapge i he,stress 49 in the direction of
?%e wel | bgge' uel5 t—gpﬁr—i(ﬁ%?n%?@s@’ = change in the
Sior ess acwharg: EQDa pressire dkergct hyahe peltipgfddcul ar to

the well bore due to

1

AN and,.Dsy = change in the

r : _
stress acting in a Ugg‘ébﬂ@u%g?%g?r?dg'r?n rthogonal to both

tize wel | bor e amiP + mesitliposd pr@sswee tof e rdeieprico taldiillihd; mgd

B orni ni ny ¢ nobr ok i UEEHSY 8 kg oging

d

aating on the rock before and during drilling, and (i
i) transpgsing the princgipal stresses 1, s2, and s3
i1)rr|’to Wor nipe gl%}@gﬁgra&ﬁ @?,re'%nd sz using

tyganst or madei (hAnGHMatienG® iHastiethte@nbidee upon removal of stress from

17
18
19
20
21

22
23
24
25
26
27
28
29
30
31
32

the rock due to removal of overburden, the pressure applied to the rock due to
the drilling fluid (ECD pressure), the in situ PP of the rock prior to drilling, and

of the internal angle of friction FA of the rock.

19.  The method of claim 1 wherein:
the change in strength is calculated based at least partially on the

deviation angle a of the wellbore to be drilled.

20.  The method of claim 19 wherein:
the APP in the rock is calculated in accordance with the following
mathematical expression:
APP = B(Aoy + Aoy + A0y)/3
where: B = coefficient that describes change in pore pressure caused
by change in mean stress in the rock;
Ao, = change in the stress acting in the direction of the wellbore

due to drilling;
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deviation angle a of the wellbore 2 1 The net hod of
claim1l wherein the CCS is determned in part based

W pme/osdses bot t om hol e profile of the well bore ber/m§2005/044301
drilled 22 A nmethod for estimating the CCS for a rock
in the depth of cut zone of a subterranean formation

Whi ch is tode &Hdnlgbaﬁitﬁésgn@gs actfhglih b riddtidiradbna

drllllngfIU|d t he net hod nprising the steps of a)
dét er mi ni ng t he pg@gnfirgplaétort{agwe,ll?prg dél'éﬁ‘? ArilgRg. @8 zone

of a subt ewoa&e@mantgenmbs@r@s%am@ m% steeorkzﬁd.r%rchérh ed
usmgadrlll bit and a drilling (ég;estlrmtlng

t he change ?#ogpealde P@Wdf’%wé\"bctrﬁ@”‘? Ht?kf'rﬁ gt dyeeast

i g part UtBQiHmE ean%hﬁnaeah@ot&%a?@eacﬂg%%we (DPP) of
the rock resulting frofm changes in the vol'une of the

p6res of the K'&)ck driemining nRiEsinahstersaes Ai.wg. ncr@&sagding on
appl 'tr?equtPQé\‘oFehé?\ r&&lﬁ o ﬁ}m%%r@rl [1ing and due to fluid

novenent into 'an out o ores of the rock in
r 8ésponse to tlig drﬁramapngn@thetmwcml $thasses G, 10h, anddry into

b t apd 4kt r!e%éﬁ»g% fd u%z]r%o?zal%ﬂ}gct}an%?otrhgﬁé dg&att Hﬁ%%%%d M the

e rock in gept zone b
é@tl davietbredgieye of thestelleorgt h to t he UCS23 The met hod
f claim?22 wherein it is estimated that there is no
Sl]bst antial nmovenent of fluid into and out of the
par e1of Tiremetiok oRdainhe vmétdmd of cl aim 23 wherein

e esti th there is bst ant i al vene

o o TR BRGSst B Tt A" Bor Lt DRy poRProte of the
basedveuml beimg dribek havi ng an effective porosity fe of
I@ss than a predeterm ned effective porosity threshold
25 The nmethod of claim?22 wherein it is estinmated that
tiser @2i s Ahestieod fBr bdtimdtiag togesEota afck i thedieb &F cangbne of

Of t gesuggerrr%%egrf fotrnqgtlon wrlﬁch is to be drilled using a drill bit and a drilling
18  fluid, the method comprising the steps of:

19

20 a) determining the UCS for a rock in a depth of cut zone of a

21 subterranean formation which is to be drilled using a drill bit and a drilling

22 fluid; |

23

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

30

31 c) estimating the CCS for the rock in the depth of cut zone by

32 adding the estimated change in strength to the UCS.

33
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26 The nmethod of claim 22 wherein estinmates of CCS are
made for high perneability rock, |ow perneability rock
w@n6NeRs03 ock having a perneability internedi aREr/us20biie4301
hi gh and | ow perneability rocks 27 The method of claim

26 wherein the CCS of the rock in the depth of cut

2qne s CAEMbALES: BERPESLAEP Lhe fol Low ng

mat hemat i cal expression CCS = + f(DP) where UCS =

URconf i neiélsce@hmﬁ@ééhaiéh@@r'%rﬁ@wbs@arnﬂahéovm«nt|oﬁﬂw1ﬁ@to and

dept differential pressure acting

ufeJ’ont(‘stup(];efﬂ‘r:ré(;(b:?{égBﬁhep5>C epth of the cut zone, and f(DP)

=4a mat hemati cal function of DP 28 The nethod of claim

2 rei .ECD = equi val ent

c%r%ﬁat.ﬂ%gﬁsfﬁgﬁgpdaﬁgﬁmg ling fluid, and PP =

t Be i n sitha epnetiqritbsishere i§ P@)sutaﬁftametkwopememtqfﬁuid into and

dei | I o)

the SHOSRe PHe RE RS TPun PR AL A AR G s bt

dévi @braﬁﬂy aengl lessathef atpinmemm”lmi@ffe:&@veﬁpasms:nddrefsbold.

egtimﬂting the CCS for a rock in the depth of cut zone
a subterranean formation which is to be drilled

usi n@5a drind iniethgdfof diah 22 heerst:hod conprising the

st eps of a St | [ t he CCS for, substant

T heabl ot PlrsiTplR b d ek A welR VR TROETBH g into and of

et hemeporeabf hersanl a CCS HP = UCS + f(DP), where UCS =

t he unconfined conpressive strength of the rock, DP =

di%f f er ent i al pressure acting upon the rock , and

14 26. The method of claim 22 wherein:

15 estimates of CCS 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  27. The method of claim 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 zone,

25 DP = differential pressure acting upon the rock in the

26 depth of the cut zone; and

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

28

29 28. The method of claim 27 wherein:

30 DP =ECD-PP

31 where: ECD = equivalent circulating density of the drilling fluid; and
32 PP = the in situ pore pressure (PP) of rock prior to drilling.
33
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f(DP) = a mathematical function of DP, (b) estimating

the CCS for substantially inperneable rock in
wa@ezwenekame with the foll owi ng mat hemati cal exprEES10031044301

CCSLP = UCS + f(DP), where UCS = the unconfined

conpressive strength of the rock, DP = differentia

presgyre ﬂ{éﬁw@tﬁo@@mauhh@swagrléurand is a function of the

change in pore pressure DPP, an % =.a -

mat hermat | ulatiga dis Sirnge 'thbe(sg?n%tav%% fioRyoidfe deviation

i Bt eRBEicadrendkSIbofCS M X) for the rock based upon the

estimated perneability of the rock and the confined

cBnpressi ve strengths CCSHp, CCSLp for substantially

per meabl ex anghddTBesiRARhE tHOCES 1 alro-HZ'ﬁw trmetdlagﬁh &feut zone of

claim 30 wherein the estinmated perneabil t he

r 8ck ajssbiggaaepnfgnnationaviuet isde po drifrst\edng @dﬁmng Wéd the

reck 3 1 wherein the

Igte%%gﬁgﬁ{ﬁ&@?@tﬂgs%#ibf; cal cul ated in accordance

mﬁth the foll ow ngs mat hemati cal expressions CCS =CCS

| CPe yHP . it f : =
Lx( T PRy O o stfpdiapPosriRcl i,
FBP accﬁuaanqefwiﬂwup&fcﬂlewin@mthﬂmeﬁc@l foemalaef f ecti ve
gqr03|ty CE%P‘ bgﬁgggbggtive porosity, and FHP = high
W

eff ecti ve pofosit nmet hod for cal culating DPP in
d2rock duehére: ld@BIZI thagncdzr‘rﬁieedrebmpwssiﬁptrérsag'ttmgf the rock;

cal cul ating a haseline a I|ne

r}g‘t hemat i cal f@?rruf“gere&e? SSHr n%g'ggﬁ%& rO{ji(ut_\arr]dock
aad drilling envirofbDent amrﬁathematmgl fainction of DP;

15

16 (b)  estimating the CCS for substantially impermeable rock in

17 accordance with the following mathematical expression:

18 CCSip = UCS + f(DP);

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

20 DP = differential pressure acting upon the rock and is a

21 function of the change in pore pressure OPP; and

22 f(DP) = a mathematical function of DP

23

24 (c)  calculating an intermediate CCS (CCSwux) for the rock based

25 upon the estimated permeability of the rock and the confined compressive
26  strengths CCSyp, CCSip for substantially permeable and impermeable rocks.
27
28 31.  The method of claim 30 wherein:
29 the estimated permeability of the rock is based upon the effective
30 porosity of the rock.
31
32
33
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conput er nodel of the rock and drilling conditions

based upon at |east one characteristic of the rock,
waleookisssgs condi tions, and drill bit, determ ni PQI/ES2005/044301

correction factor C F relating baseline DPP of the

basel i ne DPP and the DPP of the conputer nodel (CCS),

and det er mhédaehoa JPCRinh 31 ametdwer rock utilizing the

baseline forrmula and the carrection factor CF to.

erhance t HE WETTGHRIE G5 EhavBIF-HIARE TRtoRBIFNGE " din

33 WhgIRiiysthahsabliebimesdiaet or C F is one of the

characteristics selected fromthe group conprising

CHpr of i i eCEStireeirdh®ot Pt type, C Fhoie size =

function etshobessi #g, <@yock properties = function of
rock properties, Crenvironnment = function of one of OB,

PB,  hni n, Chdax,= ECBLPXEivgl @) Prate PLritti ©RSer X @etiPal| frr-PLr)
b735 A nethod of galgw gting corrected differential
pressures across a rock in the depth of cut zone
ddri ng dr Wheienge ofeffactivelriordsdy.e i n a subt erranean
| bore, the t PLi-Si 1 steps of (a)
cal cul ati ng, u(PLigI P@?ﬁgggpﬁgt%dg%t%agal expression, a
bksel i ne DP ace+esdigh afteckve ppresiddept h of cut zone for a
i1l bit having a baseline profile under a baseline
~set of drilling conditions, (b) conputing, using a
cthpuider #Wodethod fdnealDRatiey HBE it lgoclodle fodriling, theptéthod
C zone ifSlor.a drill bit having a first profile
d ferlr% 'Pom that of the baseline profile under the
basseline set of drilling conditions, (c) calculating a
basel i.ne

CLE | BB P DB R IR POR e
(th calculating a corrected DP, utilizing the
Al B T R A
begs el dongpustmafel ofthé FdorGin@@itling icomsitions based upon at least one

19  characteristic of the rock, drilling conditions, and drill bit;

20

21 determining a correction factor CF relating baseline APP of the

22 baseline APP and the APP of the computer model (CCS); and

23

24 determining a APP in another rock utilizing the baseline formula and

25 the correction factor CF to enhance the estimate of the APP.

26

27 34. The method of claim 33 wherein:

28 the correction factor CF is one of the characteristics selected from the

29  group comprising:

30 CFpromie = function of bit type;
31 CFhole size = function of hole size;
32 CFrock properties = function of rock properties;
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36 The nethod of claim 35 wherein profile correction
factors are calculated for a nunber of drill bits
waneneseds ffering profile, and a nunber of corpPEDUSINOF/044301
differential pressures are calculated utilizing
respective profile correction factors corresponding to
the drillchlfiSmen = function of one of OB, PP, hmin, hmax, ECD, angle of

2 deviation a, and azimuth .

35. A method of calculating corrected differential pressures across a rock
in the depth of cut zone during drilling of a well bore in a subterranean

wellbore, the method comprising the steps of:

o ~N oo o h~hWw

(&)  calculating, utilizing a mathematical expression, a baseline DP
9 across a rock in a depth of cut zone for a drill bit having a baseline profile

10  under a baseline set of drilling conditions,
11
12 (b)  computing, using a computer model, the DP across the rock in
13 the depth of cut zone for a drill bit having a first profile differing from that of the
14  baseline profile under the baseline set of drilling conditions;
15
16 (c)  calculating a profile correction factor by comparing the baseline
17  DP with the DP determined from the computer model; and
18
19 (d)  calculating a corrected DP, utilizing the mathematical expression
20 and the profile correction factor, for a drill bit with the first profile. baseline set
21 of drilling conditions.
22
23 36. The method of claim 35 wherein:
24 profile correction factors are calculated for a number of drill bits having
25 differing profile; and

26
27 a number of corrected differential pressures are calculated utilizing

28 respective profile correction factors corresponding to the drill bits.
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