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PCT
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1) SOLICITUD DE
X} Patents de invencion ] Patente de Modelo de Utiidad
O cepiuio? P Cepiuioll__
urton Eneny IDENTIFICACION
%\ ;;%’:**%{; Wlee NIT
Jpusion Jeae 72? ce [ u
SN e
Bny
oum“’%g al
st | NOME
3) Nombre DILIA MARIA RODRIGUEZ IDENTIFICACION
REPRESENTANTE | D ALEMAN % D
O APODERADO |Direcclén Carera 11N 93-430f [CC NIT
404 Santafé de Bogotd D C
Teléfono 6350835 Fax 6350824 |C-E OTRO
E. Mall
NUMERO 41 654 882
clarkemodet@clarkemodst com co TP 20824 CSJ
4)
INVENTOR (ES) |Nombre 1 )Tare, Uday Arun, 2.) Mody, Fersheed Khodadad, 3 )
Mese, All |, 4.) Jiao, DI, 5 ) Hakimuddin, Mustafa.
(72) Direccién 1 )Apartment #414, 2000 Bay Area Boulevard,
Houston, Texas, 77058 USA, 2) 5511 Dawnridge, Houston,
Texas 77036 USA, 3 ) 10220 Memorial Drive Houston Texas
77024, USA, 4.) 2028 Autumn Fern Drive, Katy, Texas 77450
USA, 5.) 1111 Oak Mesa Court, Houston, Texas 77070 USA
Naclonalidad o Domicilio Texas, USA

5) PCT (88)
Sohaitud Intemacional No PCT/US01/18134 Fecha JUNIO 5 2001

Publicacién Intemacional No WO 01!94749 A1 Fecha ch. 13l 2001
G)Tltulo (54) ME E M ' : ‘ |

FLUIDOS

7) Clasiicacién internaclonal (61) E21B 44/00 48/00, 21708

8) PRIORIDAD 33) Pais de Origen | (32) Fecha [(31) Numero ds Solicitud

Estados Unidos Junio 8, 2000 | 80/209 488
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Industria y Com rcio
SUPERINTENDENCIA
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PR T B —————
Badiacion 3 RUIH. toboasay

'Fl!iih () BORR-12-05 09319:45 Folios E7
Tielie 3 MIRC-MIDN 279 € MET 41 pesapn
Bopendencias B89 BIVISHN & WEWS CRERCIONS y
NIT @ B0017a089-2
RECINS OFICIAL DE CAJA : 02 - £L.4W7
“ECHA : BICIERBRE 4 5E 2002
Uit CONSISRACTION tend
DEPZSITAKTE TIPO PREO BANCO CUEHTA Ro. PAB)  FECHA PRO Ur. PAS)
CLARKE BDDET ¥ C0. COLOMBCOMGIBHACICN  BANCO POPLLAR  050-00§13-8 03675 O4/12/2002 2,401,000.00
@ CCACEPTO s
CANT. REHTISTICO CORCEPTD TATAL SONSITTE
1 59605-01-01 SOLICITUEES TRATITES 2E 501, DE PATENTE DE I 378,608.98
TOTAL ¢ 373,068.88

BO8:  TLESCIENTOS SETENTA Y OCHC MIL PESTS

C:B) DE ChwA APLICADD AL EXPEJIEXTE Hs.

Carrera 13 No. 27-00 Pisos 5, 7y 10
Conmutador 382 0840
Fax 350 5220
E-mail: info@sic.gov.co
WWW.sic.gov.co
Bogotd, D.C., Colombia



10) ANEXOS

X Comprobante de pago de la tasa de presentacitn de Ia solicitud

Poderes, sl fuera el caso

Documento de cesi6n del inventor al solicitante o a su causante

Declaraciones

Copia de Is soficttud inlemacional. (Resumen, descripcién, reivindicacién, Dibujos).
Traduccién de Ia soliciiud intemacional al castellano. (Resumen, descripcién, reivindicacion,
Dibujos)

Copia del examen preliminar efectuado porla IPEA

De ser ¢l caso, copia del contrato de acceso

De ser el caso, documento que acredite la licencla o autorizacién de uso de conocimientos
tmdicionales de las comunidades Indigenas

De ser el caso, certificado de depdsito del materal blolégico

Anefinal 12x12y8x8cm

De ser el caso, Informacién sobre otras solicitudes de patents o tfiulos cbienidos en el
axiranjero por el miamo titular o su causante, relacionados parcial o totaimente con la
invencién de esta solicitud.

Otros:

Notificacion de camblo

Notificacidn del recibo de ia copla y paises designados

Solicitud PCT

Hoja de Célculo Capftula I

Opinién escrita

Carta de retransmision a la oficina de recepcién de Estados Unidos

Publicacién Intemacional

Notificacién de transmisién del reporte de bisqueda Intemacional

Patente Nr. 5,285,602

10. Patente Nr. 4,710,008

11. Publicacién intemacional Nr. WO 01/25823 A 1

o000 Oood OMODE

0O

CONIORON
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Instrucciones para el diligenciamiento del presente formulario. Ver reverso de esta
pegina
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TRADUCCION OFICIAL No. 02/259 de un documento escrito en inglés, el cusl
para su identificacion se sella con el sello dei traductor al tiempo con la presente.
Esta traduccién ha sido preparada por Juan Pablo Piedrahita Aguilera, Traductor
e Intérprete Oficial debidamente reconocido de conformidad con el Certificado de
Idoneidad Profesional Ng. 0045 expedido por la Universidad Nacional de
Colombia.

(Se traduce un Certificado Notarial y Apostilia No. N-306 065, escritos en inglés,
adjuntos a un poder escrito en inglés y espafiol otorgado con fecha Agosto 14,
2002.)

(En espafiol e inglés, Poder firmado por Willian E Shull, Vicepresidente & Jefe
Asesor Legai de Patentes, Kalliburton Energy Services inc.)
(Sello a Tinta: REVISADO, Operaciones, Legal (CRWES), Financiero)

CERTIFICADO NOTARIAL (Cuando el Solicitante es una Sociedad)
{Poderes otorgados en E! Salvador, México, Estados Unidos de América y
Venezuela)

Expedido hoy 14 de Agosto, 2002, el suscrito Notario CERTIFICA que:

" 1) Wiliam Shull {(nombre da la persona que firma el poder), mayor de edad-y

domiciliado en Ciprés, Texas, Estados Unidos de América, suscribid el anterior

documento.

Bats copia <o ——
2) El otorgante le es conocido personaimente y tiene facuitad legal Sarscfinmaneil T ~&

documento.

Vs e .
-t.-l-- o, s e '
LN n“"m_ﬁ H.I;fﬂll‘ .
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3) El otorgante ha suscrito el anterior documento en su facultad de Vicepresidente
& Jefe Asesor Legal de Patentes de la persona juridica Halliburton Energy
Services Inc.

4) La mencionada persona juridica con domicilio comercial en Houston, Texas,
Estados Unidos de América, estd debidamente constituida, tiene actualmente
existencia legal y el fin para el cual se otorga este poder se encuentra dentro del
alcance de su objeto social.

5) Ei otorgante tiene en efecto la idoneidad referida y su representacion es legal y
esta autorizado para otorgar este poder.

8) Fundamento las certificaciones 3), 4) y 5) en los documentos auténticos que
para tal fin me fueron exhibidos.

(Firmado) Tammy S. Brzozowski

Notario Publico

Nota: a continuacion el Consulado Colombiano debe legalizar la firma del Notario
Publico

Para todos los demis paises el Sefior Cénsul de Colombia o ante quien se
otorgue, debe expedir una certificacién dejando constancia de: 1) la
existencia legal de la socledad, 2) que cumple actualmente con su objeto
s clal, y 3) que la persona 0 personas que otorgan este poder estin

facultadas para hacerlo. El Cénsul también certificard que los tuvo a la
vista los documentos que prueban y acreditan tales circunstancias.

(Sello Notarial & Tints: TAMMY S. BRZOZOWSKI, Notario P ub{@5F Eapathece i
Texas, Comisién vence 05-17-2005) " e
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"(Sello Pre-impreso del Estado de Texas)
&€l Estabo de Texas

$ecretario be Estado
APOSTILLA

(Convencion de la Haya de Octubre 5 de 1961)
1. Pais: Estados Unidos de América

Este documento piblico

2. Ha sido firmado por TAMMY BRZOZOWSKI

3. Actuando en calidad de Notario Publico, Estado de Texas

Lieva el sellolestampilla de TAMMY BRZOZOWSK, NotarGgPlbico, =
Pt )
Estado de Texas, Comisién vence 05-17-05 ﬁﬁgi\ ﬁé
m==30 BR
CERTIFICADO CES N O
En Austin, Texas 6. Hoy Agosto 15, 2002 TR

Por el Secretario de Estado de Texas

Certificado Nimero N-306085

® ®© N o

(Sello)_ (Sello Pre-impreso del Estado de Texas)
10. (Firma)
(Firmado) Gwyn Shea

Secretario de Estado
ST/sjs
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ES TRADUCCION FIEL Y COMPLETA de la cual se deja copia en los archivos de

esta oficina para su confrontacion y a la cual me remito.

Bogotd, Septiembre 3 de 2002
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Ciudadmniz No. 41.654.857 da bagolh, y tp. 20824 y CLAUDIA
LUCIA CARD RAMIREZ, con Ciduls de Cludadanie Mo, 40.017.374
da ‘Tunjs. » tp. 154418, con damiciliv sn  Bagetl, Cobonibia, para Quc
aclunndo en su erdon en nombre del (e W) otenoie 1 (la) represanten
anie cualquisr entidad, wuimridad y/o persoos, cspecialments yoic L del
onden Admipigtracive, Coalenclogo Acminisimtive, Jadicll, Tribunales
de Arhltamvrun Y cuslguviey ouws o Yo refucaic & Jou sigelenics
asunlox:

V) Solleitar, imumitar, ubicner yo reglsirar cvalquicms de 1ag modoldades
de Prapiedad bnalusirlal, injes duma: patnitcy de invencion, mudelos d¢
wilidad: diachos industrinles, varicdades vegciles; maress, hemas.
nombred y eAsclas comercinies y dmaminacioncs de origon; ssl comn
s ronovatiancs, pevroget, Wansferencias, cambios de notrbe yie
demirlliv, cantretos y lwcncin.

2} Solicilar, tramilsr, obisher wo regiikwr derechas du salor, en
calquion de na prescibcioncs =l canw Is prowecchin ds sacretas
Induswistes y imosshow.,

3) Soliviwr, unmiwr, old_ ¥te reglatnr regwiros mnftarion, porvisos
ylnlleumudel‘m:luu : LR Comd Jull renovacioncs o phirrogas.
yio damiciliv, contraws ¥ tieancias.
aposicién, oheervacin, rechmos,
opelacion, cpncelseidn sdminisativa o
{on o] cormumidor. concesidn de Keemeloy,
Indutriales ¥ domls oeciones y mouses

recungiderncion, 15

desienl, acciones derivadus de In obtencion o
expingacion de Jicenclas, sceiomas de indemdiacion de petjulcior.
Temblén podri{e) miorvenir en juicho civiles, cnn-uhlu. pamle,
contenciasg-administirativon, wicla ¥ g polick: en acciones o juicins
prormrides por el (ia) mandante o en cantrs el (ulla) .

$) Reghsirer nomives de domindo ants L ealidad compatents,

8) En ¢l ckrcicla de aste munuluin Wox rasdatarios amibs mentionados
quedan (acultados pera; conclline, eancaar, trangigir, Compmmiter on
isblyus, denistir, recibir y \omer pesesids d¢ la cos objesy da Lilgo y
wmmiciar o deststir p derechos conceddidas o «n curso de concesidn,
admitle luy heehuos det procesn.

7} Rmiffcar v no is agencia offcios,

3} Asl mismo faculio (facultsmns) 3 los mencianados spoderados pars
resfhis notiifaatinnes y designar apoderutos judiciales o axtnfidleinkes,
suslilir el presinie poder y revacer 123 suntiwciones que Wicienn,

Dado y Nnmado en

., Aug 12 02 10:58p Karen B. Tripp, Attorney  713-558-3410 p.2 ol
' A yyy
- [ L] . 1:‘:-.3'_ !‘_'\_ '
-0 COLOMBIA
PODER POWER OF ATTORNEY
Yo {nosotras), shajo Grmante(s) 1 (wa), the undersigned
William Shull
a8 mi (nucawo) curdeter do represcnianie(s) legales du lepal rigwesentalive(s) of
Halliburton Energy Services, Inc.
wia socledad arganiseds y sxincnc de ucucrde con [as icyes de w arganizalen exlsting under the kws of
Delaware, U.S_A.
¥ #n sewwal currplimisnin de au akjrc socisl, con domiciie en and in present exscution uf'its business sctivity, domlelied at
4100 clinton Dr.
porcl preseiie Ingiumanie canfiers (cunfivimen) poder capeclel s favor  SRRSLRA poASCER A TTORRA s pPn Sl rRoDRIGURZ
de DILJA 84$RIA RODRIGUEZ DALEMAN, con Cidula de  D'ALAMAN, identifieation cand No. 41.654.882 of Dogntd. and - 2U824

and CLAUDIA LUCIA CARQ RAMIREZ, th. J0448, ldentification cand No.

40.017.374 of Tun|a, residing in  Bagoti, Calumbla, 10 act in the ralar of
their appomtment . behalf of grantor befbre any extlty, sutbordny ander
mmal e juridical peson. specially before hase  Adminuatjve,
Admiisrattve-Conicntiaus, Judicial, srbitrotam cowwts, and/or amy ather, In
ajl maiters concorming tha Foltewing:

Colombian Patent Application RNo.

02055681

1) To apply, process, oblain and/er ropinter any af 1ha modalited of Incusirial
Fropoty, suth as! Pulents of lnvention, Utlity Madels; Detigns, plant
watlgien; Masks, Slogans, Trade Names and emblcme and sppeliuiwns of
Origin; = well wr Ul rancwals, usignments, changes of' nanw andior
dotmicile, sgreemunts and Kcenree
1) Yo apply, process, obmin and/er regisiar copyriphts of say kind a3 «all 2x
protestion of indudtrial searets o know-how,
) To npply, process, obiain andfur register sankary nlwlmqoeuu-;

apthoriziony and/or lieanew; se weil ae Uwir renewsls ar  assigmeonia,
changet of asme andéer domiziic, agrecmenis and licenscs.
4) To biing sctiens of epposition, absarvations, clalms, recumsideration,
appeal or legal remedier, concellations. nullity, proteciion @ the cansumer,
pranting of llcenzst, proteciion of uds aorots wnd ather outlie » rolmee With
cights derived frams the sbove- mammed malien and pganat (e yaislr
campelition, scions ruulllng from (he ahnhln; or explostion of Beenges,
recovering damyes actions. Thay can alo intervene or particvpuin In Civil,
Comawieinl, Criminal or Cuntontivus-Adiiniuatilwe Trials: 1he acuens jor
writ mandamus, paliee aetiour: in actions, lnweuits ar (igauiens Sati.cd by
the pramar or agsinst im.
$) To cgister domain names befure Gy compotent entity.
A) Ta the affect of this mandato tw sbuve-nancd proay are cmpoweicd k:
cupelliie, cancel, satle, submic o whivnton, withdaw ond Ln Tectihe and
take potsassion of the litigmilon relaicd abjct and waive: of renouwnce the s
granid ot in process of pranting, admil the Geely of the case.
T) To muify of not the uilicivus agency.
8) | (we) hereby appuint the afore mentianed sttommays with pavers i 1cisive
notifications aad W designate Judicial and extrajudicinl attomeys, nbsiie
this Power of Attamey and Lo revoke sueh susiiwtions,

takdwdrignedst  Houston, Te

ulus dlas du on Ihis I‘f : ugust
02! 259 = Finra S signaumn E'o ﬂ
William shull :

ol Vice President & Chief Patantisi
j M.,-,.,.D Halliburton Energy Services,
(N A . REVIEWED

e L M
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- |- =~ —— o
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12 02 10:59p Karen B. Tripp.
CERTIFICADO NOTARIAL
(Crando el solicliants oy SOCIEDAD)
{Podeon otcrgmios ca. Bl Salvinior, Famdie Uohdes, Miziko ¥ Yooz}
A o dias det mes de de
, ¢1 Nuiarfo que suscribe DA FE de que:

(nomibre dc 12 persone que fema of puder)

tmyor de eda.t y domicilisdo
fuaph de Sy Puka
y lema ol dotuamento que anteceds.
2. Conoee al fn ) otirgeni y gque cgie () esd legalmente
cpasitado pana <l otorganienio.
% 0 owgane he fimade ol iwikride documeniv o du eavieler
e

de la pervona juridica

4, La citada persona juridica con sede en

end  logalmente
consilivids, que oe acwalmente
wnimemcls legal y yuz © acio pan ¢l cunl sela ciorgad alc
poder estd comprendido emre 108 que carsiiuyen su eljeio socinl
5. B} vinrganie Ticne cfectivamenie In represeniacion qua astenls. que
o e lepitim ¥ quechd fnculiada pary amrpar csie poder.
6. s anvwbores centiflencionds de los pimima 3, 4 ¥ 5, mo conam
parque be nido 3l visn Wi dog iy

Nowrio Péhlien

Attorney 713-6568-9410

NOTARIAL CERTIFICATE

( When the applicant ks s CORPORATION)
(Powent of sitoyuiey pranied in: E] Salvagor, Mexico, US.A. ad Veneruels)

™ /4  d&ayof August . 2002
Ue undersipned Netary CERTIFIES Lhat:
L4 nll

(pame of the person who gigns the pow.cr of aomey)
nd o35 TexSs, U,S.A his mlm
n, Texas, V. S.A, sk
m—ﬁ#ug'mi_' -

2. 1t grator i o him porsonally Jnown sod that bo'she bas fegal mpachly
o ez the document.

1. The gantor his cxeciuied tw  faregeing ducument in M capaxity
of i

ol the Jundical person

Halliburton Energy Services, Inc.
4. The nwalioncd juridical permon with place  of  business

In duly ergunimed, doln] Topm exinence and that the purpases for
which the power of wiomey s granted ars wilsin the scops of fo comanate

pyrpascL.

S Thwpgmior has in T act Uw referwd gquality and the hiather
repropentation is bgal ang DAl holshe s empawerod e prant this pewer
of sitomay.
‘ ased the sbuve certificotions 3, 4 sndl 5, on the aUlhentic dacmienis

Netary Publle. 8tala of Taeme

B\ TAMMY 5. BRZOZONGK(efeh popove wero schibie s .
0 f'! . ) w“ju_
T Cauntuian Expirer 05-17-2008 § Fublic

NOTA: A continuavidn Jde In anterior. «f Cénsul do Cuolnmhis dube
sutcnileas 13 Tume sl Notaria Piblicn.

CERTIFICADQ NOTARIAL Cuando
INDIVIDUO)

Alaes oing ¢4l nxs du
»cf Notria que suscrfoe DA FE Je qoe;

d wlidtptr e

de

(rombrg de la pemsana que fivi el poder)

mayar de cded y domicitiado e
- firmd en sa prosancis
o dovumenio quc anieeds, conoce ol olarganie Y que eic esth

fegalmenic eupseiade pata cl torgamiento.

e W bk

Nowm Pblico
NOTA: A continumcion de fo antevior, of Cormul do Colombrin debe
sureniicar In finvm Jel Notarin Pdblico.

Pars lodes hm demés paiics of Sxdor Cintul de Calembla & ante
qaken ic otprgue, debe expedir anu cortifleacidn dajacde canstancla
1) de la csistencls legal de lo seciedad, 1) de qae esta ejeren
scteaimente 58 objete peial, y 3) de qua la persona o persosax qor
wievgan o pouer colin lacuiwdas para hecerle, dejando

conatancls a3i misme dy que tevo a In visls {o0 pruckes que
acrwditen tiles circunsianclas

LEGALIZACION ¥R Q1. CONSUL b COLOMBIA
O POR APOSTILLA

P WU AT

NOTA. Thim L Colambian Coruul neit legatize te signature of the Notury
Publie,

NOTARIAE. CERTIFICATE { When the
INUIVIDUALR)

On this day of
the undensigned Notary CERTIFIES Lhar:

1.

applleant Lk am

{name of Ut person whi signs the Power of Allormey)
A iepal 20 and domieiiod ay

signed In his presapec e forcpoing
dogurnem, the grantor is to hint persenally imows and Ut hofshe has legal
apicity b dxecuie (he dosurent.

Nulary Publie

NOTA: Then the Culesbinn Ceuwal mus jegalizs te signatwre of the Notary
Public.

For all other countries the Colomblan Coamul or befbre who it bs pravied
mugl baus & ecrfification itating 1) the legal exlstence of the corporathe,
) chag the corparats purponcy are acunally befag scenmplighed | 3) thay
the parsvy or persany wha grast 1his Fower of Allumizy are anpswered
to do L Thie Comsul will cervify also that tha documents evidonclug thoee
clresmawnces were exhibiicd o him.

LECALIZATION UY THE COLOMBIAN CONSUL UR DY
APOSTILLE.

nt & Chief Patent Counsel
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. The ﬁtat of Texas '
Secretary of State

APOSTILLE
(Convention de L.a Haye du 5 Octobre 1961)

1. Country: United States of America

This public document

2. has been signed by TAMMY S BRZOZOWSKI
3. acting in the capacity of Notary Public, State of Texas
4, and bears the seal/stamp of TAMMY S BRZOZOWSKI, Notary Public,

State of Texas, Commission Expires: (05-17-05

CERTIFIED

5. at Austin, Texas 6. on August 15, 2002

7. by the Secretary of State of Texas

8. Certificate No. N-306065 o
9. Sesl 10. Signatureds:

I
w8
«)RA

AT
Gwyn Shea
Secretary of State
SThis
B = -
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REAL-TIME METHOD FOR MAINTAINING FORMATION STABILITY AND
MONITORING FLUID-FORMATION INTERACTION

Related Applicatiop

‘This application claims priority to U.S. Provisional Patent Application No
60/209,488, filed June 6, 2000.

Bagl { of the | .
1. [Ficld of the Invention

This invention relates to methods for predicting and maintaining wellbore stability during
driling, well servicing and production in subterrancan formations, particularly hydrocarbon
bearing subterranean formations.

LS Degeription of Releyapt Arvt

As used herein, the term “(in)stability” shall be undersiood to mean “stability or
instability.” Wellbore (in)stability in shales is a major problem costing the petroleum industry,
according to conservative estimates, $700 milion annuaily. Understanding and modeling
mechanisms of shale (in)stability is an ongoing industry effort. Drilling 8 hole into & formation in
equilibrium induces stress concentration in the vicinity of the borehole. Interactions will occur if
prramders such as chemical potential, eectrical potential, thermal potential, ionic concentration,
etc., of the drilling fluid and the shale formation fluid are not in equilibrium. Any differences in
these parameters will alter the near wellbore pore pressure which in tum will influsnce the
(in)stability. Tests conducted at compressive uniaxial and triaxial stress conditions in the past have
indicated the strong influence of these parameters on shale strength.

Wellbore instability predominantly occurs in chemically reactive shales that overlay
rescrvoirs. A major concem of the drilling engineer is either koeping the borehole wall from
collapsing (packing off) or fracturing (losing circulation).

Past efforts to develop improved well bore models (*"WBM™) for shale drilling have
been hampered by n limited understanding of the drilling fluid/shalé interaction phenomenon.
This limited understanding has resulted in drilling fluids being designed with properties
inadequately or insufficiently optimized to prevent the onset of borehole (in)stability
problems. Historically, wellbore (in)stability problems have been spprosched on a trial-and~
error basis, going through a costly multi-well learning curve before arriving at reasonable
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solutions for optimized operations and systems.-

Recent studies of ﬂuid-ilzlle interactions have produced fresh insights into the
underlying causes of borehole (in)stability;, and chemical potential related instabilities in
shales have been identificd. A chemical potential borehole stability model, derived for an
arbitrary borehole orientation, has been successfully implemented to address borehole
(in)stabilities. This model, based on a well-established elastic modeling approach, is
discussed in Tare, U.A,, and Mody, F.X.: “Novel Approach to Borehole Stability Modeling
for ERD and Deepwater Drilling”, paper SPE 52188, 1999 SPE Mid-Continent Operations
Symposium, Oklshoma City, USA, March 28-31, 1999, incorporated herein by reference.

Advances in technology are providing wider and grester capabilities for now, more
refiable, accurate and rugged downholo seasors and tools. Such apparstuses and sensors ere
increasingly able to collect and transmii information to the surface as it is happening.

With increasing economic demands on reduting rig downtimes associated with borehole
kunbﬂitymummnishmwfmmubﬂhwaMﬂmdwhmﬁﬁﬁumﬂw.
field using MWD/LWD (measuring while drilfing/logging whils drilling) data in conjunction with
prior gedbhysical and shale/fluid intcraction knowledge. However, previous attempts have
focused on earth stresses, using drilling data and borehole (in)stability modeling on a “post-
mortern”™ basis, ie, after mbstantial problems have ocourred.  There is a need for methods that
enable instability problems to be avoided.

um the Juvention

A method is disclosed for maintaining subterranean formation stability, and particularly
wellbore stability during drilling, well completion and servicing operations, and even during
production and enhanced recovery opesations. The method of the invention affords maintenance
of wellbore stability throughout the life of 2 well penetrating a subterrancan formation.
Moreover, the method provides for real-time monitoring of fluid-formation interaction such that
adustments can be made before (in)stability problems occur.

In the method, initial formation characteristics or parameters are estimated or obtained
and the rock strength of the tormation is estimated. Characteristics of the fluids injected into the
wellbare or the formation during drilling, or during well completion and servicing operations, or
during production or enhanced recovery operations, are also estimated or obtained. This data
concerning the formation and the fhiids is input into & well-stability model and resuhs are used to
revise the estimates of the formation parameters and/or the fluid parameters or to adjust the fluid
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composition or characteristics. These parameters and the model results are updated with real
time Formation measurements taken during the particular operation being conducted (i.e., drilling,
well servicing, or production). Continued acquisition anxl processing of the formation data in the
model allows the fluids to be adjusted as needed to avoid formation mstability problemns caused by
interaction of the fluids with the formation.
Brief Desgription of the Drawi

Figures 1A and 1B are a flowchart or process map for a real-time wellbore stability
process according to the invention. |

Figure 2 is a schemalic of a Pore Pressure Transmistion experiment designed to study
lime-dependent alterations in shale propesties as a function of drilling fluid exposure.

Figure 3 is & graph of the time dependent transient pore pressure response of Pierre [1
shale when exposed to & 20% w/w NaCl solution.

Figure 4 is & graph of the time dependent transient pore pressure response of Pierre I
shale when exposed to a sodium silicate solution containing 20% wiw NaCl.

Figure 5 is a graph of the time dependent transient pore pressure response of Pierre [1
shale when exposad Lo a polymer in solution containing 20% w/w CaCla salt and 2% KClsalt.

Figure 6 is a graph of the shale compressional acoustic wave response of Pierre II shale
when exposed to a 20% w/w NaCl solution.

FmeTiuap:phcftheﬂnleﬂmrmemofPicnnMwm
exposed to a 20% w/w NaCl solution.

Figure 8 is & graph of the shale compressional acoustic wave response of Pierre 1T shale
when exposed to a sodium silicate solution containing 20% w/w NaCl.

Figure 9 is a graph of the shale shear acoustic wave response of Pierre 11 shale when
exposed 10 a sodium silicats solution containing 20% w/w NaCl.

Figure 10 is a graph of the compressional acoustic wave response of Pierre II shale when
exposed to a polymer in solution containing 20% w/w CaCla salt and 2% KCl salt.

Figure 11 is a graph of the shesr acoustic wave response of Pierre II shale when exposed
10 a polymer in solution containing 20% w/w CaCl; salt and 2% K1 salt,

Figure 12 is a graph of dynamic Young's modulus as a function of transient pore pressure
for Pierre [I shale exposed to 8 20% NaCl sohstion. .

Figure 13 is a graph of dynamic Young's modulus s a function of transient pore pressure

" for Pierre [T shale exposed to a sodium silicate solstion containing 209 wiw NaCl,

T
i ;...='ii- ,E‘m
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Figure 14 is a graph ofdynamic': Young's modulus as a function of transient pore pressure
for Pierrs II shale exposed to a polymer in solution containing 20% w/w CaCl; salt and 2% KClI
salt. )

The following terms us used herein, and particularly as used in the figures, have the
meaning indicated below:

Nomenclature

6 = Membrane efficiency, %

P = Pressure, m/Lf", psi

E = Young 's modulusm m/LC, psi

Aw = Water activity

AP = Pressure drop, m/LL, psi

V = Acoustic Velocity, m/l, m/sec

Subscripts

ic = confining .
o0 = external or pore fluid '
N = test fluid

sh = shale fluid

exp = experimental

P = sonic compressional waves

s = sonic shear waves

St Metric Conversion Factors
fl x 3.048 E-Ol=m
inx 2.54 E+00=cm
Ibf x 4.448 222 E+00 = N
psi x 6,394 757 E+00 = kPa

[n investigating the role of various patentials of drilling fiuids on transient rock propesties
of shale and other subtesranean formations subjected to compressive confining stress, we have
discovered that properties of cores from such formations should be measured as & function of
time when exposed to a drilling fluid, well service fluid, or enhanced production fluid, or ‘even
when subjected to production itsell: Experiments were conducted under conditions simulating a
barehole portion under geostatic stress with the wellbore surface expased 10 8 cirulating drilling
fluid. The results supported our discovery.
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monitored.
PPT Test Details .

The PPT tests provide a database including shale responses to various drilling fluids and
salt solutions  For example, the PPT tests provide meaningfil membrane efficiency numbers,
allow Jor the study of more complex interaction between shale and drilling Buid to validate,
verify, or confirm exdsting chemicsl potential poroelastic models, enable calibration of the shale
response to known drilling fluids for optimum spplicstion in the field, and demonstrate
sumultaneous dats ascquisition of various responses to provide detailed shale propesty
characterizstion as 8 fimction of drilling fluid exposure.

The three example fluids tested were & 20% w/w sodium chloride salt solution, a sodium
silicate system comprising 20% w/w sodium chloride, and 8 polymer in solution comprising
20% w/w CaCl; salt and 2% KCI salt. It is important to establish a baseline of the shale response
to the cation or cations that would be included in the drilling fluid system. Such a baseline helps
in identifying or isolating shale alterations due to cation exchange. In addition this baseline helps
differentiate, 10 a certain extent, the effects of the base salt solution and the effects of other shale
modifying additives (eg. slicates, polymers like partially- hydrblyzed poly-acrylamide,
amphoterics etc.). )

Discusrion of Results

Based on the transient pore preasure response of Pierre 11 shale exposed ww the test [luids,
the sodium silicate solution comprising 20% w/w NaCl showed higher membrane efficiency
numbers than the 20% w/w NaCl solution and the polymer in solution comprising 20% w/w
CaCly salt and 2% KCI salt {approximately 60% efficiency versus approximately 10% efficiency
and epproximately 5.30% efficiency respectively).

Figures 3, 4 and 5 show the time dependent transient pare pressure respanse of Pierre 11
shale when exposed 10 a 20% w/w NaCl solution, a sodium silicate symem comprising 20% wiw
NaCl and s polymer in solution comprising 20% whw CaClz salt and 2% KCI salt,
respectively. The saturating fluid (simulated pore fluid) in all cases is 8% w/w NaCl solution. The
shdemuﬁc(wmpmﬂiondmdﬂwwwe)mpomdwingﬂnmﬁnupaimforl!lezo%
w/w NaCl solution is shown in Figures. 6 and 7. Figures. 8 and 9 provide the comesponding
acoustic (compressional and shear wave) response of Pierre I1 shale when exposed to the sodium
silicate sohstion comprising 20% w/w NaCl. Figures 10 snd 11 provide the acoustic
{compressional and shear wave) response of Pierre 11 shale when exposed to the polymer in

10
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In the expeximents, Tock properties such as acoustic velocity and transiem preasure for
each core sample were measured simuitansously as a function of time during the experiments.
This simultaneous measurement eliminated the snisotropy-associated differences obtained when
different samples are used to determine the relationship between these characteristic parameters of
the subterranean formations, and in these experiments, particularly the characteristic parameters of’
the shale formations. This testing enhanced understanding of the relationahip between acoustical,
mechanical, chemical, electrical and failure properties of the shale as a function of time when
exposed to a fluid, and in these experiments, particularly when exposed to a drilling fiuid. Such
measurements provide the necessary precursor to determine the onset of time dependent
in(in)stability, thus providing options to implement cotrective messures in real time to alleviate
(in)stability, according to the method of the present invention.

Without wishing 10 be mited by theory, we believe, based on our observations from
these above experiments, that measurement of rock properties such as acoustic velocity as a
function of the transient pressure of shales under simuisted in-situ siress-siate facifitates real time
wellbore (in)stability logging using MWDYLWD or any other relevant information. This practice
provides better real-time mansgement of (in)stabifity problems in the field.

The present invention provides a method or process for maintaining formation stability
through monitoring the imeraction between the formation and fluids used in well drilling,
servicing or production. Further, the present invention provides a real-time method for mnproved
drilling, servicing and producing wellbores in or through subterranean formations by employing
such monitoring and maintaining of well stability. The improvements of the invention are
especially appreciated in operations in shale formations, although the invention is applicable as
well to other types of subteranean formations, Similarly, the improvements of the invention are
especially apprecisted in drilling through subtermanesn formations, although the invention is
applicable as well to other operations in subterranean formations, such as well completion and
well servicing operations, and even to producing operations. Thus, the advantages of the
invention are best realized when the invention is applied throughout the life of a wellbore in &
subterranean formation, and especially a hydrocarbon bearing subterrancan formation

The method of the invention employs real-time wellbore stability modeling. Figures 1A
and 1B present s process map of reai-time wellbore stability modeling, specifically for example as
applied to drilling operutions. A simnilar map would be used for well completion or other service
operations employing well service fluids instead of drilling fluids. Also, a similar map would be

AS
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used for well production operations, monitoring stability of a well as fluids may be produced from
a formation, and monitoring stability of a well during various enhanced recovery operations (for
enbancing recovery of bydrocarbons from the formation). La all such cases, the interaction of the
formation to various fuids being introduced into or being produced from the wellbore are
monitored.  Hereinafter, the description of the invention will primarily be directed 1o drilling
operations and to drilling fluids for exsmple. However, the invention is not limited to such
operations or fluids and may be similarly applied to well completion and servios operations
involving well service fiuids and to production operations.

The initial step in the method or process of the invention invalves coristructing sn earth-
features) from a variety of sources such as pre-drill, seismic, and offiet data. Based on the initial
carth-model, predictions are made for mud weights, casing shoe locations, drilling fluid type and
chemistry, cic. 88 would be known to those skilled in the art  Preferably simultanecusly,
laboratory tests are conducted for specific formations (e.g-, shales) that are expectod to be drilled,
using cither actual cores from such formations or representative outcrop samples. The tests are
conducted nsing & variety of experimental apparatuses wuch as the Pore Pressure Transmission
(PPT) test apparstus. Information on time-dependent formation (e.g., shale) behavior is obtsined
from such tests.

Further in the method of this invention, rock propesties such as transient poro preasire,
compressional and shear wave velocities, deformation, and strength of shale cores under trisxdal
stress are measured. These messurements are used to calibrate the wellbore stability model (also
called the total potential model), ich as the model shown in the flow diagrams in Figure 1B, for
specific applications, such as, for example, drilling with progrunmed of planned drifling fuids
through/into a reservoir overixying shales or other formations of interest. Measurements of static
and dynamic rock properties as & fimction of the transient pressure of shales {or other formations
of interest) under triaxial stress state enhances understanding of the relationship between these
parameters. Such measurements also help in determining how economically to obtain these
properties using MWD/LWD (measurement while drilling/logging while drilling) data. .

During the drilling process, the earth-model and the total potential wellbore stability
madel are updated with real-time measurements while drilling (MWD) and/or using wireline logs
or any other rechniques for determining static and dynamic rock properties. The capturad MWD
and/or wireline data or data abtsined from any other techniques is processed in resl-time and this

-
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data is converted into input parameters for the wellbore stability model. The input parsmeters are

thus calibrated with MWD and/or wireline daz or dats obtained from other techniques. The

calibrated input parameters are then used in & wellbore stability model along with the laborstary
time-dependent measurements.

For a given set of input parameters the wellbore stability model provided in Figure
1B can perform in three modes of analysis. These are briefly described below:

o Safe mud weight window prediction -~ Results obtained from this mode provide the
upper and lower limit for a safe mud weight for a given composition of the drilling fluid
as a function of the hole inclination angle and orientation. The upper limit in this case is
the mud weight above which extension fracturing or fracture propagation would oecur
and would result in excessive drilling fluid Josses, The lower limit is set by formation pore
pressure or the minimum mud weight required to prevent borehole collnpl'e, whichever is
greater, In this mode, chemical and thermal interaction between the formation (mostly
shale) and the drilling fiuid can be incorporated.

o Optimum chemicsl composition prediction (OBM) — In this mode of analysis the model
provides the optimum chemical composition of the drilling fluid for a given mud weight,
hole inclination and direction. In the absence of labomatory derived shale pore fluid
potential, in-situ shale pore fluid potential can be predicted using a sub-module.

« Optimum chemical composition of drilling fuid prediction (OBM) followed by mafe mud
weight window prediction -~ The model in this mode first optimizes the chemical
composition of the drilling fluid for the actual (i.e., utilized currently in the field) mud
weight followed by a prediction of the safe mud weight window as a function of hole
angle for a given direction.

All three modes have access 10 an empirical rock strength estimation module, as shown in

Figure 1A

The predictions from the wellbore stability model are sent to a visualization module

(typically graphing of results) based on one of two types of activities—6icki implementation or

feedback, as shown in Figure 1A—t0 be executed. These activities provide feedback into the data

collection, processing and interpretation process and field implementation of the wellbore stability
model results, as shown in figures 1A and 1B.

Wellbore Stability Moded

The rationale for the wellbore stability mode! (total potential model) is as follows:

A3
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The fundamensal direct and coupled flow phenomena, induced hydraulic gradients, chemical
potential, electrical potential gradients and temperature gradients all influence rock properties and
wellbore or formation stability. In most practical cases, however, the fiow phenomena induced by
the hydraulic gradient (.., mud filtrate invasion driven by overbalanced mud weight) and the
chemical potential difference between the drilling finid and shale {or formation) pore fiuid (e.g.,
osmotic or diffusion transport of water molecules and/or ions and/or (hydrated) solutes in and out
of the shale, electrical potential, thermal potential, etc.) sre generally considered 1o be the more
relevant driving forces for formstion (in)stability. At any given time during the drilling operation,
the (in)stability issue is ultimately coatrolled by the relationship between the borehole streas-siste
and the rock strangth. As the rock strength is inversely related to the water content of the shale
(or of the formation of interest), modification of pore pressure is & fundamental parameter in
thering the effective siress-state around the wellbore. Adequate mud weiglht density is also
needed for borehole stabifity.,

The model used in the method of this invention is preferably based on well-esiablished
modeiing principles such as described in Mody, FK. and Hale, AH.: "A Borshole Stability
Model To*Couple the Mechanics and Chemistry of Drilling Fluid/Shale Interaction”, paper SPE
25728, 1993 1ADC/SPE Drilling Conf., Amsterdam, Feb. 23-25, 1993; Bradley, W.B.: *Failure
of Inclined Boreholes”, J. Energy Res. Tech (Dec. 1979) 232: Trams,, AIME, 10}; Tare, UA,,
and Mody, FX.: “Novel Approach to Borehcle Stability Modeling for ERD and Deepwater
Drilling", paper SPE 52188, 1999 SPE Mid-Continent Operations Symposium, Oklahoma Cty.
USA, March 28¥31, 1999; Tan, CP., tt al: “Integrated Rock Mechanics and Drilling Fluid
Design Approach to Manage Shale Instability”, paper SPE 47259, SPE/ISRM Eurock ‘98,
Trondheirn, Norway, Jul 8-10, 1998; and Ghassemi, A., et al: “A Solution for Stress Distribution
Around An Inclined Borehole in Shale”, paper No. 043, Int. J. Rock Mech. Min. Sci. Vol. 35,
No. 4/5, p.538-540, 1998, which are all incorporated herein by reference.

The first two of these references listed above have pertinent theoretically derived
solutions to the model. The model incorporates chemical potential effects using the
difference in the molar free energies (i.c., activity) of the drilling fluid and the shale pore
fluid. Also incorporated in the model is the concept of reflection coefficient, o, as discussed
in Staverman, AJ.: “Theory of Measurement of Osmotic Pressure™, Recueil des Travaux
Chimiques des Pays-Bas, v.70, pp 344-352, (1951), incorporated herein by reference. The
temuperature difference between the formation and the drilling fluid dicectly affects the near-
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wellbore stress concentration. The mode! utilizes this temperature difference and calculates
the effect of thermal stresses on the near-wellbore tangential stress where significant.
Experiments

Pore Pressure Transmission (PPT) Tests

The Pore Pressure Transmission (PPT) experiment has been designed to study time-
dependent alterations in shale properties as a function of drilling fluid exposure. A schematic of
this test is shown in Figure 2. The experiment consists of confining well-preserved shale cores or
outcrops, under geostatic streas and then circulating {under confined dynamic conditions) test
fluids at the upstream side while measuring changes in the downstream pressure. The upstream
pressure may be incressed to simulate overbalance conditions representing downhole conditions.
Typically duting s drifling operation, hydraulic overbalance is maintained to provide the formation
with net radial support. The downstream pressure indicates changes in the sample pore pressure
at some distance into the wellbore.
Experimental Setup (or PPT Tests

The experimental setup consists of a jacketed steel pressure vessel with built in pressure
ports, connections and acoustic transducers. The sample (1 in. x 2 in) is jacketed with a Teflon
membrane after six extension-meter strain gauges are applied to measure the ssmple deformation.
The entire assembly is placed in a temperature regulating device to ensure adequate control of the
experimental temperature.
Sumumary of PPT Test Procedure

A shale sample ia equilibrated st & hydrostatic confining pressure P (e.g. 500 pai), under
external fluid preasire pe (e.3.,, 50 psi) on both ends, and at the specific test temperature. Fluid
pressure is applied with simulated pors fluid. Once saturation is achieved, the upstream pressure
Ihnisdond.ﬂwcmﬁlﬁngprweisﬂmhuuadmthemqlﬂdbvdformmﬁdlﬁmiﬁ
le.s., 4000 pai). The system remains closed until the pressures at both the sample ends have
stabilized. Upstream and downstream pressure is allowed to stabilize and equilibrate.

Upon stabilizetion of the pore pressure, the sample is allowed to consolidate. The
downstream pressure of the sample is monitored.

After the pressures et both ends have stabilized, the pore fluid is replaced with s drilling
fluid that is circulated a2 a constant pressure. The transient pressure behavior, sonic compression
and shear travel times, redial and axial deformation, tempersture, and circulation rate are

A
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monitored.
PPT Test Details -

The PPT tests provide a database including shale responses 1o various drilling fluids and
salt solutions. For example, the PPT tests provide meaningful membrane efficiency numbers,
allow for the study of mare complex interaction between shale and drilling fluid to validate,
verify, or confirm existing chemical potential poroelastic models, enable calibration of the shale
response to known drilling fluids for optimum application in the field, and demonstrate
simultaneous daa acquisiion of various responses to provide detailed shale propeny
characterization as a fanction of drilling fluid exposure.

The three eample fluids tested were a 20% w/w sodnun chloride sait solution, a sodium
sllicate system comprising 20% w/w sodium chloride, and a polymer in solution comprising
20% wiw CaCl salt and 2% KC) salt. [t is important to establish s basefine of ths shale response
to the cation or cations that would be included in the drilling fluid systern. Such a baseline helps
in identifying or isolating shale alterations due to cation exchange. In addition this baseline heips
differentiate, to a certain extent, the effects of the base salt solution and the effects of other shals
modifying additives (e.g., silicates, polymers like partially- hydrblyzed poly-acrylamide,
amphoterics eto.). '

Discussion of Results

Based on the transient pore pressure response of Pierre I shale exposed to the test fluids,
the sodium silicate solution comprising 20% w/w NeCl showed higher membrane efficiency
numbers than the 20% w/w NaCl solution and the polymer in solution comprising 20% wiw
CaCla salt and 2% KCI salt (epproximately 60% efficiency versus approximately 10% efficiency
and approximately 5.30% efficiency respectively). .

Figures 3, 4 and 5 show the time dependent transient pore pressure response of Pierre Il
shale when exposed to a 20% w/w NaC! solution, a sodium silicate system comprising 20% w/w
NaCl and a polymer in solution comprising 20% w/w CaCh salt and 2% KCl salt,
respectively. The saturating fluid (simulated pore fluid) in all cases is 8% w/w NaCl solution. The
shale acoustic (compressional and shear wave) response during the entire experiment for the 20%
wiw NaCl solution is shown in Figures. 6 and 7. Figures. 8 and 9 provide the corresponding
acoustic (compressional and shear wave) response of Pierre II shale when exposed to the sodium
silicate solution comprising 20% w/w NaCl. Figures 10 and 11 provide the acousic
(compressional and shear wave) response of Pierve I shale when exposed to the polymer in

10
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solution comprising 20% w/w CaCl; salt and 2% KCI salt. One example rock property. the
dynamic Young's modulus (E) {reflecting rock elasticity), calculated from the above scoustic data
with respect 1o the three solutions is shown respectively in Figures. 12, 13 and 14. Each of the
Figures 3-14 indicates the three stages of the PPT test, First, the shale is saturated with 8% wiw
NzCl (simulated pore fiuid), second, 8% wiw NaCl is circulated until equilibrium; and third, the
shale is exposed 1o the test fluid.

Table | provides transient pore pressure data and corresponding calculated membrane
efficiency in tabular form for the test fhids when exposed to Pierre II shale.

TABLE |-MEMBRANE EFFICIENCY CALCULATION

Test Fluid Awn Awy APapsi  APegpsi 6,%
APayld Pra
20% w/w NaCl solution 083 095 2685 270 10.05
Sodium silicate solution 083 095 2685 1604 59.74
comprising 20% w/w NaCl
Polymer solution comprising 078 095 3920 208 5.30
20% w/w CaCh salt and 2%

KCl salt

where APu, refers to the difference or change in theoretical pressure and AP.y refers to the
difference or change in experimental pressure,

The well known concept of “reflection coefficient™ (i.c., membrane ideality) may be
used for “leaky systems™ including water based mud (WBM)/shale (or other formation) type
systems for formation stability applications. For WBM/shale systems, membrane efficiency is
not a clearly defined tevm (e.g., as an oil film on shales present in invert oil emulsion
systems). The membrane efficiency of formation-fluid systems is due to 8 difference in
mobility of walter and solutes (ions) in shales. Thus membrane efficiency can be defined as:

Py i (1)

If only the movement of water is allowed and all the solutes are rejected, the
membrane is ideal semi-permesble { 100% membrane efficiency or g=1). However, for shales,
the mobility of solutes is lower than that of water and the membrane is “non-ideal” or
“leaky”. 0<g<l. A non-ideal membrane does not entirely restrict the transport of solutes.
Membrane efficiency (“reflection coefficient™ has a relationship with al least two key
paramstess of the WBM/shale system, i.e_, the average ‘effective’ shale pore radius snd the
radius of hydrated ions present in the drilling fluid system.

\\
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A mathematical representation to describe the driving force for the movement of
water by an osmotic mechanism and one way or means of estimating membrane efficiency
directly is shown in the following equation:

(-EL- :h(ii-]- t(e xAP,)wtax(P-Pp) @

¥ A

where Awy is the water activity of the drilling fluid, which can be estimated a number of
known ways, most notably, by partial vapor pressure determination, boiling point elevation,
or direc:tly using & hygrometer; Aw, is the water activity of the shale pore fluid and can be
measiired (for preserved shale cores) by partial vapor pressure determination; Pp is the far-
field pore pressure; P is the near wellbore pore pressure, and g is the membrane efficiency
term, or “reflection coefficient”, specific to a shale/drilling fluid system.

Further discussion of the calculation of membrane efficiency may be found in
references Mody, F.K and Hale, AH.: “A Borchole Stability Model To Couple the Mechanics
and Chemistry of Drilling Fluid/Shale Interaction”, paper SPE 25728, 1993 IADC/SPE Drillipg
Conf., Amsterdam, Feb. 23-25, 1993, and Staverman, A.L.: “Theory of Measurement of Osmotic
Pressure”, Recuei] des Travaux. Chimiques des Pays-Bas, v.70, pp 344-352, (1951), which are
incorporated herein by reference.

While the membrane efficiency for a 20% w/w NaCl solution when exposed to Pierre
[T shale is 10.05%, and the membrane efficiency for a polymer in solution comprising 20%
wiw CaCla salt and 2% KCI salt when exposed to Pierro II shale is 5.30%, the membrane
efficiency for sodium silicate systems is significantly higher at about 60%. For reference, an
oil-besed mud has a theoretical membrane efficiency close to 100%. Following the response
of a sodium silicate solution with 20% w/w NaCl, the shale pore pressure decreases as a
function of exposure time to the solution. Comparing the results among the three test fluids
indicates that, when membrane efficiency numbers are significantly higher, drilling fluid water
activity that is lower than the shale pore fluid activity tends to reduce pore pressure and
thereby contributes towards reducing near-wellbore cffective stresses on a time-dependent
basis.

Acquisition of acoustic data simultaneously with exposure of the rock to drilling fuid, in
the field and in the PPT tests provides usefisl data to calculate dynamic changes in the rock
propertics, changes that may be s result of that exposure. Comparing Figures 12, 13 and 14
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shows changes in the dynamic Young’s modulus as a function of trensient pore pressure. Young's
mochilus, which is 8 measure of the stiffness or elastic properties of a rock, is but one example of
2 rock propesty. Similar computations can be made for dynamic Poisson’s mtio and other rock
properties derived from sonic date. In the example, when shalo is exposed to 20% w/w NaCl
solution, the effective streas changes from 2105 psi immedistely sfter displacement 10 2375 psi
when the transient pore pressure has reazhéd its lowest pdint (Figure 3). For the case when Pierre
O shale is exposed to the sodium asilicate fluid the effective stress increases from 850 psi
immediately after displacing the simulated pore fluid with the test fluid to 2464 psi at the lowest
point on the transient pore preasure curve (Figure 4). Inherent changes in effective stress can be
observed from velocity data. For example, comparing Figures 6 and 10 with 8 shows a dramatic
change in the compressional wave sonic velocity when the shale is exposed 10 the two test fuids.
Similar observations can be made for the shear wave velocity profiles by comparing Figures. 7
and 11 with 9. These comparisons provide additional means of observing transient pore pressure
in the shales as a finction of test fluid exposure.

This tee example shows that mud systems should be calibrated, prefersbly with shale
cores under in-situ conditions. PPT tests can provide meaningfid membrane efficiency numbers
which can then be used in a wellbore stability model for a realistic analysis. Additionally, a time-
dependent chemical potential related shale transient pressure can be obtained, which can be used
to analyze exposure time related borehole deterioration observed (based on the nsture of the
curve),

Inpu m fi =Time Wellhore

Table 2 provides a list of input parameters for real-time borehole stability analysis

according to the method of the invention and the possible sources where the data needed for

the analysis can be obtained. The input parameters can be divided into five categories. These
are;

a) Insitu Stresses.

b) Formation Data.

c) Well Path Data.

d) Drilling Fluid.

e) Rock Strength.

Each of the above categories can be further sub-divided into individual subcategories. The

possible sources for obtaining information for each input parameter subcategory are provided

13
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in Table 2 (under the column heading Possible Source). The Input Parameters categories are
discussed below:

() In-situ Stresses - These stresses affect the mud weights used to drill a borehole, When
the stresses are higher than the rock strength failure occurs. The principle stresses control
both fracturing as well as the collapse mode of wellbore failure, There are three principle
carth stresses, The in-situ stresses are the mmimum horizontal stress, maximum horizontal
stress and the overburden stress. In a normal faulting environment such as that typically
found in the Gulf of Mexico (away from any tectonic activity), the minimum horizontal siress
is the least principle stress, the maximum horizontal steess is the intermediate principle stress,
and the overburden stress in the maximum principle stress. The major source for obtaining
magnitudes of the least principle stress in formations is by pressurn testing in open boreholes.
Information can be obtained from tests such as a lcak-off test, extended leak-off test, mini-
frac test, etc. Direction of the intermediate principle stress is obtained by measuring the
location of borehole ovality (break-outs), the magnitude is estimated by back-calculating the
break-out width for a given intermediate stress and the other two principle streases, pore'
pressure-and the rock strength. Comparison is made botweon the egtimated and the actual
observed breakout width. The overburden stress is typically obtained from an integruted bulk
density log, by the actusl messurement of drilled cuttings, etc.

(b) Formation Data — This data can be categorized into four sub-categories: temperature,
rock properties; shale or pore water salinity; and pore pressure. Formation data is different
for different formations. The formation tempersture is typically estimated by running
temperature measurement while drilling tools, infra-red techniques, ¢ic. Rock properties are
obtained either by direct measurement of actual cores in the laboratory or by empirical
correlations based on wellbore measurements. Rock properties aid in modeling deformation
behavior of specific formations. Shale activity or pore water salinity is used to estimate the
chemical potential of the formation. A difference in potential between the drilling fluid and
formation induces flow phenomenon from one to the other, i.e., flow occurs from higher
potential to the source that contsins lower potential, Ol_m_ouc fnembrane, efficiency and the
osmotic pressure are based on shale water activity. Shale water sctivity can be abtained from
log based empirical correlations as provided in Table 2 or by actually measuring the relative
humidity of a well preserved shale core in the laboratory. Pore pressure is critical information
for drilling a well. Pore pressure sffects the minimum mud weight used to drill and is related

PPV IR FRLIS Py PRV Y ETRTYD
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to total potential of the formation. Pore pressure is typically obtained from pressure build-up
tests like drill-stem testing and repest formation testing, as well as from empirical
correlations using log and seismic information.

(c) Well Path — Drilling data includes well trajectory information like hole angle, well
azimuth and other associsted information on geology like presence of faults and other
structures. Case histories of successful mud programs will also be a part of the drilling data.
(d) Drilling Fluid ~ This category includes three sub-categories. The drilling fluid density
(Mud weight) can be captured in real-time (while drilling) by means of & pressure while
drilling (PWD) tool. Accurate information of mud weight is necessary to ensure wellbore
stability. Field and laborstory densitometers may suffice if downhole tools measuring mud
weight are not installed. Drilling fluid activity is 8 measure of the chemical potential of the
drilling fluid. A difference in the activity of the drilling fluid and the shale pore fluid would
induce osmotic fluid flow in the presence of & semi-permeable membrane. Drilling fluid
activity can be measured directly using & hygrometer or a relative humidity meter or
indirectly by for example estimating solute concentrations in titration experiments.
Membrane efliciency is a critical parameter that determines the effectiveness of a semi-
permeable membrane to allow only the transport of fluids relative to the transport of solutes.
Membrane efficiency of a drilling fluid — shale formation system can be estimated by
laboratory measurements in & pore pressure transmissions test (PPT) apparatus. Time lapsed
measurements of shale properties of shales exposed to drilling fluids in a borehole can also
lead to membrane efficiency estimations. Pore radii along with sofute sizes and concentration
may provids altermate ways of estimating membrane efficiency.

(e) Rock Strepgth - Rock strength can be differentisted between two types-the
compressive strength and the tensilo strength. Rock strength is & critical input parameter
along with the stresses and can be defined by various failure models. The existing real-time
welibore stability process includes but is not be limited to failure models such as the Mohr-
Coulomb Failure Criterion, Drucker-Prager model, Modified Lade Criterion, Hoek and
Brown Expression, Johnston and Chiu Model, Peak Strength Criterion, Uninxial
Compressive Strength limitation, etc. Ideally direct measurements of stress versus strain on
well-preserved core samples in the laboratory in a poly-axial cell is preferred. In the ahsence
of core samples various tests on drill cuttings and empirical correlation's using log data can
provide rock strength estimations For example if the water content of the shale can be

15
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estimated then a proprietary empirical comrelation that uses water content and shale
composition can be used to estimste rock strength.
Therefore,

Rock Strength « f{Shale Property)

For exampie, Shale Property = Water content or Brincll Hardness or Castion Exchange
Capacity or Porosity etc. '

The numbers in Table 2 below have the following meanings:
X-ruy Analysls of cuttings.
Nuclear Magnetic Resonance (NMR) logs (Wireline and/or MWD).
Resigtivity/Conductivity logs (Wirelina and/or MWD)
Mud Logs
Pressure and Sampling tools like drill stom tesing (Wireline and/or MWD) and repest formation testing
(RFT) tools.
MDT
Spomtaneous Polarization (SP) Curve Jogs
9. Sgismic processing/Vartical Seismic Profiling (VSP) techaiques.
10. Pore pressure ahead of the bit techniques.
11, Pressure While Drilting (PWD) logs (MWD).

omoa W N

P~

12, Empirical and analytical models using drilling fluid rheology, presmure, cuttings accumulation and

temperature.

13, Leak-off test (LOT), Extendex] Leak-off Test (XLOT), Minifruc tests, Microfine Tests, Formation
Integrity Tests (FIT), Casing lutegrity Tests (CIT).

14, Aneclagtic Sirain Recovery (ASR) Techniques (including tests performed on cores and downhole)

15. Regional bulk density trends.

16, Integrated bulk deasity logs (Wircline andior MWD)

17, Acoustic, four and xix arm Caliper logs (Wireline andior MWD), information on breakout angles,
breakout volume and breakout length, eic.

18. Formation Evaluation (FE) Loga (Wireline and/or MWD)

19. Temperstwse logs (Wireline and/or MWD)

20. Neutron source (Nuclear) or Gamme-ray logs 1ike neutron-slow-newtran logs, Douhle- ar Multiple ~

Spaced Neutron (MS Neutron Curve) ~ Dual-Spacing Newtron Curve, Flowing Neutron Log (Nuclear
Flolog - Lane-Wells), eic. (Wireline and/or MWD)

21, Formation Imaging logs (Wirsline and/or MWD).

16
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Tuble 2. List of input parameters for real-time wellbore stability analysis and possible sources
where the data required to do the analysis can be obtained:

Pousible Source | lstermediste Parameters | Input Parameter
13, 14, empirical and snalytical methods using log Minimum |!
and regional informaticn like the Daine’s method, Horizontal | N
Eston's technique, Permabaker method, etc. Stress f
15, 16, empirical methods using log information and Overburden |
compaction trends, measurements on drill-cuttings Stress v
14, 17, 21, fauk stability and reactivetion modals, Inequality (magnitude) and Maximum S
direction of horizontal Horizontal |T
wtrosses Stress :
5
L]
E
5
19, Bold measurements like using infra-red Formation tempersture and | Temperature
techniques fiow-line temperature
Laborstory analysis of corvs, measurensxts on Poisson's Ratio, Young's
cuttings, prossure pulsing the well, 2, 3, 5, 9, 13, 14, | Modulus, Thermal r
20 Expansion coefficient, fluid P
o | Rede R
compresibility, rockand | TToPeres | M
fluid bulk modulus, T
Skempton's Pore Pressure + 1
Coefficient, Biots Conmant, 0
e, N
Log based smpirical correlation’s using the following
measurements - 2, 3, 6, and 20. Laboratory D
measurements of shale corvs using testing methods Shale ‘;
like, adsorpticn isotherm method, hygrometar reading Activity/Pore | o
and other rolative humidity measuremants, Water
determination of shals pore water salinity from sand Salinity
pore water salinity overfaying and underlying the
ghales
9, 1,5, Preasure Build-up tests like 6 and 7, 4, 2, 10, | Pore Pressury Gradient
Ratio Mathods, empirical methods using log Pare Pressure
Loggers or Drillers Depth, Reservoir modeling and | Depth, Well trajectory hd
interpretation tools E
Seismic information, drilling data, 18, etc. Geologic information 'i
(presence of faults and types | Drilling Data
of fauhs) p
Case history for a local well wheee no or vary fow Successfil mud programs A
problems were seen T
[ |

17
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11,4,12 Static and equivalemt Mud Weight | D
a circulating density. R

Laboratory titrstion experiments Like the Baroid ' Drilling Fluid | !
method and tha AP mathod, drilling fuid daily Activity |
| roports v
Laboratory testing of presarved shale cores using Tims dependent changes in L
wmmhhﬂnl'ou?mn'l‘mlm formation watsr coment, c
{PPT) towt, Linsar Swell Mater Tests, messuring porosity, resistivity, scaic Membrane
changes in formation properties using field valocity snd travel time, Efficiency | F
information like, 2,3, 5,9, 13, 16,17, 18, 19,20 formation ity, etc. L
Microscopic Imaging Techniques, Physical Intrusion | Pore radii and distribution, u
Techniques like mercury injection, and nuclear solute/water relative !
techmiques stich as using nuclsar magnetic rescusnce | mobility D
tecimiques (laboratory or wireline or MWD), 2

1,2,3,4,58918 Clay Content and Formation

Type

3, 4, Di-adsorpticn methods such as Mathylene Blue | Cation Exchangs Capacity

Tests or Compulsive Exchange Methods liks the {CEC)/Surfaca Area, lonic

barium chloride compulsive exchange method Strength Modificstion ROCK

! s STRENGTH
2,3,4,5,8,10,15, 16, 18,20 Formstion Water ’
&y A
Laborstory analysis of cores, empirical correlation's '
using the following sources - 1,2, 3, 4,5, 17,18, 20

I-

In applying the method of this invention, at least some understanding of the drilling
fluid/formation imeraction should preferably be obtained prior to applying any total potential or
wellbore (in)stability model for a reak-time drilling operation. A Pore Pressure Transmission (PPT)
test or any other relevant test can be used to estinate the impact of a drilling fluid on the
formation properties iLe., including but not mited to transient pore pressure, water content,

electrical properties, acoustic properties, etc.

Changes in the shale stress due to alterations of the sbove mentioned properties can be
obtained from the simultaneous acquisition of sonic compression and sheer weve velocity data. A
time-dependent total potential related shale transiem pressure obtained from the PPT can be used

10 address issues where exposure time reiated borehole deterioration is observed.

The foregoing description of the invention is intended to be a description of preferred
embodiments. Various changes in the details of the described method, including without
limitation details concerning the wellbore stability model, can be made without departing

from the intended scope of this invention as defined by the sppended claims.
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We claim:

1. A method employing drilling fluid for drilling a wellbore penetrating a subterranean
formation, said method comprising real-time monitoring of the stability of said wellbore
using a wellbore stability mode! during said drilling of the wellbore,

2, The method of claim 1 comprising:

(2) obtaining preliminary values for mud weight and chemical composition of said
drilling fluid using said wellbore stability model;

(b) measuring acoustic, sonic, electrical, thermal and transient presgure responses of
the formation; _

(c) calibrating said wetlbore stability model with said measurements; and

(d) obtaining values for drilling mud weight and chemical composition of said drilling
fluid using said calibrated wellbore stability model.

3. The method of claim 2 wherein said chemical composition values comprise values for
salinity.

&
4. The method of claim 2 further comprising repesting steps (b) and (d) during drilling
of said wellbore.

5. The method of claim 2 further comprising adjusting said drilling mud weight and
salinity of said drilling fluid based on said values obtained with the calibrated wellbore
stability model.

6. The method of claim 2 wherein said formation comprises shale.

1. The method of claim 2 wherein the measurements of step (b) are taken
simultaneously during drilling of the wellbore in said formation.

8. A method employing well service fluid for servicing 8 wellbare penetrating a “
subterranean formation, said method comprising real-time monitoring of the stability
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of said wellbore using a welibore stability model during said servicing of said
wellbore.

9. The method of claim 8 comprising:

(8) obtaining preliminary values for weight and chemical composition of said well
service fluid using said wellbore stability model,

(b) measuring acoustic, sonic, electrical, thermal and transient pressure responses of'
the formation;

- {c) calibrating said wellbore stability model with said measurements; and
{(d) obtsining values for the weight and chemical componsition of said well service
fluid using said calibrated wellbore stability model.

10. A method for enhancing the recovery of hydrocarbons from a hydrocarbon bearing
formation employing enhanced recovery fluids, said method comprising real-time monitoring
of the stability of said formation using a wellbore stability moded during said enhanced
recovery. ¢

11, A method for producing hydrocarbons from a hydrocarbon bearing formation while
monitoring the stability of said formation, said method comprising real-time manitoring of
the stability of ssid formation using a wellbore stability model during ssid production.

12. A method for maintaining stability of a wellbore penetrating a subterranean formation
during drilling or well servicing operations, or during production or enhanced recovery
operations, using fluids introduced into said wellbore to facilitate said operations, said
method comprising:

estimating characteristic properties of the formation;

estimating in-situ stresses in the formation,;

estimating or determining characteristic properties of said fluids;

estimating the rock strength of said formation;

conducting at least one pore pressure versus time laborstory test based on said
estimations of fluid properties, formation properties, and rock strength;

employing results of said test, said estimations of formation properties, in-situ

: 20
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stresses, rock strength, and said fluid properties in a wellbore stability model;

using results from said mode! to adjust estimates of said formation properties, in-situ
stresses in the formation; and rock strength to update said wellbore stability model or using
results from said model to adjust the properties of said fluids to maintain or enhance said
rock strength;

continuing during said operations to estimate or measure characteristic properties of
the formation and of mid fluids during said well operations and continuing to repeat or
update on a real-time basis the estimates of m-situ stresses and rock strength based on said
properties;

continuing to update the wellbore stability model and continuing to adjust on a real-
time basis the properties of said fluids as needed to maintain or enhance said rock strength
during said operations.

13.  The method of claim 12 wherein at least the weight and salinity of said fluids are
adjusted in accordance with results from said wellbore stability model.

14.  The method of claim 12 wherein said charactesistic properties of the formation which
are measured during said wellbore operations comprise acoustic, sonic, electrical, thermal,
and transient pressure responses of the formation.

15. A method for maintaining stability of a wellbore penetrating a subterranean formation
during operations comprising drilling, servicing, or producing wells employing fluids
introduced into the wellbore to facilitate said operations, said method comprising monitoring
on a real-time basis the interaction of said fluids on said formation and making adjustments in
the properties of said fluids 10 maintain or enhance the strength of said formetion in comact
with said fluids.

16.  The method of claim 15 wherein monitoring of said interaction comprises taking real-

time measurements of properties of the formation and using same in & wellbore stability
model.

17. The method of claim 16, further comprising using results from said wellbore stability

21
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model in making said adjustments in the properties of said fluids.

18.  The method of claim 15 employing at least one pore pressure versus time [sboratdry
test and wellbore stability modeling in making adjustments in the properties of said fluid.

19. A method for monitoring the interaction of a subterranean formation with fluids
injected into or circulating io 8 wellbore penetrating said formation, said method
comprising:

constructing an earth-model of the formation adjacent or near the wellbore;

predicting suitable fluids for use in said wellbore;

conducting lsboratory experiments to ascertain time-dependent formation behavior in
the presence of said predicted suitable fluids;

measuring rock properties in said experiments;

calibrating a wellbore stability model based on ssid measured rock properties;

injecting or circulating said fluids in said wellbore; ’

~ measuring real-time siatic and dynamic rock properties while said fluids are in said

wellbore;

updating said wellbore stability model with said real-time measurements;

adjusting the properties of said fluids as needed to maintain wellbore stability
according to said model.

20.  The method of claim 19 wherein said real-time measuring of rock propesties and said
updating of the wellbore stability model are repeated during said injecting or circulating of
said fluids in said wellbore enough times that the interaction of said subterranean formation
with said fluids may be monitored on a real-time basis.
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ABSTRACT

A realtime method is disclosed for maintaining subtervanesn formation stability through
monitoring the interaction between the formation and fluids introduced into {or produced from ) a
wellbore penetrating the formation. The method employs real-time wellbore (in)stability logging
methodology. The method is exemyplified by 2 Pore Pressure Transmission (PPT) teat. In such
test, test fluids are exposad to Pierre 11 shales (20% wiw NaCl solution and sodium silicate fluid
with 20% w/w NeCl, for example) in & PPT apperatus. Membrane efficiency of the two fluids
when exposed to the outcrop shale is calculated, and based on the simultaneous acquisition of
acoustic dats, estimation of a dynamic rock property is mada. Calibrating representative shals (or
other formation) core response to drilling fluids (or well service fluids, enhanced recovery fluids,
or production fluids) under realistic in-situ conditions sids in accurstely modeling for time-
dependent formation (in)stability in the field for the entire fife of the wellbore, from drilling,
completion and through production.
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Internationat applicwtion Na.- intarnatiansl fling date {day/monthiyear)

PCTAUS01/18134 05 June 2001 (05.06.01)

D the apphcam

the inventor

1. Tha following indicstions appasrad on record conceming:

E the ppent

D the scomman representistive

Name snd Addrass

TRIPP Karen, B,

Suite ﬁ
1100 Louislana Street
Houston, TX 77002
United Statas of Amnrlca

D the parson D the nama

Biata tional " Stnte of Residence |
Telephone No.
(713) 858-9323

Facalmlio No.
(713) 658-9410 ¢

" Teleprimer No.

[[] thenstonaity [T the rasigence

Name and Addrass
TRIPP, Karen, B
P.O. Box 1301
Houston, TX 77251-1301
United States of America

3. Further obaarvations. if necasaary:

4. A copy of this notification has hesn sent to:

IE the 1ecaving Office
D the internstional Searching Authornty

D the Intesnational Preliminary Examining Authonty -~

m

4 Tha International Buresu heraby notifies the applicant that the {ollowing change has been racorded concarning:

E the address

“Surte of Nationallty

State of Residence

[ Telaphana No,
(713) 658-937

Facalmiie No.
{713) 658-3410

Yelsprimer No,

[[] tne cesignated otiicas concerned
[] the stected Officen con

D ather:

The Intermnational Bureau of WIPD
M, chamin dea Colombattos
1211 Geneva 20, Switzeriand

Facsimile No.: (41:22) 740.14.36

Authorized offiosr
R. Chram

Telephons No.: {41-22) 338.83.38

Form PCTAR/AI0A (March 1084)

712268
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PCTAJS01118134

PATENT COOPERATION TREATY

From the INTERNATIONAL BUREAU

PCT Yo
NOTIFICATION OF RECEIPT OF
TRIPP, Karen, B.
RECORD COPY Suite 2890
1100 Louisigna Street
{PCT Rule 24.2(a}) Houston, TX 77002
ETATS-UNIS D'AMERIQUE
Date of mailing |day/monthivear)
18 July 2001 {16.07.01) IMPORTANT NOTIFICATION
Applicant’s or agent's fiis reference International applicstion No.
HALB:006 PCTAUS01/18134

detailud below.

Imemational filing date
Priority dateis) clsimed

Date of receisn of the record copy
by the internationsl Burary

List of designatad Offices

EA :AM,AZ.BY,KG,KZMD,RU,TJ,TM

UZ,VN,YU,2A.ZW

[ oeipr e s ke

ATTENTION

Namaeis) of the apphicant(s) and State(s] for which they are applicants:

HALLIBURTON ENERGY DEVICES, INC. {all.designated States} . ... . .
05 June 2001 {05.08.01)
06 June 2000 {06.06.00}

28 June 2001 (26.06.01)

The applicant is hareby notifled that the Internations! Buresu has received the record copy of the international application as

' L

AP :GH,GM,KE,LS,MW,M2,SD,SL,52,TZ,UG,ZW

FP -AT,RF,CH.CY,DE,DK,ES,FI,FR,GB,GRIE,IT,LU,MC,NL,PT,SC,TR

OA :8F,BJ,CF.CG,CI,CM,GA,GN,GW,ML,MR,NE,SN,TD,TG

National :AE AG,ALAM,AT,AU,AZ,BA BR,BG,BR.BY.BZ,CA.CH,CN,CO,CR,CU,CZ,DE,OK,DM,DZ,
EE,ES,FL,GB,GD,GE.GH,GM,HR,HU,ID,IL,IN,iS,JP,KE.KG KP,KR,KZ,LC,LK,LR LS LT,LULY,
MA,MD,MG,MK,MN,MW,MX,MZ,NO,N2,PL,PT,RO,RU,SD,SE,SG,S,SK,SL,T), TM, TR, TT,TZ,UA,UG,

PN WRRT Ay W e Rl N IL R SRR Tt T LrF 2 BT L R L T S L g R R

‘The applicam shouid carefully check the dats appearing in this Notification. In case of any discrapancy between thase data
and the indications in the intammational application. the apphicant should immedistely inform the Internationsl Buresu.

in addiion, the applicent’s stention is deswn W the information contalned in the Annex, relating 1o:
E fima limits for antry into the national phesa
E confirmation of precavtionary designations
E raquiremaents regarding prlorikty documenis

A copy of this Noirhication 15 being sant 1o the receiving Office and to the Internstional Searching Authority.

The Intamnutional Bureau of WIPQ Authoraed officer:

34, chamin des Colombattas

R. Chre
1211 Geneva 20, Switeriand

Facaimils No. {41-22) 240.14.35

Telaphone No. (41-22) 338.83.38

e

Form PCTAR/A0 (July 1868

\\04168682
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imarmational application No.

ANNEX TO FORM PCTN8/301 PCT/US01/18134

INFORMATION ON TIME LIMITS FOR ENTERING THE NATIONAL PHASE

The applicant ls reminded that the "national phase™ must be entared before sach of the designated Offices indicated in the
Nmmification of Receipt of Record Copy [Form PCTAB/301) by paying national fees and furnishing translations, as prescribad by
the applicable national laws.

Tha rima limit for performing these procedursl acts is 20 MONTHS from the priority date or, for those designated States
which the applicant slects in 8 damand for internanonal preliminary sxamination or in » later elaction, 30 MONTHS lrom tha
priorny date, provided that the glaction 11 mads befors the aupiration of 18 months lrom the priority date. Some demsgnated (or
clacted) Olficos have lixed time hmas which expire sven Iater than 20 or 30 months from tha prionty date. in ather Othees an
extension of ime Or grace period, in somas cases upon payment of an additional fes. is available.

in addhtion to thuse procedurs! acts, the applicant may siso have 10 comply with othar special requirements applicable in
cartain Offices. it is the spplicant's respongibility to ensure that tha Necessary staps 10 #nter the national phase aretakening

umaly fashion. Mom designated Offices do not issus reminders 10 applicams in connection with the entry inta the natlenai
phase,

Fuor detalied brformation about the prooedursl acts to be performed to enter the nationsl phass befare ssch designated
Qffics, the applicable tme limits and posalils extansions of time or gracs poriods, and any other requirements, soe the relevant
Chaptary of Volurne U of thy PCT Applicsnt’s Guide. information shout the requirementst for filing & domand for intarmational
praliminary sxaminstion is set out in Chapter IX of Volume | of the PCT Applicant’s Guide.

GR and ES became bound by PCT Chapter Il on 7 Septamber 1086 and § Septembar 1987, respectively, and may, therafore,
be slscted in & demand or a ister election filsd on or aftar 7 September 1988 and 8 September 1887, respectively, regardiess of
the filing date of the internatians! application. (Ses second paragraph above.)

Note that only an 'spplicant'wha is a national or resident of a PCT Contracting State which is baond by Chagrer @ his
the right 1o fils » demand for intermational preliminary examination.

CONFIRMATION OF PRECAUTIONARY DESIGNATIONS

This notificatien fists onjy specific designations mads under Ruls 4.8{s) In the request. it is iImpsimant 1o check that thess
designations are correct. Errors in designations can be corrected wihere precautionary datignarions heve been mads undar
Rule 4.8(b). The applicant 1z hareby reminded tnat any presautianary designations may be confirmed according to Rule 4.8(c)
bafore tha expiration of 16 manths fram the priority date. I 1t is not confumed, it will aytomatically be regarded as withdrawn
by the applicant. There will ba na reminder and na invitation. Confirmation of 8 designation consists of the filng of a notice
specitying the designated State connerned {with sn indicatian of the kind of protection of treatment desired) and the payment
af the designstion and gonfirmation fees. Confirmation mum resch tha receiving Office within the 16-month time limp.

REQUIREMENTS REGARDING PRIORITY DOCUMENTS
For applicants who have not yet complisd with the requiremants ragarding priority documents, ths foliowing is recatied.

Vihers the priority of an earller national, regional or imernational application is claimad, tha applicant must submit & copy
Mmmmmum withimhiok itevaadiled thagrioritwdocumapt?) to the ressiving Otfice
{which will tranamit it to the Internations! Bureau) or diractly 10 the intarnational Bureau, befors the expirstion of 18 montha from
tha pnionty date. provided that any such priority document may still be submitted to the International Sureau beforae that date of
international puplication of the wisrnational applhication, in which case that document will be considerad 10 have bagn recaived
by tha International Bureau on the last day of the 18-manth tme mn {Rule 17.1{s)).

Whare the pnorty documnaent is issued by tha racaiving Office, the applicant may. instesd of submitung the prioray
documaent, request the recaiving Offics 10 prepsts snd ttansmit the pnonty dosumant 10 the international Bureaw. Such request

must be made bafore the axpiration of tha 18-manth uma Nmit and may ba subjected by ths receiving Office 16 the paymant
of » lae (Ruis 17.1{b)).

If the priorty document cancernad 15 not submmed 10 the inernetional Bureau or if the request to the raceiving Difice
10 prepale and transmn the priority document has aot haen made (and the corresponding fee. if sny, paid} within the appheabla
tima limit indicated under the preceding paragraphs, any designated State may disragard tha priority clalm, provided that no
designated Office may diaragard the priorty claim concernad belore piving tha applicant an epportunity to fumish the priority
document within g time timit which is reasonabla under the Circumstances.

Whare seversl prionines are claimaed. the priority dats 10 be considered for the purpasas of computing the 16-momth time
hmat 18 the flling date af the sarhast appheation whose priorty is claimed.

Farm PCTABA0Y |Annax) (July 1008)

, 004158547




IN THE UNITED STATES PATENT OFFICE
BEFORE THE INTERNATIONAL PRELIMINARY EXAMINING AUTHORITY

In Re Application of:
International Application No:
Iniernational Filing Date:
Priority Date:

Attorney Docket No:

Title:

Commissioner for Patents
Box PCT

Washingion, DC 20231
Atin: IPEA/US

Halliburton Energy Services, Inc.
PCT/USOL/18134

05 JUN 01

056 JUN 00

HALB:006

REAL-TIME METHOD FOR MAINTAINING
FORMATION STABILITY AND MONITORING
FLUID-FORMATION INTERACTION

TRANSMITTAL OF CHAPTER Il DEMAND

Enclosed is a Chapter Il Demand, a check for the fee for same, and a change of address

notice for the agent.

Date: _|¢ October Joul

Karen B. Tripp

Attormney at Law

P.O. Box 1301

1100 Louisiana, Suite 2690
Houston, Texas 77251-1301
United States of America
{713} 658-9323 - Phone

{713} 658-9410 - Fax
kiripp@tripplaw.com (e-mail)

Respectfully submitted,

I -
" Karen B. Tripp tiﬁ



The demand must be filed directly with the compewnt Inserngtiona! Preliminary Examiming Authoriy or, if two or more Authoriiies arc
with lhe ome chosen By the applicant.  The Jull name or mwo-letter code of that Awthoriy may be inhicared by 1he applicant on the liav

IPEA/ US

PCT . CHAPTER II

DEMAND

under Article 31 of the Patent Cooperation Treaty:
The undersigned requests that the imemarional application specified below be the subject of
nternational prelinunary examination fccording 1o the Patent Cooperation Treaty and
hereby elects oll eligible States [except where otherwise indicated).

For Imemational Preliminary Examining Authority use only

Identificanon of IPEA Date of recerpt of DEMAND

BoxNo.i IDENTIFICATION OF THE INTERNATIONAL APPLICATION m‘:;‘;;“ agent’s file reference
Intemmational apphicuion Na. Imemauonal filing date (dawmeanth/year) (Earliest) Priority daie fdawmonthvyears
PCTAISO1/18134 . 05 JUNE 2004 { 050801 ) | 08 JUNE 2000 { 060600 )

Tille of nvention
Real-Time Methad for Maintaining Formation Stability and Monitoring Fiuld -Formation Intaraction

oy Nu. Il APPLICANT(S)

N address: (Fawmily lowed by ; ' Y ial | Telephone No.
ame and g du.l::v?m::m !ﬂddmll?ml‘: w::ﬁ%nw m;:g!') mlpzhm 3012
Heilliburton Energy Services, Inc. Facgimile No.
10200 Bellgire Boulavard
1 301
Houston, TX 77072-5208 ?025 SDN'E
us - ‘eleprinter No.

Applicant's regumration Ne. with the Office

Stare tehar 13, countryy of nuugnality: State fthat is, couniry; of residence:
us us

Name wnd address: (Fomily nome foliowed by grvea name: jor a legal aniiiy. full official designsiion  The address musi inchede pasml code and

name of roumin )

Swne rihot 15, counirys of nanonality: Siate frhat 13, couniryy of residence:

Name and address lFamEf name followed by given name: for a legal antuy, full officeal designairon  The addrets muni enclude poxial code and
namr of coxein” )

Stme 1ihat 15, countny of nanonahity: Sinze (that i3, couniry; of rendence:

D Further spphicants are indicated on a contmustion sheet.

Form PCT/IPEA/40! (firs1 shect) (March 2001 reprint July 2001) Sec Notes 10 the demand form
LegsiSiar 2001, Form PCTDEM

23



Internanonal apphcation No
Sheei No. 2. PCTAJS01/18134
Box No. {1} AGENT OR COMMON REPRESENTATIVE; OR ADDRESS FOR CORRESPONDENCE

The following petson 15 ageni D comrnon representative
and has been appownted earlier and represents the applicant{s) also for iniemanonal preliminary evamunation

D 13 hereby appointed and any earlier sppointment of (an) agent{s) /common representanive i hercby revoked.
D 18 hereby appointed, specifically for the procedure before the [ntemational Preliminary Examining Authorty, 1n

addstion to the agent(sycommen represenialive appoinied earlier.
. Telephone No.

Namne and address: (Famnly same followed by given name. for a legal eanny. full official

nuld’l‘mn must mcln:a’puulrmﬂnm qu:mou:rl o 713 858 9323
Tripp, Karan B. Facsimile No.
Attormey at Law 713 658 8410
P.0. Box 1301 el -
1100 Louisiana Street, Sullg 2680 eleprinter No.
Houston, TX 77254-1301
us Agent's regimmation No. with the Office

0,452

D Address for correspondence: Mark this check-box where no ‘:rm Or common representative 1s/has been apponted and
the space abave is used insread to indicate a special addresa 1o which correspondence should be sent.

Box No. [V BAS!S FOR INTERNATIONAL PRELIMINARY EXAMINATION

Statement concernlug ame¢ndmentn:*
| The applicsmt wishes the imemnational prelimunary examination to start on the basis of:
the international application as originally filed.
the descripuon ] a5 onginally filed

s amended under Anticle 34
the claims (3]  asoriginally filed
D as amended under Article 19 {together with any accompanying statement )
] s amended under Anicle 34
the drawings as originally filed
G af amended under Article 34

L OV ]

D The applicant wishes uny amendment ta the clayms under Articie 19 10 be cansidered & reversad.

x D The applicant wishes the start of the internsrional preliminary examination to be postponed until the expiration of
20 months from the pnonty date unless the Intemational Prelirunary Examuining Authonity receives @ copy of any
amendments made under Article 19 or a notice from the applicant that he does not wish to make such amendments
{Rule 69.1(d)). Thur check-box may be marked only where the ume limit under Article 19 has not yei expired )

Where no cheek-box is marked, international prelirunary examination will start on the basis of the international application as
onginally filed or. where a copy of amendments to the claims under Amicle 19 and/or amendmenms of the internationa)
apphcation under Article 34 are received by the Intemational Preliminary Eumin:r:’; Authority before i1 has begun to draw up
a wriiten opimon or the international preliminary exanination report, s so amended.

Language for the purposes of \oternational preliminary examinstion: English
which 18 the language in which the intemanonal application was filed
D which 15 the language of a translation furmished for the purposes of international search
D which 12 the language of publication of the :nternanional application,
D which s5 the language of the translatian (to bel furnished for the purposes of international preliminary examinatian
Box No. V' ELECTION OF STATES

'I;'hepl??u:lnt hereby elects all eligible States frhar is, alf States which have been designated and which are bound by Chaprer 1 of
e 7

excluding the following States which the applicant wishes aot to elect::

torm PCT IPEA401 (second sheer) (March 2001; repnim July 2001) See Notes 1o the demand furm
LegalSrar 2001, Form PCTDEM
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tmemationa! applicalion No.
Sheet No. .3. PCTIISO1/18134

Box Na. V1 CHECK LIST

For Internarional Prelimnary
The deniand 15 accompumed by the following chementy, m the lunguage referred 1o i Examming Authority use only

Box No. IV, for the purposes of intemational preliminary examsnation: received not recewed
1 translanon of intenational application . sheets

1 amendments under Article 34 . sheets

). copy lor, where mﬂuiml. translation)
of amendments under Aricle 19 . sheets

4 copy (or, where required, transletian)

OO0 o oa

of statement under Anicle |9 : sheets
3. lener : 1 sheets
6. other fspecifiy . : 1 sheeis

OO0 d oo

Change of Maliing Address for Agent
The demand 15 also sccompanied by the rem(s) marked below

I. B fee calculanion sheet 5. {7} =maement explaining lack of signarure

2 D ongnal separaie power of atiomey 6. D sequence histing yn computer readable form
3. [ onguml generat power of anomey 1. [J other tspecify:

1.

copy of general power of attomey;
D rererente number, if any:

Box No. VII SIGNATURE OF APPLICANT, AGENT OR COMMON REPRESENTATIVE
Naxy 0 euch signaryre, indicasr the anme of the persen sigaing and the capacky in which the person siges ({f such capaciey it not phviows from reading the drmand).

o 8. Jngi

Karen B. Tripp

For Interational Prelinunary Eaamuning Authonty use only
1 Date of actual receipt of DEMAND-

L)

Adjusied dare of receipt of demnand duc
1o CORRECTIONS under Rule 60.1(b}:

A D The date of recespt of the demandd 15 AFTER the exptrution of 19 monihs D The apphieant hus been
[rom the prionty date and niem 4 or 5, below, does no1 apply. wfarmed accordingly

4 D Ehf dsaaesor receipt of the demand 13 WITHIN the penod of 19 months from the prionty date as extended by vinue of
ule 80.5.

L} D Allhnu!h the date of receipt of the demand 15 afler the expiration of 19 manths fram the prionty date. the delay in amual s
EXCUSED pursuant 1a Rule 82, .

For Iniemational Bureau use only
Demand received from IPEA on:

Form PCT{PEA:40} (last sheer) (March 2001; repnnt July 2001) See Noies to the deviami jrm
Legal/Star 2001, Form PCTDEM




IN THE UNITED STATES PATENT OFFICE
BEFORE THE INTERNATIONAL PRELIMINARY EXAMINING AUTHORITY

In Re Application of: Halliburton Energy Scrvicus, [ne.

International Application No: PCTIU‘SOIIIBIM

Intemational Filing Date: 05 JUN 01

Priority Date: 06 JUN 00

Attorney Docket No: HALB:006

Title: REAL-TIME METHOD FOR MAINTAINING

FORMATION STABILITY AND MONITORING
FLUID-FORMATION INTERACTION

Commissioner for Patents
Box PCT

Washington, DC 20231
Aun: IPEA/US

N FAD F E

Please change the mailing address for the agent for all compeieqt [nternational
Authorities ta the following:

Karen B. Tripp, Atiorney at Law
P.O. Box 1301
Houston, Texas 77251-1301
Us
The identity of the agent has not changed.

Respectfully submitted,

Date: Oo‘fohcr Zeol| ) .
Karen B. Tripp ( ,6

Karen B. Tripp

Atlorney at Law

1100 Louisiana. Suite 2690
Houston, Texas 77002

United States of America
(713) 658-9323 - Phone

(713) 658-9410 - Fax

ktrippt iripplaw.com {c-mail)

R



PCT

FEE CALCULATION SHEET-

Aunnex to the Demand

For Intemnanons! Prelimunary Examining Authosity use only ==

CHAPTER Il

lqplm No. PCTNISOIHA1M
Appiseants or ageat's HALS:008 | Duie stamp of ihe IPEA
Applicant

Halliburton Energy Services, inc.

CALCULATION OF PRESCRIBED FEES

e s e o I

1 Preliminary examunagion fee ..o o o

78000 [P |

2 Hundiing tee [Applicants ’ﬁon cerun States are

enutled 10 o reduction of 75% of ihe handling jee
. Wheve the opplicamt 13 for all applicamss are) so
entitlod, the amount o be entered at 1 12 25% of the

bundiing Jee ) .

LR TR T TR ST PO T

13100 [ ]

3 Tosl of presenbed fees

Add the amounts entered a1 P and H
and enter total 18 the TOTAL BOK .. coccne v 1o o0 87.00
TOTAL
MODE OF PAYMENT
h depast
O s b aton [ o
cheyue D revenue siamps
D postal oney order D coupons
[} sent'dean [ other tspecsss

AUTHORIZATION 'O CHARCE (OR CREDIT) DEPOSIT ACCOVUNT
tThis munle of pavesent muy aot be avorlable a1 all IPEAs; PEA
|

us

O

Authonzauon to charge the weal fees indicated above.

Deposit Accouni No.. 500807

{This check-bo be marked only f the conduions for ~Qetober 16, 2001
'] 3 [/
dep:nu m-;s'z’m IPEA so permit) Auhonzation 10 Name. Karen B. Tri
¢! any deficwéncy or credit any overpayment n the '
total fees indicated sbove. s .
ignature
Form $CT IPLA 01 (Annex ) (March 2001. repnni July 2001) See Notes w the fow calculonon sheet

LegalSrer 2001 Form PCTDFEE

AS

.



PATENT COOPERATION TREATY

From she
mmmvmmom

To: KAREN B. TRIPP PCT
1100 LOUISIANA ST STE 2600
!
HOUSTON TX 77251-1301 WRITTEN OPINION
PCT Rule 66
of Madiag
=SS s Augonp
Applant’s or agem’s file reference REPLY DUE ™o
HALB:006 from the sbove dase of malling
Ineroational spplication No. Imzreational fling dass (day/month/yenr) | Prionty des idoyAmonth/yesr)
rCTAUINNSR 3 TUNE 2007 SIUNENR °
A CTE2IDAi00 and DS Ol O horh waianal clessfictnce aed (FC
HALIBURTON ENERGY SERVICES, INC. ’
L. This wrmes opuvon 8 the A (Arm, oec.) drawn by tes tssaruadional Prelisusary Sxamining Avhorwy.

2. Thhs apwion contsing wdications retanag 1o the following nems:
Im Basis of the opison
n D Prioriy
m D Nos-establisbment of opuaos with regard 10 novalty, nvennve siep o indusmrial applicabrity
v D Lack of unny of mvennon

v E Reasoned statement under Rule 66.2(a)1i) with regard to movely, invenave siep or indusrial agplicabiliay:
casbons snd explacauons supponing such simemens

Vi D Ceram documents ¢cwed
va D Ceruwm defocts in the iernational applicsion
v D Cerun obaervations on the inservatonal spplicsion

3. The apphcant is hereby wited 1o reply 0 this opwion.
Whea? Son the time fuant indicaiad ahove, The-applicess-mayy-befose-he-snpuation-of-tat-sime-limitr-soquast-this
AThON-40-S/n-00-oniattfer-300-Rule-63id)

Hew? submunng 2 wrmen reply, sccompamed, . accoedeng © Rele 66.3
gummummmm mmu}'mﬁs

Ale For an addwional oppormsty 0 submit amendments, see Ruls 66.4.
muwsm»mmm . sea Rule 66.4 bir.
For an mformal commumcation wih the exammer, see Rule

|rumtmummmmﬂumunuuu-ﬁuw

The final date by which the imestacons! prelmninary
* mm-gmmumuum»mmzn 06 OCTOBER 2002

L
S ————— — erl
Name and masing addeess of the [PEA/US Aunthorized offices E 1 {
WUMHM ' J‘ @
!'v"-u-.nc s DONALD MCELHENY, )
Facsimdle No  (70)) 3U3.5200 Telephons No. (00
]




Incevnational applicacion Ne.

WRITTEN OPINION
PCTAISDA/I A1)
1.  Basiz of the opinion
1. Wxh regard 10 éhe elemenis of the vuermanonal applicemon:*

[X] the imemationsl application as originally filed

E the description:
pages 1-18 . 28 originally filed
pages NONE_ . filed with the demand
pages NONE . fited with the leuer of

[x] the claims:
pages 192 2 ﬂl'illlllll, filed
pages NONE , 18 amended (together with any staternent) under Article 19
pages NONE , filed with the demand
pages NONE . filed with the letter of

E the drawings: :
pages 1-15 . us originally filed
pages NONE . filed with the demmnd
pages NONE . Filed with the leuer of

E the sequence tisting pant of the deseription:
pages NONE . 83 originally filed
pages NONE _ , filed with the demand

2 Wih de all the deymons madked shove svailshie or flanisherd 1 this the i which
_— regad MM were h-:: 0 thizs Aishorigy in the lmgage
mm“mﬂchﬁduMMnhmm whith ic

D the tanguage of a wransiation furnished for the purposes of international search (under Rule 23.1(b)).
[] the language of publication of the intemasions! spplication (uader Rule 48.3(b).

Dum«ummnumdmmmmmm-ﬂ
or 553).

3, Wih regand w0 eny nuclentice sndior oo acid scpamice disdossd in the saerparionsl applicarion, te writsn opinion was
drawn on the hosis of the squomnoe leing:

O covuined in e internasionss application in printed form.

D flled together with the internstional spplication in computer readable form.
[] tumished subsequently 1o this Authority in wrines form.

D furnished subsequently to this Authority in computer readable form.

The satement that the the disclosure i the
oo h;wumumlmdwmpw ]

D mmhumhnmmummmﬂchmikhﬂbummEMh
4_E The amendments have resulted in the cancellation of:
™ description, pages__ NONE
the clalmm. Nos. NONE
the drawings. shecsilg NONE

3. Dmmumm-wmwumnuumnﬂs.mmmmmdup
beyond the disciosure a filed, a indicsed In the Supplemennl Box (Rule 70.2(c)).

* Replaceimens sheets which harve been fimished 10 ihe receiving Office in response 10 an invisation under Arvicie 14 are referred ©
in shis opinion ax “originally fled".

Farm PCT/TPEA/MOR (Bax 1} (July 19981«

——



loternational spplicaticn Ne.
PCTAUSI/IBI

WRITTEN OPINION

V. Reasoned siatement imder Rule 66:.2(a)(ll) with regard ta noveity, inventive siep or indusirial appiicabllicy;
citations and explanations supporting such stetement

i. staiement
Novelry (N) Cliins 27,91l YES
Clains _1, 8 13, 1 NO
: lnvestive Siep IS) Clalms _27,9:11 : YES
Clalms _1,8.12,13,15-20 NO
Industriat Agplicability (IA) Clairs _1:20 YES
Claims NONE NO

2. citations and explapations
Chaimms 1. 8, 12, 13, and 15-20 ack novelty under PCT Article 33(2) aa being anticipaied by Leung et al. (5,285,692).

Leung €1 al. teach use of a realmme earth and wellbore mndel during drilling of the wellbore for the purposc of projocting and
monuarisg the mability of the wellbore and to COntrol fesponses Aeceasary oy maindin incogrity of the wellbore in yiew of
updased monitoring readings. Use of laboramry \ests asaist in the aceuracy of the model corrective adjustment. The fact that the
drilliag of & wellhare and fincuons 1ss0cuied with Maimaining of it integrity with wellbore fluids are both comkdered "servicing
of naid weikhore, clauns te.g. l)h'm:h.‘hﬂ:hnﬂnmmmquum.

Chaims 2-7, 9-11, (4 meet the criteria set oat in PCT Anicle 33(2-4). because the prior ant docd nox teach or fairly mggest

the use of 2 siabitity model of a wellbore duriag recovery stage of hydmearbons nor require the specific combisation of
meaguring sensary of acoumic, sonic, electrical, therma) and transiers pressure responss of e formadon. -

e v NEW CITATIONS -
NONE

Farm PCT/PEA/OR (Box ¥) Uuly 1998)«




WRITTEN OPINION

Supplementsl Box

internavonal application No.
PCTIUSDI/BI M

{To be used when the space in any of the precading boxes is oot sufficlent)

Cominustion of: Boxea 1 - VIl

TIME LIMIT:

The time lissn 3¢t for resporse (o 2 Wrinen Opinion may not be extended. 37 CFR 1.484td). Any resposse
received after the expuraiaon of the e limal sct 10 the Wrinea Oginon will not be coradered 1n prepanng the [semational
Prelimnary Exammauns Repon,

Sheat 10

Form PCT/IPEA/AOR {Suppiememal Box) (July [998)«




TRANSMITTAL LETTER TO THE — el
UNITED STATES RECEIVING OFFICE  Docker N, ) '
L Cenlficatlon under 37 CFR 1.10 (If applicabls) I
EF3gréns12us 03 JUNE 01
Expsras Mal muihng numies . Dase of Depomt
1 hereby cml that the applicatien/carrespondence uttached horeto s belng depotited with the Ualted Siates Pagtal Service !

“Exprets Mall Post OfMice to Addresses™ service under 37 CFR . IO on the date Indleated above and ks addressed 10 Asslilant
Commisslsner for Patents, Washington, D.C. 20231,

: KAREN B. TRWPP
l?okﬂg% | Typed or pranted mams of person mailiag comoaposdence

———
o —

i New internatioas) Applicstion

T FOR FORMATION STABILITY AN Earliest priopity dae
TITLE | \\ONITORING FLUID-FORMATION INTERACTION (D-WWW)

sC IIENING DISCLOSURE INFORMATION: In order o assit In screen

lication for purposes of determining whether & license for fore h&louldlndcouﬁhlmudlndfor
purpsses, the following Information is supplied. (Nale: dIGE a8 many boxes as apply):

A [0  Tueinvention disclosed was uot made in the Unized Sustes.
& [J Thersisno prier U.S. application relating 1o this invention.
C E The following prior U.S. application(s) contain subject maner which is related to the invention disclosed in the artached

international applieation. {NOTE: priority 1o these applications may or may not be claimed on form PCTIROVI01 ,
{Requesi) and shis listing doex not consiituie @ claim for preority).

application nou 60/200,480 fledon |OBDSO0
appleanon ne. filed on
D. [] T prescat inicmetianal spplication Eﬁu Wdeatical | ] contains icas subject manier than that found in the prior U.S. i
application(s) identifled in paragraph

E. E The preasnt intemazional spplication contans addirional luluan manter not found in the prior U.S. apyp! JEIIIII\‘I)
identified in paragraph C. above, The sdduional subject marter in found on psges |
and E DOES NOT ALTER MIGHT BE CONSIDERED TO ALTER tha generat nature of the invennion in a

manner which would require the U.S. spplication 10 have been made avallable for inspection byﬂllmdefenn
apencies under 35 U.S.C. 181 and 37 CFR 5.1, See 37 CFR 5.13

. D A Respaose te 2 lovitation from the ROVUS. The following document(s) in (are) enclosed:

A D A Requen for An Extension of Time 1o File 2 Respanse
B D A Power of Anomey (Genaral or Regular)

c D Raplacement pages l
g al the requent (PCT/ROY1G1) pagel of the figures —
pages of 1he descnption pages of the abamact -
[pages of the claimn F"

B. [J Submission of Priority Documents

== Tremem] 7]

k. D Fees a5 specified an avached Fee Calculnnon sheet form PCT/RO¥I0] annex

I\'.D A Request for Recliflicatlon under PCT 91 D A Petitien D A Sequence Listing Diskette

e
—

V. ﬁ Other (please specify):

The person Pﬁ Applcam KAREN B. TRIPP, {Reg. No. 30.452)
No. H '
T - el
[[] Commes Represenunve
PTO-1382 {Rev. 4-1998) Commgin 1998 Lyl U-S. Deparmmen: of C ommerce. Paient and Trademark Office

Wi

P g T PiELE




PCT

P —— 00 receIving Office use MI, ——1 ]

International Application Ne.

REQUEST

Intemationsl Fili;llblu

The undersigacd requests that the present
wnternational application be processed
according 10 the Patent Cooperation Treaty.

Name of reeeiving Office and “PCT Intemanianal Application™

Applicant's or agent's file reference
(if dusired) (12 charueters masumumy PALB008

Box No. | TITLE OF INVENTION

FLUID -FORMATION |

REAL-TIME METHOD FOR MAINTAINING FORMATION STABILITY AND MONITORING
INTERACTION

Box Ne: 11 APPLICANT

D This person is also inventor

ame and address: (Family amme follwrd by given namt) for o legal anticy, full afficial dosignation.
The adirres mus inciude pocl codt and utme of couniry. Tiyt country of the addvogy indicapd in this
s she sppiicant’s Shaae fuhew bs, connry) of residensy if ao Sstse of resideace it indicated below)
HALLIBURTON ENERGY SERVICES, INC.
10200 BELLAIRE BOULEVARD
EgUS TON, TX 77U72-5208

Telephone No.
580 251 3012

’_Flﬂllllllll’ No

530 251 3017

'?eTq'ltinler No.

Applicant's registration No. with the Office

State {ihat 15, country) of nationality:
us us

Simte fthar is, couniry) of residence:

for the purposes of: the United States of Amernics

is person 1s applicant DW alldnipldSmeuqn D

the United States the States indieated i
of Am:rin only m: Snmlamlmll Bc'::

Bex Ne. I

FURTHER APPLICANT(S) AND/OR (FURTHER) INVENTOR(S)

Name and address: /Family asme followed iy given amme; for o legal ensity, Jall afficial desigastion.
Thr adéresy must inciude pasel code and name of conamy. The cosawy of the sbdress indiceed in shis
1 ke applicans’s Siute ichat is, coanaryg of rasidence if 5o S of residence b indicated below,)

TARE, UDAY ARUN
2000 BAY AREA BLVD.. APT 414
::'OUSTON.TX 77058

This person is:

D applicant only

[ spplicam wnd inventes

] inventor only (If this check-box

is marked, do aot flll in below.}
Applicant’'s reglmration No. with the Office
State {rhar us, couniry) of natanality: Stae {that is. country) of residence;
IN us
i Il desi | designated Siates I the United Ststes the States indicated in
o e e amarppeont [ ] Amigmmied [ A o S of Ameits L] of Amirica only. |~ the Suppiementas Box

Furthe applicants and/or {further} inventors are indicazed én # continuation sheet.

Beox No. IV

AGENT OR COMMON REPRESENTATIVE; OR ADDRESS FOR CORRESPONDENCE

The persan identificd belaw is herchy/hat been sppointod to act on behalf
of the applicant{s) before the competent Intemational Authorities as:

agent D comynan represeniative

Name and address; (Faaily nanr followed by gives nane; for ¢ rgal sunty, full official designasior.
Tit adirryt mas atinde panal tude snd nime &f conawy)

TRIPP, KAREN 8.

ATTORNEY AT LAW

1100 LOUISIANA STREET, SUITE 2880

Ets)USTON. TX 77002

Telephone Na.
{713) 658-8323

Facgimile No.
(713) 858-8410

Telepninter No.

Agent's registrzion No. with the Office
30452

abgve 15 used instead o indicaio a special address W whi

Form PCT/RO/10] tfirm sheet) (March 20011
LegaiStar 2001, Form PCTREQ

- ey

= - ive is/hag been and the
D Address for correspoadence: Mark this cheek-box where no mt or comemon m\;‘ fhu apposnited

See Noter 10 tha requsts form

St



Sheet No. ... 2.

&%

Continuation of Box No. [Il FURTHER APPLICANTS AND/OR (FURTHER) INVENTOR(S)
if none of 1he following sub-boxes is ured. this theet should not to be included in the request.

Narne and address (Family aans follswal by pleen sass: for o iegal ensity, Jull afbelet denig nmsise.
The addvess sant incinde pussal suds snd asms of tonnicy, The conmiry of the wiiveny indicnind in shis
i the apalianer’y Sonte fshat is. conanrg) of reabirnsy if ap Saww of resiidancy b indicad belew}

MODY, FERSHEED KHODADAD .
5511 DAWNRIDGE
HOUSTON, TX 77035

Thia persan ix
D applicam only
D spplican and inventor

wnvenior only fif thes choed dovaa
X mirked, do At fill in below.)

Applicanr's registration No. with the Office

Sr;;e {that is, country) of nutionaliny:
U

Stats (rhat Is, country) of residence:
us

Bt (] e [ hrersyasn

o A caly. L the Sipplemnal ot

(Name and address: (Family ness follosal by giwe stses for o ligal anity, foll offiviel Gutiguation.
The adivem mus incinde paseal cods and asing of conawy. Tha connsry of the nidraw Indivesed in iy
21 s applinenr’s Sssse (ikat by, wennsry) of vesidencn i ve Kucse of residance s indiasied balow)

This person is
[} spoticant only

D spplicant and inventer

- inventor only fif this check-box s
marked, do not Jill in below )

Applicant's registrasion No. with the Offiee

>

Suue fikas 13, country) of nationality:

SIg: fikas is, counnry) of residence:
U .

TR
Thnpunnn licant Il designaied || desi exeept the U States the indieared
l‘urlhepumulpgl D § ! D 3 Ametics D of.Anng&uly Dm?ﬁmm

Nams and Mdrtss: (Fastly sewr foliowad iy given sasn for o ingal ansity, fisl offiaiel deslpnssien.
The eddroxy san inciinde pemal code sad namy of onatry The conany of s adivesy indicued bn iy
i thy applicant’y Sents fohas ks, tvusiry) af resldenwce if ne Satse of wesidrace b indicawd beiew)

JAD, Dt
2028 AUTUMN FERN DRIVE
KATY, TX 77450

This person is:

[[] spelicast oty

D applicant and inventor

R g et
Applicant’s regisration No. with the Office

State ithat 15, country; of nationaliry:
CN us

State (thut 15, catinery) of resudence: .

Th li j 1l desi
dwnuq&m D all designated D a“m:ds unqp

oty [ i Sipptemina Bt

Name and addross: (Faady aame fullowed by ives sass: Jov a legal sy, foll afficiel dasigusiva.
The advose must incinde postal code yad name of conntry. The souavwy of the addrom bndicased in shit
et 1 the applinsai’s Saeir hat ls. coumary) of rraidoncs i e Suase of revidonce {3 indiconnd bukena)
HAKIMUDDIN. MUSTAFA
1111 OAK MESA CT.
HOUSTON, TX 77070

1

This person is:
D applicant only

D applicant and invenzar

@ inventor anly ([f this check-box i
marked, do not fill 1 below |

Applicant's regisraiion No with the Office

Suate rthat 15, countrys of nanoaaliny”
PAKISTAN

Seate ket ix, countrv) uf eskience
us

Th 1 d ed
fﬁl‘:h ;:Im u‘l’p:hcam D 2l eu]nll D a.I‘I‘ d.&:;l led Staap except except D 2?”"“&5:5? hﬂuiﬂm&“

D Further applicants and/or (further) inventors are indicated on another cantinuatian shest

Form PCT/RO/ 10} (contimuation sheer) {March 2001)
LegsiSter 2001, Form PCTREQ

See Noses 10 the royuest form




SheetNe. ...3. .
BoxNo.¥  DESIGNATION OF STATES Mark the appliceble check-boxes below; ot least one must be marked.

The following designations are hereby made under Rule 4 9a):
Reglonal Patent

B AP ARIPO Puiest: GH Ghass, GM Gurbla, KE Keny, LS Leanihe, MW Mulnal, MZ Moz, SD Suden, 1.
Leone, SZ  Swaxiiand, TZ United Republic of Toazania, UG Uganda, ZW Zimbabwe, ead any scher Stass which & 8]
Contracting Stace of the Harare Protocal and of the PCT W sl “

& EA Eopasiss Patent AM Amenip, AZ i Belarus, Kazakhgan, lic of M
RU Rusmtar Foderaion, T3 Taph e To T ety o ST 1 sﬁ'ﬁf-‘ﬁr

& EP Furepesn Patent: AT Auswie, BE Belgwm, Clf & L| Swicerland and Licchienmein, CY Cyprus, DE Germany, DK
Dermark, ES Spain FI Fsland, FR Frants: GO Unied Kingdom, G Greece [ reiand, 1T ity LU Luremboiry, MC

Monazo, ! Pomm' }, SE Sweden, TR Turkey, and any other State which 15 & Contracting Stxe of the
European Patent Convention and of the PCT

Sl OA QAPY Patent: BF Burkina Faso, BJ Benin, CF Centml African Republic, OG , €l Céie d'Ivoire. CM Camevoon,
O Cabon ¥ Dlines, G Gines-Biouon ML Malt, BIR Mantiannd, NE Ny , YD Chad, TG Togo, nd
other State which 1 & member Staze of OAP! and & Contracting Staie of the PCT fif acher kind of orofection or irea
desired, specifyondottadling) . . ...................coiii e e enrmneenbeeranaed

Nationa! Patent {{f othar kind of prossction or irearment desired, specify on dﬂnﬁhﬂ

& AE  United Arab Bmirstes . B GE Georgis  ....convecnennnn. B MwMalewi .
® AC  Aniigua and Bubuda & GH Gham ................... B MX Maies .................
R AL Abasia ,............. ver., B GM Gambia B MZ Mozmbique
B AM Amenia .. ... ®WHR Comin ... .............. B NO Norway
B AT Aumis .......ccneneeen. BOHU Hungary .....ooovvviennnn. B NZ NewZealand .............
B AU Aumnlia ................... B D Indonesia K PL Poland ..
B AZ  Azerbmjn A B er Pomgd ...
B BA  Bomiaand Herzegovima . . ..., B omdia o & kO Rorare

........................... RIS lceland B RU Russian Federasion .. .......
B BB Bmbados o s F e U T ETY P eedreensanenean
B B5G Bulgaris ................... B KE Xeyn ........ ereereanee E:: Sudsn
BB Baxl . .................. B KC Kygyzsa ................. B sc :,""‘"
Bey Belaws..................... & KP Democratic People’s Republic '""P?"

. B st Sovenia ... ............

BBz Belize ..................... ofKorea .................. ® sK Siovakin
B caA Canaa B KR RepublicolKorea . ........... B s s‘ml_“; ...............
B CH & L1 Swizerend snd Licchtenstein B KZ Kezskhwmn ................ BT Teilmmn o
Bon Gim... B LC Saint Lucia B TM Tukmonian ..o
@& cO Colombia B LK SrlLanka B TR Twkey R "
BICR CosaRia .................. B LR Liberia B0 TT Trinided und Tobugo . .
BCU Ciba .ocooerrnnerrenne BLS Laoho .oooooreriianie maTEe e e
B CZ  CiechRepublic .............. ® LT Luhana B TZ United Republic of Tanzania
B DE Gemany ................... g LU Luxembourg B UA Uknine ..............0...
B oK Denmark ................ .. BLY Lavia B UG Uganda ......ovoovvnesn
B DM Dominies Bl MA Moroece ... . Cieens 0 us United States of Amenca
Boz algein ................... @ MD RepublicofMoldova ....... | e
B EE Esmonha .................... Crererrares cirens viior BRI UZ Usbekistan .......o.evnnn.
BES Smin ...........ooeenennn, B MG Madagasear ............... B VN VieNem ..._............
Br Finlad,.,......ce0nvnnnne B MK The former Yugosiav Republic of (8] YU Yugosisvia .. .
@2 CB  Unued Kingdom Macedonin . B zA Souh Alrcu
B on Grenada B MN Mougohu B zw Zimbabwe ... ..... .......
Check-boxes below reserved (or designaung States which have become party w the PCT after issuance of this sheet:
O . e i [
0 S I 50

P D § : Inv it the designations mude abovs, the i
e o L i3 o Pl ot he FCY oxvept wty. desspaaon(a iabaied

i tal Box as
mlml‘:?I the scope of this eatemwnt. mmeMMstmmthﬁmm“mmmﬂn:ﬂﬁmﬂ .

that any designation which is not confismed before the expiration of 15 months from is ko be re; 3t withdraun
by the ylppltgnl: s the eapintion of that ime Jimt. rC'uFllmum finchuhag fees) must reach tha receiveng Office -m 15-manth hme
it 4
Fom B4 TROVIUN fypcond sheetd (Mach 201 Nee Noies io the reguest form
LeguiSiar 2001, Form PCTREQ

o

68



NS

Supplemental Box If the Supplemenial Box 13 not used, thiz sheet thold not ba included in the reguest.

1. If. wm any of the Boxes, exceps Boxes Nas VEINI) to (v) for which & i
ial continuation box 15 provided, the .:pullhnqﬂld-l
m“u:h ion: in nick cass. write “Contintation of
Box No... * the number of Jhe lu} and ﬁmlilluh
Information in the tome manner ax according
o e Do i ok e oy L v the

_*g%

i

more fthan twe perssas are Io be indicsipd ux u
dfer inventors and wo “continuction sheet” iy ave

such caye, write "Continugrion of Box Na H” and hll'l.'lllfor
each additional the same type of information ay

in Box No. IlJ, mmyd'mdhuhdluﬂhﬁh
Wﬂa&ﬂhhm)imﬁmfuhﬁd

fip
{fhluﬂo. h'nrqu"rhnb-huuq(luhm. e
Hm ¢ States indiccied In the Supplomental Bax® (s
> in rch case, wrils "Continuation of Box No. II* or
ilﬂﬂ& m'lrﬁlmd'h-hﬂ

s

nmuﬁrlkmlafﬂlch lhcmn',nnu is qoplicons;

fﬁr&um. M or In any of the sub-boxes of Bax No. IIl. the
nventor ;;.ﬁnc inveni icant l}' nﬂhllllllﬂ' fa;f::
designated s oF for i lpnlﬂ
’U.:lm?ﬂlu Americaz in such care, write wazion of
Bax No. II” or xluﬂo.lll"nrmmd'
Boxes No. Il and No. ITI* {ag the cape may be), indicasy the
rwhmﬂnﬂ»(mk)udm.w&lnw .
and/or, where applicabls, ARIPO, Euratian, European or OAP!
pateni) for thcpurpaus of which the aamed peraon is inventor:

, in Bddition 1o the i{s) indicated in Bax No. 1V, there are ’
erther agants: l-.u;n *Continuaiion of Box Ne. V"

ndindmﬁrndﬁnbrrwuhmnwnfmﬁvmﬂm

us requered o Bua No. IV,

{“ Box No. V, the rame of any Staie (or OAPIJ uanuwrd
)y he indication “patant of sddiden,” of
addinen.” or {fl in Box No. V, Menmoﬂh United States of
Amenca (s sccompanied by an indicetion “centinustien” or
"continuaten-in-part”;: i yuch case, wrila "Conlmumn‘nj
No, V‘.ndlhunofud&mmwhd(w OAPI),

Chiy o et applasion o ho o of o o o o
titie or pareal ion grant parant

or flilng of the parent applicetion;

{. in Box No. V1. lhum.mduﬁuauﬂnrlgpmn
whass prisvity & clalmed: in such cass, wrise “Continuation of
Bax No. V1" and indicais for each additional sarlisr

the Jams type of information as required in Bax No. V1.

(i

fw}

fv)

*a

If. with regard to the precautiens atlon sistemani
congined in Box No. l’lﬁllpphngt to excludy any
" w precaur dmﬂiﬂl
@ satensni” mlhdlcuuhnmwnn-fmnzaqf
»m
Form PCT/ROZ101 {suoplemenial sheet) March 2001) See Notes to the request form

LegaiStar 2001, Form PCTREQ




Box No. VI PRIORITY CLAIM

Tha pnonty of the foliowang earlier spplicatron(s) 1s hereby claimed:

Filing dae ; ‘Hllmb;‘l Where earlier npplicanan is:

i ol earner 3 icalinn

n:;:ﬂm ":"'HT" national application: | regionat appliestion:® | internationsl application:
yimanih/year country regicnal Office teceiving Office

itemn (1)
0806100 80/209,488 us

tem (2)

nem{3)

item (4)

item (5)

D Further priutity clmms are indiested 1n the Supplemental Box.

The receiving Office 18 requested to and tran lmﬂnlununonllﬂuruulunlﬂd el‘lhee-ller lieazion(s
fd:gy'!lﬁ c'nr!! mll':lmm mﬂmoﬁ':-n "lhuwpu- a...!f 'ﬂg un()
idennified above as:

X i ] wem) O wm@ [J semey [J wem@ [J semesy [ Showss

¢ Whars application indicate couRLy Protaction
e e o e e e et tohay T oesction o

......................................... Amwbmm b g dm g e AP E P AN R EE ARG A ta NP EEPAd AT P RS AR TR

Box No. VIl INTERNATIONAL SEARCHING AUTHORITY

Cholee of lntevnatioanl Searching Authari ™o Inseraorionai Searching Awihorisies sre compaienl o car'y sul ihe
internauonal search, indicare the Authan ' ‘Ltm-)aur w-:udl

IS A BB . i e e e e e

Request to use results of enrdler search; reference to that search (i an seriier seavch Aar bean corvied out by ev requerted frem the
Internaniona! Searching Authority):

Dute fdawmonih/vear) Number Counrry {or regional Office)

Box Mo, VIII DECLARATIONS

ol E declaruti v i
;nn “_E lowin “r:: "::m m 'u\ !lucstNos. n (2’ :c(:) rma_h £ apphedk dhgllmub:'r w;l;
3 Box No. vin (i) Declaration as t ihe dennty of the invensor
D Box Ng. VIl (n) Declaraiion as to the applicant’s entillement. a5 st the international filing

date, 10 apply for and be granted » patem

D Box No. VI {in) Decluranion as 1a the spplicant's entitfement, 83 &l the intemnational filing
date, 1o clum the pnonty of the earlier application

D Box No. VIII (iv) Declaranon of inventorship (only for the purposes of the designation of the

United Staies of Amenca)
D Bax No. Vil (v} Deciaranon as 1o nen-prejudicinl disclosuses or exceptions to lack of novelty :
Form PCTRO/10L (third aheet) (March 20011 See Notes to the requen: form

LegalStar 2001, Form PCTREQ
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SheetNo. ... .5..
Boz No. IX CRECK LIST; LANGUAGE OF FILING
is internarional ; " This insernational application i ied by the foll Number
i iemiora slion o, | T sl s s azeompasi by e g e
sheets In paper farm: ripht column the number of eech 1em)
request (includin @ | 1.8 fee calculstion sheet
declaration gheers 2. 0] original r
description (exchuding gl original separase power of somey
sequence [1sting part) 3.0 eriginal gencral pawer of miamey
claims 4 | 4.[] copy of general power of anoracy; reference wmber,
sharant . 1 Y. i e i e
drawings : 15 | 5. [ sasement explaining lack of signarere
ce listin r 1L 1 )
c'l:‘:":;nm: é".:‘!..lmfm 7 [ cranslation of intemational spplication o
ju.ﬁ“m or mad bl 0 T L
_lﬂaﬂllrm“ : 8. L} scparace indicmions concerning deposited microorganizm
Jorm; pae (B) below) o other biological materia]
Total number of thaets : #4 | 9.1J sequence liming In computer readable form (indicate also type
b ce It I dese flled and number of carriere (diskette, CD-ROM, CD-R or other))
& '::;l"m' Feadatia form T (]m| mlihll.lmﬂ:.llhe of I'I'IIEI'IrI.II“li-lIIII scarch
. . . ] nol &g part o
(i} onty (under Sectien 801 (a)il) Interational Wﬁﬂl!ﬂﬂ,
i [T in addition t being filed i . . n
(i) L) acdiion o beln s i o D] ogly whers hock.box (10 or (b0 is marked i i
the for the purposes of intemnational scarch under
'lc'Ee sod gumber of carriery .SE-'M" p.ulﬂ?ur
ROM, CD-R or ocher) on which the . P
sequence [ixing pant is contained (additionsl i) to’uher with relevant matement s to the, identity
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REAL-TIME METHOD FOR MAINTAIRING FORMATION STABILITY

Related Applica

This application clsims priority to U.S. Provisional Patent Appication No.
60/209,488, filed June 6, 2000,

Background of the Taventjon
L he In n

This invention relates to methods for predicting and maintsining weilbore stability during
dﬂmwﬂmdw@ﬁmmmmmﬂym
bearing subterranean formations.

2. Description of Relevant Art

As used berein, the term “(in)stsbility” shell be understood to mean “Btability or
instability.” Wellbore (in)stability in shales is 8 major problem costing the petroleum industry,
sccording to conservative estimates, $700 million anmually. Understanding and modeling
mechanisms of shale (in)stability is an ongoing industry effort. Drilling a hole into a formation in
equilibritam induces-stress concentration in the vicinity of the boréhole. Interactions will ocur if
parameters such as chemical potential, electrical potential, thermal potential, ionic congentration,
etc., of the drilling fluid and the shale formation fluid are not m equiibrin. Any differences in
these parameters will alter the near wellbore pore pressure which in turn will influence the
borehole equivalent stress-state and the shale mechanical strength thus affecting wellbore
(in)stability. Tests conducted at compressive uniaxial and triaxial stress conditions in the past have
indicated the strang influence of these parameters on shale strength.

Wellbore instability predominantly occurs in chemically resctive shales that overiay
reservoirs. A major concern of the drilling engineer is either keeping the borehole wall from
collapsing (packing off) or fracturiog (losing circulation).

Past efforts to develop improved well bore models (“WBM™) for shale drilling have
been hampered by a limited understanding of the drilling fluid/shale interaction phenomenon.
This limited understanding has resulted in drilling fluids being designed with propertics
inadequately or insufficiently optimized 1o prevent the onset of borehole (in)stability
problems. Historically, wellbore (in)stability problems have been approached on a trial-and—
error basis, going through a costly multi-well learning curve before arriving at reasonable

]
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solutions for optimized operations and systems.

Recent studies of fluid-shalc interactions have produced fresh insights into the
underlying causes of borehole (in)stability; and chemical potential rejated instabilities in
shales have been identified. A chemical poteatial borehols stability model, derived for an
arbitrary borehole orientation, has been successfully implemented to addreas borehole
(in)stabilities. This model, based on & wefl-established elastic modeling approach, is
discussed in Tare, U.A., and Mody, FK.: “Novel Approach to Barehole Stability Modeling
for ERD and Despwater Drilling”, paper SPE 52188, 1999 SPE Mid-Continent Operations
Symposium, Oklahoma City, USA, March 28-31, 1999, incorporated herein by reference.

Advances in technology are providing wider and greater capabilities for new, more
relipble, accurate and rugged downhole sensors and tools. Such apperatuses and sensors are
increasingly able to collect and transmit information to the surfave as it is happening. :

With increazing economic demands on reducing rig downtimes associated with borehole
instability problems, there is increasing need for the ebility to predict and resolve instabilities in the
field using MWD/LWD (messuring while drilling/logging while drilling) dats in cogjunction with
prior geophysical and shale/fluid interaction knowledge. However, previous attempts have
focused on earth stresses, using drilling data and borchole (in)stability modeling on a “post-
mortem” basis, i.c., after substantial problems have occurred. Thers is a need for methods that
enable instability problems to be avoided.

Sumygary of the Inveation

A method is disclosed for maintaining subterranean formation stability, and particularly
wellbore stability during drilling, well completion and sexvicing operations, and even during
production and enhanced recovery operations. The method of the invention affords meintenance
of wellbore stability throughout the Efe of a well penetrating a subterranean formetion.
Moreover, the method provides for real-time monitoring of fiuid-formation interaction such that
adjustments can be made before (in)stability problems occarr.

In the method, initial formation characteristics or parameters are estimated or obtained
and the rock strength of the formation is estimated. Characteristics of the fluids injected into the
wellbore or the formation during drilling, or during well completion and servicing operations, of
during production or enhanced recovery operstions, are also estimated or obtained. This data
concerning the formation and the fluids is input into a well-stability model and results are used to
revise the estimates of the formation parameters and/or the fiuid parameters or to adjust the fluid

By
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composition or cheracteristics, These parameters and the model regults are updated with real
time formation measurements taken during the particular operation being conducted (.e., drilling,
well servicing, or production). Coatinued acquisition and processing of the formation data in the
model allows the fluids to be adjusted as needed to avoid formation instability problems caused by
interaction of the fluids with the formation.
Bri intion D

Figures lAmdlBareuﬂowah:turmmpforarul-ﬁ.mowdllmemmy
prooess according to the invention.

Figure 2 is a schematic of 2 Pore Pressure Transmission experiment designed to study
time-dependent alterations in shale properties as a fimction of drilling fuid exposure.

Figure 3 is a graph of the time dependent transient pore pressure response of Pierre II
shale when exposed to a 20% w/w NaCl solution.

Figure 4 is & graph of the time dependent transiant pore presaure response of Piarre II
ghale when exposed to a sodium silicate solution containing 20% w/w NaCl

Figure 5 is a graph of the time dependent transient pore presmure respanse of Pierre I
shale when exposed to a polymer in solution containing 20% w/w CaCl; salt and 2% KCl salt.

Fxgum&i;amphofﬂnmﬂeoompmﬁonﬂumﬁcwlwm'ofﬁmnm
when exposed to a 20% w/w NaCl solution.

Figure 7 is a graph of the shale shear acoustic wave response of Pierre II shale when
exposed to 8 20% w/w NaCl sohition.

Figure 8 is a graph of the shale compressional acoustic wave respanse of Pierre 11 shele
when exposed to a sodium sllicate solution contgining 20% w/w NaCl.

ﬁmn9u|snphofﬂnﬂnlolhwmmemrupmnfﬁmndmhwhm
exposed to & sodium silicate solution containing 20% w/w NaCl.

Figure10ingnphoftheeompruaiomlwounicwavempomeof?imyﬂdnlewhm
exposed to a polymer in solution containing 20% w/w CaCh salt and 2% KCl salt.

Figure 11 is a graph of the shear acoustic wave response of Pierre 11 shale when exposed
1o a polymer in solution containing 20% w/w CaCh salt and 2% KClI salt.

Figure 12 is a graph of dynamic Young’s modulus as a function of transient pore pressure
for Piexre 11 shale exxposad to 2 20% NaCl sohution,

Figure 13 is a graph of dynamic Young's modulus as & function of transient pore pressure
for Pierre 11 shale exposed to a sodium silicate solution containing 20% w/w NaCl.
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Figure 14 is & graph of dynamic Young's modulus as s function of transient pore preasure
for Pierre 11 shale exposed to a polymer in solution containing 20% wiw CaCl: salt and 2% KCl

» 13
- A

58 1 EAl 4

< ‘Ll nbodiments
The following terms as used herein, and particularly as used in the figures, have the
meaning indicated below:

Nomenclature
6 = Membrane efficiency, %
P = Pressure, m/L{, psi
E = Young's modulusm m/LP, psi
Aw = Water activity
AP = Pressurs drop, /L7, psi
V = Acoustic Velocity, mA, m/sec
Subscripts
ic = confining .
o = external or pore fluid
S = test fluid
sh = shale fluid
exp = experimental
P ™ sonic compressional waves
s = sonic shear waves
SI Metric Conversion Factors
ft x 3.048 Efl=m
in.x 2.54 E+00 = cm

Ibf x 4.448 222 E+00=N
psi x 6.894 757 E+00=LkPa

In investigating the role of various potentials of drilling fiuids on trensient rock properties
of shale and other subterranean formations subjected to compressive confining stress, we have
discovered that properties of cores from such fonmations should be measured as a fimction of
time when exposed to a drilling Suid, well service fluid, or enhanced production fiuid, or even
when subjected to production itself Experiments ware conducted under conditions simulating a
borehole portion under geostatic stregs with the wellbore surface exposed to a circulating drilling
fluid. The results supported our discovery.
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In the experiments, rock properties such as acoustic velocity and tmansient pressure for
each core sample were measured simultaneously as a function of time during the experiments.
different samples are used to detenmine the relationship between these characteristic parameters of
thembmfomlﬁmmdhthenu:puimmpqﬁaﬂnlytheehmﬂﬂisﬁcmof
mechanical, chemical, electrical and fiilure properties of the shale as a finction of time when
exposed to a fluid, and in these experiments, particularly when exposed to a drillng fluid. Such
measurements provide the necessary precursor to determine the onmset of time dependent
in(in)stability, thus providing options to implement corrective measures in real time to alleviate
{in)atabifity, acoarding to the method of the present invention.

Without wishing to be limited by theory, we believe, based on our observations flrom
these above experiments, that measurement of rock properties such as acoustic velocity aa &
function of the transient pressure of shales under simulated in-situ stress-state facilitates real time
wellbore (in)stability logging using MWD/LWD or any other relevant information. This practice
provides better real-time management of (in)etability problems in the field.

The present invertion provides & method or process for maintining formation stability
through monitoring the interaction between the formation and fluids used in well drilling,
servicing or production. Further, the present invention provides a real-time method for improved
drilling, servicing and producing wellbores in or through subterranean formations by employing
sich monitoring and memntaining of well stability. The improvements of the invention are
especially apprecinted in operations in shale formations, although the invention is applicable as
well to other types of subterranesn formations, Similarly, the improvements of the invention are
especially apprecinted in drilling through subterranesn formations, although the invention is
applicable as well to other operations in subterranean formations, such as well completion and
well servicing operations, and even to producing operations. Thus, ths advantages of the
invention are best realized when the invention is applied throughout the life of a wellbore in a
subtorrancan formation, and especially a hydrocarbon bearing subterranean formation,

The method of the invention employs real-time wellbore stability modeting. Figures 1A
and 1B present a process map of rea-time wellbore stability modeling, specifically for example as
applied to drilling operations. A similar map would be used for well completion or other service
operations employing well service fluids instead of drilling fluids. Also, a similar map would be




10

25

10

WO 01/94749 PCTIUS01/1814

used for well production operations, monitoring stahdity of & well as fiuids may be produced from
a formation, and monitoring stablity of a well duriuyg various enhanced recovery operations (for
enhancing recovery of hydrocarbons from the formation). In all such cases, lhelnteuchunnfthe

formation to verious fiuids being introduced into or being produced from the wellbore are

monitored.  Hereinafter, the description of the invention will primarily be directed to drilling
operations and to drilling fluids for example. However, the invention is not limited to such
operations or fluids and may be similarly applied to well completion and service operations
involving well service fluids and to production operations.

The initial step in the method or process of the mvention involves constructing an esrth-
features) from a variety of sources sich as pre-drill, seismic, and offset dgta. Based on the initial
chemistry, etc. as would be known to those skilled in the art Prefarably simuitaneously,
Iaboratory tests are conducted for specific formations (e.g., shales) that are expected o be drilled,
using either actual cores from such formations or representative outcrop samples. The tests sre
conducted using a variety of experimental spparstuses sch as the Pore Pressure Tranzmission
(PPT) test spparatus. Information on time-dependent formation (e.g., shale) behavior is obtained
from such testa.

Further in the method of this invention, rock properties such as transient pore pressurs,
compressional and shear wave velocities, deformation, and strength of shale cores under triaxial
stress are measured. These measurements are used to calibrate the wellbore stability model (also
called the total potantial model), such as the model shown in the flow diagrams in Figure 1B, for
spocific applications, such ss, for example, drilling with programmed or planned drilling fluids
through/into a reservoir overlaying shales or other formations of interest. Measurements of static
and dynamic rock properties as a function of the transient pressure of shales (or other formations
of mterest) under trimxal stress state enhances understanding of the relationship between these
parameters. Such measurements also help in determining how economically to obtain these
properties using MWD/LWD (measurement while drilling/loggmg while drilling) data,

During the drilling process, the earth-model and the total potential wellbore stability
mode] are updated with real-time messurements while drilling (MWD) and/or using wireline logs
or any other techniques for determining static and dynamic rock properties. The captured MWD
and/or wireline data or data obtained from any other techniques is processed in real-time and this
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data is converted into input parametess for the wellbore stability model. The input parameters are

thus calibrated with MWD and/or wirefine data or data obtsined from other techniques. The

calibrated input parameters ere then used in a wellbore stability model along with the lsboratory

time-dependent mensuremnents. *

Far a given set of input perameters the wellbore stability model provided in Figure
1B can pesform in three modes of analysis. These are briefly described below:

o Safe mud weight window prediction — Results obtained from this mode provide the
upper and lower lLimit for a safe mud weight for a given composition of the drilling fluid
as a fimetion of the hole inclination angle and orientation. The upper limit in this case is
the mud weight above which extension fracturing or fracture propagation would ocour
and would result in exceasive drilling fluid losses. The lower limit is set by formation pore
pressure or the minimum mud weight required to prevent borehole collapse, whichever is
greater. In this mode, chemical and thermal intergction between the formation (mostly
shale) and the drilling fluid can be incorporated.

o Optimum chemical composition prediction (OBM) — In this mode of analysis the model
provides the optimum chemical composition of the drilling fiuid for a given mud weight,
hole inclination and direction. In the absence of laboratory derived shale pore fluid
potential, in-situ shale pore fluid potentis! can be predicted using a sub-module.

e Optimum chemical composition of drilling fluid prediction (OBM) followed by safe mud
weight window prediction —.The model in this mode first optimizes the cheomical
composition of the drilling fluid for the actual (i.e., wtilized currently in the field) mud

weight followed by 2 prediction of the safs nmd weight window as a fimotion of hole

angle for a given direction.
All three modes have access to an empirical rock strength estimation module, as shown in
Figure 1A, .

The predictions from the wellbore stability model are sent to a visuslization module
(typically graphing of results) based on one of two types of activities—field implementation or
feedback, as shown in Figure 1A—to be executed. These activities provide feedback into the data
collection, proceasing and interpretation process and field implementation of the wellbore stability
model results, as shown in figures 1A and 1B.

Weilbore Stability Model

The rationale for the wellbore stability model (total potential model) is as follows:

gl
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potential, electrical potential gradients and temperature gradients all influence rock properties and
wellbore or formation stability. In most practical cases, however, the flow phenomena induced by
the hydraulic gradient (Le., mud filtrate invasion driven by ovecbalanced mud weight) and the
chemical potential difference between the drillmg fluid and shale (or formation) pore fiuid (e.g.,
osmotic or diffision trensport of water molecules and/or ions and/or (bydrated) sohutes in end out
of the shale, elecirical potential, thermal potential, etc.) are generally considered to be the more
relevant driving forces for formation (in)stability. At any given time during the driling operation,

* the (n)stability insue is ultimately controlled by the relationship between the borehole stross-state

and the rock strength As the rock strength is inversely reiated to the water content of the shale
(or of the formation of mterest), modification of pore pressure is & findamental paremeter in
sltering the effective stress-state around the wellbore. Adequate mud weight density is also
needed for borehole stahility.

The model used in the method of this invention is preferably based on well-established
modeling principles such as desaribed in Mody, F.X. and Hale, AH: A Borehole Stability
Model To Couple the Mechanics and Chemistry of Drilling Fluid/Shals Interaction”, paper SPE
25728, 1993 JADC/SPE Drilling Conf, Amsterdam, Feb. 23-25, 1993; Bradley, W.B.. “Failure
of Inclined Boreholes™, J. Energy Res. Tech. (Dec. 1979) 232: Trans,, AIME, 101; Tare, UA,
and Mody, FX.: “Novel Approach to Borehole Stability Modeling for ERD and Deepwater
Drilling”, paper SPE 52188, 1999 SPE Mid-Continent Operations Sympostum, Oklahora City,
USA, March 28¥31, 1999; Tan, C.P, o al.: “Integmted Rock Mechavics and Drilling Fluid
Design Approach to Manage Shale Instability”, paper SPE 47259, SPRASRM Eurock ‘98,
Trondheim, Norway, Jul. 8-10, 1998; and Ghassemi, A, et al: “A Solution for Stress Distribution
Around An Inclined Borehols in Shale”, paper No. 043, Int. J, Rock Mech. Min. Sai. Vol. 35,
No. 4/5, p.538-540, 1998, which are all incorporated herem by reference.

The first two of these references listed above have pertinent theoretically derived
solutions to the model. The model incorparates chemical potentinl effects using the
difference in the molar free energies (i.e., activity) of the drilling fiuid and the shale pore
fluid. Also incorporated in the model is the concept of reflection coefficient, o, as discussed
in Staverman, A.J.: “Theory of Measurement of Osmotic Pressure”, Recueil des Travaux
Chimiques des Pays-Bas, v.70, pp 344-352, (1951), incorporated herein by reference. The
temperature difference between the formation and the drilling fluid directly affects the near-
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wellbore stress concentration. The model utilizes this temperature difforence and calculates
the effect of thermal stresses on the nesr-wellbore tangential stress where significant.

Experiments

Pore Pressure Transmission (FPPT) Tests

The Pore Pressure Transmission (PPT) experiment has been designed to study time-
depondent alterations in shale properties as a finction of drilling fluid exposure. A schematic of
this tost is shown in Figure 2, The experiment consists of confining well-preserved shalo cores or
outcrops, under geostatic stress and then circulating (under confined dynamic conditions) test
fiuids et the upstream side while measuring changes in the downstream pressure. The upstream
prossure may be inoreased to simulste overbalance conditions representing downhole conditions.
Typiaﬂy@mi:gadriﬁmopunﬁomhy&mﬁcowbﬂmuhmﬁnhimﬂbpuﬁdﬂbﬁommﬁm
with net radial support. The downstream pressure indicates changes in the sample pore preasure
at some distance into the wellbore.
Experimental Setup for PPT Testy

The experimentat setup consists of a jacketed steel pressure vessel with built in pressure
ports, connectionsund acoustic transducers. The sample (1 in. x 2 in) is jackered with 2 Teflon
membrane after six extension-meter strain gauges are spplied to measure the sample deformation.
The vntire assembly is placed in » temperature regulating device to ensure sdequate control of the
experimental temperahure. '
Swomary of PPT Test Procedure

A ghale szmple is equilibrated at a hydrostatic confining pressure P (e.g. 500 psi), under
exernal fluid pressure py (.8, 50 psi) on both ends, and at the specific test temperature. Fluid
pressure is applied with simulated pore fluid. Once ssturation is achieved, the upstream pressure
line is closed. The confining pressure is then increased to the required lovel for consolidation, Pw
{(e.g., 4000 psi). The system remains closed untll the pressuves at both the sample ends have
stabilized, Upstream and downstream pressure is allowed to stabilize and equilibrate.

Upon sabilization of the pore pressure, the sample is allowed to consolijate. The
downstresm preasure of the sample is mositored.

After the pressures at both ends have stabilized, the pore fuid is replaced with a drilling
fhuid that is circulated at a constant pregsure, The transient pressure behavior, sanic compression
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monitored,
PPT Test Details

" The PPT tests provide a databaso including shale responses to verious drilling fuids and
salt solutions. For example, the PPT tests provide mesningful membrane efficiency mmbers,
aliow for the study of more complex interaction between shale and  &rilling fiuid to validate,
verify, or confinn existing chemical potential poroelastic models, enshls calibration of the shale
response to known drilling finids for optimum spplication in the fidd, and demonstrate
simultanecus data acquisition of wvarious responses to provide detsiled shale property
characterization as & fimction of drilling fiuid exposure,

The three example fluids tested were & 20% w/'w sodium chloride salt sohstion, 8 sodium
sificate system comprising 20% w/w sodium chioride, and a polymer in solution comprising
20% wiw CaClysalt and 2% KCI salt. It is impartant to establish & baseline of the ghals response
to the cation or cations that would be included in the driling fhuid system. Such a basefine helps
in identifying or isolating shale alterations due to cation exchange. In addition this baseline helps
differentiate, to a certain extent, the effects of the base salt solution and the effiects of other shale
modifying additives (e.g, silicates, polymens like partially- hydrolyzed poly-acrylamide,
amphoterics etc.).

Discussion of Results

Based on the transient pore pressure response of Pierre II shale exposed to the test fluids,
the sodium silicate sokiion comprising 20% w/w NaCl showed higher membrane efficiency
mumbers than the 20% w/w NaCl solution and the polymer in solution comprising 20% w/w
CaCla salt and 2% KCI salt (approximately 60% efficiency versus approadmately 10% efficiency
and approximately 5.30% efficiency respectively).

Figures 3, 4 and 5 show the time dependent transient pore pressure response of Pierre Il
shﬂewhma:pondmuZO%wleaﬂsduﬁomgmdiumﬂiutesymmpﬁingZO%wlw
NeCl and a polymer in solution comprising 20% w/w CaCh salt and 2% XKCl zalt,
respectively. The saturating fluid (simulated pore fluid) in all cases is 8% w/w NaCl solution. The
shale acoustic (compressional and shear wave) response during the entire experiment for the 20%
w/w NaCl solution is shown in Figures. 6 and 7. Figures. 8 and 9 provide the comresponding
acoustic (compressiona! and shear wave) response of Pierre 11 shale when exposed to the sodium
slicate solution comprising 20% w/w NaCl. Figures 10 and 11 provide the acoustic
(compressional and shear wave) response of Pierre 11 shale when exposed to the polymer in
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solution comprising 20% w/w CaCl salt and 2% KCI salt. One example rock property, the
dynamic Young’s modulus (E) (reflecting rock elasticity), calculated from the above acoustic data
with respect to the three solutions is shown respectively in Figures. 12, 13 and 14, Each of the
Figures 3-14 indicates the three stages of the PPT test, Firat, the shale is ssturated with 8% w/w
NaCl (simulsted pore fluid); second, 8% w/w NaCl is circulated until equilibrium; and third, the
shale is exposed 1o the test fhuid.

Tablo 1 provides transient pore pressure date and corresponding calculated membrane
efficiency in tabular form for the test fiuids when exposed to Pierre II shale.

TABLE 1-MEMBRANE EFFICIENCY CALCULATION

Test Fluid Awa  Awa APoepsi  APuppsi é,%
' APwxld Pra
20% w/w NaCl solution 083 095 2685 270 10.05
Sodium sgilicate solution 0.83 095 2685 1604 59.74
comprising 20% w/w NaCl
Polymer solution comprising 0.78 095 3920 208 5.30
20% wiwCaChsaltand2%

KCl salt

where APu. refers to the difference or change in theoretical pressure and JP.,rofmtothe
difference or change in experimental pressure.

The well known concept of “reflection coefficient” (i.e., membrane ideality) may be
used for “leaky systems™ ncluding water based mud (WBM)/shale (or other formation) type
systems for formation stability applications. For WBM/shale systems, membrane efficiency is
not a clearly defined term (e.g., s an oil filn on shales present in invert oil emulsion
systems). The membrane efficiency of formation-fluid systems is due to a difference in
mobility of water and solutes (ions) in shales. Thus membrane efficiency can be dofined as:

mbay

o =l )

v-

If only the movemont of water is allowed and all the solutes are rejected, the
membrane is ideal semi-permeable (100% membrane efficiency or o=1). However, for shales,
the mobility of solutes is lower than that of water and the membrane is “non-ideal” or
“leaky”, 0<g<1. A non-ideal membrane does not entirely restrict the transport of solutes.
Membrane efficiency (“reflection coefficient”) has a relationship with at least two key

parameters of the WBM/shale system, i.e., the average ‘effective’ shale pore radius and the
radius of hydrated ions present in the drilling fluid system.
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A mathematical representation to describe the driving force for the movement of
water by an osmotic mechanigm and one way or means of estimating membrane efficiency
directly is shown in the following equation:

[%—)uh[%i—]-t(a:&?,)- tex(P-Pp) @

where Awy is the water activity of the drilling fluid, which can be estimated s sumber of
kgom_mmonnohbly,bypuﬁﬂnpmpmdeﬂrﬁmﬁw,boihumhtdwuﬁm
or directly using a hygrometer, Aw, is the water activity of the shale pore fluid and can be
measured (for preserved shale cores) by partial vapor preasure determination; Pp is the far-
field pore pressure; P is the near wellbore pore pressure; and ¢ is the membrane efficiency
term, or “reflection coefficient”, specific to a shale/drilling fluid system.

Further discussion of the calculation of membrane efficiency may be found in
references Mody, F X and Hale, AH.: “A Borehole Stahility Model To Couple the Mechanics
and Chemistry of Drilling Fluid/Shale Interaction”, paper SPE 25728, 1993 IADC/SPE Drilling
Conf,, Amsterdam, Feb. 23-25, 1993, and Staverman, A.J.; “Theory of Measurement of Osmotic
Pressure”, Rocueil des Travaux Chimiques des Pays-Bas, v.70, pp 344-352, (1951), which are
incorporated herein by reference,

While the membrane efficiency for a 20% w/w NaCl solution when exposed 10 Pierre
II shale is 10.05%, and the membrane efficiency for a polymer in solution comprising 20%
wiw CaClz salt and 2% KCl salt when exposed to Pierre I shale is 5.30%, the membrane
eﬁﬁcimcyforlodiumsiliatelyltmisﬁgﬁﬁmﬂyhighndMﬁO%.F&Mu
oil-based mud hag a theoretical membrane efficiency close to 100%. Following the response
of & sodium silicate solution with 20% w/w NaCl, the shale pore pressure decroases as a
function of exposurs time to the solution. Comparing the results among the thres test fluids
indicates that, when membrane efficiency numbers are significantly higher, drilling fluid water
activity that is lower than the shale pore fluid activity tends to reduce pore pressure and
thereby contributes towards reducing near-wellbore effective stresses on a time-dependent
basis.

Acquisition of acoustic data simultaneously with exposure of the rock to drilling fluid, in
the field and in the PPT tests provides useful data to calculafe dynamic changes in the rock
properties, changes that may be a result of that exposure. Comparing Figures 12, 13 and 14

12
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shows changes in the dynamic Young's modulus as a fimction of transient pore pressure. Young’s
modulus, which is a meagure of the stiffcss or elastic properties of a rock, is but one example of
a rock property. Similar computations can be mads for dynamic Poisson’s ratio and other rock
properties derived fom sonic data. In the Scample, when shals is exposed to 20% w/w NeCl
solution, the effective stress changes from 2105 psi immediately afier displacement to 2375 psi
when the transient pore pressure has reached its lowest point (Figure 3), For the case when Pierro
I shale is exposed to the sodium silicate finid the effective stress increases from 860 psi
immediately after displacing the simulated pore fluid with the test fluid to 2464 psi at the lowest
point on the transient pore pressure curve (Figure 4). Inherent changes in effective stress can be
observed from velocity data. For example, comparing Figures 6 and 10 with 8 shows a dramatic
change in the compressional wave sonic velocity when the shale is exposed to the two test Suids.
Similar observations cen be madse for the shear wave velocity profiles by comparing Figures. 7
and 11 with 9. These comparisony provide additional mesns of observing transient pore pressure
in the shales as a function of test fuid exposure.

This test example shows that mud systems ghould be calibrated, preferably with shale
cores under in-situ conditions. PPT tests can provide meaningfiil membrene efficiency mumbers
which can then be used in a wellbore stability mode! for a realistic analysis. Additionally, a time-
dependent chemical potential related shale transient pressure can be obtained, which can be used
to analyzo exposure time related borehole deterioration observed (based on the nature of the
aurve).

Input Parsmeteny for Real ~ Time Wellbore Stability Modeling

Table 2 provides a list of input parameters for real-time borehole stability analysis

according to the method of the invention and the possible sources where the date needed for

the analysis can be obtsined. The input parameters can be divided into five categories. These
are:

a) Insitu Stresses.

b) Formation Data.

¢) Well Path Data.

d) Drilling Fluid.

¢) Rock-Strength,

Each of the above categories can be further sub-divided into individual subcategories. The
possible sources for obtaining information for each input parameter subcategory are provided

13

— ——




P .
e
wamed

25

WO 0154749 PCT/US01/18134

in Table 2 (under the column heading Possible Source). The Input Parameters categories are
discussed below:

(n) In-sitn Stresses — These streases affect the mud weights used to drill a borehole. When
both fracturing es well as the collapse mode of wellbore failure. There are three principle
earth stresses. The in-gitu strosses are the minimum horizontal stress, maximum horizontal
stress and the overburden stress. In a normal fanlting environment such as that typically
found in the Gulf of Mexico (away from any tectonic activity), the minimum horizontal stress
is the least principlo stress, the maximum horizontal stress is the intermediate principle stress,
and the overburden stress in the maximum principle stress. The msjor source for obtaining
magnitudes of the leam principle streas in formations is by pressure testing in open boreholes.
Information can be obtained from tests such as a leak-off tost, extended leak-off tost, mini-
ﬁlcten,ew.DimdonofﬂwiMumedhupﬁndplemhobuinedbymﬁngthe
location of borehole ovality (break-outs); the magnitude iy estimated by back-calculating the
break-out width for a given intermediate stress and the other two principle stresses, pore
pressure and the rock strength Comparison is made between the estimated and the actual
obsarved breakout width. The overburden stress is typically obtained from an integrated bulk
dmﬁtylog,bythelcmdmmmtofdriledulﬁngl,m

{(b) Formation Data — This data can be categorized into four sub-categories: temperature;
rock properties; shale or pore water salinity; and pore pressure. Formation data is different
for differeat formations. The formation temperature is typically egtimated by running
temperature messurement while drilling tools, infra-red techniques, otc. Rock properties are
obtained either by direct measurement of actual cores in the laboratory or by empirical
correlations based on wellbore measurements. Rock properties aid in modeling deformation
behavior of specific formations. Shale activity or pore water salinity is used to estimate the
chemical potential of the formation. A difference in potential between the drilling fluid and
formation induces flow phenomenon from one to the other, i.e., flow occurs from higher
potential to the source that contains lower potential Osmotic membrane effici- :. 5y and the
osmotic pressure are based on shale water activity. Shale water activity can be obtained from
log based empirical correlations as provided in Table 2 or by actually measuring the relative
humidity of a well preserved shale core in the laboratory. Pore pressure is critical information
for drilling a well. Pore pressure affects the minimum mud weight used to drill and is related
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estimated then a proprietary empirical correlation that uses water content and shale
composition can be used to estimate rock strength.

Therefore,

Rock Strength oc {Shale Property)

For example, Shale Property = Water content or Brinell Hardness or Cation Exchange
Capacity or Porosity eto.

Y I A S

o =

10.
11.
12.

13,

14,
13,
16.
7.

19.
20.

21,

"The numbers in Table 2 below have the following meanings:
X-may Analysis of cuttings,
Resistivity/Conductivity logs (Wireline and/or MWD)
Mud Logs
Acoustic/Sonic corpressional and shear wave logs (Wireline and/or MWD)
Prossure and Sampling tools Uke drill stem testing (Wireline and/or MWD) and repeat fonmation testing
(RET) tools.
MDT
Spontaneous Polarization (SP) Carve logs
Pore pressure abead of the bit techniques.
Eumpirical and analytical models using drilling fluid rheglogy, pressure, cattings accurulation and
temperature.
Leak-off test (LOT), Extendad Leale-off Test (XLOT), Minifrac tosts, Micrafrac Tests, Formation
Integrity Tests (FIT), Casing Integrity Tests (CIT).
Anelagtic Strain Recovery (ASR) Techniques (incuding tests performed on cores and downhale)
Regional bulk density trends,
Integrated bulk density logs (Wireline and/or MWD) ]
Acoustic, four and six arm Caliper logs (Wireline and/or MWD), information on breakout angles,
breakout volume snd breakout length, etc.
Formation Evaluation (FE) Logs (Wireline and/or MWD)
Temperature logs (Wireline and/or MWD)
Neatron source (Nuclear) or Gamma-ray Jogs like noutron-glow-nentron logs, Double- or Multiple ~
Spaced Neutron (MS Newtron Curve) — Dual-Spacing Neutron Curve, Flowing Neutron Log (Nuclear
Flolog — Lane-Wells), aic. (Wireline and/or MWD)
Formation Imaging logs (Wirelins and/or MWD).
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Table 2. List of input parameters for real-time wellbore stability analysis and possible sources
where the data required to do the analysis can be obtamned:

Possible Source Intermediate Parameters Input Parameter

13, 14, empirical and analytical methods using log « Minimom (I

and regional information liks the Daine's method, Horkzontal | N

Eston’s technique, Pennebalker method, etc. Stress f

13, 16, empirical mathods using log information and Overburden T

mm mnd.l, measurements on drill-carttings Stress u

measuremmts). otc.,

14, 17, 21, fault stability and reactivation mndels, Insquality (magnitude) and Maximum |8
direction of horizontal Horzontal |T
stresses Stress :

8
8
E
§

19, field mensuremants like using infra-red Formation tempersture and | Temperature

techniquas flow-lins temperwture

Labaratory analysis of cores, measurements on Poizson’s Ratio, Young's

cuttings, pressure pulsing the well, 2, 3, 5, 9, 13, 14, | Modulus, Thermal ¥

20 Expansion coefficient, fiuid P
Pt el B S

- comprossibility, rocksnd |+ oo U (M
fuid bulk modulus, T
Skampton's Pore Pressure 1
Coafficient, Bicts Constant, (]
. elc., N

Log based empirical correlation's using the following

measurements - 2, 3, 6, md 20. Laborstory D

measurements of shale cores using testing methods Shale A

like, adsorption isotherm method, hygrometar reading Activity/Pore | ,

and other relative humidity measurements, Water

detarmination of shale pore water salinity from sand Salinity

pore watsr salinity overlaymp and undsﬂyms the

shales

9, 3,5, Pressure Build-up tests liks 6 and 7, 4, 2, 10, | Pors Pressure Gradient

Ratio Methods, empirical methods using log Pore Pressure

information and compaction trends, etc.,

Loggers or Drillers Depth, Reservoir modeling and | Depth, Well tmjectory w

interpretation tools E

Seismic information, drilling data, 18, etc. Geologic information L
(presence of fauits and types | Drilting Data |~
of fukts) p

Case history for a local well where no or very fow Successful mud programs A

problems were seen T
H

17
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11,4,12 Static and equivalent Mud Weight | D
. l !l ! -! \ n
Laboratory fitration experiments ks the Barvid Drilling Finid | !
method and the API method, drilling fhuid daily Activity |}
Labnmmytuun;afpwm“m; Time dependent changes in :‘
experimants liks the Pore Pressure Transmission formation water conteat, el
(PPT) test, Linear Swell Moter Tests, measuring pm.m:y.m Membrane
changes in formation properties using fleld valocity and travel tims, Efficiency |¥
information 3,59.13,16,17,18, 19,20 formation density, eto. L
Mioroscopic Imaging Tecimiques, Physical Intrusion | Pore redii and distribution, i}
Techniques liks mercury injection, and muclesr solirta/water relative I
techniques such as using anelsar magnatic resonance | mobility D
tachniques (Jaboratory or wiretine or MWD), 2
1,2,3,4,5,8,%,138 Clay Content snd Formation
3, 4, Di-adsorption methods such as Mathylene Bloe Catimn Exchangs Capacity
Tmacmmnmmmnh (CEC)/Surface Area, lonic
barium chlorids compulsive exchangs method g:mghModlﬁm ROCK
2,3,4,5,8,10, 15,16, 18,20 Formation Water G
ty

Laboratory anatysis of cores, empirical correlation’s
using the following scurces - 1, 2, 3, 4, 5, 17, 18, 20

In applying the method of this inverion, st least some understanding of the drilling
fluid/formation interaction should prefirably be obtained prior to applying any total potentiel or
wellbore (in)stability mode for a resl-time drilling operetion. A Pore Pressure Tranamission (PPT)
test or any other rolovant test can be used to estimate the fmpact of & drilling fluid on the
formation propesties ie., including but not limited to transient pore pressure, water content,

electrical properties, acoustic properties, etc.

Chenges in the shale stress due to slterations of the above mentioned properties can be
obtained from the simmitaneous acquisition of sonic compression and shear wave velocity data. A
time-dependent total potential related ghale transient pressure obtained from the PPT can be used

to address issues where exposure time related borehole deterioration is chserved.

The foregoing description of the invention is intended to be a description of preferred
embodiments. Various changes in the details of the described method, including without
limitation details concering the wellbore stability model, can be mads without departing
from the intended scope of this invention as defined by the appended claims,

18
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We cluim;

1 A method employing drilling fluid for dsilling a welfbore penetrating a subterranean
formation, said method comprising real-time monitoring of the stability of said wellbore
5 using a wellbore stability model during said drilling of the wellbore.

2. The method of olaim I comprising:
(2) obtaining preliminary values for mud weight and chemical composition of said
10 (b) measuring acoustic, sonic, electrical, thermal and transient pressure responses of
: the formation;
e (c) calibrating said wellbore stability model with said measurements; and
(d) obtaining values for drilling mud weight and chemical composition of said drilling
@ fluid using said calibrated wellbore stability model.
15
3. The method of claim 2 wherein said chemical composition vehies comprise valuss for
salinity. ‘

4, The method of claim 2 further comprising repeating steps (b) and (d) during drilling
20 of said wellbore.

5. The method of claim 2 further comprising adjusting said drilling mud weight and
salinity of said drilling fluid based on said values gbtained with the calibrated wellbore

stability model.
25
6. The method of claim 2 wherein stid formation comprises shale.
7 The method of claim 2 wherein the measurements of step (b) are taken
simultaneously during drilling of the wellbore in said formation.
30
8, A method employing well service fluid for servicing & wellbore penetrating a
subterransan formation, said method comprising real-time monitoring of the stebility
19
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of said wellbore using a wellbore stability model during said servicing of said
wellbore,

9. The method of claim 8 comprising:

(o) obtaining preliminary values for weight and chemical composition of said well
service fluid using said welthore stability model;

) mﬁnﬁumusﬁqmﬁqdwﬂialthumdmdmmmmpmof
the formation;

(c) calibrating said wellbore stebility model with said measurements; and

(d) obtaining values for the weight and chemica! composition of sxid well service

fluid using said calibrated wellbore stability model,

10. A method for enhancing the recovery of hydrocarbons from a hydrocarbon bearing
formation employing enhanced recovery fluids, said method comprising real-time monitoring
of the stability of said formation using & wellbore stability model during said enhanced
recovesy.

11. A method for producing hydrocarbons from & hydrocarbon bearing formation while
monitoring the stability of said formation, said method comprising real-time monitoring of
the stability of said formation using a wellbore stability model during said production.

12. A method for maintaining stability of a wellbore penetrating a subterranean formation
during drilling or well servicing operations, or during production or enhanced recovery
operations, using fluids introduced into said wellbore to facilitate said operations, said
method comprising: '

estimating characteristic properties of the formation;

estimating in-situ stresses in the formation;

estimating or determining characteristic properties of said fuids;

estimating the rock strength of said formation;

conducting at least one pore pressure vorsus time laboratory test based on said
estimations of fluid properties, formation propertics, and rock strength;

employing results of said test, said estimations of formation properties, in-situ

20
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stresses, rock sirength, and said fluid properties in a wellbore stability model;

using rosults from said model to adjust estimates of said formation propertios, in-situ
streases in the formation; and rock strength to update gaid wellbore stability model or using
results from said model to adjust the properties of said fluids to maintain or enhence said
rock strength;

contimuing during said operations to estimate or measure characteristic propesties of
the formation and of said fhiids during said well operations and contimuing to repest or
update on & eal-time basis the estimates of in-situ stresses and rock strength based on said
properties;

continuing to update the wellbore stability model and continuing to adjust on a real-
time basis the properties of said fluids as needed to maintsin or enhanoe said rock strength
during said operations.

13.  The method of claim 12 wherein at least the weight and salinity of said fluids are
adjusted in accordance with results from said wellbore stability model.

14.  The method of claim 12 wherein said characteristic properties of the formation which
are measured during said wellbore operations comprise acoustic, sonic, electrical, thermal,
and transient pressure responses of the formation.

15. A method for maintaining stability of a wellbore penetrating a subterranean formation
during operations comprising drilling, servicing, or producing wells employing fiuids
introduced into the wellbore to facilitate said operations, said method comprising monitoring
on a real-time basis the interaction of said fluids on said formation and making adjustments in
the properties of said fluids to maintain or enhance the strength of said formation in contact
with said fluids.

16.  The method of claim 15 wherein monitoring of said interaction comprises taking real-

time measurements of properties of the formation and using same in a wellbore stability
madel,

17.  The'method of cleim 16, further comprising using results from said wellbore stability

2}
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model in making said adjustments in the properties of said fluids.

18.  The method of claim 15 employing at least one pore pressure vermus time laborstory
test and wellbore stability modeling in making adjustments in the properties of said fluid.

19. A method for monitoring the interaction of a subterranean formation with fluids
injected into or circulating in a wellbore penetrating said formation, said method
constructing an carth-model of the formation adjacent or near !.hewallbore;
predicting suitable fiuids for use in said wellbore;
conducting lsboratory experiments to ascertain time-dependent formation behavior in
the presence of said predicted suitable fluids;
measuring rock properties in said experiments; :
calibrating a wellbore stability model based on said measured rock properties;
injecting or circulating said fluids in said wellbore;
measuring real-time static and dynamic rock properties while said fluids are in said
wellbore; ) ‘
updating said wellbore stability model with said resl-time measurements;
adjusting the properties of said fluids as needed to maintain wellbore stability
according to said model.

20.  The method of claim 19 wherein said real-time measuring of rock properties and said
updating of the wellbore stability mode] are repeated during said injecting or circulating of
said fuids in said wellbore enough times that the interaction of said subtarranean formation
with said fluids may be monitored on a real-time basis,

22
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canoalied, ne rerumbering of the ather olaims is recquired, In all sases where dlaims are renumbered, they muat
be ferumbered conssoutively (Adminiiraiive instrustions, Sestion 205(b)).

The omendinenis must ba made in the anguage in which tiw inlemational applisalion ls ta be published,

Whal decuments must/mey accompany the amsndmenta?
Letiar (Section 208(b)):
Tha smandmanis rmusl be submitied with a letter.

The lstier will not be published with the inlemational spplication and the amended daims. R should not be
confused wih the “Stelement under Article 19{1)" (sves below, under “Stalement under Arilole 19(1)%).

The laiter must be in English or French, st the cholos of the epplicant. However, § the language of the
intsmational application ls English, the lettei must be in English; if tha languags of the intarnationad
in French, the letter must be In French,

tpplication
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NOTES TO FORM PCTNSA/220 (continued)

The lslter must indisale the differances belween the olaims as fied and the clakme as amencied. & must, n
partioulsr, Indioata, hmmﬂ-ﬁdmmhhm#ﬂﬂmm
anmmlmlldummyhm-iﬂ-r

the alaim is unshanged;

the olaim is oancelled;

the alaim i newr;

(v) the siaim repissss ane or more olaives an Bied;

{v] e claim Is Uw meeull of the division of a olaim m Sed.

33

mmwnmhmhm-nmﬂ-uwhh

1. [Where criginaly there ware 48 olaims end alier unandmeni of soms claims there ars §1):
“Claims 1 o 28, !I n.u.s.uuawmnmu-uhmlh.mm
clasra 30, n-uxw.md-nﬂhillﬂd

2 [Whare originally thers were 15 claims and alier amendmant of all alaims thare are 11]:
*Claima { 1o 15 mplasad by amsnded claims 1 to 11."

3. [Whare ariginaly there wers 14 claims snd the amendmes©ts consist in canceliing acsme claims end in adding
now elaima):
'am1dcml4mm1m:mummu 16 and 17 added.” or
“Claima 7 Io 13 canseliad; new sisime 16, 18 and 17 adkiedt; 2l other olaims unchanged.”

4. [Whers various kinds of amandmeonts am

*Claima 1-10 unshanged; claiva 11 ts 13, 18 and 19 canselied; clalma 14, 1 lﬂilﬂﬂ—dhm
claim 14; slaim 17 subdiivided info amented daims 15, 18 and 17; new olaime 20 and 21 adkled.”

@ "Bixtement under estiale 18{1)" (Rule 45.4)
The amendments may be ascompanied by & ststsment s)xplaining the amendments and indicating any impast

Mlﬁmﬂ“#hﬂﬂh“ﬂﬁ.dﬂ'mmhmmm

Tha siatement will ba putinhed with the nemational applicalon and the amerddsd olgirms.
& must ba In the anguage in which the istamstionsl appplcction s o be published,
¥ musi b bried, nol axoeeding 500 words if in English of i trarwlaled into English.

A shauld not be senihused with and dose not replade he lettes indioating the difisrences batween tha slaime
a8 fled and as smendad, R mus be fisd on a separats shest and must be identiied ss such by » heading,
profersbily by using the words "Sistement under Artiale 18{1).”

1 may nol sorisin any disparaging comments on the iMlemational ssarsh report or the relsvancs of cllations.
containad In that repor. Refarence lo citations, relevant 1o a given alsimn, sonainad in the intemational search
rapori may be made only in connestion with an amendment of thal claim.

Consequance if 3 demand for inlarnational preliminary sxaminstion has cirendy bean filgd

i1, at the time of ling any amendments undar Artiole 18, 2 demand lor intemational preliminary examinalion
Il-ﬁdyh-nlutﬁllld.hquilunnuﬂmhrﬂy.ﬂhmmdiﬂhmmh
ntemational Buraau, also lis & copy of sush amandments with the inlemational Preiminary Examining
Authorty (ses Pula 62 2(a), firs! enienes).

Consequencs with regand ts tranalstien of the iIntematisnal applicalien tor sniry inis the natlonsl phase
The applicant’s attention in craum to the fact that, -Mnupnnmwhh!hndnmlm-o.armah
dm.nwﬂumulimhmbhhﬂhﬂbh designated/sincted Officss, instead of, or
m addibon 1o, the ramslation of the slsims as fied.
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1] i
Appleunt’s o ugont's Alo ieknwcy FOR FURTHEH (.F.:nn NIIPCI?IUI d'l’l:'l'l'wl:::n.l:l'l':'mlﬂ E:::nm
HALB: 006 ACTION
Intsmational appiication No. imemational fing daty (day/montivyaer) {Easilgsl) Priority Dale (dap/monihiear)
PCT/US 01/18134 05/06/2001 06/06/2000 )
Appicant !

HALLIBURTON ENERGY SERVICES, INC.

nhmumlammmmmmwhunmw Mngmmw“hwnn applicant
sccording 10 Article 18. A copy s being Tansmitied 10 the intemational Bureau

Tnis Iniemational Besrch Reponconsismolaomiol 4 sheets
it is 8ls0 accompaniad by & copy of sach prior art document cied In this report.

1, Basls of the report
a umnrqmmhuumummhum“mbdmnnnmuummwhumn
ianguage in which & was flud, unisss otherwise indicated under this iiom,
@ [] e inemationsl seerch was canted out on the basis of  translation of the infemetonal appication fumighad 10 this »
Authority (Fule 23.1(5))

b. With regard 1o any nucleatide and/or amine acld mmlnumhpphﬁnhmmm
was carriod cuilon the basls of 1he sequence tsting :

contained In the intemational appiication in written form.

filed gathes with the intarnational appiication in computer readable form.
fumnished subsaquantly to this Authorily in writtan form.

fumished subsaquantly 1o this Authorlty In computer readbie form.

the statement that the subsaquantly lurnisnad writien seguence listing doas not o bayohd he disciosure Ib tha
Intemakonal applicalion as (ied has baan lumished.

:I:NWMNWMmnmmmmummmummmmmm

Certain clpima wers found unsaarchable (Ses Bor ).
Unity of iInvention ls lscking (800 Box i),

00 0O O00ood

4. Wit ragard o he title,
[J  tne e is aporoved as submined by the appiicant.
[X]  the text nes been estanished by this Aumanty o read aa folows:
@ REAL-TIME METHOD FOR MAINTAINING FORMATION STABILITY

5. Wit ragard 10 he abstract,

[X] e renis approved as submined by ine appiicant.

[J neten nas baen esianiisned. according 10 Rule 38.2(b). by tis Authorily as it appeass in Box lll. Tha appicant may,
within ane month fom the <ale of mailng of is INKINBLONE SRACH MENON, KUbMIt COMMaNES 19 Mis Authority.

6. Tne figure of tha drawings o be published with 1ha abstract is Figure No, la 3
[(X]  as supgemed by he appicant. (] Noneof the kgures.
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5 6
diagaise it by varistions in form o additions of further ["CALCULATION ROUTINE"] By mibtmcting the
tmprovemests. ficld pore pressurs from this sotal stress, the mean effec-

tive stress around the wellbare ks detenmined. [“CAL-
DESCRIPTION OF THE DRAWINGS CULATION

So that the manner in which the sbove-reclied fes- § By ming corrshations of mean effective stress and
tares, advantages and ohjects of the iovention, as well as shale shear streagsh (detexmined from a shale strength

1t is praferred, but not necestary, that ECI (patassiom
be contidered limiting of ks scope, for the investion 13 chlorlde) concestration (“ECL cococmairation daza
may admit 10 other equally effective equivalent embodl-  hase™) be one paramster determinad with this method
[ M- ﬁﬁ‘ﬂ.lﬂllh'll’lhﬂl’l
FIQ. 1 & s graph of wellbore stability charts. in the prior art.
FIO.1 b a graph of strese-atnain cwves for 2 low  Using the toal wellbore strem, the meas effective
permesbiity shale. , 3 mress srovad the wellbore, aad in site shale shear
FIG. 3 is o graph of a fallure criterion for a shale. fullure criteria are defined (or the shale snder
FIG. 4 & » graph of peak shale wrength comrelation  yiody ("CALCULATION ROQUTINE™): le. the
according to the prescai favention.

XCI concentration is calculgeed.
FIG. 7 is a graphical representation of results ob- A typical method socording to this invention In-
“ﬂ;dm m““‘"’“‘“‘””mmmupmr&nﬂm
om0A4)
. FIG. | & 3 graphical representation of potassiom calculate depth LaDpt)
@ &lﬂﬂenmmm;mmm I'MMJMNHM s
FI0. 9 shows the strength-scan effective stress rela- MdLaDpte TVD— WDyt
tioeship for different shales, ¥ -
FI1G. 10 is » schematic representation of a method Whare, WirDpt = Water Dagth
according 10 Lhis invention.
FIG. 11 presenus a graph of & rock'’s ultrasonic veloc- On luad. Wir D=0
ity verss i mean effective stress TVD=Tres Venieal Deged
DESCRIPTION OF EMBODIMENTS “
FPREFERRED AT THE TIME OF FILING FOR 2. Caleulate hole direction jn nelation to Maslmom Hor-
THIS PATENT izontsl Swem (MasHralszre):

A wethod 10 the lovention b
N e e T e ot 45 oc=oim (WAmmbiastiniamAsn)
method, thale cuttings are obtined ("OBTAIN CUT-

Alpha =Welloors deil or snght
TINGS™) from » weilbore and thelr susface ares &s
meztured or determained ("ANALYZE CUTTINGS). [WieAzm=Wellbasn Anleutl
One way 10 determine surface ares, presented In U.5. MulrinriAss = Aziuch of the mulmen
Pat. No. 4.876,512 co-owned with this spplication and 50 hocizoasal e

MII :“m= con llllllldofh:rallllll.l:‘ .::‘:mwdnn'iahhl ‘:L 3. Convert in-altu stress gradient o towal stress:
surfsce area Eigme| = Ovibdungréa (Overbarien
From typical sources, e.g. density logs and extended ..al'_n-ml.nnn -
Jeak off tests, in situ gecetatic siresses are determined 99
("IN STTU STRESSES"). Demslty log data i used 10

calcalate a vertical siress component and extended leak Sipmn? = MazHreiSenGrdn (Maxioen horlsowtal

ofT 1est data is used to caleulate 2 horkzontal stres com- stress gradica) ¢ MdLaDp

ponent, These two camponents are then used to calow-

late the total in situ stress. ] . . ,
From typical sources, e.g. mud logging reports, and Sigmadw MisHniRireOis (Miskwds bevizoetl

well data from other wells, data are obtained for caleu- s i) * MALsDys

laring fleid pore pressure (“FIELD PORE PRES-
SURE™). The wellbore geomsetry "WELLBORE QE-
OMETRY™) (depth. dimension, direction) is obtained 63
from conventioaal sources, e.g. such as well survey 4. Transform mresses bn (Sigms 1,2.3) coordinates into
dats. Using convesational wethods, a.g. lincar elastic mhﬂlm.ihmmwwwhdl(x.v.ﬂm-
equations, total stress around the wellbore is caleulated. ing new coordinsies In x,y,% sysiom:

PorePror=PorePruGrda (Fore pressaw gradient)®
MdlLaDpt

-
.
1%
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m--—, * Cas’(Buots) + Sigmal * [ ] TABLE H-continued
o
K &:— Hu_- Elhlni“ Escpaicd
+Sigmal * Cos? TVD MadWa MedW  MaKO  Mm KO
e * o-'uhh-hn.-l Sin? (Alpha) ’ ) [ [ wh .
[T ] 14 ) ni
- ca? o Gmp M My A a3
Sigoaz =(ligas © Sla' (o) + Sigmal *
™o e 10 ne ai
{Bruj) * Kol (Alpha)+ Eigraal * Con? (Alpke) o foierd us 19 e a
Tourym .3 (Sigwad—Sigeal) * fia (2 * Beta) * Co s u by w ™
R mowoM B N
Tauge=03 * (Sigm) - =’ N3
(lawa)~Sigemal * e-"'!;nnn * Gia 01 * Alpin) s :mm 'ﬂ ::En' .ﬁ u3
}
Toonwl s * (Gl —-Bxmal) * Sis 2 ¢ a
] Sin {Alpkm) i 9. Calculate rock srength (Rock Stgh):
5. Galculate surface aren:

& DCM (diclectric constant meagurement flﬂlm
DCM) optien (US. Pat. No. 4,876512)

Surfdres=ti))] * DCAR + 219 * DCM=-431

b. Dircct measurement [e.3. EGME method]
& Calculnie Peisson ratio (PunR1):

Ponfref (Serfirme metn gffycrive Sra)
2. Set Theta {angle around wellbore) 10 zero degree
8. Calculate effective comfining stress (EffStra) s a %
foncticn of Theta:
Al =Sigmus + Sapeay
A=) * {Sigmex = Sigmay) %, Cou {3 Theta) 33
Admd ® Tnoy® G Q3 * Thau)
e Sigmaz—-Paniy ® (434 43)
dmdl~A2=A}
EfSerimic+ d)~ PovePrar

[PerePrurwin sin pore prasere of e (ormaron]

RochSargh = eup fmp(2 AMDE1 o LSS * In (BurtArm)))) +
=R * (603 - (0000 * SsrfAres])
[eg =p? means e3; expoP” means &f]

[In=log]

2 10. Calculaie collapas mud welght (CpMW):

Toxnm1 * (Tinge * Cou (Thets)— Toum * Sin
(Then))

u.-; .-:’-l- 12 G+l * A0S RuckSrrpi? +3

17 b1 >0 hlwsguare ract fb1)

T b1 <0 Wl="poly”

ClaMWu( " d-0 " TVD "0}
11. Calcolaie maximum allowabie mud weight:
Frackd W (d= ForsPren\(TVD * 0052)

[FracMW is the niud weight that will csuse fractur.
ing of the wellbore]

12, Increase Theta 5 degress, 72 times, to 360 degree.

For exch increment, t ueps 8-10 10 obuin

ClpsMW and FracMW. and mave the mazimum
TABLE 1
» c D E r o N 1 ]
A IBVEY - SIRESS - - S
™D Oi Asimoth Porefrm OwyBda MaJuQn MaiHz Qo MalhAsm EROME
[ ] Decimal Declmal pol8 /i plA pd/h Deotimal -II!_ DCM
MAH OO0 1800 QX0 2 A%0 o0 ano 4000 LTI T
00 1400 13000 @0 aNe amn ane 000 T T
@00 M0 A0 0400  G8Y o ane @0 [TTT T
3000 JOm  19.000 T~ 00 [y ] 0750 Q000 100 0w
WL MHWD waw A .1 ] a1 07150 40000 8 1
MOL 000 QoD A0 080 o o0 @00 1T T
WS 000 10000 0478 O am %0 40.000 1m0 00
85000 4DOD OO0 047 0500 e 070 «aomn 80 Mam
«n L “on 15000 241 awn 918 a8 shooh 1138 42.30
BWOE VUM 0K DT UKo an 0.020 00 ue Q0
KOmO B0 1000 D47 oNo 0.120 00 .00 o 40
105000 w000 X0 047 0NN 010 ano 40000 N X
TABLE I collapse MW and minimum fractiure KW around the
L ") N o welibore.
K Mpisps Mioumus Eamaed Bumswd 6 Tables | and II present inpot and output data for
TVD  MedWi. MudWi MaXC Mukd typical determinations using methods according ta the
L e oS [ b present invention. Table ] nepresents e following
0000 4 T o n input data:

™
i
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g:—_im-s-mq-h-u-hi-ﬁ-u

Table 11 presents the following cutpat dats:

Colump

X Total verical gapth

L Collapes mad welgh, La. miniermmy
regquived mad weighs 1 Teep welbar

] Fracture wd walght, ia masimun wed
wight the wallbore can taks Wefore
fractore otcEn

N isimum desirable KCL. mmotet

0 Mazimum desirshir ECL amomn

F1G. 7 presents a graphic representation of desirable
and undesirable drilling fiuid (m thia case mod) weights

for a panicular wellbare. The figure shews the combi- 30

nations of mud weight and depth tha resulis in com-
pressive failure, stable conditions, or tensile fflure. For
example, three polnts at the same depth have been indi-
cated in F1Q. 7, polats A, B and C. Point A represents

the minfmum mud weight thal s needed 10 prevent 35

wellbore collapse operation to the left of thiy point
results in britde or ductile collapse with the accompa-
nying problems of tight holes. stuck pips, etc. Point B s
located in a suhle region where compremive fallure and

lost circulation will not occur. Point C represents the 40

mszimum mud weight that the wellbare can take before
lost circulations occur. Opersilon o the right of Poingt C
causes the bore hole wall w0 fracture resuliing in low

FI(.. § presents potsssinm chloride concentrmtion in 4%

the drilling mud. This is determined with prier an
methods. Three points have been indicated, poinu D, E,
and F. Point D represents the minimum KCl concentre-
tion level that is required to effectively tnhibit shale

swelling. Foint E represenss an inteymediate KCI con- 30

centration a1 which chale hydration is inhibited. Poimt F

represents the preferred upper range of XCl concentra-

tion that will efTectively inkibit shale swelling.
Another shale strength-mean effective nress dsta

5,285,692
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Methods For Measuring Ultrascnic Velocities In Mate-
risls,” producing resalts s shown s F1G. 11. Also, the
surface aress of esch of the shale types are determined
and correlated with ulyrascnic velocity and mean effec-

3 tve swrem; &g, in FIG. 11 Shale ] has a low surface ares

and Shale 11 has a high surface ares. Then in situ fleld
poty presmure can be detorzuined by combining feld
mearuremesns of In situ (vartcal) overburden strems,

1o horlzcmtal stress, uitrasanic velocity log data, and sur-

face areas of shale cottiags. The in situ harizontal strem
is determined by s prior ant bydmulic leskoff (hydraulic
microfractore) tst. The In g overborden strems &
derived from prior arn density log data, The mean effec-

13 give stress is determined by comparing the sarface area

of the fleld shale cuttings and the Jog dexived ultrusonic
velochy from the zone of interest (o the surface ares-
ulmssonic velociry-mean effective stress correlation
from the Jaboratary test shale data base. The following
method s used to obtaln in sltu pore pressere {v):

Felmil ny/l-e ]

”W.Iﬂ'l

7= affecive SUen
| =gvgrhurdes wrew

L] -’!‘Hl‘l

derived from the field demity log where ymlog
density derlved at each depth interval, Ahi

o) s determined from the extended hydraulic Jeakof?
ot

p' is determined from the surface args~uhrasonic
wvelocity ~mean effective stress laboratary test dats
bese correlation.

Then from (1x

usflo"+ 2/l -§ @

‘The pore pressure (u) is determined by applying val-
ues for o, &3 and p' 10 equation (2).

In Uke manner, the following method is used to deter-
mine in sim field borizontal stress in an interval where
the pore presaure has been messured or determined by
prior an geophysical and drilling engineering methods

base correlation wecording to the present invention is 35 hy comhining the value with the in sity shale sucface
developed with ulirmsonx velocily data. Ulirasone  area velue determined from measurements of cuttings

velocity values for a particular field shale o depih are
deiermined by prior an wellbore logging technigues
and are then compared to the datp baie, ¢.§., in the
labaratory, 10 obtain ko situ shale strength.

Anotber remote-from-the-hale test data base correls-
tion actonding to the present invention s developed for
severa! different types of shales with dats including
ulirasopic velocity, surface area, and mean effective

strems lsborstory test meaurements The ultrasonic €5

velocity values for differem shales are fomctions of
mean effective stress as devived by methods described in
ouwr copending application entitled “Apparatuses and

ARCID U BENNAT 1 .

and by comparing the surface area to the shale surface
area—ulirssonic velocity—smean effective stress labora-
tory sirem daa base correlation 10 obiain in st mean
effective srens (p"). The following method is then used
> obain in situ borizontal stress (or3):

The overburden stress (o) is determined by ting

o= 3y 4G shove)
1

and
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-IU‘i]-ﬂ o)

The in situ horizontal stress (07) §s determined by
applying values for p’, u and oy 1o equation ()
The copending application eutitled “Methods and

bilty Geologic Materials,™ disclosss bow to obtain 10

clastic properties, (eg. Poisen's mtis, bulk moduhs,
Young's modulus, shear modulus, etc.) for & low perme-
shility rock such as a shale and shows that elastic prop-
erties can be corvelated with mean efTective stren for
such rock. The lovention disclosed herein also shows

that the clastic properties for different sypes of rocks
can he comelsied with mean effective srem and sn

indes praperly (a.g. menssured spacific surface wres).

12

4, Fllter through Whatman #30 fiter paper using a
stainiess steel fiker poess ot 100 pai.

5. Rinse with 20 m) defonized water end fllter. through
cake. Repest twice.

5 6. Allow filter cake sample to dry In sir.
7. Grind caks snd sisve (200 wmeth).
l:ilhl.llﬂem.dq.wdghd”nlwdﬂlu

49, mmhhlnnu;pdﬁw tmul.:
lm_eweuunudumnllrplldlhw'hﬂiujd
10. Reweigh sample immediately and calculate weight

13 ||ﬁ:ﬁwﬂm yoo! monoethy] ether (BGME)
. er
wample uﬂmlrl:ﬂy.l.ammulunawhhﬁd

om,
12. In a shallow dish add 73 g EGME t0 30 § anhydrous

In general, rock having lower specific sorface area 5,  Csicium chioride pelicts (4-20 mesh) (CaCh) and

displays higher elatic propertics, i.e. higher values for
Young's sodulus, bulk modulus, etc. and Jower values
for Paisson’s rutio. !

The techniques described herein for

place in bottom of deslceator. Lesve dish lid slightly
ajer and surround dish with CaCh.

13, Place mmpie in desiccator snd evacuste for 43 min-
utes. Seal deslceator and let set overmight.

determiniag =
srength of shale fonmation can slao apply 10 soive other gy |4 Relense vacunm using room sir passed through sllica

engineering problemss related 10 construction work wmk-
ing place in shule formations. Such applications inclode
open pil mining, tmnel mining, rosd cut. tunnel con-

ftructios, eic.) Ia thess applicstions, a small amoun of

15. Reweigh sxmple immediately azd caloulsie gain a
mg EOME/g dry
16 Shale surface area =

disturbad or uadisturbed sample (approximately 10 %

grams) is collecied from the representative shale forma-
ticn. Then, the mmple is snalyred using the EGME
surfsce ares techaique or the disleciric constant method
1o obiain speciiic surface and messurements. The in situ

.nmmn.m.

Io conclusion, therefore, It Is scen that the present

shale strength — surfece area—mean effective siyess car-
relations tuch s those presepted in FIGS. 4 and 5.
Alternatively, the ample is wsed to determine another
indes propenty. The in sitv nrength of the formation
then is estimated using the shale strength—index pro-
peny—mean effective nress correlation. Alternatively

Knowing the in situ formation strength or elastic
propenties, engineering snalysss can be conducted to
obiain necessary design parsmeters For example, in an
open pit mining area, it is very important to determine
the maximum slope angle that can be cwt through the
formation without cansing slope failure. For this appli-
cation, a soall amount of out-crop mmple will be col-

Iuldmdmlndmohﬁnmﬂmuamimu.”

Formation strength then is estimated using the shale
sirength = surface ares—mean effective stress correls-
tion. With formation sirength. conventional slope stabil-
ity snalysic can be conducted 10 delermine the maxi-
mum slope angle.

A preferred embodiment of the EGME shale surface
area derermination method is s follows:
1. Girind shale sample 1o pass 200 mesh sereen

1 Cone, quaner and welgh 1.5 g sieved shale (<200

mesh} in1o 250 ml beaker.

3. Add 30 m) 30% hydrogen peroxide (HyO7) cau-
tiously with occasional stirring. Let set overnight or
until sample stops bubbling.

40 realized that changes are pomdble

wel] adapted to carry out the objectives and obtain the
ends set forth at the outset. Certaln chinges can be
made in the method and apparates without departing
(rom the splrit and the scope of this tvention. It s

and it ia further in-
tended that each element or step recited in any of the
following claims ia t0 be understood as referring to all

carry oun the objects and obuwin the ends and advan-
tages mentioned, as Wwell as othery inhereni therein,

o What bs clabmed is:

1. A method for measuring in sita pore pressure of 8
specimen low permeability roek, the method compris-
ing

obl_ainln;ullrume!-nplermuﬂmhlimlna-

tion,

messuring an index property of the first rock sample
and obiaining s value for it,

pressusizing the first rock ssmple trinxially by apply-
ing » load 10 it and & confming pressure,

% measuring continuoukly and recording the flrst rock

sample’s pore preqpure while applying the load to
i

upplhmmeeundumuumrammetum-
ple while applying the load o It,

&3  measuring and recording the yhrasonic velocities of

the first rock sample a1 different pore pressures.
determining the mean effective stress of the first rock
sample at each different pore pressure,

132,
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performing the previously-listed steps for o plurality
of different rock samples from in st locations,
correlating ultrasonic velocity values and mean effec-

tive stress valpes with messured index property

values for each sample wnd plotting a point on 3 3

graph for each such correlation,
delermining a carve that flus the plot of poimts repre-
acnting ench ultrasonic velocily versus ks cofre-

Mn; indea property value and mean effective ,,

mﬂw;m situ uitrasonic velocities through the
tpecimen,

measuring ihe Index property of the specimen,

locating on the curve a point corresponding o the
measured index property value and ulirpsonic ve-
locity value of the specimen, and then locating the
mean effective siress value of the specimen corre-

mﬁ;wﬁuhﬂumvﬂunﬂnmn

soale velocity value,

datermining the bn situ vertical seress of the specimen
and horizonts) mresses of the ypecimen,

using the in situ mean effective stress from the curve,
the in sty vertica) siress and in situ borizental

stresses (o determine the in shiu pore presmare of the L

mpecimen.
2 The method of claim 1 whereln the index property

b surface area.

3 Amfwmhdmlumﬂmof 10
a Jow permesbility formation, the method

oullnlulfuun:lunphttunﬁmhunhu

mmnuﬂnmyotﬂeﬂmmkmﬂe
and obuaining a valve for it,

mm;hﬁmmﬁmhmﬂbbymﬂ
tancously applying a load 1o it and a confining
presture,

0 o _ $IMBIAL ) »

5,285,692
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nﬂuﬂngmﬂnuulyldmthfnmk
sample’s pore pressure while applying the load 10
lheﬁmm'.knnple.
applying the confining p-mlothﬂmmt-m-
ﬂe\lﬂlllelpplmlh:hldloll.

and recording witrmsonic  velocities
through the first rock sample at different pore pres-

Ill!l.

&emﬁmmdmrwm
-npl:nadn pore pressure,
the previously-listed steps for a plunality
of diiferent rock samples from the Ia sito Jocation,
correlating ultresonic velocity values aad mean offec-
tive stress values with messured index property
valoes for each sumple and ploming a point on »

graph for each such condition,
deteymining a curve that fhs the plot of points repre-
seuting each nltrasonic velocity versus i comre-

sponding Index property value and mesa effective
atrasz value,

mdmﬁmyvdud&ehmw
men and uitrasonle velocity valoe,

Mhmm;mmdrmnmvﬂum
sponding 1o that index property and uhirssonic

velocity value,
ummlhhmmhlmudmm
sure of the in sltu specimen, and
wming the in sity means effective sires from the curve,
the in sito vertical stress and pore pressure io deter-
mine the in st horizontal stress of the in sto speci-

men.
4. The metbod of claim 3 wherein the index property

is surfsce area.

182
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METHOD AND SYSTEM FOR MONITORING THE
STARILITY OF BOREHOLES
BACKGROUND OF THE INVENTION s

1. Field of the Invention +
mpun:_invniu:ﬂuuq-uundm

There are well
dealing with unsiable

e
i
.éﬁﬁs
il
%E%%g
i

!
;
i

instituted.
detecrion and prevention of barehole failure
'rom ealargement {slonghing) or coutraction
i1 a1 impartant factor in the succesxfai dril-

1

jon st the borehole wall excveds the

gt
i
i
i{lip

fected by wormal drilling muds. The mcasmrement of
the initial shale properdes and subsequent In
thete properties would allow the direct mopitoring of

fi
i
|
E-
I

major problerss tacinding rhe fact they depended %0
upan particles retnroed 10 the surface and required wey
chemistry analysis. It i submantially w de-

SUMMARY OF THE INVENTION

The present inveutioe utilizes logging mesturements,
such a3 resistivity, ptmnynrpmuimnm_wim

any logging equipmen, either measuring-while-drilling 50

or wire line, 10 messure charscieristic of 4 formation,
prdeﬂlﬂvlhg:hpuhmhﬁndw;hu

4M0G08AY, ¢, »

i
d

Dérehole instabllity occtrs when a stress 39

2
in the formation churacteristic, the drilling engineer is
shis 1o predict any decresse ln stability mnd take such
Steps 43 are necemary (0 prevest degradavion of the
borehnle due to the collapse of a particular farmation.

BRIEF DESCRIPTION OF THE DRAWINGS

‘The prasent inveation will now be described by way
of example with reference to the accompanying draw-

in which:

FI1Q. 1 ts a achematic side clevation through s bore-
bole abowing fallvare of » formation resalting in bore-
bale enlargament and reduction;

FIG. 1 bs a schematio trausverse ssction through the
borehole of F1G3.

FIG. 3 s s Oamma Ray-Conductivity graph showing
the method for estwating BQy for ehale;

F1Q. 4 Is 2 sonlo logging graph showing the affect of
shale hydration over several Jogging runs; and

FIOS. 3A, 3B sod §C are v set of graphs of sonic and
resistivity Jogs (1SF/Sonic) showing the effect of shale
hydration over a time period.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The leant expensive driliing fiudd s & water-bpsed
mud whic includes, other than water and earth solids
{mostly elay) s complax three-phase minture of liguids.
mdmwhmumnlynmcdw&h

30 aro intended to keep the mixtare fluid. However, when

such s drilling fluid is eed in » sbale formetion, the

resuit of shsorption/reaction of the drilling fluid by the
formation. Any instabllity will be thresdimensional in

m!lmmmﬁthmm-

detoctable clectricyl msistivity. The most susceptible
shales can be ruadily identified by an injtial logging run.

3Y
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The ultimate swelling potential of & formation is de-
u-hdbyhuﬁmaﬂnnpupdw.m.mbe
estimated from Jog-derived messurements using (he
equation:

G /P (Cub B

(mhos/m)
capacity/pors valume
Usgally the shale volume can be estimaied from s
parmalized gamma ray response. Gamma ey response

usually ranges from 10-20 AP] units for clean sands 13

sssumed to be 1.0 op this ling and Is lnearly scaled
between this and zero for the clesn sand begeline.
Asmnzing the bulk shals minsralogy does not change
over a given isterval, BQ, shale can be deiermined by
crossplosting normulized gamma ray respoase v con-
ductivity as shown ia FIG. 3,

When memured coaductivity (C7) k muldplied by 25
formation resistivy

cither known or estioated resiativity factor
(F*), BQ,shale is the slope of the cromplot relationthip,
‘Through this normalized

same formation, which candbe hundreds of feet thick.

However, the slope may be different in difforent forma- »

lem swetling shale is known. The latter is not true Ia a o

4
logging of a formation. Following are two exampies
which demomstrate thia
F1Q. 4 shows the cffect of shale hydratios on a transit
time log. Thess logging runs occurved as follows:

from 7 to 20 eeleroseconds per foot, indicating
hydretion has occurred. In goneral, the risk of barehole
rnilmlsmpmbnlnlhhiu:ui-muning.

tion on resistivity and transit time:
Time Bare
l.nrlnlh. Initial Panctresion
1 RIQ. 3A) 1day
10ma. 5B Mday
14M0. 5C) 11 daye

borebole resistivity (SFL~-B) decressed from 0.9 10 0.6
m. Both measurements indicate & considersbie incresse
in average shale porosity. Any other porosity sensitive
logging mexturement would be similyrly affected.

method relying opon cuttings which are well mixed There was further shale hydration between Run No.

when they szrive st the surface.
A shale's swelling tendency, however, Is only pan of
the problem in prediciing borehole failore, The rate of

shale swelling from hydration can vary drastically de- ss

pending oa the initial structore of the shale A shale
which & highly fractured, with the mme electrical
propertles and nltimste swelling tendency, can fiil ten
1o ont hundred times faster than an unfractured shale

due to its initial structure. A fractured shale i initially 60

much weaker than sn unfractured shale. Fyrther, the
exining fracture planes provide essy avenues for desp
penetration of frosh water drilling fluld into the forma-
tion. When this occurs, the initial hydration occurs

along initial planes of weakness and fallure can occur 3

rapidly.
The progress of shale hydration and its effect on
borshole stability can be monitored through repeated

. eTibkOdAL 1 »

2 and Rua No. 3. Average shala transit time continued
10 increase between 10790" und 10850', A caliper log run
at this time ivdicated that the borehole had closed in by
sbout oae inch in this interval. The open bole below
10790' could have boen lost if this well were not cased
rapidly st this time,

Shale swelling can produce enough of an incresse in
the dimensions of the formation that the stress within
the shale can caunse fracturing or ic deformation
which will further decrease the shale’s strength. If such
swelling b sllowed 16 proceed, L. the well i not cased.
then failure of the shale formasion will resull. Absorp-
tion of drilling Nuld by shale produces, in addition to
swelling, a reduction in the shale's elecirical resistivity,
due t0 un incremse in the fluid costeat. The relation
between the change in electrical resistivity and swelling
sirems within the shale can be determined in the labors-
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wry for different types of shales. This testing most be 1. A method for moniwring the mability of an earth
done under an in sitn sigmlated conditios. Nﬂhm%ﬁ-hhmd:;:f’b?hhm
By repesting logging measuraments of shale forma.  ialaing drilling comprising :
tioos dusing and after drilling of 2 well. the changs in s runniog, at a first point in time, s well loggiag instro-

" e istic of the shalo over & time period can 5 Eﬁmmmm:mm-l
be noted. This change in characteristic can then be tind i 2 ion:
. . p of & charsceeristio of seid shale formation;

to predict the increase in the swelling stress in the shals, running, at & second polnt in time subsequent 1o sald

The swelling stress can be used to estimate the stability fist point in tme, a well logging instrument

condition of the well bare, incloding how close the well 10 throngh the borehols sloug said shale formation of

bore currently is to imstability and the tims to fallure of interest, while taking s second messrement of said
the formation. With this information svailable, modif- ﬁmcuﬁwnurlsm“d

cations cag bo made to the drilling program to minimize combining second measurements to

cans Imatahil- deteraaine the extent to which tha shale formation

Ly, Fovemel probiems mmd cames of well bore 1S ofinterest has swollad due bo the lnteraceion of the

The § e diac) and description of the lo- ing fluld in the borehole with tha ssid shale

vention i fllustrative and explanatory thereol, and varl- method sccording including, i
ous changes in the mmhod stsps may be made withia ﬁmmm to clam » o

the soope of the apponded claims without departing 20 which the shale facmation has swelled with known tez
from the spirit of the Invention. results from similar shale formations.
What s clalmed = " s 8 8 0
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(57) Davalopment ol an cil &7 G&E resavoll 1§ con- drdled m tha rasorvoir, and (2) associaled wilh the drill-

trolied using A neurAlneiwork and genatic akgnihm pro- ing, complation And smuiabon of thoas walls, And (3)

gam o deline A naural naiwork topology and tha opii- associalad with the oll or gas production (rom the wells.

mal inputs for thal topology. The topology is defined from Subsaquent drilling. completion ancretimulation of the

wlentified and aslacied pararmetara (1) associatled with resaIvoir is detemmined and applied based on hypothat-

the formation or formalions in which actual wells are ical allematives input 1o the topology and resuliing ow-
puls.
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Description

This wwonlion rolaios gonorally 16 tha managomont ol oil os gas rossivoirs and, mors pariculady. 10 8 mothod ol
controling the devalopmant of auch & resarvorr.

An cil or gas resenvoir Is & zone in the earth thel containg, or Is hough! 1o contain, one or more sources of oil or
f8s Whan such a resarvoir is found, typically one or more wells are drilied into the aarth 10 tap into the sourcele) of
il or gas tor producing them 1o tha suriace.

The an and sclence of managing oll or gas reservoirs has progressed ovar the years. Various lechniques have
baen used for irying to detarmine K suflicien ol or gas is In a given ressrvoir to warrani drilling, and i ap, how best 1o
devaiop the resarvoir 1o produce any ol or gas Lhal is aciually found.

One techniqua has simply used human experiance. Individuals have bacome skilled in studying data obtained

from a given reservoir and then applying thair expariance 1 make delanminations abou! the given reservoir and how,
il at all, 1o develop i

Computot modohng lachniquos heve moro roconlly boan usad.

Provious lypog ol resarvoir modols have been basad on knoar mathamatical analyses using only a few input pa-
ramatars {0.9.. iwa or ihroo paramolors such as reservoa qualdy, iocation, Ueatment rate, atc.). Morsa racanily, neumi
nelwork modaling ol reservors has been used. Neural natwork modeling 18 acvaniagbous bacause 1 can develop
correlations betwean a relatively large number of input paramatars and one or mare output paramaiers that woulkd be
diffcuR ¥ not impossibie (o cblain using inear mathematical techniques.

Neural nelwark lachnigues have baen applied Lo predicting the praduciion {rom gas siorage resarvoirs after iraining
the network on previoualy drilled and trested wells. This prior neural netwark development has relled on a human expert
designing the neurml iapology or torrsiation botwesen inputs and ovlputs and selecting the optimat inpuls for the lopol-
ogy. Even using an axpan, ihere is much educaled irial and evror sflorl spent linding a deaired topology and come-
sponding oplimal inputs. This ia time consuming and sxpensive and mus! typically ba done for sach ciiflarent reservoir,
and il roquiros a highly aklliod human export 1o provido usoful rosults.

Tho abilly 1o moro gquickly snd loes exponswaly anslyzo B resssvolr by whalovor meane s bacoming more and
more wnportant. Companies that provide goods and services for use in deveioping ol or gas reservoirs are basing
mar busineas dacisions on entire resarvoir analysia rather than just individual wells for which they may be hired for
a paniicvisr job. Bocause these decisions nead to be mada quickly as opporiunitiss presant themsalves, thara is the
neead for Aan improved method of analyzing oil or gas rasarvoirs and particularly for controling the subsagquent deval-
opmen! of reservairs thal appaar 1o be lavourable lor oll or gas production.

The prasent invention reduces or miigaias Ihe above-noted and other shoricomings of the prior art by providing
a novel and improved method ol controllmg he development of an ol or gas reservoir. The praseni invention ulilizes
naural network iechnology so thal muliple inpul paramatars can be used for delarmining & meaningiul corralation with
& deared output. but the prasent invention further automates this process to overcome the deficiencias in the prios
experl Wal-and-error neural natwork 1achnitue, In paricular, the presant mvenlion usas genetic aigorithms to define
the neurat network topology and corraspanding oplimal mputa.

Advaniages which can be achuaved by the present invention includs Lhe abilly 1o create & modal of a given raservoir
more quickly and less expansvaly than the aiorementioned lechniques. Tha presant inventon can be used to gplimize
production from an oif or gus rasarvar por dollar spont on stmulahon as opposad to smply dalarmining 8 MaxImum
possible production which may of may not be cbuunabile most cost efleciively. By oplimizing production par stimulation
dollar the cusiomar ¢can et tha highes! retuin on invesimant Tha pressni mwenlion can also be used i detenmuning
whethar developmant of a reservoir shoukd be pursuad (and thus wheihar a saivice company, for exampla, should bid
on a b pertAning 1o thal iosorvenr) Tho prasant mvanion 15 BISO AUVANIAGEOUS in delermung how many and whoro
walls should be dnillod m the resemnvou, In designing oplmum sysiems lor compleling or treating wells (e.q., gravel
packng perioraing. acxizey). Iraciuring. o1 ). and In evalualing periormance.

The meihod of coniraling davelopment of 8n Gil or gas reservoir m accordance with tha present Invention can be
delined us compriging siaps of

(u) salecimg an oil or gas reservor wherein the reservoir has a plurality ol wells crilled theren from which ot or
g&3 has been produced

(b) wenidyng woll drling paramatars associated wiih drilling of tha pluraity ol walis,

{c) dontitying woll compiolion parameiors associaiod with comploung tho plurality of wolla

{d) Cantlying well strmulation paramelers associaled with simulsting ihe plumality of wells.

{#) dentilying farmation parametars associated with the localons in the reservorr wharae the plurality of wells are
driled

{1} dleniying producuon parameters associtad with tha producton of 1ha il or gas from the plurality of wells
{g) selacting at lensi ona driling parameter. at iaasl ane completion paramaetar, at lasat one stimulation paramaetar,
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al leas! one lormation parameler, and &l laas! one production parameler from among the identified wel diitimg
paramsters, wal complalion paramaters, well stimulalion paramatars, formation prramasters, and production pR-
rameters;

{h) convaning the selected parameters 10 ancoded dipital signals for 8 computer:

& (i) datining in the compuiar a naural network topology rapresanting a rolationship betwasn the selected driling,
compiation, stemulation and lormaltion paremelers and tho a1 laast ona salscled production parameler in response
to the encoded digital signals. ncluding manipulatingd the encoded digital signals in the computer using ganelic
aigonthms 1o dehine Lhe neural network topology;

(i) entering mmo the computer as inputs 1o the definad neural network lopolbgy a firet group of addiional encoded

[ digital signals represeniing proposed driling, complstion, slimulation and formation parameters of the same typa
as the selacied driling, completion, stimulation and iormation paramsters, and generating an outpul from the

dafined neural neiwork fopology in response;

(k) repeating step (j) using al least 8 second group of addilional encodad digilal signale representing other proposed

driling, completion. simuiation and formation paramaters; and

() controlling further developmant of the ol or gas resarvoir in reaponss 10 at lsasi one of the genarated outputs,

inciuding at least oné Mep salaciad from the group conasting of (1) driling a1 least one new well in tha reservor

In responss 10 tha genarated outpul and (2) reating al least one well in the resarvoir in naspones 1o tha generated
aulpul .

The present inveniion can aiso be delined s & method ol generaling & model of an oil or gas resarvoir in A digilal
compuler for usa in analyzing the resarvair. This comprises proviiing the computer with & dala base for a pluraiity of
wals actually drilled in tha reservoir, inchuding paramaters of physical atributes of the wells; providing the computsr
wilh a neurs! network and genetic algorithm application program lo define a neural natwork topology within the computar
in responas to tha parameters in iha daia bass; and iniliating the compuler such thet the naural network and genatic
algorithma within the appiicaton program automatically dofino the naurai network topology and tho input data usod 1o
oplimally {orm the fopology in response Io the dats basa of the paramaters of physical altributas of the wells. This
@ mathod can lurther comprise: determining a hypothetical sel of parameters of physical atiribuies corresponding 1o at

lest some of the physical atiribute paramatera of the dala base; providing the computer with the determined hypo- ’

thetical sel ol paramatars: cakeulating in the computer, usmng the defined neural natwork topology..a production param-

30  oter coralated 1o the hypotheleal sei ol paramaters: and operaling & display devico n rasponsg 1o tha calculated
production paramster 8o that an mdividual viewing the display device tracks possible production from a wedl 10 winch
the hypothatical sg1 of paramatars is apphed prior 1o any aclual correspondng production occurring. The method can
additonally comprnise drilling an actual well in the resenvoir in response 10 the display of possiblie production. I can siill
further comprise. delerminng eddiional data and providing the additional dala 1o the data base of the computer. in-

L

¢luding measuring and recording aciual parameters ol physical aftributes of the actual well drilled In the reservolr; and
intiating the computer such that the neural network and genstic aigorithm application program automatically oparates
within the compuier to redefina the neural network iopology in responea 10 tha data base of paramalers of physical
attribules of the weils. which data bass includes the additional daia.

The resuliani trained network can then be used as a fil function for another genetic algorithm program {o eliow the
oplimization of the nput parameters that can be changed. Thesa changeable parameiera are any but tha resarvoir
parameters since the reservor parameters are fixed if tha wall is drilled in a specific location The ressrvoir paramalars
can aiso ba cphimized by using the neural network and genetic algorithm o salect the location thal should have the
resarvoir paramelars which should optimiza final production

Therelore. {rom the loregong. il 18 & general object of the presant invention to proviie a novel and mproved methed
ol conlroleng devalopmant ol an aill o gas reservou Other and turther objecis. features end advantages of the prosent
invention will be readily apparant 1o those skilled in 1he arl whon (he (Ollowing descriplion of the prelerred embodiments
I réfd N conjuncinn wilh the ACCOMPANYING UrAwangs

<0
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@ BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 s a biock diagram and pelorial ustration repressnting an oil or gas reservoir having a plurality of wells
wih which the present nvanion 18 used.

FIG 2 agraph showinga comparson bolwoon actual production and pracheiod production for a spocihe rosorvor
1o which tha present invention was applied

FIG 31s 2 graph showing 8 sensiivity analysis when diflaren! paramaiers were vaned ior wells n the resarvoir ol
FIG 2 The bage paramalers thal ware varied were from tha wells as trealed

FIG 4 s a graph showing tha sensitivity analysis of Ihe rasarvou of FIG 2 when all wells are shmulated wiln tha
same tranlment Thaas treAlment paramaiers Ara vared The lormation paramalars were aiso variad to show which
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formation ;:arameter had the greatest sflect on production in this particular application.

DETAIL_D DESCRIPTION OF THE INVENTION

With the presant invention, ong can analyze an ofl or gas resenvolr, determina if it Ia worth pursuing, and il it is,
how to funher davelop il. Such further managemant includas drilling additional wells, reworking existing walls in ths
reservor, or parforming new trealing or elimulation procedures. Speciic drifing information that can be derived from
the presant invention includes where o drill and how or whal typa of diilling 1o pariom, and examplas of particular
Ireating or stimulation proceduras thal can resull irom the presant invention mciude particular types ol perforaling,
acidizing, iraciuring or gravel packing procacures. Thus, ine prasent invention provicies a method of controlling davel-
opmsnl ol an oil or gas resenvolr. In particular, it is & compular-mplemented mathod ol controliing devalopment of an
oil or gas reservoir by enabling an individval to observe through ihe opemlion of the computar a simulaiad production
ol ofl or gas from the reservoir beiore an actual well is drilled in the reservoir to try to oblain therefrom aclual production
cofrasponding 10 the aimulatad production. As part of this, the presant invention inciudes & method of generatng a
maciel of an oll or gas reservoir in a digial computer for usa in analyzing the reaervor.

The presant nvenion 1s typically appliad 1o A specltic sslacted resarvorr; however, particular results oblained with
regard tooneressr  might ba usaiul as al ieast & slasting peint for the analysis ol anothar reservolr which has not
beguntobedevelo;,  and thus from which specific typas of daia may not be avaiiable. Once such daia are avalisbio,
then the method of the present invention could ba used with regard to that spectfic reservair. Accordingly, FIG. 1 shows
the meihocd penaining lo & sublarranaan rasarvoir 2 conlaining one or more dapasits of ol or gas, The resevor 2 i
located beneath the earth's suriace 4 through which & pluraiity of wefls 8a-8n have baen drilied. Each of the wells §
has conventional welthead equipment B at the surlacs 4, and sach wall 8 has downhole squipment 10 which pansiraies
the aarth and cammunicales with one or more oll-bearing or gas-besring fommationa or ronea of the reservoir 2, The
wells & ara axsting, aciual wells from which oll or gas production has baon oblained.

FIG. 1 shows thal oach of tho walls 6 has boon drillod by a sultablo driling procoas 12. Exampios includo rolary
bit driling with liquid drilling fluids and ak driling. Bome typo of complation process 13 (.g., camenting, parforaling.
#ic.) has bean pariormed on sach well Addltionally. each well ls shown 1o have had some type of atimulation prooess
14 applled to h. Exampias include stimulation with a proppani laden fluld having a base fluld of a linear gel, cross Hnked
gel. foam or any other sultable fluid The stimulation fluld can also ba an acid or any other existing or futurs stimulation
fluid or procass designed lor enhancing the produciion from a wall. As a result of the ioregoing. production 18 was
obtlained Irom the raspective walls. Raapectively associated wih or derivad from each ddlling 12, completion 13, alim-
uighon 14 and production 16 are respeciive driliing parameters 18, complation parameters 18. stimulation parameters
20. and production paramalara 22. In addltion o paramatara 18, 18, 20. 22, there are also formation paramsiers 24
which deline characieristics regarding tha subisrranean sarth and structure and resarvoir 2. More penarally, there are
wall implemeniaton paramaters (which include parameters 18, 19, 20 and 24 in the prefemed embodiment} and well
praduclion paramolers {(parameters 22 jor the above). The specific valuas of the production paramalars lor a given
well are 10 some degrea or anather tha resull of the specllic values or implamentations of tha wall implemaniation
parametars, and il i the delermmation of this relationship that B one aepact of the presant invenlion.

Examplas of drllling paramatars 18 paninen to the present invanlions includs b &re nol limiad 16 1he tollowing:
typa of driling, drilling fluid. days to drill, drlling company, lime of year drilling etarted and complated, and day and year
drifling complsted. These driling paramelers are cbiained irom the drilling records mainiained on sach wall by the
woll's oparaing company.

Examples of compietion paramaeiers 19 perinent to ths present invention include but are nol limited Lo the following:
number of parioralions. size of parforaisons, onantation of perforations. paromtions per 10ol, depth of Lop and botiom
ol periosaons casing size, and lubing sze. These parameters can be obianed {rom the opamung company's records
of how 1ho wall was compiataed. in some melances (his inlormation can be verified by well logs.

Examples of simulation pasamaters 20 parinent to the present nventions mchude dut are not imaned 10 the foliow-
1ng. buse lluid type, pud volume, pisd iui¢. reuling volume. Lresling rale, proppuani lype, proppuni size. proppant volume,
proppani concentration. gas volumne for ioam fluxds, foam quality type of gas. acid typs and concentration. acid volume,
AvOrago acid njechon rala day and year ol Yeatmani, and service comgany periomming treatment Of the above pa-
ramaeters. lha followng informalion ia cbianed from the oparating company’s or asivice company's job traatment ticksl”
basa fluxi type proppant lyps. proppani size, type of gaa. acid type and concentration. day and year of treaiment. and
8OV company porforming traalmont The othar above-lgled stimulation paramolors aro obtainod by moasering
nstruments (flowmaters. dansometers. atc ) which are on the flowines and tranemi tha information back 10 8 computer

which records the inlormation real-ime throughout the job Thesas values ara then providad by ine sarvica company
to the operaing company in the iorm ol a job repor or licket Thess valuas ara than 1aken from the job report or licket
and manually enlared nio A dala base ol perlinent informaton for trealing the resavoir

Examplas ol farmation paramaetars 24 partinant 1o the preseni nvention includa bul ara nol imited to the {ollowing’
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porosity, permaubikty, shul »n battom hole pressura, depth of lap of pay zone, dapth ol boitom ol pay son0. ialiuda,
Innpahucia. suriicn allitun, 2ann, and raanrvoir qualily The parasity. pamanbility, danth ol |ha iop and ballomn ol pay
Zone and 20na are delarmined dieclly by well logging. The shut in botiom hole pressure i & measured parameter.
The latitude, longitude and suriace aliitude are obiainsd iram surveying records showing the location of the well on
the sanih's suriace. The reservolr qualily is a calculaled valus pariicular io diflersnt areas. An example would be a
reservolr quallly calculated from (permaability)*{total leatof pay zane)*{(shut in bottom hola presaure)*2).

Exampiles of produciion paramelars 22 perlingnt 1o1he prasant invention includa but are nol imiied to the following:
cay and ysar of 3AA of production, six month cumulative gas and®or oil production, and twelve month curnulative gas
and/or oil production. This information is obtained from the opermating company's records or from a company such as
Dwight's thal maintaing dala bases on oil and gas producton.

Of tha paramaters that are identliied or available with regard to any particular driliing 12, comgietion 13, stimulation
14, production 16 or formation, cartain onea are selscled manually or by the genetic algorithma as dasired to Input into
a computar 26 of tha present nvention. The paramnters that are selected ars provided as sncoded slecirical signals
either as 1aken directly irom the sensing devices used in the aslorementionad operations or by convering them inlo
Sppropriaie encoded aiactrical signals (e.g., translation of a numaral or latter inlo a cormaponding encoded slacirieal
signal such as by entering the numeral or ettar through a keyboand of the compuiar 28). Thesa signals are sored in
the memory of ihe computer 26 auch 1hat the encodad slecirical signals raprasenting tha parametsra irom a respective
woll uro agsocialed for ush in tho compular 28 as subsaquortly doecribad. This provides 10 (ho compulor 28 a dals
base of he plumilly of parameiers for the plurallty of welis 6 actually driiled in the ressrvolr 2,

The computer 26 la of any suilable typo capable of periarming the noural nalwork operalions of tha present inven-
tion. This typically includes a compuier of the 386 - 25 MHz type o larger. Specific mackels of sultable computers include
18M ValuaPoint moda! 100dx4 and Dal 75 Mz Pentium

Examplas of suilabls operatng aysiema with which a sslacted computar ashould ba progmmmed for running par-
Lieular known typea ol applicstion programa referred 1o below include: Windowsa 3.1, Windows 05, and Windows NT.
Sofiwaro 15 also Bvailablo that will run on UNIX, DOS, O52/2.1 ang Maciniosh Sysiom 7.x oparating sysiama.

The computer 28 is progmmmad with a neural and ganstic application program 28. The neural section allows the
training of lopologies selecied by the genstic portion of the program. The neuml and genstic projram is any sullable
type, bt the lolowng are examples of specific programs: NewoGaenaetic Optimizer by BioComp Systams, Inc., Neu-
ralys! by Cheshira Enghn_lpg Corporation, and BrainMaker Ganatic Training Option by Califomil Sclantific Softwars.
The same meulls could be achieved by using saparsie neural network soltware and genelic sigofithen soltware and
then inkmg them in tha computer An exarmgle of these eeparale software programs 16 NeuroShell 2 neural net eoltware
and GensHuntar ganetic algorithm sofiware by Ward Systems Group, Inc. The particular implementation of the program
(s) 26 operates with the aioremeniioned data bass of the computer 26.

Once the selocted paramaters are in the data basa in the computar 28, and the neural and genatic program 28 is
provided in the compLier 25. operation of computar 26 Is iniliated such that the application program 28 automalically
solacls through the genetrc alposithms, the inpuls which have substantial impact on the well produetion and tha corre-
spanding lopology which yields a pradicted production thal most nearly matchas the aciual measured production. This
neural network lopolagy represants the correlaton or reletionship batweean the selected drilling, complation, well stm-
uiaton and formalon paramatars and the at lees! ona selecied production parameter. These paramaiers Bre manip-
ulated in ther ancoded digral signal lommat in the comptrier ueng the genel algarithms Lo deline the neural network

Tha loliowing process is used 1o oblain and train the networks in 8 panicular impiamamation. First, the dala bass
is organized in & comma dalimiled format (*.cav) with the outputs in tha far righi columns, Next, the NeuroGenetic
Opiwmizer (NGO) program is siarted, The NGO 15 ael 1o operate m the function approxamation mode, Next, the number
of outputs 1 the daia base 10 be maiched are selactad. The data file (".csv) & selacied. Aller sslecting the data file,
the NGO sepéralss the data into & 1raln nd a test dala group. The defauh for this selection places 50% of tha data in
the train dala group and 50% in the tes dala group These groups are salscied such that the means of the traln and
lesl duls groups 810 within 1 user spaciied number ol slundurd deviations of the complele duli set. Tnis uulomutad
splting sivon many houre ol manual kol sitairpivg 10 camu up with sttsbeally il spits by hand

Noural paramators aro soloclod noxt A salaction of 4 imi on tho numbaer of nourons in A hwddon Inyar piacos
boundanas on the saarch regron of the genetic aigonihm Hiden layers can be limded 1o 1 or 2. The smaller number
nariows the saarch region of tha genetic aigonthm The types of ransler luncliona (hyperbolic tangent, logistic, of
tinoar can bo st lor tho hiddan layora. Tno abovo thraa iranefor Tunctions will automnatically bo used lor the search
region lor the outpul iayer ff tha sysiem ik nol limited only to linear ouipite. The linear oulpul imit is seleciad to allow
better predictions outside tha data space of the original 1mnng data, “Optimizng” neural lrainng mode is selected 1o
activate the genalic algornhma. Neural training paramelaers are set such that 1he syslem will look at all data at loast
twenly imes with a maximum passes selling of ong hurired and a limit 10 stop training if thity passas occur without
tinding & naw baat accuracy A vanabla leaming rale { 8 to .1} and variable momentum {6 10 .1] are suitabla for this
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asysiem. Thesa wariable rates oparale such that, 1or example, tha (saming rate woulkd he .8 on the firs! pass and 1 on
1he one hundradth pass if tha maximum pAsses is st ot ona hundrad. Next, the genatic paramsetars are sat. The
populslion size is ssi at thiny and a sslection mode is sst such that filty percant of tha poputation yiekding a nsural
opology and salected input paramatars having the greatest impact with that topology will survive to be used as the
bresding slock for the next paneretion. The mating techniqus selacted is a tall swap with tha ramaining populstion
refilied by cloning. A mutation rate of .26 is used.

Noxt \ho sysiem paramaoters are sat. For this applicalion the "sverage absolute accuracy” i salacled lor delor-
mining the accuracy of each topology examined by the NGO aigorithms. The system is set 1o siop optimizing whan
eilhor lifty generalions have passed n the gonatic algorithen or when an “average absolule error* ol "0.0" is reached
for one of the 1opoioples.

The sysiem is now aet to run. While running. the systam will train on the tralning dala set and tast the emror on the
1esi daia sel This will determine the validity of each lopology tesied since the sysism wil! not ses the 1oel data set
during lraining. only after tha topology in irained with the training data. As the syatam conlinues Lo run, the 1en topologies
with the best sccuracies are aavad for further analyss. Whan the system has reachsd the fifiisth gensmtion er the
population convergence {actor siops improving. the 1en best topologies are sxamined. Tha best topologias are again
fun but this time the maximumn passes i changad 10 three hundred. This allows aach topology 10 be tramed 10 its
maximum capabikty as some of the original tan best will hava still besn improving in accumcy when the one hundred
passes vas reachad. Typically, the topoingy with the simplest torm and highest accuracy Is seiected.

When aatlsfled with a particular iopology, then this topology can be used as a it function in anoiher genetic aigorkhm
program {e.g.. GengHunter sold by Ward Systems Group. Inc.). This arrangement allows tha [ull oplimizaution of slle
selection, driling. completion, reservoir, and stimulstion parameters to provide the optamum conditions 1o maximize
ths procuction from a resarvoir. )

The abova-mentionsd mathod has advaniages over conveniional mathoda bacausa tha conventional methods
would uss B human expert 1o eilher manually or with some cther soltwars or mathod atiemgpt to aplit the dala set in
raprosoniativo irain and 168l eols. As monllonad proviously, this procoss can laka many hours il dono manually whoro
using a neural-genstic process 1o provide the spiil takes & maller of ssconds. Convenilional means also require the
expen 10 deiermine which of tha input dala has the gresies! impact on ths pradiction accuracy along with using an
aducated irial and error (irial and guess) method lor delermining whsch 1opology 1o iry naxi. This, 100. i lime consuming;
bul in the prasen! invantion tha usa ol genelica 1o maka the selaciion reducas the solution 10 & matier of minules or
hours depending on the size and numbar of Inputs and outpuis for the daia sat and the aize of the tnpalogies axamined.

As a resul of the loregoing, the neural network topology. or comrelation, is created and resides within the computer
26 as designated by the box 32 shown in FIG. 1. in actuality. the correlation 32 Is not something distinet from the
programs 28. 30 bui Is an imMlamat reault of waighting functions or matrix which is applied when new pammaters are
inpul. For exampla, aiter the neurat topology s defined, an sdd-in to NGO is Pennay which providas an Applicatlon
Programmung Intariace (AP1) that can be usad 1o develop Excel based applications. NGO also provides ths weight
functions i matrx format such thal the matrices can be includad in any application program written for analyzing a
particular resanvor.

Once the camalation 32 has baen defined, spaciic values or implementations ol acdiona! parameters 34 ol the
samae lypas aa the drilling parameters 18, complation pararmeters 18, stimulation paramatars 20 and formation param-
olers 24 can be input inlo tha computar 26 lor use by the coamelaon 32 in generaling an outpul 36 defining a resultant
production pammster or parameisrs. Proposst parameters 34 can be one o mors proups of additonal encoded digital
signals reprasanting proposed drilling. completion, well simulation and formation paramstars of the same type as the
selected drilling. compilation, well sinulalion and lomation parameters 18, 19, 20, 24. Theaa typically panain 10 &
proposed wall that might be drilled andor reated in Beccorcance with a raspective additional, hypothetical sat of pa-
ramelers 34 The ocuipul 36 simulstes B production from such 8 proposad wall, A representation of the smulated
production ouipun 36 18 displayed for obsarvation by an individual. such as through a monitor of the computar 26 This

display can be alphanumerical or graphical as representing a fiow from a cepicied well Through oparation of the display
device in response (0 1he outpul 38 un indwidusl viewing the duplay davica lrachs possible producton lrom u well 1o
which & group from the hypothetscal se1 of paramelers 34 is applied prior 1o any actual corrssponding production
Qccurnng

From the oulpul 35 further development of the on or gas reservair o controlled This inclucias either new drfling
und complation 35 or naw stmulaton 40 (on now o oid wells) 1l naw dnibng oceurs, tho oulput 38 cun be ugaed In
aolocting & location to drill tho wall n 1ho resorvoir 2 as dotorminad from tho corrasponding group or sot of input
propasod paramatais 34 Tho outlpul 36 can also be usod in {omeng & stimulaton flud and pumping the elmulation
fitid o the well in response 1o the ganerated oulpul 36 as also datermined from the comresponding group or set ol
npul proposad paramators 34. That is. once the desired oulpul s oblaned (rom Ihe alorementionad hypothetical Inpul
and rasullant output pracess ueing the corralation 32, the pammaters of the corresponding input aet are used o locate.
drill. complele andir simulate For axample, the lnpul el of parameters may contain location infomnation to spacily
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whare a new well is 1o be drled In tha resarvoir; or the input sst may contain stimuiation fuid paramaters and pumping
paramsiers that designata tha composiiion of an actual fluld 1o be formed And tha rata or ratas at which & is 0 ba
pumped nto 8 well, which fluid fabncation and pumnping would occur using known tachniques.

One way 10 obiain the foragoing is to use the corralation 32 to selac! a job that falls in tha madian range for all
wolia traated in tha rasarvair. Next, aach of the pammatars |s variad and Input 10 the naural neiwork 10 determine how
aeneiwe tha reservoir is 10 each parameter, This Is the agproach of Exampias 1-3 given below.

Anolher approach is aa folows Aller (he bes! neural 1opology is detenmined ueing the NGO {for the specilic im-
plementation referred 10 sbove), the neursl naiwork Is usad as a fil function o & genatic algorithm which holda the
reaeIvoir parameters fied and optimizes the treatmant for each set of resevoir parameters. This optimization can ba
on maxmum production, maximum produclion per dollar spant on siimulation, maximum production per doliar apent
on wetl from drilling through production, etc. Ancther neural net Is rained with NGO which predicts the well parametiers
from latiude and longitude. Next, the ganelic algorithm ts used to find the optimum latitude, longitude and Ureating
parameters 1o maximize produciion. The reservoir paramatars are fixed 10 the valuas prediciad by the second neural
network for each Inpul of latiude and longitude. The reault of this process is the optimal location to dril & new well
along with how 10 drill, complale and stimulate. This is only one method with many othars posaible. If the wall is alraady
drilled and compiated, only the oplimization of praduction with treating paramaters is parformed.

Furiher development ol the oil or gas resarvoir can aiso be controliad ;n the following mannat This includiea com-
puling a cos! for Implamertiing the proposed drilling, completion, stimulation and farmation parameters of the proposad
piimuinis 34 48 usod m parlosming tho naw delllng snd complation 38 or tho now alimuintion 40. This furthar ncludos
computing & 18venus (or Lhe projocied produchion of euch ol tho genoruted oulpuls 38, A ralio of the revonué Lo coBlB
16 then delermined and the generated outpul 38 having the highest ralio ie selected as the ouiput 10 use in the further
development of the raservoir when It is desirad lo try io maximize the production per dollar invested in abiaining the
production. Theas aleps are used when two or more groups of proposed paramelerns 34 are used with tha comsiation
32 10 gensrate reapactive cutputs 38.

Tha method of the prasent mvention ¢an furlhor compriso initiating tha computor 28 such that tho noural-ganolic
program 26 aulomatlically operales within the computer 26 Lo redefine the neural network tapology (i.e.. the correlation
32) Thms is performed in response 10 the data base ol paramelers with which the original correlation was defined and
with additional data that have bean measurad and racorded with regard to the actual wells driled or stimulated wilh
Ihe new driing and completion 38 or new atimulaton 40 procadures Thua as addilional data lerobtained during the
lurthar davalopmaent of tha rasarvoir 2, tha cosreiation 32 can ba rafinad ’

The lolowing ara axamples for a pamcular implementation of tha present invantion. .

Exampies 1

The presant mvenlion was used with a group of farty wedls in the Clsveland formalion In the Texas panhandie. A
quantitalive trand resul representing the output 36 in FIG. 1 was obiained in two caye after identlfication end selection
of the following parameleis. complolion dale. Irac dale, slimulaton luid lype, lolal clean flud, carbon dioxide amoun,
total proppant, maximum proppani concanirauon, average injection rale, permaabiiity, average porosity, shut-in bottom
hola pressure, formation quality, net height of pay 2one, and middis of tha perforated interval. The las! six of tha fore-
going paramelars are referred (o as formalion parametaers and are not variable for a particular wall because thay are
Ined by the formation nsell The other paramelers, referred 10 as surlace paamaiar which ancompass the drilling,
compietion and stimulation paramatars 12. 13 14, can ba changed for subsaquant wells; however, in dahning a par-
ticular naural nalwork topology thesa paamelers are fixed by what was actually done at the wells usad in crealing the
1opology

The graph of FIG. 2 shows the ccuracy of the correlation 32 derved 107 the 1oy wells m the Claveland formation
Twenty porcent (1.8 aighl) of the wells ware removed irom Lha data eel belore cbialning the correlation. For a ona
hunarec parcent cormrelation. all dala would lia on ciagonal lineg 42 m FIG. 2 The thiny-iwo sold circles dasgnaie the
ptedicied versus uclual producton for the thity4wo wells used 1o Liain the neural nelwork [o creals the corrglution.
Alter the conelation was cbiained. tha conesponding patameters for the eght walls originally removed from the dala
&81 wera input as Lhe proposed paramelars 34 to lesl Ina correlation 10 pradict the production on wells the system had

never sean The actlual versus predicied production paramaeters [or these eight wells are designated in FIG. 2 by the
holiow circles

The method of the present mvanuon was Blso used 1o 1881 for parameter sensiiwity. Having a modal of tha reservor
allows vanous paramaters to be changed to determine the sanasilivity of the reservorr to changes in tha pammatars
Al bara with vartal imanor kines shown in FIG 3 are lor surlaca paramsiars which can be changed by the aparator,
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and the bam with horizontal interior lines are lor Iha parameters fixed by the lormation. Although for a spacitic application
the formation paramelen are fied, or purposas of testing etfects of changas in pammatars, tha formation parameters
desipnatad in FIG. 3 were changed by ten percant. This analysls left all welis ss originally lreated and varied one
parameisr at a tima. Each ol tha bars to the right of the "normal bar® {(which rapresents the sum of the sik-month
cumulatve prociuctions of al forty wealls referrad 1o in Example 1) shows the potentlal change In production by a tan
percant variation of the parametar assoclated with the respactive bar in the graph of FIG. 3. For exampia, 1o produce
the bar above “proppant® in FiG. 3, all parameiers recordad from the way the wells were trealed and the lormalion
parameiars were lefl al their as-reated valuas while the cuantity of proppam was changed by lan parcent. With all
other parameters constant and tha proppant quaniities changad by tan percent, this new ast ol data was run through
the neurai ngiwork and the predicied productions {rom af wells ware sumsmad 1o get the cumulative production. This
new cumulative production obtainad by changing only the proppant by ten parcent was pictiad as a bar above the word
“proppant.” The aams procedure waa usad 1o vary each of the olhar listed parametsre one a1 a tims. The graph of FIG.
3 shows the groalest change resulla from the variation of the shut-in botiom hole preasure parameter.

Example 3

To ba abia 1o determing parameoter sanshivities 1o varous luld treaiment types, the samae typs sansitivity analygis
‘Was done but with ragard to a standardized job with only the flukd type baing difierent. The parameters of ths siandard
{ob were as fallows:

Proppant 200,000 pouncs

Cloan Fluid 60,000 gallons

COy 100 Tons (0 H not foam)
Average Injction Rata 55 barmls par minuls
Maximum Proppant Concentration | 68.5 parts par galion

Relarring to FIG. 4, the sacond row of bare marked "as iraglod® in this graph correspond 10 the senailivity analyses
shown in FIG. 3. Tha olher bars show the senailvity analyses for sach fluki type using the above slandard treatment.
The koam gel ireatments show o be inferior io the other realmants including the "as trealed group.” The pal acld and
foam acid show 10 be betler than the as treaisd. The ioam cross-link treaiments were the bast in tha analyais but the
validity of this may be quesiioned due 1o not having a sufliciently large sample of ioam cross-link jobs (thers were only
four wells treated with a loam cross-link ireaiment n the original data sei usad to form the modal). H the four-well
sample is significantty earrect, then thers is room for drastic improvemant in production using & loam erosa-ink fiuld
n this reservoir.

The tollowing chart shows whether the indwvidual parameters n Examples 2 and 3 were incraasad (+) or decreased
(-) to achiave an incraase m e production;

AS TREATED FOAM GEL QEL ACID FOAM ACID FOAM XLINK
NORMAL 0 0 (¢} 0 0
PROPPANT + + . + +
CLEAN FLUID . - + +
PERMEABILITY + + + + '
POROSITY * + + + 1
NET PAY + + + + *
CO2 . + o - +
AVQ INJ RATE . + + . +*
MID PERF - . - -
SIBHP * + + + *

NOTE 'Peak occutivd M E0Dan Akeve of biow showsd 4109, ThirsTore. niax Incransas sad With ning perosnl Icrains o avg ] M for e Tud

Thus. tne presant mvenhon 18 well adapied 1o carry out the objects and attam the snds and advaniages manioned
above as well as those mherent theran. Whils prefarrgad embodimanis of tha invantion hava been doacribad for the
purposs ol this dieclosuro changas i 1he construcien and armngamant of pans and tha pesfiormance of slaps ¢an

be mude by Ihose skilled n the url. which changes ure encompissad wihin tha spint of this inventon us delined by
he sppanoed claims
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Ciaims

1. A mathod of conrolling deveiopmeant of an oil or gas resarvolr, which has a plurallty of wells drilled therein from

which oil or gua has baen praduced: which method comprisas tha staps of:

{=) Kantitying well driling parametera associated with driling of the plurallty of wels; well compistion param-
olors assocaled with compieting tho plunality of wells; well slimutation paramalers sssocialod with simulaing
ihe pluraity ol wells; formation paramatera associated with the locations in the reservoir whare the plurality
of walls are drilled. and production paramaters associated with the production of (he ol or gas (rom the pluraity
of wals;

(b) salecting ai loasl one driliing paramater, at leasi one completion parametar, at laast one atimulation pa-
ramaigr, a1 ieast one formation parameter, and a1 least ong production paramater frorm amang the idertified
a2 paramaeters:

(¢) converting ihe salected parameters 1o encoded digial signals lor & computer;

(d) defining m the computer a neural network 1opology representing a relationship bsiwaen the selected crifling,
compialion, stimulaton and formation paramatars and tha at lagst ons sslected production Parameiss n 18-
spanse to the ancoded dcgital signals, including manipulating the sncodad digital signals in 1the compulsr usrg
genatic aigarithmas 10 defing the naural Network POy,

(8) entering inlo the computar 8a inputs 10 the defined newral natwork lopology a first group of additional
sncoded diglial signals rapressniing propossd drilling, compialion, slimulation and formation parametens of
the same type as the selacted drilling, completion, stimulation, and formation pammeters, and generating an
oulpt from the defined neural netwerk topology in response;

() repeating siop (e) using at least a second group of additional encodad digital signals represaniing other
proposad drifling, completion, stimulation and formation parameters; and

{g} conwoling furthor dovolopment ¢ the oil or pas rosorvolr In responaso 10 at least ono of the gonoratod
outputs, meluding at least one step selected fiom (1) drilling at loas! ona new weil in tha reservoir in responas
10 the generaled outpul and (2) reating at laast one well in the raservoir in rssponse 1o the genamted output,

A mathod according o clalm 1, wharain the slep of crilling a1 laast one naw well in the reservoir inciucas selacting
& locaton to drifl the welkin the raservoit in responss 1o the gonemied ownput, andior the atep of treatng a1 laast

one wall nciudes forming & stimulation Mukl and pumpng the stimulation fluid into the well in response 1o the
genarated output.

A mathod according 10 claim t or 2, wharetn step (g) further includas computing a cost for implementing the pro-
posad driling, well stimulation and lormstion paramaters representad by the respective sncoded digital signais of
each group in steps (8) and (1); computing a revenue for each of the genematad outputs; and selecting the ganemted
autput having the highest computed revenus 10 coneaponding computed cost ralio as the genarsied output in
respanse to which the lunther davelopmaent of the resarvor is conrotied.

A compuler-mplomaniod mathad o coniroling davalopmont of an oil of gas resarvor by enabling an ndividual 10
cbssarve through 1he operation of the computar a simulated produchion of oil or gas irom the reservoir belore an

actual wel is drilled in the reservor 10 try to ablain thereirom actual production corresponding to the simulelsd
produclion. gaid mathod comprmng:

{8) selscung an oil or gas resarvox having a known configuration of equipment deaposad tharen deliwng &
pluraity of actual walls grillad in the reservoir and further having a plurality of known well mplamamation
parameters and wall praduction paramglars for each of the actual wells;

(b) simubsting sach of tha uctuul wells in the compulsr. Including irangluting selecied onea of the known pa-
tameters of the actual welis o encoded electncal signals 1of the computer and sioring the encoded electrcal
eignals m mamory ol the computer such that the encoded alectrical signals repreaenting iha selactac well
implomaniation paramaters Io/ a respacive aciual well are associated with the ancodad slectrcal agnals
reprasening the salacied production paramaetars (or the aama respactive wall;

{c) dolormirung wilh tho computar 8 corralation for tha roservoir botwaon tha typos of the salociod wall mpilo-
mantalion parametors And tho typos of produchon PRSKMOLDIS M 108pONE0 10 the plulality of smulaiod wolls
melucing creating in the compuler a naural network topology defining the correlation uang predelermined
genstc algonhma and tha siored sncaded electrical sgnals; '
{d} mdicaing 10 tho compuiar i propoged well for the resarvoir, inchuding translating well inmplementation pa-
ramaiars lo 1he proposad wall inlo sncoded slecirical mgnals and sloring the ancodad elacirical signals n the
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computer

{e) e mulating with the computer a proguciion from the proposad well including ganerating an output repra
sentng the praduchon in reaponse to the encoded electrical signals of step (d} and the correlaiion of step (c)
such ihat the gensratsd output i commelalad 1o the encoded slectrical mgnals of slep {d) by the correiation of
step (c) and

{l) diaplaying lor abesvation by an rdividual a represantation of the simulated production

A mathod eccordng 1o claim 4 furthar comgreng drilling an actual wall in the ressrvor based on tha well Impla
mentation parametars of slep (d) neludng selectng a locaton to drill the wall n the resenvair in response to the
displayed represantation of the smutated preduchion and ophonally irsating the dnliad wel ncluding formmg a

stimuiation fiuld and pumping the stimulation fuid into the wall in rsaponse to the well implomaniabion paramatars
of slep {d)

A method accordng 1o clam 4 or § further compreng repeatng aleps (d) (e) and {f} for a plurafity of simuiated
proposad wells computing a cost for mplementng the proposed wall implementation pasramaters for each of the
pluraity of simulated proposed wells and compuing a revenue for sach of the ssmulaisd produchions jor the pro-
posad wella and driling an actual well n the mesiverr corrasponcing 10 the slmulatad proposad wel having the
highes: ratlo of computed revenua to comaaponding computed cosL

A method of genesaling & model of an oil or gaa reservarf m a digilal computer for use in analyzing the reservor
comprismng provding the comauter with a data basa for a plurality of welis actually driled in the reservar including
paramaiars ol phyucal afinbutes ol the wells provding the computer with a neural netwerk and genstic aigorthm
appication program 1o define a neural network lopology within the computsr in responss 10 the parameters in the
dala base and nitlating the computer such that the neural network and ganetic algonthma within the application
programn aulomautically dalne tho noural nolwork lopalogy and the input dala used io oplimally iorm tho topology
in response to the data base of the parameters of physical atinbuies of the wells

A mathod according 1o claem 7 further compnang datermunmg a hypothetical ast ol parameters of phwsical at

Inbutas corresponding 1o al laaat soma of the plwiical attribute parametens of the dala basa providing the compuler
with the datermined hypathaiical sat of paramsters caiculating in the computer using the dalinad naural natwork
topology a production paramater corrsiaiad to the hypothalical sat of paramatars, and operatng a display device
1 responss to the calculated produchion paramater so that an ndivicual viewng the display device iracks possible

producton from a wel to which tha hypothatical set of paramatera 8 applied prnor 10 any actual correspanding
produciion occurnng

A mathod as defined m claim 8 further compnmng dnilng an actual well n the rasarvor In response 10 1he cieplay
ol posstbls production

A mathod as defined n clsm B further comgrising delermining addmnional data and providing the additional dala
1o the data bage of the computer ncluding measunng and recordng actual pamemetars of physical attrdutes of
the actual well drilled n the resarvarr and iniaing the compuier such that the neurai network and genete aiganthm
apphcation program aviomatically operates within the computer lo radatma the neural naiwork lopology n reaponse
lo the dala base of paramelers of physical altrbutas ol the wells which data base includes the additional data

10
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(54) Tille: DRILLING SYSTEM WITH SENSORS FOR DETERMINING PROPERTIES OF DRILLING FLUID DOWNHOLE
(57} Abwuirect

The present invention provides a drilling system for drdiling olleld boreholes or wellbores utilizing a drill string having a drilling
asicmbly conveyed downhole by a tubing (usually s drill pipe or coiled tubing). The drilling asembly includes a bottom hole sasembly
{BHA) and a drill bir. The botom hole assembly preferably contalns commenly used meanuement-while-drilling sensors. The drill swring
also conzains & variery of sensors for derermining downhole various propesties of the drilling fluld. Sensors are provided to determine densiy,
viscosity, flow male, clarity, compreasibility, pressurs and 1=mperwture of the drilling fluld et ene or more downhals locations. Chemical
desoction senscvs for delecting the preseace of gas (methane) and HaS are disposed in the drflling sssembly. Semson for datzrmining fuld
density, viscoalty, pH, solid content, fluld clarity, fluid compressibility. and a spectmscopy sensor are slso disposed In the BHA, Dat from
such seasors may be proceased downhole and/or a1 the surface. Comrective actions are taken based wpon the downbole measurements mt
the surface which may require altering the drilling fluld composiilon, altering the drilling fluld pump rute or shutting down the operation
to clean wellbeze. The drilling system contalns one or more models, which may be siored in memory downhole or st the surface. These
toodels are utllited by the downhole processor and the surface computsr 1o determine desired fluld parameters for continued drilling. The
drilling system Is dynamiz, in that the Sownhole fluld sensor dats is nllized to updete models snd algorithms during drilling of the wellbore
and the updated models are then utilized for continued drilling operations.
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DRILLING SYSTEMS WITH SENSORS FOR DETERMINING
PROPERTIES OF DRILLING FLUID DOWNHOLE

BACKGROUND OF<THE INVENTION
1.  Elald of the invention

b Thia invantion raintes gonarnlly to drilling systoms for forming or -drilling
wallbores or bor'eholes for the production of hydrocarbons from subsurface
formations and mora particularly to drilling systems Lrtilizing sensors for determining
downhole parameters relating to the fluid in the waellbore during drilling of the
wollbores. The measured fluid parameters include chemical proparties including

10 chemical composition (gas, pH, HiS, etc.), physical properties inclpding density,
viscosity, clarity, I;bricity, color, compressibility, accumulation of cutu'r;gs, pressure
and temperature profiles or distribution slong wellbores. This invention further relates
to taking actions based at least in part on the downhole measured fluid paramaters,
including adjusting the properties of the drilling fluid supplied from the surface, fluid

15 flow rate, hole cleaning, and taking corrective actions when a kick is detected,

thereby improving the efficiancy and effectiveness of the drilling operations.

20 To recover oil and gas from subsurface formations, wellbores (also referred to

8s boreholes) are drilled by rotating a drill bit attached at an end of a drill string. The

BNEOOCID «WD, | SR00STSAZ 1 »



10

18

WO 9500575 PCT/US98/13119

drill string inciudes a drill pipe or a coiled tubing (referred hersin as the “tubing”™) that
has a drill bit at its downhole end and a bottomhole assembly {BHA) above the drill
bit. The waellbore .is drilled by rotating the drill bit by rotating the tubing and/or by a
mud motor disposed in the BHA. A drilling fluid commonly referred to as the "mud”)
is supplied under pressure from a surface source Into the tubing during drilling of the
wellbaore, The drilling fluid operates the mud motor {when used) and discharges at
the drill bit bottom. The drilling fluid then returns to the surface via the annular space
{annulus) betiveen the drill string and the wellbore wall or inside. Fluid retuming to

the surface carrias the rock bits {cuttings} produced by the drill bit as it disintegrates

the rock to drill the wellbore.

In overburdened wellbores (when the drilling fluid column pressure is greater
than the formation pressure), some of the drilling fluid penetrates into the formation,
thereby causing a loas in the drilling fiuid and forming an invaded zone around the
wellbore. It is desirable to reduce the fluid loss into the formation becauss it makes it
more difficult to maasure the propertieas of tha virgin formation, which are requirad to
determine the presance and retrievability of the trapped hydrocarbons. In
underbalanced drilling, the fluid column pressure is less than the formation pressure,
which causes the formation fluid to anter into the wellbore. This invasion may

reduce the effectiveness of the drilling fluid.

A substential proportion of the current drilling activity involves directional

borsholes {deviated and horizontel boreholes) and/or deeper borsholes 1o recover
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greater amounts of hydracarbons from the subsurface formations and also to recover
previously unracoverable hydrocarbons. Drilling of such borsholes raquire the drilling
fluid to have colmpler. physical and chemisal characteristics. The drilling fluid is made
up of a base such as water or synthetic materisl and may contain 8 number of
additives depending upon the specific application. A major component in the success

the driling operation is the parformance of the drilling fluid, especially for drilling
deeper wellbores, horizontal wellbores and wellbores in hostile environments (high
temperature and p}essure). These anvironments require the drilling fluid to axcal.in
many performance categories. The drilling operator and the mud engineer determine
the type of the drilling fluid most suitable for the particular drilling operations and
then utilize various additives to obtain the desired parformance charactaristics such
as viscosity, density, gelation or thixotropic properties, mechanical stqbiliw. chemical
stability, Iubricatin; characterigtics, ability to carry cuttings to the surface during
dritling, ability to hold in suspension such cuttings when fluid circulation is stopped,

environmental harmony, non-corrosive effect on the drilling components, provision of

adequate hydrostatic pressure and cooling and lubricating impact on the drill bit and

BHA components.

A stable borehole is generally a result of a chemical and/or mechanical balance
of the drilling fluid. With respect to the mechanical stability, the hydrostatic prassure
exerted by the drilling fluid in overburdened wells is normally designed 1o exceed the
formation pressures. This is generally controlled by controlling the fluid density at the

surface. To determine the fluid density during drilling, the operators teke into
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account prior knowledge, the behavior of rock under stress, and thelr related
deformation characteristics, formation dip, fluid velocity, type of the formation baing
drilled, etc. Howaver, the actusl density of the fiuld is not continuously measured
downhole, which may be different from the density assumed by the operator.
5§ Further, the fluid density downhole is dynamic, {.e., it continuously cheanges
depending upon the actual drilling and borehole conditions, including the downhole i
temperature and pressure. Thus, it is desirable to determine density of ths wellbore
fluid downhole during the drilling operations and then to aitar the drilling fluid
composition at the surface to obtain the desired density and/or t0 take other
10 corrective actions based on such measurements. The present Invention provides
drilling apparatus and methods for downhole detarmination of the fluid density during

@ the drilling of the wellbores.

it ia common to detarmine certain physical properties in the laboratories from

15 fluid samples teken from the retuming wellbore fluid. Such propertias typically
include fluid compressibility, rheology, viscosity, clarity and solid contents. Howaver,
these paramaeters may have differant values downhale, particulerly near the drill bit

than at the surface. For example, the fluid viscosity may be different downhole than

the viscosity determined at the surface even after accounting for the effect of

20 downhols pressure and temperature and other factors. Similarly, the compressibility
@ of the drilling fluid may be different downhole than at the surface. If a gas zone is
penstrated and the gas enters tha drilling fluid, the comprassibility of drilling fluid can

change significantly. The present invention provides drilling apparatus and msthods
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for determining in-situ the above-noted physical parameters during drilling of the

woellbores.

Substantislly continuous monitoring of praessure gradiemt and differential

6 pressure between the drill string inside and the annulus can provide indication of
kicks, accumulation of cuttings and washed zones. Monitoring of the temperature
gredient can qualitative measure of the performance of the drilling fluid and the drill
bit. The prasent ‘invention providas distributed sensors along the drill string to

determine the pressure and temperature gradient and fluid fiow rate at selected

10 locations in tha wellbore.

@ Downhole determination of certain chemical properties of the drilling fluid can
provide on-line info:mation about the drilling conditions. For sxample, 'prasanca of
methane can indicata that the drilling is being done through & gas bearing formation

15 and thus provide an early indication of a potential kick (kick detection). Oftentimes
the presence of gas is detected when the gas is only a few hundred feet balow the
surface, which sometimes does not allow the operator to react and take preventive
actions, such as closing vaives or shutting down drilling to prevent a blow out. The

present invention provides an apparstus and method for detecting the presence of

20 gas and performs kick detaction.

Corrosion of equipment in the waellbore is usually due to the presence of

carbon dioxide, hydrogen sulphide (H2S) and oxygen. Low pH and salt contaminated
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wellbore fluids are more corrosive. Prior art does not provide any methods for
measuring the pH of drilling fluid or the presence of H:S downhole. The returning
walibore fluid ls analyzed at the surfacs to determine ths various desired chemical

properties of the drilling fluid. The present invention provides method for determining

§ downhole certain chemical properties of the wellbore fluid.

As noted above, an important function of the drilling fluid is to transport

cuttings from the waellbore as the drilling progresses. Once the drill bit has created a

drill cutting, it should be removed from under the bit. If the cutting remains under the

10 bit it is redrilled into smaller pieces, adversely affecting the rate of penetration, bit life
and mud propertias. The annular velocity neads to be grester than the slip velocity

for cuttings to move uphole. The size, shape and weight of the cuttings datermine

the viscosity necessary to control the rate of settling through the drilling fiuid. Low
shear rate viscosity controls the carrying capacity of the drilling fluid. The density of

15 the suspending fluid has ll'; associated buoyancy affec_t on cuttings. An increase in
density usually has an associated favorable affaect on the carrying capacity of the
drilling fluid. In horizontal wellbores, heavier cuttings can settle on the bottom side of

the wellbore if the fluid properties and fluid speed are not adequate. Cuttings can
also accumulate in washed-out zanes. Prior art drilling tools do not detarmine density

20 of the fiuid downhole and do not provide an indication of whether cuttings are
settling or accumulating &t any pliace in the wellbore. The present invention utilizes
downhole sensors and devices to determine the density of the fluid downhole and to

provide an Indication whethar sxcessive cuttings are present at cartsin locations
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along the borehole.

In the oil and ges industry, various devices and sensors have been used to
detarmine a variety of downhols parameters during drilling of wellbores. Such tools
are generally referred to as the measurement-while-drilling {(MWD) tools. The genersl
emphasis of the Industry hes been to use MWD tools to determine parameters
relating to the formations, physicel condition of the tool and the borehole. Very few
measurements are made relating to the driling fluid. The majority of the
measurements ralating to the drilling fluid are made at the surface by analyzing
ssmples collactad from the fiuid returning to the surface. Corrective actions are

taken basad on such measurements, which in many cases take a long time and do

not repreaent the actual fiuid properties downhole.

The present invention addresses several of the above-noted deficiencies and
provides drilling systems for determining downhole various properties of the wallbore
fluid during the drilling operations, including temperature and pressures at various
locations, fluid density, sccumulation of cuttings, viscosity, color, presence of
methane and hydregen sulphide, pH of the fluid, fluid clarity, and fluid flow rate along
ths wellbore. Parameters from tha downhole measuraments may be computed by a
downhole computer or processor or at the surface. A surface computer or control
system displays necessary information for use by the driller and may be prograrnmed
1o automatically take certain actions, activate alarms if certein unsafe conditions are

datected, such as entry into a gas- zone, excassiva accumulation of cuttings
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downhole, etc. sra detected. The surface computar communicates with the

downhole processors via a two-way telemetry system.
SUMMARY OF THE INVENTION

The present invention provides a drilling system for drilling oilfield wellbores.
A drilling assembly or bottom hole assembly (BHA) having a drill bit at an end is
conveyed into the wellbore by a suitable tubing such as a drill pipe or coiled tubing.
The drlling assembly may includa a drill motor for rotating the drill bit. A drilling fluid
10 is supplied under pressure from a source thereof st the surface into the tubing. The
drilling fluid discharges at the drill bit bottom. The drilling fluid along with the drill
cuttings circulates to the surface through the wellbors annuius. One or more shakers

or other suitable devices remove cuttings from the returning fluid. The clean fluid

discharges into the source.
15
In one embodiment, & plurality of pressure sensors are disposed, spaced apart,
at selected locations in the drilling assembly and slong the drill string to determine the
pressure gradient of the fiuid inside the tubing and in the annulus. The pressure
gradient may be utiized to determine whether cuttings are accumulating within a
20 particular zone. If the pressure at any point is greatar than a predetermined value, or

is approaching a leak off test {LOT) pressure or the pressure integrity test {PIT)
pressure, the system provides a warning to the oparator to clean the wellbore prior to

further drilling of the wellbora. The pressure difference between zones determined
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from the distributad prassure sansor measurements also can provide an indication of
sreas or depths where the cuttings have accumulated. Ar;v step chenge in the
pressure gradient is an indication of a locakized changa in tha density of the fluid. The
distributed pressure measurements along the wsellbore in conjunction with
tamperature measur;mems can also ba utilized to psrform reservoir modeling while
tha waellbore is being drilled instead of conducting expensive tests aftar the wellbore
has been drilled. Such modeling at this early stage can provide useful information
about the rauarvoi-rs surrounding the wellbore, Additionsally, differential pressure
sensors may be disposed at selected Iocatiou:ls on the drill string to provide pressure

difference between the pressure of the fluid inside the drill string and the fluid in the

annulus.

[
Fluid flow measuring devices may be disposed in the drill string to determine
the fluid flow through the drill string and the annulus at selected locations along the
wellbore. This information may be utilized to determine the fluid loss into the

formation in the zones between thae fiow sensor locations and 10 determine wash out

zones.

A plurality of temperature sensors ers likewise disposed to determine the
temperature of the fluid inside the tubing and the drilling assembly and the
temperature of the fluid in the annulus near the drill bit, along the drilling assembly
and along the tubing. A distributed temperature sensor arrangement can provide the

temperatura gradient from the drill bit to aFw location on the drill string. Extreme
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localized temperatures can be detrimental to the physical and/or chemical propertias
of the drilling fluid. Substantislly continuous monitoring of the distributed

tempersture sensors provides an indication of the effectiveness of the drilling fluid.

b In the embodiments described above or in an alternative embodiment, one or
more acoustic sengors ere disposed in the drill string. The acoustic sensors
praferably are ultrasonic sensors to determine reflections of the ultrasonic signals
from elements within the borehole, such as suspended or accumulated cuttings. The
response of such sensors is utilized to determine the accumulation of cuttings in the

10 wellbore during drilling. A plurality of ultrasonic sensors disposed around the drill
string cen provide an image of the wallbore fluid in the annulus. The depth of
investigation may be variad by selecting & suitable frequency from a range of

frequencies. A plurality of such sensor arrangements can provide discretely disposed

along the drill string can provide such information over a aignificant length of the drill

16 string.

The drill string also contains a varety of sensors for determining downhole
various properties of the wellbore fluid. Sensors are provided to determine density,
viscosity, flow rate, pressure and temperature of tha drilling fluid at one or more

20 downhole locations. Chemical datection sensors {or detecting the presence of gas
(mathane), COz2 and H:S are disposed in the drilling assembly. Sensors for

determining fluid density, viscosity, pH, solid content, fluid clarity, fiuid

compressibility, and a spectroscopy sensor are also disposed in the BHA. Data from

10
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such sensors is processed downhole and/or at the surface. Based upon the
downhole measurements comective actions are taken at the surface which may
require altering the drilling fluid compositien, altering the drilling fluid pump rate or
shutting down the operation to clean the wellbore. The drilling system contains one
or more models, which may be stored in memory downhole or at the surface. These
modals are utilized by the downholo processor and the surface computer to datermine
desirad fluid paramaters for continued drlling. The drilling system is dynamic, In that
the downhole fluid sensor data is utiized to update models and algorithms during

drilling of the wellbore and the updated models are then utilized for continued drilling

operations.

Examples of the more important features of the invention thus have been

summarized rather broadly in order that detalled description thareof that follows may
be better understood, and in order that the contributions to the art may be
appreciated. There are, of course, additional features of the invention that will be

described hereinafter and which will form the subject of the claims appended hereto.

For deteiled understanding of the present invention, reference should be made
10 the Iollowing detailed description of the prefared embodiment, taken in

conjunction with the accompanying drawings, in which like eilements have been given

like numerals and wherein:

11
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Figura 1 shows a schematic diagram of a drilling system having a drill string
containing a drill bit, mud motor, measurement-while-drilling devices, downhole
processing unit and various sensors for determining properties of the drilling fluid

according to ona embodiment of the prasent invention.

Figure 2A shows a schematic diagram ot a drilling assembly with a plurality of

pressure sensors and differential pressure sensors according to the present invention.

Figure 2B shows a schematic diagram of a drilling assembly with a plurality of

temperature sensors according to ons embodiment of the presant invention.

Figure 3 shows a schematic diagram of a sensor for determining the density of

the drilling fluid.

Figure 4 shows a schematic of a drill string with a plurality of acoustic devices

for detarmining selected properties of driling fluid according to the present invention.

Figure 4A shows an arrangement of a plurality of acoustic sensor elamants for

use in the acoustic systams shown in Figure 4.

Figure 4B shows a display of the fluid characteristics obtained by an acoustic

device of the system of Figure 4.

12
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Figure 5 shows » schematic diagram of a sensor for determining the viscosity

of the drilling fluid. .

Figure 6 shows a schematic diagram of a sensor for determining the

comprassibility of the drilling fluid.

Figure 7 shows a schematic diagram of a sensor for detarmining the clarity of

the drilling fluid.

Figure 8 shows a schematic diagram of a fiber optic sensor for determining

certain chemical properties of the drilling fluid.

Figure is a schematic illustration of a fiber optic sensor system for

monitoring chemical properties of produced fluids;

Figure 10 is a schematic illustration of a fiber aptic sol gel indicator probe for

use with the sensor system of Figure 9;

Figurs 11 is 8 schamatic illustration of an embodiment of an Infrared sensor

carried by the bottomhole assembly for determining properties of the wellbore fluid.

13
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in general, the present invention provides a drilling system for drilling oilfield
boreholas or wellboras utilzing a drill string having a drilling assembly conveyed
downhole by a tubing {ususlly a drill pipe or coiled tubing). The drilling assembly
includes a bottom hole essembly (BHA)} and a drill bit. The bottom hole assambly
preferably contains commonly used measurement-while-drilling sensors. The drill
atring also contains a variety of sensors for detarmining downhole various properties
of the waellbore fluid. Sensors are provided to detsrmins density, viscosity, flow rate,
pressure and ten‘iperature of the drilling fluid at one or more downhole locations.
Chemical detection sensors for detecting the presence of gas (methane), COz and
HiS are disposed in the driling essembly. Sensors for determining fluid density,
viscosity, pH, solid content, fluid clarity, fluid compressibility, and -a spactroscopy
sensor are slso disposed in the BHA. Data from such sensors may is proceased
downhole and/or at the surface. Corrective actions sre taken based upon the
downhole measurements at the surface which may require altering the driliing fluid
composition, alhering the drilling fluid pump rate or shutting down the operation to
clean the welibore. Tha driling system contains one or more models, which may be
storad in memory downhole or at the surface. These models are utilized by the
downhole processor and the surface computar to determine desired fluid parameters
for continued drilling. The drilling system is dynamic, in that the downhole fluid

sensor data is utilized to update models and algorithms during drilling of the wellbore

and the updated models are then utilized for continued drilling operations.

14
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Figure 1 shows a schematic diagram of 8 drilling system 10 having a drilling

string 20 shown conveyed in a borshole 26. The drilling system 10 includes a
conventional derrick 11 eracted on a platform 12 which supports a rotary table 14

65 that is rotated by & prime mover such as an electric motor (not shown) at a desired
rotationat speed. The drill atring 20 Includes a drill pipe 22 extending downward from

the rotary table 14 into the borshole 26. A drilllng assembly or borehole assembly
(BHA) 90 carrying a drill bit 50 Is attached to the bottom end of the drill string. The

drill bit disimtegrates the geologics! formations {rocks) whan [t is rotated to drill the

10 borehole 26 producing rock bits {cuttngs), The drlll string 20 is coupled to a
drawworks 30 via a kelly joint 21, swivel 28 and line 29 through a pulley 23. During

the drilling operetions the drawworks 30 is operated to control the weight on the bit,
which is an impor:ant parameter that affects the rate of penetration. "I‘ha operation

of the drawworks 30 is well known in the art and is thus not described in detail

16 herein. Figure 1 shows 1.:he use of drill pipe 22 to convey the drilling essembly 80
into tha borehole 28. Alternatively, a coiled tubing with an injector head (not shown)
may be utilized to convey the drilliﬁg assembly 90. For the purpose of this invention,

drill pipe and coiled tubing are referred to as the "tubing™. The present invention is

equally applicable to both drill pipe and coiled tubing drill strings.

During drilling operations a suitable drilling fluid 31 (commonly referred to as
the "mud” from a mud pit {source} 32 is supplied under pressure to the tubing 22 by

8 mud pump 34. The term "during drilling” herein means while drilling or when

18
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drilling is temporarily stopped for adding pipe or taking measurement without ?
retrieving the drill string. The drilling fluid 31 passes from the mud pump 34 into the
tubing 22 via a desurger 36, fiuid line 38 and the kelly joint 21. The drilling fluid 31a
travels through the tubing 22 end discharges st the borahole bottom §1 through
§ openings in the drilt bit 60. The drilling fluld 31b carrying drill cuttings 86 circulates
uphole through the annular space (annulus} 27 between the drill string 20 and the
borehole 28 snd retumns to the mud pit 32 via a return lina 36. A shaker BS disposed
in the fluid line 36 removes the cuttings 88 from the retuming fluid and discharges
the clean fiuld in-to the pit 32. A sensor S1, preferably placed in the fine 38, provides
10 the rate of the fluid 31 being supplied to the tubing 22, A surface torque sensor Sa _
and a speed sensor Sa associated with the drill string 20 respectively provide
measurements about the torque and the rotational speed of the drill string.

Additionally, a sansor S« associated with line 29 is used to provide the hook load of
the drill string 20. '

16

in some applications the drill bit 60 is rotated by only rotating the drill pipe 22.

Howevaer, in meny applications, & downhole motor or mud motor 65 is disposed in

the driliing assembly 90 to rotate the drill bit 50. The drilling motor rotates when the

drilling fluid 31a passes through the mud motor 656. The drill pipe 22 iz rotated

20 usually to supplement the rotational power supplied by the mud motor, or to effact

changes in the drilling direction. In either case, the rate of penetration {(ROP) of the

drill bit 50 for a given formeation and the type of drilling assembly used largaly
depends upon the weight on bit {(WOB) and the drill bit rotational speed.

-

18
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The embodiment of Figure-1 shows the mud motor 55 coupled to the drill bit
50 via a drive shaft (not shown) disposed in a bearing assembly 57. The mud motor
65 transfers power to the drive shaft via one or more holiow shatts that run through
the resistivity measuring device 84. The hollow shaft enables the drilling fluid to pass
from the mud motor 55 to the drill bit 50. Ahlemstively, the mud motor B5 may be
coupled bsiow the resistivity measuring device 64 or at any other suitable place in
the drill string 90. The mud motor 55 rotates the drill bit 50 when the drilling fluid
31 passes through the mud motor 55 under pressure. The besring assembly 57
supports the radial and axlal forces of the drill bit 50, the downthrust of the dﬁll‘
maotor and the reactive upward loading from the applied weight on bit. Stabilizers

58a and 58b coupled spaced to the drilling essembly S0 acts as a centrallzer for the

drilling assembly 90. '

A surtace control unit 40 raceives signals from the downhole sensors and
devices {described below) via a sensor 43 placed in the fluid line 38, and signals from
sensors Si, §2, S», hook load sensor Ss and any other sensors used in the system and
processes such signals according to programmed instructions provided to the surface
control unit 40. The surface control unit 40 displays desired drilling parameters and
other information on a display/monitor 42, which information iz utilized by an

operator to control the drilling operations. The surface control unit 40 contsins a

computer, memory for storing data, recorder for recording data and other peripherals.

The surface control unit 40 elso includes models or programs, processes data
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according to programmed instructions and responds to user commands entered
through a suitable device. The control unit 40 is preferably adapted to activate

alarms 44 when certain unsafe or undesirable operating conditions occur.

5 Still referring to Figure 1, the drilling assembly 90 contains sensors end
devices which are ganerslly used for drilling modem boreholes, including formation
evaluation sensors, sensors for determining borehole properties, too! health and
drilling direction. Such sensors are often rafarred to in the art as the measurement-
while-drilling devices or gensors. The drilling system 10 further includes a variety of

10 sensors and devices for determining the drilling fluid 31 properties and c;:ndition of
the drilling fluid during driiling of the wellbore 26 according to the present invention.
The generally usad.len sensors will be briefly described first along with general
description of downhole proceasor for processing sensor data and signals. The

sensors used for determining the various properties or characteristics of the drilling or

15  wellbore fluid are dascribed theraafter.

The MWD sensors preferably include a device 64 for measuring the formation
resistivity near and/or In front of the drill bit, @ gamma ray device 76 for measuring
the forrmation gamma ray intensity and devices 67 for determining drlling direction

20 parameters, such as azimuth, inclination and x-y-z location of the drill bit 50. The
resistivity device 64 is preferably coupled above a lower kick-off subassembly 62 and

provides signals from which resistivity of the formation near or In front of the drill bit

50 is determined. The resistivity davice 84 or a second resistivity device {not shown)
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may be is utilized 10 measure the resistivity of the drilling fluid 31 downhole. An
inclinometer 74 and gamma tha ray dsvice 76 are suitably placed along the resistivity
measuring device 84 for determining tha inclination of the portlon of the drill string
near the drill bit 50 and the formation gamma ray intensity respectively. Any sauitable
6 lnclil';ometer and garrwna ray device, however, may be utilized for the purposes of this
invention. In addition, an azimuth device, such as a magnetometer or a gyroscopic
device, may be utilized to determine the drill string azimuth. A nuclear magnetic
resonanca (NMR) device may also be used to provide measuremants for 8 number of

formation parameters. The above-described devices are known In the art and

10 therefore are not described in detail herein.

Still reterring to Figure 1, logging-while-drilling (LWD) devices, _such as devices
for measuring for;nation porogity, permeability and density, may be pla'cad above the
mud motor 84 in the housing 78 for providing information usof-ul for evaluating and

16 testing subsurface formations along borehole 28. Any commercially available devices

may be utilized as the LWD devices.

The bottomhole assembly 90 includes one or more processing units 70 which

praferably includes one or more processors or computers, associated memory and

20 other circuitry for processing signals from the various downhole sensors and for
generating corresponding signals and data. The processors and the associated circuit

elements ere generally denoted by numeral 71. Various models and algorithms to

procass sensor signals, and data and to compute parameters of interest, such as
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annulus pressure gradients, temperatura gradients, physical and chemical propaerties
of the wellbore fluid including density, viscosity, clarity, resistivity and solids content
are stored in the downhole memory for use by the processor 70. The models, are
slao be provided to the surface control unit 40, A two-way telemaetry 72 provides
two-way communicsation of signals and deta between the downhole processing units
70 and the surface control unit 40, Any telemetry system, including mud pulss,
acoustic, electromagnetic or any other known telemetry system may be utilized in the
system 10 of this invention. The processing units 70 is adapted to transmit
parameters of interest, dats and command signals to the surface control unit 40 and

to receive data and command signals from the surface control unit 40,

As noted above, the drilling system 10 of this invention includes sensors for
determining verious properties of the drlling fluid, inciuding physicel and chemical
propenies, chamical composition and temperature and preasure distribution along the

wellbore 26. Such sensors and their uses according to the prasent invention will naw

ba described.

FiGS. 1 and 2A show the placement of pressure sensors and differential
pressure sensors according to one embodiment of the drill string 20. Referring to
these figures, a plurality of pressure sensors P1-P» are disposed at selected locations
on the drill string 20 to determine the pressure of the fluid flowing through the drill
string 20 and the annulus 27 st various locations. A pressuré sensor P1 is placed

naar the drill bit 50 to continuously monitor the pressure of the fluid leaving the drill
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bit 50. Another pressure sensor Pn is disposed to determine the ahnulus pressurs a
short distance below the upper casing B87. Other pressure sensors P:-Pui are
distributed st selected locations along the«drill string 20. Also, pressure sensors Pr'-
Pm' are selectively placed within the drill string 20 to provide pressure maasursments
of the drilling fiuld flowing through the tubing 22 and the drilling assembly 90 at such
selected locations., Additionally, differential pressure sensors DP1-DPy disposed on
the drlll string provide contlnuous measuremants of the pressura difference betwaen
the fluid in the annuius 27 and the drill string 20. Pressure sensors P1"-Px" may be
disposed ezimuthally at one or more locations to determine the pressure
circumferentially at selacted locations on the drill string 20. The azimuthal pressure

profile can provide useful information about accumulation of cuttings along a

particular side of the drill string 20.

-

Control of formation pressure is ons of the primary functions of th.a drilling
fluids. The hydrostatic preasure exertad by the fluid 31a and 31b column is the
primary method of controlling the pressure of thea formation 85. Whenaver the
formation pressure exceeds the pressure exerted on the formation 95 by the drilling
fluid at a given, formation fiuids 96 enter the welibore, causing a “kick.” A kick Is
defined as any unscheduled entry of formation fiuids into the wellbore. Eerly
detection of kicks and prompt initiation 6f control procedures are keys to successful
well control. If kicks are not detected early enough or controllad properly when
detected, a blowout can occur. One method of detecting kicks according to the

present invention is by monitoring the pressure gradient in the wellbore. The
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distributed pressure sensor Pi-Px and P1'-Pw' shown in FIGS. 1 end 2A provide the
pressure gradient along the drill swring or wellbore. Any sudden or step change in
pressura betwesen adjacent pressure sensors Pi-Pn when correlated with other
parameters, such as mud weight and geologicel information can provide an indication
of the kick. Monitoring of the wellbore pressure gradient can provide relstive early
indicatlon of the prasence of kicks and their locations or depths. Corrective action,
such as changing the drilling fluid density, activating appropriate safety devices, and
shutting down the drilling, if appropriate, can be taken. In ons embodiment the
downhole processing unit 70 proceases the pressure sensor signals and determines if
a kick is present and its corresponding well depth and transmita signals indicative of
such parameters to the control unit 40 at the surface. The surface unit 40 may be

programmed to display such parameters, activate appropriate alarms and/or cause the

wellbore 28 to shut down.

Pressure sensors P1'-P;' determine the pressure profila of the drilling fluid 31a
flowing inside the drill string 20. Comparison of the annulus pressure and the
pressure inside the drill sting provides useful information about pressure anomalies in
the wellbore 28 and an indication of the performance of the drilling motor 56. The
differantial pressure sensors DP1-DPq provide continuous information sbout the

differance in pressure of the drilling fluid in thae drlil string 22 and the annulus 27,

Figure 1 and 2B show the placement of temperature sensors in one.

embodimant of the drill string 20. Referming to these figures, a plurality of

temperature sensors T1-T) are placed at selactad location in the drill string. One or
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more temperature sensors such as sensor T1 are placed In the drill bit 50 to menitor
the temparature of the drill bit and the drifling fluid near the drill bit. A temperature
sensor Tz placed within the drill string 20 above the drill bit 50 providea Information
about the temperature of the drilling fluld 31a entering the drill bit §0. The differsnce

5 in temperaturs betwesen Ty and T2 Is an Indication of the parformance of the drill bit

60 and the drilling fluid 31. A large temperature diffarence may be due to one or

more of: a relatively low fluid flow rate, drilling fluid composition, drill bt wour,
weight on bit and ‘drlll bit rotstional speed. The contral unit 70 transmita the
temperature diffarance information to the surface for the opsrator to take corrective
10 actions. The corrective action may include increasing the drilling fluid flow rate,
speed, reducing the drill bit rotational speed, reducing the weight or forca on bit,
changing the mud composition and/or replacing the drili bit 0. The rate of

penstration (ROP) Is ;Iao continuously monitored, which is taken into oﬂ‘:act prior to
taking the above described corractive actions.
15
Temparatura sensors T2-T« provide temperature profile or gradient of the fluid
temperature in the drll string and in the annulus 27. This temperature gradient
provides information regerding the effect of drilling and formations on the wellbore
fluid thermal properties of the capacity of the particular drilling fluid Is determined
20 from these tamperature measurements. The pressure gradient determined from the
distributed pressure sensors {see Figure 2A) and the temperature gradient described

with respect to Figure 2B can be used o perform reservoir modeling during drilling of

the wellbore. Reservoir modeling provides maps or information about the location
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and availanility of hydrocarbons within a formation or fisid. !nftial reservoir models
are made from seismic data prior to drilling wellbores in a field, which are updsted
after the wallbore has been drilled and during production. The present invention,
howaever, provides an apparatus and method for updating the reservoir models during
§ drilling of the welibores from the availability of the pressure and temperature
gradients or profiles ot the wellbore during drilling. The reservoir modeling is
preferably done at the surface and the results may be utilized to alter drilling direction

or other drilling paramaters as required.

10 One or more ternperature sensors such as sensor Te, placed in t-ha drilling
motor 55, determine the temperature of the drilling motor. Temperature sensors such

@ as sensors T:-Te disposed within the drill string 20 provide temperature profile of the
drilling fluid passing through the drlliing assembly and the mud motor 56. The above-

noted temperature messurement csn be used with other measursment and

16 knowledge of the geological or rock formations to optimize drilling operationa.
Predetermined temperature limits are preferably stored in the memory of the
processor 70 and if such values are exceeded, the processor 70 alerts the operator or
causes the surface control unit 40 to teke corrective actions, including shutting down
the drilling operation.

20

In prior art, mud mix is designed basad on- surface calculations which generally
make certain assumptions about the downhole conditions including estimates of

temperature and pressure downhole. In the present invention, the mud mix may be
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designed based on in-situ downhole conditions, Including temperature and pressure
values.
.
Still referring to Figures 1 and 2B, a plurality of flow rate sensors Vi-Vr are
5 disposed in the drill string 20 to detarmine tha fiuid flow rate at selectad locations in
the drill string 20 and in the annulus 27. Great differences in the flow rate between
the high side and the low side of the drill string provides at least qualitative measure

end the location of the accumulation of cuttings and the locations where relatively
large emounts of the drilling fiuid ara penetrating in tha formation.
10
Tha above described pressure sensors, temparature sensors and flow rate
sensors may be armayed on an optic fiber and disposed over a great Ienmgh of the drill
string, thus providing-a relatively large number of distributed fibar optic gsensors along
the drilt string. A light source at the surface or downhole can provide the light
15

energy. Fiber optic sansors offer a relatively inexpensive way of deploying &' large

numher of sensors 10 determine the desired pressure, tamparature, flow rate and

acoustic measurements.

During drilling of wellboras, it is useful to detarmina physical properties of the
20 drilling fluid. Such properties include dansity, viscosity, lubricating comprassibility,
clarity, solids content and rheology. Prior art methods usually employ testing and

analysis of fluid samples taken from the wallbore fluid returning to the surface. Such

methods do not provide in-situ measuremants downhola during the drilling process
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and may not provide accurate measurement of the corresponding downhole values.
The present invention provides davices and sensors for determining such parameters

downhole during drilling of the wellbores.

b The density ot the fiuid entering the drill string 20 and that of the retuming
fluid is generally datarmined at the surface. The present invention provides methods
of detarmining the fluid density downhola. Referring to FIGS. 71 and 3, In one
method, the drilling fiuid 31 is passed into 8 chamber or a line 104 via a tubing 102
that conteins a screen 108, which filters the drill cuttings 86. A differential prassure

10 sensor 112 determines tha differenca in pressure 114 {Dt} dus to the fluid column In
the chamber, which provides the density of the fluld 31. A downhole-operated
control valve 120 controls the inflow of the drilling fluid 31 into the chamber 104, A
control valve 122 is used 1o control the discharge of the fluid 31 into the annulus 27.
The downhole processor 70 controls the operation of the valves 120 and 122 and

15 prefarably processes signais from the sensor 112 to datermine the fluid density. The
donsity may ba determinad by the surlace unit 40 from the sensor 112 signais
transmitted 10 the surface. If the downhole fiuid denaity differs from the desired or
surface estimatad or computed downhols denasity, thean mud mix is changed to
achieve the desired downhole density. Alternatively, unfiltered fluid may also be

20 utilized to determine the density of the fiuid in the annulus 27. Other sensors,

including sonic sensors, may also be utilized 1o determine the fluid density downhole

without retrieving samples to the surface during the drilling process. Spaced apart

density sansors can provide density profila of the drilling fluid in the waellbora.
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Downhole measuraments of the drilling fiuid dengity provide accurate measure
of the effectivenass of the drilling fluid. «<From the density measurements, among
other things, it can be determined (8] whether cuttings are effectively being

8 transported to the surface, (b) whather thera is barite sag, i.a., barite is falling out of
the drilling fluid, and {¢} whether there is gas contamination or solids contamination.
Downhole fluid density measurements provide substantially online information to the
driller 1o take the necessary corractive actions, such as changing the fluid density,

fiuid flow rate, types of additives required, etc.

10

Figure 4 shows an ultrasonic sensor system that may be utilized to determine
the amount of cuttings present in the annulus and the borshole size. Refarring to
FiGs. 1 and 4, as aFl axample, the drill string 20 is shown to contain ﬂ;roe spaced
apart acoustic sensor arrangementis 140a-140c. Each of the acoustic sensor
15 arrangements contains one or more transmitters which transmit sonic signals at a
predetermined frequency which is selected based on the desired depth of
investigation. For determining the relative amount of the solids in the drilling fluid,
the depth of investigation may be limited to the average borehole 27 diameter size
depicted by numerais 142a-142c. Each sensor arrangement slso includes one or
more receivers to detect acoustic signals reflecting from the solids in the drilling fluid
31. The same sensor element may be used both as a transmitter and receiver.
Depending upon the axial coverage desired, a plurality of sensor elements may be

arranged around the drilling assembly. One such srrangement or configuration is
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shown in Figure 4A, wherein a plurality of sensor elements 155 are symmatrically
arranged around a selected section of the drlling assembly 90. Each element 1556
may act as a transmitter and a receiver. Such ultrasonic sensor arrangements are

known in the art and are, thus, not dascribed in detall herein.

During drilling of tha wellbore (i.e. when drilling ie in progress or when drilling
is temporarily stopped to take measurements), signals from each of the sensor
arrangements 140a-140c are processed by the downhole processor 70 to provide
images of the fluid volumes 142a-142c in the annulus 27. Figure 4B shows an

10 example of a radial image in a flat form that may be provided by the sensor
arrangement 140a. The image 160, if rolled end to end at iow sides 164 will be the
image of volume 142a surrounding the sensor arrangement 140a. Image 160 shows
a cluster 160 of sonic reflactions at the low side 158, indicating a large number of
solids (generslly cuttings) accumulating on the low side 154 and relatively few
15 reflections 162 at the high side 156, indicating that cuttings are flowing adequately
along the high side 156 of the borehole 27. This method provides a visual indication
of the presence of solids surrounding an area of investigation around each sensor
1402-140c. Spaced apart sensors 140a-140c provide such information over an
extended portion of the drill string and can point to local sccumulation areas.

éo Correclive action, such as increasing the flow rate, hola cleaning. and bit replacement

can then ba taken. By varying the frequency of transmisasion, dapth of investigation

can be varied to determine the borehole size and other boundary conditions.
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Figure 6 shows 8 device 190 for use in the drilling assembly for determining
viscosity of the drilling fluld downhole. The device contains a chamber 180, which
includes two members 182a end 182b, at«least one of which moves relative to the
other. The members 182a and 182b preferably are in the form of plata; facing each
other with a small gap 184 theresbeiween. Filtered drilling fluid from 31 from the
annulus 27 enters the chamber 180 via an inlat line 186 when the control valve 188
is openad. The gap 184 is filled with the drilling fluid 31. The membears 182a and
182b are moved to determine the friction generated by the drilling fluid relative to a
known reference value, which provides a measurs of the viscosity of the drilling fluld.
The members 182a and 182b may be operated by a hydraulic device, an electrical
device or any other device {not shown) and controlled by the downhole processor 70.
In one ambodiment, th=e signals generated by the device 190 are processed by the
processor 70 to prov?da viscosity of the drilling tiuid. Fluid from the chal;lbar 180 is
discharged into the wellbore 26 via line 187 by opening the control valve 189. The
control valves 188 and 189 ars controllad by the processor 70. Altamatively, any
other suitable device may be utilized to determine the viacosity of the drilling fluid
downhole. For axample a rotating viscometer (known in the art} may be adapted for
use in the drill string 20 or an ultrasonic {acoustic) device may be utilized to
determine the viscosity downhole. Since direct measuresments of the downhole
pressure and temparature are available et or near the sample location, the viscosity
and density of the drilling fluid are calculated as a function of such parameters in the
present invention. It should be obvious that the signals from the sensor 190 may be

transmitted to the surfece and processed by the surface processor 40 to determine
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the viscosity.

The device 190 may be reconfigured or modified wherein the members 182a
and 182b rub against each other. In such a configuration, the friction can represant
5 the lubricity of the drilling fluid. The signals are procesaed as deacribed

Fluid compresslbility of the wellbore fiuid is another parameter thet is often
useful in determining tha condition and the presence of gas present in the drilling
fluid. Figure 6 shows a device 210 for use in the BHA for determining compressibility
of the drilling fluid downhole. Drilling fluid 31 is drawn into an air tight cylinder 200
10 via 8 1wbing 201 by opening a valve 202 and moving the piston 204, The. fluid 31 is
drawn into the chamber 200 at a controlled rate to preserva the fluid characteristics
@ as they exist in the annulus 27. To determine the compressibility of tha drilling fluid
31, the piston 204 is moved inward while the control valve 202 is ciosed. The

reduction in fluid volume is determined from the travel distance of the piston.
15 Movement of the piston 202 may be controlied slectrically by a8 motor or by sn
hydraulic or a pneumatic pressura. The operation of the device 210 (control valve
201 and the piston 204} is controlled by the proceassor 70 (see Figure 1). The
precessor 70 receives signals from the device 210 corresponding to the piston travel
and computes therefrom compressibility of the fiuid 31. It should be noted that for
@20 the purposes of this invention any other suitable device may be utllized for
determining compressibility of the drilling fiuid downhole. The compressibility herein
is determined under actual downhole conditions compared to comprassibility

determined on the surface, which tends to simulate the downhole conditions.
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Compressibility for water, oil, and gas (hydrocarbon) is different. For example
downhole comprassibility measurements can indicate whather gas or air is present. If
it is determined that air is present, defosmers can be added to the drilling fluid 31
supplied 1o wellbore. Prasenca of gas may indicats kicks, Other gases that may be
present are acidic gases such as carbon dioxide and hydrogen sulphide. A model can
be provided to the downhole processor 70 to compute the compressibility and the
presence of gases. The computed results ars transmitted to the surface vis telemetry
72. Corrective actions sre then taken based on the computed values. The
comprassibility also affects performance of the mud motor §5. Compressible fluid
passing through the drilling motor 55 is isss effective than non-comprassible fluids,
Maintaining the drilling fluid free from geses aliows operating the mud motor at higher

efficiency. Thus, altering compressibility can improve the drilling rate. '

As noted above, clarity of drilling fluid in the annulus cen provide useful
information about the drilling process. Figure 7 shows a device 250 for use in the
drilling assembly for in-situ determination of clarlty of the drilling fluid during the
drilling of the wellbors. The device 250 contains a chamber 254 through which a
sample of the drilling fluid is passed by opening an inlet valva 264 and closing an
outlet valve 266. Drilling fluid 31 may be stored in the chamber 254 by closing the
valve 266 or may be allowed to flow through by opening both valves 2684 and 266.
A light source 260 at one end 257 of the chamber 254 transmits light into the

chamber 254, A detector 262 at an opposite end 257 detects the amount of light
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received through the fluid 31 or in the alternative the amount of light dispersed by
the fluid 31. Since tha amount of light supplied by the source 280 is known, the
detector provides a measure of the relative clarity of the drilling fiuid 31. The portions
of the ends 255 and 257 that are used for transmitting or detecting the light are

§ transparant while the remaining outside sreas of the chamber 254 are opaque.

The downhole processor 70 (Figure 1) controls tha operation of the light
source 260, receives signals from the detector 262 and computes the clarity value
based on models or programmed instructions provided to the processor 70. The

10 clarity values may be determined continuously by aliowing the drilling fluid 31 to flow
continuously through the chember or periodically. Inferences respecting the types of
cuttings, solid contant and formation being drilled can be made from the clarity
values. The clarity values are transmitted uphole via telematry 72 {Figure 1) for
display and for the driller to take necessary corrective actions.

16

The drilling assembly 90 also may include sensors for determining certain other
properties of the drilling fluid. For example & device for determining the pH of the
drilling fluid may be installed in the bottomhole assembly. Any commercially available
device may be utilized for the purposs of this invention. Value of pH of the drilling

@ 20 fluid provides a measure of gas influx or water influx. Water Influx can deteriorate

the performance of il based drilling fluids.

Chemical properties, such ag presence of gas (methans), hydrogen sulphide,
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carbon dioxide, and oxygen of the drilling fluid are measured at the surface from
drilling fluid samples collected during the drilling process. However, in meny

instances it is more desirable to determine such chemical propertiee of the drilling

fluid downhole.

In one embodiment of this invention, application specific fiber optic sensors

are utilized to determine various chemical properties. The sensor element is made of

a porous glase having an sdditiva speacific to measuring the desired chemical property

of the drilling fluid. Such porous glass material is referred 10 as sol-gel. The sol-gel

10 method produces a highly porous gisss. Desirad additives are stirred into the glass
during the sol-gel process. It is known that some chemicals have no color and, thus,

do not lend themselves to anslysis by standard optical techniques. _But there are

substances that will‘l react with these colorless chemicals and producé a particular

color, which can be detected by tha fibar optic sensor systam. The sol-gel matrix is

15 porous, and the size of the pores is determined by how the glass is prepared. The
sol-gel process can be controlied to create a sol-gel indicator composite with pores
small enough 1o trap an indicator in the matrix and large enough to allow ions of 2
particular chemical of interest to pass freely in and out and react with the indicator.
Such a composite is called a sol-gel indicator. A sol-gel indicator can be costed on a
20 probe which may be made from steel or other basa matarials suitable for downhole
@ applications. Also, sol gel indicator have a ralatively quick response time. The

indicators are small and rugged and thus suitable for borehole applications. The sol-

el indicator may be calibrated at the surface and it tends to remain calibrated during
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downhole usa. Compared t0 a sol-gel indicator, other typss of measuring devices,

such as a pH meter, require frequent calibrations. Sol-gel indicators tend to be self-

referencing. Therefore, reference and semple measursments may be taken utilizing

the sems probe,

Fgure B shows a schematic diegram of an embodiment of a fiber-optic device
300 with a sol-gel indicator 310. The sensor 300 contains the sol-gel Indicator or
member 310 and a fluid path 314 that provides the drilling fiuid to the member 310.
Light 316 is supplied from 2 sourco 320 via a fiber-optic cable 312 to the sol-gel
member 310. The light 318 travels past the member 310 and is ruﬂactod- back form
a light mirror 304 at the end opposite to the light source 320. Light 318 reflected
back to the ceble 312 is detacted and processed by the downhole processor 70
(Figure 1). The sol-gel member 310 will change color when it comas in contact with
the particular chemical for which it is designed. Otherwise, the color will remain
substantially unchanged. Therefore, the additive in the sol-gsl member Is chosen for
detecting a particular chemical in the drilling fluid 31. In the preferred embodiment, a
sensor aach for datecting methane {gas), hydrogen sulphide and pH are disposed at
suitable locations in the drill string. More than one such ssnsors may be distributed

along the drill string. Sensors for detecting other chemical properties of the drilling

fluld may also ba utlilized.

Figures 9 and 10 show an alternativa configuration for the sol-gel fiber optic

sensor arrangement. A probe is shown at 416 connected to a flber optic cable 418
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which Is in turn connected both to a light source 420 and a spactrometer 422. As
shown in Figure 10, probe 416 includes a sensor housing 424 connected to a lens
426. Lens 426 has a sol gel coating 438 thereon which is tallored to measure a
specific downhole parameter such as pH or is selacted to detect the presence,

& absence or amount of a particular chemical such as oxygen, HiS or the like.
A.ttnched to and spaced from lens 428 is a mimor 430. During use, light from the
fiber optic cable 418 is collimated by lens 426 whereupon the light pesses through
the sol gel coating 428 and sample space 432, The light is then reflscted by mirror
430 snd retumed to tha fiber optical cable. Light transmitted by the fiber optic cable
10 Is measured by the spactrometer 422, Spectrometer 422 (as well as light source
420} may be located sither at the surface or at some location downhole. Based an
o' the spactrometer measurements, u control computer 414, 416 will analyze the

measuremeant and based on this analysia, the chemical injection npparat'us 408 will

change the emount {(dosage and concentration), rate or type of chemical being

16 Injacted downhale Into tha- well. Information fram the chemical injection apparatus
relating to amount of chemical left in storage, chemical quality level and the like wil

aiso be sent to the control computers. Th; control computer may also base its L ‘
control decision on input receivad from surface sensor 415 relating to the &
effectiveness of the chemical treatment on the produced fiuid, the presence and

60 concentration ot any Impuritles or undesired by-products and the like, As noted
above, the bottomhole senscrs 410 may be distributed along the drilt string 20 for

monltoring the chemical content of the wellbore fluid as it travels up the wellbore at

any number of locations.
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Alternatively a spactrometer may be utilized to monjtor certain properties of
downhole fluids. The sensor includes a glass or quartz proba, one end or tip of which
is placed in contact with the fluid. Light supplied to the probe is refracted based on
the propertiss of the fluid. Spectral analysis of the refracted light is used to
determina and moniter the properties of the wellbore fluid, which include the water,

gas, oil and solid contents and the density.

It is known that infrared and near infrared light spectra can produg:e distinct
peaks for different types of chemicals in 8 fluid. In one embodiment of the present
invention a spectrascopy device utilizing infrared or near infrared technique is utilized
to detect the presance of certain chemicals, such as methane. The device contains a
chamber which houses a fluid sample. Light passing through the fluid sample is

detected and processed to determine the presance of the desired chemical.

Figure 11 is a schematic illustration of an embodiment of an infrared sensor
carried by the bottomhole assembly for determining properties of the wellbore fluid.
The infrared device 500 is camied by a suitable section 501 of the drill string 602.
The drilling fluid 31a supplied from the surface passas through the drill string interior
10 the bottom of the borehole 602, The wellbore fluid 31b returning to the surface
contains the drill cuttings and may contain the formation fluids. The optical sensing
device 500 includes a broadband light source 510 {(e.g. an incandescent lamp), an

acousto-optical tunable filter (AOTF) based monochromator 512, one or more optical
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detectors 514 to detact the reflected radiation and one or more total refiectance (TR)
crystal coupled 10 the monochromator 512 and the detectors 514 by optical fibers,

Tha monochromatic radiation with a wavelength defined by the

§ monochromator 612 enters the TR crystal(s) 518 and is reflected by its surface

which interfaces the high-pressure ddlling fiuid 316. Due to specific absorption

properties the reflected radiation is attenusted at spacified wavelengths which are

characteristic for the analytes to be determined and evaluated. The reflected

radiation intensity is measured by the detector(s) 514 which are connected to an

10 onboerd computer or processor B1B, which serves for data acquisition, spectra

anslysis, and control of the AOTF proper operation (by means of a reference detector

inside the monochromator). Tha more sophisticated analysis scheme in_cludea ona TR

crystal mounted in‘a housing on the outside of the drilling tube end a second TR

crystal mounted in 8 housing on the inside surface of the driling tube. This

15 configuration makes it possible to obtain the pure spectrum of the gas or liquid which

is infuged from the formation being drilled by subtracting the spactrum of tha drilling

liquid inside the tuba from the spectrum of the liquid in the barehole outside the tubes,

which is a mixture of the drilling liquid with the influx from the formation. This

method also is used to determine the weight or volume percent of analytes in the

20 wellbore fluid.

In operation, broadband radiation from the light source enters the

monochromator, where the AOTF (an acousto-optic crystal tuned by RF generator)
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selects narrow-width spectral bands at specified wavelengths which are
characteristic for the chemical compounds t0 be detarmined and evaluated. This
monochromatic radiation is dalivared to one of at least two TR crystals, which are

mounted in pockets on the interior and the exterior walls the drilling assambly by

optical fibars.

The monochromatic radiation with & wavelength defined by the
monochromator enters the TR crystal and it is internally reflacted by the surface,
which interfacea the high-praasure drilling fluid. Duse to apecific absorption properties
of molecules of the ansiytes, radiation reflected by the interface is amnua.ted at the
specific wavelengths by the magnitude which is characteristic of the quantity of the
compound molecules in the fluid. The reflected radiation is delivered to s dstsctor(s),
which, in turn, isiare) connscted to an onboard computer, which serves for data
acquisition, spactra analysis, and control of the AOTF proper operation (by means of
a reference detector inside the monochromator).

This configuration allows to obtain quantity of substance {(an analyte} of
interest in the drilling fluid, and, also utilizing two TR crystals — the pure spectrum of
the gas or liquid, which may infuse from the formation baing drilled, by subtracting
the spactrum of the drllling liquid inside the tube from the spactrum of the liquid in

tha borehole outside the tube. The last may be a mixtura of the drilling liquid with

the influx from the formation.

Some of the advantages of the above-deacribed optical spectroscopic sensor
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Diamond or sapphire may be used as the internal reflection element, [t
aliminates problems associated with attack on the sensing slement's
asurface in high-pressura and high-temperature environment. Tha probe
combines the chemical and pressure rasiatance of diamond with the
flexibility and photometric accuracy of spectral analysis required for
measurements and on-line process control in harsh environment.

The sensor is & multitask apparatus, which can easily be re-tuned for
identification of any chemical substance of interest via software. Optical-
IR spectroscopy offers the advantages of continuous real-time direct
monitoring of all the functional molecular groups which characterize
molecular ;tructure of the fluld, and the determination of hvdro:::arbon and
watear mixtures physical proparties.

The TR sampling method is not sensitive to small particle admixtures and
succassfully operates In a turbid liquid.

The sensor is an all-solid-atate and rigid device without moving parts.

This invention also provides a method of detecting the presence and relative

0 quantity of a various materials in the drilling fluid by utilizing what i3 referred harein

as “tags.” In this method, any material containing hydrogen atoms, such as aqueous-

based fluids, lubricants added to the drilling fiuid, and emulsion-basad fluids, such as

olefins and linear alpha olefins can ba tagged at the surface prior to supplying the

SNEDCEID «WO__ MOITIAL 1, »
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drilling fluid with such materials to the borehols. The material to be tagged is
combined with a suitable material that will replace one or more hydrogen atoms of
the material 10 be tagged such as deuterium. The altered material is referred to as
the “tagged material." A known quantity of the tagged material Is mixed with the

5 drilling fluid a1 the surface. A detector designed to detect the tagged material is
disposed the drill string 20, preferably in the drilling assambly 90. During drilling, the
detector detects the presence and relative quantity of the tagged material downhole.
Comparison of the downhole measurements and the known valuss mixed at the
surface provide information about the changes in such materiels due to the drilling

10 activity. Tha downhole pracessor 70 coupled to the detector transmits the computed
measurements to the surface. |f the downhola measurement and the surface known
values differ more than a predetermined velue, the amount of such material is
adjusted to maintain the downhole velues within a desired range. Several materials
may ba tagged at any given time. A saparate datector for each tagged matarial or a

16 common detactor that can detect more than one type of tagged material may be

utilized to detect the tagged materials,

In addition 1o the above-noted sensors, the drilling assembly 80 of the present

invention also may include one or more sample collection and analysis device. Such

@0 a device is utilized to collect samples to be retrieved to the surface during tripping of
the dirill bit or for :;arforming sample analysis during drilling. Also, in some cases it is
desireable 1o utilize a sensor in the driling assembly for determining lubricity and

transitivity of the drilling fluid. Electrical propertias such as the resistivity and
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dielectric constant of the wellbore drilling fluid may be determined from the above-
noted resistivity device or by any other suitable devica. Drilling fluid resistivity and
dielectric constant can provide informatien aboit the presence of hydrocarbons in
water-based drilling fluids snd of water In oil-baaed drilling fluids. Further, a high
pressure liquid chromatographer packaged for use In the drill string and any suitable

celorimster may also bs disposed in the drill string to measure chamical proparties of

tha drilling fluid.

In the present invention, it is preferred that signals from the various above
described sansors are processed downhols in one or more of the processors, such as
processor 70 to determine a value of the corresponding parameters of interest. The
computed parameters are then transmitted to the surface control unit 40 via the
telemetry 72, The‘surfaea control unit 40 displays the paramaters on di'aplay 42. If
any of the parameters is out side ita respective limits, the surface control unit
activates the alarm 44 and/or shuts down the operation as dictated by programmad
instructions provided to the surface control unit 40, The present invention provides
in-situ measurements of & number of properties of the drilling fluid that are not
usually computed downhole during the drilling operation. Such measurements are
utilized substantially online to alter the properties of the drilling fluid and to take other

corrective actions to perform drilling at enhanced rates of penetration and extended

drilling tool life.

The foregoing description is directed to particular embodiments of the present
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invention for the purpose of illustration and explanation. It will be apparent,
however, to one skilled in the art that many modifications and changes to the
embodiment ast forth above ars possible without daparting from the scops and the

splrit of the invention. It is intended that the following claims be interpreted to

§ embrace all such modifications and changes.
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WHAT IS CLAIMED IS5:

1. A diiling system for use in drilling pf a wellbore, said drilling system having a
source supplying drilling fluid under pressure to the wellbore, compriging:
(a) 8 drili string having;
{i) a tubing adapted to extend from the surface into the wellbors;
(i) a drilling assembly coupled to the tubing, said drilling assembly
. having a drill bit at an end thereof for drilling the wellbore; and
{b} a plurality of pressure sensors disposad in the drill string, at least one
sensor in said plurality of sensors being disposed in the drilling assembly
and the tubing for determining the pressure of the drilling fluid at spaced

locations in the wellbore during drilling of the waellbore,

2. Tha drilling system according to claim 1, wherein the preasure sensors in the
plurality of sensors are distributed in the drill string in 8 manner that provides a

pressure gradient of the drilling fiuid over a selected sagment of the wallbore.

3. Tha drlling systeam of claim 2 wherain the selected segment is ona of (a) a

section extending along the wellbore, (b} a section circumferentially disposed along

the drill string.

4. The drilling system of claim 1 further compriging a plurality of tempaerature sensors

carried by the drill string providing a temperature gradient of the waellbore fluid during

drilling of the wellbore.
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1 B. The drilling system of claim 4 further comprising a processor for determining

2 reservoir condition by utilizing measurements from said pressure and temperature

3 sansors.

1 B6. A driling system for use in drlling of a wellbore wherein a drilling fluid is

2 supplied undaer pressure 1o the wellbore during the drilling of the wallbore, said drilling

3 system comprising:

4 (a)

8 (b)

a drill string having

{i} @ tubing extending from a surface location into the wellbore;

{ii) a drilling assembly coupled to the tubing, sald drilling assembly
having a drill bit at an end thereof for drilling the wellbore; and

a plurelity of temperature sensors disposed in the drill string for

providing a temperature gradient of the drilling fluid in the wellbore over

a selected section of tha wallbore during drilling of the wellbore.

1 7. A drilling system for usa in drilling of a wellbore wherein a drilling fiuid is

2 supplied undsr pressura to the wellbore during the drilling of the wellbore, said drilling

3 system comprising:

4 {al
-]
7
8 (b}

BNBOOCIZ «WO_, TR00S7BAZ_ 1 »

a drill string having

)] a tubing extending from a surface location into the wellbore;

{ii) a drilling assembly coupled to the tubing, said drilling assembly
having a drilt bit at an and thereof for drilling the wellbore; and

a plurality of sensors carried by the drill string providing flow rate
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] measurement of the drilling fluid within the drill string and in an annulus
10 batween the drill string and the wellbore;
11 {c) a processor determining from said flow rate measurements accumulation
12 of cuttings in the wellbore.

1 8. A drill string for use in driling of s wallbore, said wellbore filled with a drilling

2 fluid during drilling of the wellbore, comprising:

3 {a)
4 (b)
8

6 {c)

10

1"

12

13

14

18

17

18

18
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a tubing adapted to axtend from the surface into the wellbore;

a drilling assembly coupled 1o the tubing, said drilling assembly having a

drill bit at an and thereot for drilling the wellbora; and

a sensor camied by the drill string for determining a property of the
drilling fluid downhole during the drilling of the wellbore, said sensor
selected from a group of sensors consisting of (i} a gensor far
determining density of a fiuid sample; (ii) en acoustic sensor for
detarmining density of the drilling fluid flowing through an annulus; {iii)
an acoustic sensor for detarmining characteristics of cuttings in the
drilling fluid; {iv) a sensor for determining viscosity of the drlling fluid;
(v) & sensor for determining lubricity; lvi) B sensor for determining
compressibility; {viil 8 sensor for determining clarity of the drilling fluid;
{vii} a sol-gel device for determining chemical composition of the drilling
fluid; (ix) a fiber-optic sensor for determining a chemical property of the
drilling fluid; {x) a spectrometer for determining a selected parameter of
the drilling fluid; {xi) a sensor adapted to measure force required by a

member to move over said drilling fluld; and (xi) a sensor for
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20 determining influx of the formation fiuid into the wellbore.

1 8. A method of determining the relative amount of a component material of &

2 drilling fluid supplied from a surface source to a wellbore at a downhole location

3  during the drilling of sald wellbore, compriaing:

4 (al  tagging a known quantity of the component material prior to adding sald

5 component material into the drilling fluid;

8 (b) adding the known quantity of the tagged component material to the

7 drilling fiuid and supplying said drlling fluid with the tagged componant

8 material to the wellbore during the drilling of the wallbore; and

9 (c) taking measurements downhole of a parameter representative of the

@ relative amount of the tagged component material in the drilling fluid by

1" a sensor disposed in the wellbore.

1 10. The method of claim 9, wherein the chemical structure of the component

2 material includes a hydrogen atom.

1 1N The method of claim 9 further comprising processing said measurements 10

2 determine the relative amount of the tagped material in the wellbore.

@ 12, The method of claim 11 wherein said processing is done at least in part

2 downhole.

1 13. The method of claim 11 further comprising determining the difference between
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2 the relative amount of the tagged component material determined from the downhole
3  measurements and the relative amount of the tagged material added at the surface
4 and adjusting the amount of such compenent material edded to the drifling fluid

§ untagged if said difference is greatsr than a predetermined value.

1 14, A system for monitoring a perameter of interest of & drilling fluld in a wellbore

2  during drilling of the wellbore, comprising:

3 {a) a downhole tool for use in the drilling of the wellbore; and
4 (a)  a spectrometric device carried by the downhole tool, said spectrometric
§ device comprising:
8 . an energy aource supplying a selectad form of snergy;
O - at least ona sansing slement exposed to the dnlling fluid, sald ’
8 senging element providing signals rasponsive 10 the supplied
9 energy representative of the parameter of interest; and
10 -

8 spsctromster for processing the signals from the sensing

11 elament to determine the parameter of interast.

1 15, The system of claim 14 whaerein the parameter of interest is one of (a)
2 presence of s hydrocarbon of interest in the drilling fluid, (b} presence of water in the
3 drlling fluid, {c) amount of solids in the drilling fluid, (d} density of the drilling fiuid, (e}

composition of the drilling fluid downhale, {f} pH of the drilling fluld, and (g} presence

5 of HiS in the drilling fluid.

1 16. The system of claim 14 wherain the selected energy is one of visible light,
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infrared, near infrared, ultraviolet, radio frequency, electromagnetic energy, and

3 nuclear energy.

1 17, The systemn of claim 14 wherein the at least one sensing elemant includes at
2 least two sensing elements for determining the parameter of interest of the drilling

3 fluid in the downhole tool and in an annulus between tha downhale tool and the

4 waellbore.

1 18. A downhole tool for use in drilling of a wellbore containing drilling fluid during
2 the drilling of said wellbore, said downhole tool comprising at least one fiber optic
3 sensor providing measurements for an operating parameter of the drilling tiuid during
@ the drilling of the wellbore, said sensor being one of (i} & chemical sensor, (i} &
5§ radiation spectrometer, (ili) a flow rate sensor, (iv) a plurality of spacaed apart pressure
8 sensors for providing pressure gradient along a selected section of the wellbore, and

{v) a plurality of temperature sensors providing temperature gradient of the wellbore

8 fluid along a selacted section of the wellbore.

1 19. The downhole tool of claim 18 wherein the at lsast one fiber optic sensor
2 includes a set of sensors and, said downhole toal further comprigsing a processor
associatad with the downhole tool multiplexes between such sensors sccording to

programmed instructions provided to the processor to obtain measuremants of the

6 desired parameters of interest.

1 20. A downhole tool for use in drilling 8 wellbore wherein a drilling fluid circulates

48

HADOOI0 WO MA00ATHAZ 1 »



WO 99/00575 PCT/USSB/13119
2 through the waellbare during drilling of said wellbara, comprising:
3 (a) a bottomhole assembly carmying 2 plurality of sensors; and
4 (b} a fluid viscosity measuring device carried by the bottomhole assambly,
- said viscosity measuring device providing measursments indicative of
8 the viscosity of the drilling fluld during drilling of the wallbore.

1 21. The downhole too! of ciaim 20 whersin the viscosity measuring device includes
2 & pair of platas that receive a sample of the driliing fluid therebetween and provide a

3 measure of the viscosity when said plates are moved relative to each other.
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(34) Tl DRILLING SYSTHM WITH SENSORS FOR DETERMINING PROPERTIES OF DRILLING FLUID DOWNHOLE

(5T) Abstrazt

The present invention provides a dilling sysiem for
drilling odificld borcholes or wellbores utilizing a drill sving
having a drilling ssaembly conveyed downbele by a tubing
(usually a drili pipe or colled whing). The driiling assembly
intlodes a bottom hole asssmbly (BHA) and a drill bit The
botiam hole assembly prefemmbly contains commonly used
measurement-while-drilling sensors. The drill string als
conming & varicty of sensors for determining downhale
various propestics of the drilling fluid. Seasors are provided to
compremuibility, pressure and temperanure of the drilling fluld
M onc or more downhole locations. Chemical detection
sersors for detecting the presonce of gay (methane) and H,$
are disposed in the drilling assembly. Seasoss far
fluid density, viscosity, pH, solid content, fluid claricy, fluld
compressibility, and a spectroscopy sensor are also disposed in
the BHA. D from such sensors may be processed downhole
and/or &t the surface Corrective actions are taken based upon
the downhole messurements st the surface which may require
alicring the drilling fluid composhion, sliering the drilling
fluld pump mic or shutting down the openation to0 clean
wellbore. The drilling system coniasins onc or more modela,
which may be stored in memory downhole or al the surface,
These models are utilized by the downhole processor and the
suface compwer to determine desired fluid paameters for
conttinued drilling. The drilling symem la dynamic, in that the
downhole fluld sensor data ia utllized io updaie models and
algorithms dusing drilling of the wellbore and the updated
models are then ulilized for continued drilling operatians.
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FURTHER INFORMATION CONTINUEDFROM  PCTASA/ 21p

This International Searching Authority found multiple (groups of) i
inventions in this international application, as follows: i

1, Claims: 1-6

Drilling system comprising a plurality of pressure
sensors, further a drilling system comprising a plurality of
temperature sensors.

2. Claims: 7,8,18,19

Drilling system comprising one or plural sensors providing
flow rate measurement, further a drilling system including a
fiber optic sensor.

3, Claims: 9-13

Method of determining the relative amount of a component h..q

@ material of a drilling fluid, comprising tagging said
component.

4. Claims: 14-17

System for monitoring a parameter of interest of a drilling l.
fluid, comprising a spectrometric device.

5. Claims: 20,21

Downhole drilling tool comprising a fluid viscosity
measuring device.
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Method for Updating an Earth Model Using

Measurements Gathered During Borehole Construction

<

FIELD OF THE INVENTION:

The present invention relates to the field of

wh

drilling oil and gas wells. In particular, the
invention relates to a method for updating an earth

madel]l during conctruction of the well.

10 HACKGRO&ND OF THE INVENTION:

Earth models contain data which characterise
the properties of, and surfaces bounding, the
geoclogical features which form the earth's sub-surface,
such as rock formations and faults. They are used to

Gi' 15 assist operations occurring in the earth's sub-surface,
such as the drilling of an oil or gas well, or the

I

development of a mine.
The domain of applicability of an earth model
varies greatly and should be considered on a case by

20 case basis. Some earth models are applicable only in
the near vicinity of a particular oil or gas well, or
mine. Others may be valid for an entire oil or gas
field, or perhaps even over a region such as the North
Sea or Gulf of Mexico.

25 The data in an earth medel consists of
measurements gathered during activities such as the
seismic, logging or drilling operations of the oil and
gas industry, and of interpretations made from these

measurements. The data may be gathered above, on, or

30 below the earth's surface.
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As the duration or number of sub-surface
operations increases, more data is gathered. This data
can be used to amend the relevant earth model, with the
aim cthat it should characterise the geology and

S properties ever more accurately. Clearly, it will be
conducive to the efficiency of these operations if
amendments which enhance the accuracy of the earéﬁ
model are made as Quickly as possible, or appropriate.

The o0il and gas industry's traditional

10 approach to amending earth models has not had a real-
time element, apart from using formation integrity.
leak-off or extended leak-off tests, or egquivalent .
circulating density (ECD) data in the case of drilling
fluid (commonly referred to as "mud") loss while

15 drilling, to constrain the minimum principal in-situ
stress. See e.g., Addis et al., ‘A comparison of leak-
off test and extended leak-off test data for stress
estimation’, paper SPE/ISRM 47215 presented at the 1998
Eurock Rock Mechanics in Petroleum Engineering

30 Conference, Trondheim, July 8-10 (hereinafter "Addis et
al., 1998-). Measurement-while drilling (MWD) data,
logging-while drilling {LWD} data, wireline logs,
results from tests performed on core, drilling

experience and perhaps other information are used to

2
Lh

amend the relevant earth model using techniques
identical to those used to generate the original
version of the earth model. An example of these
convencional techniques are described in a publication
by Schlumberger Educational Services entitled ‘'Log

30 interpretation principles/applications’, Houston, Texas

TOWO VPP




WO 01725823 PCT/GBO0/3704 72

(1987), incorporated herein by reference and
hereinafter referred to as “(Schlumberger, 1987)~.
This traditiongl approach has been enhanced

in order to improve the handling of very severe

S§ wellbore instability problems in the Cusiana field in
Colombia. See, Last, N., Plumb, R.A., Harkness, R.,
Charlez, P.. Alsen, J. and McLean, M.: ‘An integrated
approach to evaluating and managing wellbore
ingsrability in the Cusiana field, Colombia, South

10 America’, paper SPE 30464 presented at the 1995 Annual
SPE Technical Conference, Dallas Oct. 22-25,
incorporated herein by reference and hereinafter "“Last
et al. (1995)." Last describes an integrated approach
to evaluating and managing wellbore instability. An

15 earth model was constructed using data from existing ’
wells, together with results obtained using a -
computational analysis tool which modelled the '
geological structure and the in-situ stress state. This
allowed the upper and lower bounds to the drilling

20 fluid density to be estimated, provided that the well
trajectory was specified., using standard cechniques.

As a well was drilled. a data acquisition

programme which included cavings monitoring and

measurements-while-drilling allowed the failure

[
h

mechanisms of the rock formations to be characterised
and as well as the identification and implementation of
eii appropriate drilling practices. This led to faster,
more efficient, well construction. The earth model was
updated after a well or hole section had been completed
30 using all available data, particularly (a} downhole

images of borenole geometry, fractures, faults and

BhIODCID «WC_ _ D128823A1 1 &
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bedding, (b} stress measurements such as excended leak-
off tescts, (e) results from tests made on core, and {(d)
four-arm calliper logs. where available. Measurement-
while-drilling techniques were used to characterise
time-dependent hole geometry in particular heole
intervals.

The approach of Last et al. (1995) enhanced
the analysis of formation instability that can be made
while drilling, with the minimum horizontal stress also
being updated in real-time. The understanding of the
nature of the formation instability led to improved
drilling practices allowing the wells they studied-to
be constructed much more efficiently.

However, the approach of Last et al. (1995)
has many limitations., including the following. First,
no constitutive parameter or component of the in-situ
stress state, other than the minimum principal stress,
was updated in real-time. Such parameters were updated
aftér drilling had been completed, using measurements
made by wireline tools, in addition to the data
gathered in rea:-time. Second, LWD measurements, such
as resistivity and sonic, were not extensively used.
This inhibited the diagnosis of the instability
mechanisms. Due to these limitations, it was not
possible to quantify amendments to érilling practices,
apart from updating the value of ECD above which

drilling fluid is lost to the formation.

SUMMARY OF THE INVENTION:

Thus, it is an object of the present
invention to provide a method to increase the

QD WD 012402041 4 »




WO 01725823 PCT/GB00N3 104

10

30

efficiency with which an oil or gas well can be
constructed.

It is a further object of the present
invention ro provide a method in which amendments that
enhance the accuracy of the earth model are made
quickly and efficiently.

It is a further object of the present
invention where one or more inconsistencies are
identified to provide a method of selecting which
componenﬁ or components of an earth model to update.

According to the present invention the
efficiency with which an oil or gas well is constructed
can be enhanced by updating the relevant earth model
using real-time measurements of the effective density
of the drilling fluid and at least one other parameter.
Updating the earth model need not occur on a continuous
basis, but on & timescale appropriate to this
construction process. As used herein the term “real-
time® is defined to mean as the well or bhorehole is
being constructed. That is, the data acguisition can
occur continuously (e.g. measurement while drilling
data), or at discrete times (e.g. palaeontological
analysis of rock carried by the drilling fluid from the
wellbore) and still be considered “real-time”.

A method for updating an earth model is
provided that includes obtaining an earth.model used
for predicting potential problems in drilling of a
boreheole having a predetermined trajectory.

Evaluations of the state of the borehole and local
geological features are obtained which are based on the

earth model. Data 1s received that has been gathered

SHDOOD «WC  OVIATMI 1 »
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n
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during the construction of the borehole. The
evaluations are compared with a diagnosis of the state
of the borehole and local geological features to
identify at leas:t one inconsistency. A component of
the earcth model is identified that is both related to
the identified inconsistency and has a high degree of
uncertainty. The selected component of the earth model
is then updated prior to completing construction of the
borehole using the received data.

Preferably, the evaluations of the state of
the borehole and local geological features are
predictions of one or more conditions under which the
borehole will fail, and they are obtained by combining
the earth model with the predetermined trajectory of
the borehole.

Preferably, the process is repeated until a
sufficient match exists between the predicted failure
conditions and the diagnoses of the borehole.

Preferably, the earth model component that
will be updated is selected by first identifying
components of the earth model that are relevant to the
identified inconsistency and then ranking the
identified components according to the degree of
uncertainty. The component selected is preferably
updated using the minimum changes needed to eliminate
an identified inconsistency.

Preferably, the received data includes the
effective density of the drilling fluid used in the
constxuction of the borehole and one at least other

parameter, and the selected component is updated by
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using the effective density and at least one other
parameter.

The invention js also embodied in a method
for drilling a borehole using an earth model that is

5 updated according to the invention. The invention is
also embodied in a computer readable medium that is
capable of causing a computer to update the earth model
according to the invention.

10
BRIEF DESCRIPTION OF THE DRAWINGS:

Figure 1 illustrates the construction of a

borehole according to a preferred embodiment of the
@ 15 invention;

Figure 2 shows a flow chart of a method of
updacing an earth model, according to a preferéed
embodiment of the invention:

Figures 3a and 3b show examples of angular

20 cavings that have become detached from the wellbore
wall when breakouts occur;

Figure 4 is & schematic representation of
breakouts and drilling induced fractures in a vertical

_ well embedded in an isotropic rock formation;

b Figure 5 is a flow chart illustrating in
greater detail cthe preferred method of updating the
earth model according to the present invention;

Figure 6 illustrates an example of the
minimum principal in-situ stress in an earth model;

0 Figure 7 illustrares an example of the mud

. window estimated prior to drilling a well;
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Figure 8 illustrates an example of drilling
hazards derived from an analysis of experience drilling
offset wells and the well trajectory shown in Figure 9:;

Figure 9 illustrares the trajectory of the

5 well used in the examples of Figures 6-11;

Figure 10 illustrates the in-situ stress
state prior to drilling the well used in Figures 6-1l;
and

Figure 11 illustrates an example of the

10 formation strength in the example of figure 6-11.

DETAILED DESCRIPTION CF THE INVENTION:

15
The present invention advantagaously

increases efficiency with which an oil or gas well is
constructed by updating the relevant earth model using
real-time measurements. Preferably, the real-time

20 measurements are ECD and at least one other paramecer,
which can gathered using common commercially available
methods. For example, the ECD data may be obtained
using such as Schlumberger's Annular Pressure While
Drilling APWD measurements. See e.g., Schlumberger

25 0Oilfield Review: 'Using Downhole Annular Pressure
Measurements to Improve Drilling Performance', Sugar-

Gib Land, Texas, Winter 1998 incorporated herein by

reference and hereinafter referred to as “Schlumberger
(r1998)".

30 Figure 1 illustrates the construction of a

borehole according to a preferred embodiment of the
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invention. Borehole 102 is being drilled into Earth
100. Rig 104 is located at the surface and is used to
suppert the drilling opexation. Drill bit 110 is
located at the bottom of the borehole and is connected
to the rig via drill string 106. Also shown is a LWD
or MWD tool 108 that is capable of making measurements
during the drilling operation. The dashed line 114
shows the planned borehole trajectory. Offset well 116
is also shown, along with rig 118. Although in the
example of Figure 1 the boreholes are shown being
drilled on land, the invention is also applicable to
offshore drilling operations. Control station 112 is
shown schematically, and contains one or more computers
that are used to store the earth model, receive
measurements from the downhole tools, and update the
earth model according to the preferred embodiments
described herein. The control station 112 is shown to
be located near the rig 104, however in general the
control station can be located remotely. -
Alternatively, some portions of the control station
could be located remotely whiie other portions are
located near to the borehole.

Figure 2 shows a flow chart of a method of
updating an earth model, according to a preferred
embodiment of the invention. In stvep 120, prior to
drilling a well and applying the invention, an earth
model is generated with seismic, logging and offset
well data using techniques which are publicly
documented (See, e.g., Last et al. (1995),
Schlumberger, 1987). The data contained in the earth
model is defined herein as the “components” of the
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earth model. The types of data or components contained
in an earth model typically consists of: (1) Surfaces
bounding geological features, (2) Constitutive
parameters of the rock. These describe the mechanical
response of rock under load, (3) Stress state and pore
pressure, (4) Nature and severity of the drilling
hazards assoclated with each geological feature and/or
trajectory. The drilling hazards are categorised from a
list which includes hole cleaning, sloughing, chemical
activity, undergauge hole, interbedded sequences,
faulrs, naturally fractured formations, formations with
weak planes, mobile formations and permeable formations
{this list is not exhaustive and further categories can
be envisaged), and (5) Any other parameter that may
prove to be useful for real-time analysis, such as
gamma-ray measurements which characterise the
radioactive nature of a formation.

In step 122, the earth model is combined with
the planned well trajectory 124, in order to estimate
the upper and lower bounds to the drilling fluid
density, together with the drilling hazards and their
severity at discrete points along the trajectory. Step
122 may be accomplished using standard techniques, such
as those outlined in Fjaer, E., Heclt, R.M., Horsrud,
P., Raaen. A.M., and Risnes, R.: 'Petroleum Related
Rock Mechanics'., Elsevier, Amscerdam (1992),
incorporated herein by reference and hereinafter
referred to as "Fjaer et al. (1992)." More
sophisticaced analyses could also be used which may
involve concepts such as elastoplastic modelling. See
e.g. Bradford, I.D.R., Fuller, J.A., Thompson, P.J.,
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and Walsgrove, T.R.: 'Benefits of assessing the solids
production risk in a North Sea reserveir using
elastoplascic modelling;, paper SPE/ISRM 47360
presented at the 1998 Eurock Rock Mechanice in

5 Petroleum Engineering Conference, Trondheim, July B-10
lncorporated herein by reference and hereinafter
referred to as “Bradford et al., (1998).* Although the
earth model is shown to be generated in step 120 and
the estimations performed in step 122, the earth model

10 and the'estimates could be obtained through other means
such as receiving them from an outside service
provider.

As the well is being drilled, the nature and

severity of instability mechanisms, together with the

Qi' 15 conditions under which they occur, are identified, or
diagnosed, in step 128. The extent of any instability,
which ié.defined as the length of wellbore over which
formation failure is occurring, may also determined.
The diagnosis of step 128 can be carried out by the

20 method disclosed in Last et al. (1995). However, a
more extensive use of real-time MWD and LWD
measurements is preferably used for the diagnosis.

According to a preferred embodiment, in step
128, diagnosing the nature, severity and extent of

25 wellbore instability mechanisms should include the
following considerations.

@ 1. There should be sufficient familiarity,
prior to commencing operations, with the upper and
lower bounds of the drilling fluid density (these

30 define the *"mud window*®} and the anticipated severity

of any instabilities.

11
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2. The mud density and ECD should be
monitored continuously, particularly in relation to the
mud window calculations in order to assess the likely
degree of breakouts and the possibility of mud losses.
When the mud is stationary, as is the case during
connections, the ECD equals the mud density. During
driliing. or while circulating off bottom, the ECD
typically exceeds the mud density by up to 0.5-1.0
lb/gal. During trips. when equipment is being pulled up
and down the well, the ECD below the bit is typically
0-0.5 lb/gal less and more, respectively, than the mud
density.

3. The behaviour of the drillpipe and bottom
hole assembly (BHA), hole cleaning, rate of penetration
(ROP), trajectory, cavings rate and morphology. mud
losses/gains and chemistry, together with resistivity,
gamma-ray, compressional slowness and caliper ILWD
measurements should also be continuously monitored. It
is then possible to conduct the following evaluations:

(a) Cavings analysis can provide a signal
that the borehole is failing and indicates the
troublesome formations. Tabular, angular or splintered
cavings indicate that the nature of the instability is
natural fracturing or weak planes, breakouts and over-
pressure, respectively. The cavings rate indicates the
level of failure. However, if the hole cleaning is
inadequate, not all of the debris generated by any
instability may be discharged from the well, thereby
masking the severity of the problem. This issue is

discussed fully below.

T12
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{(b) Mud losses occur in naturally fractured
zones, faults or drilling induced fractures. Such an
event indicates that the fluid pressure in the annulus
has exceeded the minimum in-situ principal stress. Mud
gains indicate the pore pressure has exceeded the mud
pressure or that previously lost mud is being returned
to the wellbore due to fracture closure. Such an event
allows the pore pressure estimate to be refined. In
areas where there is chemical instability, a more
compreheﬁsive mud analysis programme may be required.,

{c) Gamma-ray data enables formation
boundaries to be identified. Some characterisation of
the formation may also be possible, if the data is
combined with other measurements such as resistivity.

(d) Resistivity measurements allows fracture
identification. Schlumberger’'s LWD tool measures the
resistivity at various depths (See e.g., Schlumﬁerger
(1998)); the degree of o0il based mud invasion into
water filled fractures can therefore be determined.

{e) Compressional slowness characterises pore
pressure and formation strength.

(f) Caliper measurements of hole enlargement,
if available, will identify the unstable formations.

(g} The ROP and hole cleaning efficiency
form the key links between wellbore instability and
operations. Rock debris in the annulus, resulting from
drilling and/or wall failure, will increase if hole
cleaning is inadequate, raising the zisk of pack-offs,
stuck pipe and tools lost in hole. For and explanation
of these terms, see Bourgoyne, A.T.. Chenevert, M.E.,

13
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Millheim, K.X. and Young, F.S.: 'Applied Drilling
Engineering, SPE Textbook Series, Vol. 2 (1991},
incorporated herein by reference. The ability to clean
the hole is also related to the ROP. At sufficiently
high ROP’'s, the rate of influx of debris into the
annulus, from drilling and newly exposed rock which may
be failing. will exceed the rate at which material can
be discharged from the well, leading to the
consequences outlined above.

A reliable diagnosis of the instability
mechanism preferably uses all available data. If
tabular cavings, due to natural fracturing, are
observed, then the resistivity log should be checked
for evidence of mud invasion into fractures and the mud
records require examining for losses. Similarly, if
splintered cavings due to over-pressured formations are
seen then high gas levels, kicks or mud gains may also
be present. The observation of angular cavings due to
breakouts requires the debris levels in the hole to be
discermed. In all cases, the cavings volume should be
compared to the ECD and the degrees of tight hole and
restricted circulation to discern the effectiveness of
the hole cleaning and the severity of instability.

In step 130, the states of the wellbore, and
geological features adjacent to it, that are predicted
using the earth model are compared with those diagnosed
using real-time data. If differences exist between the
predicted and diagnosed staces then the earth model is
updated. The comparison of the estimated conditions
and the real time based diagnosis should be considered —

to *match” when the two conditions are within a

14
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reasonable range. For example, according to a
referred embodiment, if the mud pressure at which
moderately severe breakoyts occurred is not within 2
percent of the value ¢stimated in step 122, then they
considered inconsistent and a “sufficient match” in
step 132 does not exist. However, the individual
thresholds for each compared condition will have to be
determined on a case-by-case basis.

According to a preferred embodiment, real-
time data 126 includes measurements of the ECD and at
least one other parameter. Preferably, these
measurements are used in the comparison of diagnosed
states with predictions derived from the earth model in
step 130, and in the updating of the earth model, which
discussed more fully below. »

. For example, in a vertical well, suppose the
ECD exceeds the estimated lower bound of the d;illing
fluid density and that a steady stream of cavings is
being carried from the hole. If the cavings have an
angular morphology, then breakouts have occurred,
albeit at a higher than expected drilling fluid
pressure, as indicated by the ECD data. As the
pressure of the drilling fluid decreases, zones of
shear failure develop that are centred about the line
of action of the minimum horizontal in-situ stress. The
material in these zones eventually drops into the
wellbore. leading to the cavings shown in Figures 3a
and 3b. Conversely, as the drilling fluid pressure
increases, fractures develop centred about the line of

action of the maximum horizontal in-situ stress.

15

BNSDOCID «WD__ DI26823AY ¢ »




WO 01/25813 PCT/GBO0/3704

10

15

20

30

According to a preferred embodiment,
following are four examples of situations in which
there would be an insufficient match in step 132 and
the earth model would therefore be updated:

1. Breakouts occur, or the fluid is lost to
the formation, at values of ECD that differ from those
that are predicted;

2. The nature, severity or extent of the
drilling hazards differ from their prognoais;

3. Geoclogical characteristics (e.g. the
location of formation tops with respect to the
trajectory) differ from their prognoses; or

q. Fluid or gas unexpectedly enters the
wellbore indicacing that estimates of the pore pressure

are inaccuratce.

Referring again to Figure 2, in this example
a sufficient match would not exist in step 132.
Accordingly, the earth model would be updated in step
136. In this example, the in-situ stress state, the
formation strength, or both of these quantities should
be amended so that the predicted and actual states
match adegquately.

According to a preferred embodiment, the
components of the earth model that are the most
uncertain should be given priority in the updating
process. This advantageously allows for the most
efficient and accuratc updating of the earth model.
Figure 5 is a flow chart illustrating in greater detail
the preferred method of updating the earth model
according to the present invention. Steps 150, 152 and

154 correspond to step 136 in Figure 2, whereas steps

16
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122, 130, 132 and 134 correspond to the same steps in
both tigures ¢ and 5.

In step 150 the:s components that are relevant
to the inconsistency are determined. In cases where
there are more than one inconsistency is identified in
the comparison step 130, the most hazardous
inconsistency is generally addressed first. In step 152
the relevant components identified in step 150 are
ranked according to certainty. In other words, the
earth moéel components that are most unreliable are
identified, and preferably, ranked in order of
reliability. Alternatively, step 150 can be skipped
and the ranking step 152 applied to all or some
predetermined number of most uncertain cdﬁponen:s. The
goal of steps 150 and 152 are to identify the most ’
unreliable or most uncertain components or parameters
in the earth model so that the update can be foéused on
those components.

In step 154 the most uncertain components are
updated. According teo a preferred embodiment, the
components that are updated are ideally altered by the
smallest degree needed to allow matching of the
predicted and measured components.

As discussed above, in steps 122, 130, 132,
and 134 failure ceonditions are estimated, and
comparison is made to determine if there is a
sufficient match between the estimated conditions and
thr real time diagnogin. If there is a sufficient
match, no further changes are made to the earth model.
When a sufficient match is not found, steps 152, 154

122, 130 and 132 are repeated as shown in Figure 5.

17
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When step 152 is being repeated, the recently amended
components are preferably re-ranked as being more
certain due do their recent amendment. Wwhen step 122
is being repeated, the well failure conditions are re-
estimated using the updated components.

Following is an example the process described
in Figure 5. If real-time compressional slowness data
ig available through use of the appropriate LWD tool,
then the formation strength estimate can be inferred
from this measurement and the formation strength is

agsumed to be the most reliable component in step 154.

In step 154, the minimum change to the in-situ stress

15

20

30

D «WO__ Q1Z3EXBAY | »

state (actually the maximum principal in-situ stress,
as the minimum principal in-situ stress is consatrained
using a combination of fluid loss and ECD data) should
then be made which allows the predicted and measuxed
pressures at which breakouts occur to adegquately match,
with the latter determined using ECD data. If real-
time compressional slowness data is not available, then
it is assumed that the formation strength is the most
unreliable {(or least certain) parameter or component in
step 152. Ih step 154, the formation strength is
updated until prediction and reality match adequately.
Following are further examples of how the
earth model updating processes in steps 150, 152 and
154 could be carried out, according to the invention.
In particular, if breakouts or fluid losses do not
occur as anticipated then the in-situ etress state and
formation strength predictions should be amended. More

specific examples are as follows.
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Suppose the ECD exceeds the anticipated
minimum principal in-situ stress without fluid loss.
The minimum principal in-situ stress should be amended
to be equal to the maximum ECD encountered over the
appropriate interval. The new estimate of the minimum
principal in-situ stress will be a lower bound to the
true value, but will be more accurate than the existing
prediction.

Suppose fluid loss occurs at an ECD iower
than the-minimmm principal in-situ stress. The minimum
principal in-situ stress should be set to the ECD at

which the fluid loss occurred. This will require a

comparison of the time based ECD and drilling fluid

volume logs.

Suppose breakouts occur at a value of the ECD
higher than the minimum value predicted; it is' then
either in-situ stress state, the formation stre;gth, or
both of these quantities that should be amended. 1f the
formation strength can be inferred from real-time
measurements, such as compressional slowness data from
the appropriate LWD tool or indentation tests on
cuttings, then it may be assumed to be the most
reliable parameter. The minimum change to the in-situ
stress state (actually the maximum principal in-situ
stress, as the minimum principal in-situ stress is
constrained through fluid loss observations) is then
made which allows prediction to match reality. If the
formation strength cannot be inferred from real-time
measurements, it should be assumed to be the most
unreliable parameter and then amended until there is an

adequate match between prediction and reality. The

19
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method of updating the in-situ stress or formation
strength is identical in both cases: it requires that
these parameters are amended until the output of the
models that has used to estimate the bounds to the

5§ drilling fluid density agrees with the real-time
measurement. This is an iterative process.

Breakouts occurring at values of ECD that are
lower then the predicted minimum values are expected.
No change is therefore made to the mechanical earth

10 model.

Suppose the nature, severity or extent of the
drilling hazarde, or geological characceristics, differ
from their prognoses, Or fluid or gas unexpectedly
enters the wellbore. The diagnostic techniques outlined

qiv 1S in above could be used to detect these events and the
earth model could then be directly updated without
further computation, although the ECD should be used to
assess the severity of the drilling hazard and the
expecctation of fluid or gas entry into the wellbore.
20 Other real-time information, such as palaeontological
analysis of cavings or LWD resistivity data, should be
used to assess the extent of any instability associated
with the wellbore or adjacent geology.
The following example further illustrates how
25 an earth model may be updated. After a well had been
drilled to a depth of 2000m TVD (true vertical depth),
@ it was decided to pull the drilling equipment out of
the well. However, during this process 12 barrels of
drilling fluid were lost to the formation. The real-
30 cime ECD measurement showed that this occurred at a

pressure equivalent to 15.35 1lb/gal. Figure 6
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illustrates an example of the minimum principal in-situ
stress in an earth model, according to a preferred
embodiment of the inventjon. As shown in Figure 6, the
minimum principal in-situ stress was therefore revised
to be the equivalent of 15.35 lb/gal for the entire
region above 2000m TVD.

As discussed, estimates along the trajectory
of the upper and lower bounds of the drilling fluid
density, together with the nature, severity and extent
of the drilling hazards, allow the states of the
wellbore, and geological features adjacent to it, to be
predicted while the well is constructed. Examples of
these are shown in Figures 7 and 8 for a well drilled
in the North Sea. Fiqure 7 illustrates an example of
the mud window (i.e. allowable drilling fluid
densities) estimated prior to drilling the well.
Drilling with @ mud (i.e. fluid) whose density %alls to
the left of the solid line leads to breakouts.
Conversely, drilling with a mud whose density falls to
the right of the thick broken line will cause fluid
logs into the formation. The vertical axis denotes the
length of wellbore below the drilling rig floor.
Figure B illustrates an example of drilling hazards,
derived from an analysis of experience drilling offset
wells, and the well trajectory shown in Figure 9. 1In
figure B, the severity of the hazard is shown as a
"traffic light" classificacion. The vertical cross
natch indicates that the symptoms of the instability
are present but insignificant: no remedial action is
necessary. The horizontal cross hatch indicates that

remedial action should be taken because the instabilirty

21

BNSOOCI WD _ 019842341 | »

Pl




WO 0125823 PCT/GBODAIT04

10

30

is significant and could become serious. The diagonal
cross hatch indicates that the instability is likely to
result in loss of the well. The problem should be
avoided, otherwise immediate remedial action should be
taken. TFigure 9 illustrates the trajectory of the well
used in the examples of Figures 6-11. The Northerly
and westerly directions are annotated (N and W,
respectively). The vertical scale is true vertical
depth below the drilling rig floor. Figure 10
illustrates the in-situ atress state prior cto drilling
the well used in Figures 6-11. In Figure 10, the
symbols o., o, andg, denote the vertical, minimum
horizontal, maximum horizontal stresses, respectively
and P, is the pore pressure. TVD denotes true vertical
depth with respect to the drilling rig floor. Figure
11 illustrates an example of the formation strength in
the example of figure 6-11. The formation strength
shown in Figure 11 is defined by the two parameters
required to define the Mohr-Coulomb failure criterion.
UCS and ¢ denote the uniaxial compressive strength and
friction angle respectively.

The upper and lower bounds to the drilling
fluid density may be derived by combining a prediction
of the stress state around the wellbore embedded in an
isotropic, homogeneous medium using an undrained linear
elastic model with a Mchr-Coulomb failure criterion
(Fjaer et al., 1992), or through use of other
techniques. The lower béund represents the minimum ECD
that is required in order to prevent breakouts. The

upper limi:t represents the maximum ECD that is

22
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allowable before rock at the wellbore wall fractures or
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fluid is lost to the formation. These bounds may,

however, have different ppysical interpretations if

more sophisticated models (for example, the deformation

of a salt formation) are used to derive them.

While preferred embodiments ¢f the invention
have been described, the descriptions and examples are

merely illustrative and are not intended to limit the

present invention.
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What is claimed is:
1. A method for updating an earth model

comprising the steps of:
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obtaining an earth model used for predicting
potential problems in drilling of a borehole
having & predetermined trajectory, the earth model
comprising a plurality of components;

obtaining evaluations of the state of the
borehole and local geological features, rche
evaluations being based on the earth model;

receiving data gathered during the
construction of the borehole;

comparing the evaluations with a diagnosis of
the state of the borehole and local geological
features to identify at least one inconsistency,
the diagnosis being based on the received data;

selecting 2 component of the earth model that
is related to the identified inconsistency and has
a high degree of uncercainty; and

updating the selected component of the earth
model prior to completing construction of the

borehole using the recejived data.

2. The method of claim 1 wherein the

evaluations of the state of the borehole and local
J0 geological features include predictions of one or more

conditions under which the borehole will fail.
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3. The method of claim 2 wherein the
predictions are obtained by combining the earth model
with the predetermined trajectory of the borehole.

4. The method of claim 3 further comprising
repeating the steps of combining, comparing, selecting
and updating until a sufficient match exists between
the predicted failure conditions and the diagnoses of
the boreﬂole.

5. The method of claim 4 wherein the step
of combining when repeated uses the updated component
of the earth model, and the step of selecting when
being repeated, considers components that have been

recently pnpdated as having a lower degree of
uncertainty.

6. ' The method of claim 1 wherein the step
of selecting a component comprises:
identifying components of the earth model
that are relevant to the identified inconaistency;
and

ranking the identified components according

to the degree of uncertainty.

7. The method of claim 1 wherein the
selected component is the component having the highest
Gegree of uncertainty of the components that are

related to the identified inconsistency.

25

BSDOCD «WC _ QIZBIAL 1 &

243




WO 0125813 PCT/GBOOIT04

10

15

30

D «Wh_ 0VPel23A1 1 »

8. The method of claim 1 wherein the step
of updating comprises effecting the minimum practical
changes to the selected component that eliminates an
identified inconsistency.

9. The method of claim 1 wherein the
received data includes the effective density of the
drilling fluid used in the construction of the borehole
and one at least other parameter, and the step of
updating comprises updating the selected component
using the effective density and the at least one other
parameter.

10. The method of claim 1 wherein the
diagnosis of the borehole is generated by extensive use
of real-time MWD and LWD measurements,

11. The method of claim 1 wherein the step
of obtaining an earth model includes generating the
earth model.

12, A method for drilling a borehole using
an earth model comprising the steps of:

- obtaining an ear:h model used for predicting
potential problems in drilling of a borehole
having a predetermined trajectory comprising a
plurality of components;

predicting one or more conditions under which
the borehole will fail based on the earth model

and the predetermined trajectory;

26
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drilling part of the borehole substantially
according to the predetermined trajectory;

receiving data gathered during the
construction of the borehole:

comparing the predicted failure conditions
with a diagnoses of the borehole based on the
received data to identify at least one
inconsistency;

selecting a component of the earth model that
i; related to the identified inconsistency and has
2 high degree of uncertainty;

updating the selected component of the earth
model prior to completion of the borehole using
the received data; and

thereafter drilling a further portion of the v
barehole using the earth model includinf the
updated component, '

13. The method of claim 12 further

20 comprising repeating the steps of predicting,

comparing, selecting and updating until a sufficient

match exists between the predicted failure conditions

and the diagnoses of the borehole.

14. The method of claim 13 wherein the step

of combining when repeated uses the updated component

of the earth model. and the step of selecting when

being repeated, considers components that have been

recently updated as having a lower degree of

30 vuncertainty.
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15. The method of claim 12 wherein the step
of selecting a component comprises:
identifying components of the earth model
that are relevant to the identified inconsietency:;
and

ranking the identified components according
to the degree of uncertainty.

16. The method of claim 12 wherein the step
of updating comprises effecting the minimum practical
changes to the selected component that eliminates an

identified inconsistency.

17. The method of claim 12 wherein the
received data includes the effective density of the
drilling fluid used in the construction of the borehole
and one at least other parameter, and the step of
updating comprises updating the selected component
using the effective density and the at least one other
parameter.

1B. A computer readable medium that is
capable of causing a computer to perform steps
comprising:
obtaining an earth model useé for predicring
potential problems in drilling of a borehole
having a predetermined trajectory, the earth model
comprising a number of components;
obtaining evaluations of the state of the
borehole and local geological features, the

evaluat:ons being based on the carth model;
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receiving data gathered during the
construction of the borehole;

comparing the evaluations with a diagnosis of
the state of the borehole and local geological
features to identify at least one inconsistency,
the diagnosis being based on the received data;

selecting a component of the earth model that
is related to the identified inconsistency and has
a high degree of uncertainty; and

. updating the selected component of the earth

model prior to completing construction of the

borehole using the received data.

19. The computer readable medium of claim 18
capable of causing a computer to perform steps further
comprising:

identifying components of the earth m;del

that are relevant to the identified inconsisténcy;
and

ranking the identified components according

to the degree of uncertainty.

20. The computer readable medium of claim 19
wherein the step of updating comprises effecting the
minimum practical changes to the selected component

that eliminates an identified inconsistency.

21. The computer readable medium of claim 20
wherein the received data includes the effective
density of the drilling fluid used in the construction

of the borehole and one at least other parameter, and

29
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the step of updating comprises updating the selected
component using the effective density and the at least

one other parameter,

30
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Time-Dependent Coupled Processes in Wellbore Design and Stabillity: PBORE-3D
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responsible for sability and fabwes in wellbore drilling.
Stability problers account for 5 sigrificant amount of lost
drilliep rig time and substantisl coms during drilling. The
coupled i processes a8 well described in the
realm of the poroelasticity theory and some of their solutlons
and applications (o the inclined wellbore problem in the
general three-dimensional state of the in-situ stress have been

sress/pore pressure, formation failure, mud weight and mmd
salinity design for drilling in shale formations. Also inclnded
in this software are the thermal and viscous effects.

Introduction

Comt effective snd successful drilling, in chemically inen
formmions, require that the deilling fluid pressme be
maimained within a tight mud-weight window dicwared by the
stress and pressure analyses in and wround the wellbore. When
drilling in chemically active formations such as shale, Muid
nud salinity and the formation exposure lime also add a
challenging task and increase the level of complexity in
predicting the mud-weight window when using a Water Based
Mud (WBM), The problems encountered in wellbore diilling
operations, i.e., borehole collapse or formation breakdown, are

BWBDOCIT: «XB_ JiPRVIaA_1 »

genenally prodicted using the dlassical theory of elasticity with
the supevposition of the pore fluid diffuslon equation.! For the
inclined borshole these solutions and analyscs are based oo
Bradley's solution’ for 3 wellbors drifled in » homogensous
fsotropic elastic formetion with an sd hoc overlap of the pore
flud diffusion equation. These solutions fall to capture the
coupled time-dependent of stress variation in and
arcund the wellbore, thus rendering the wellboro mability
phenomena,

Although drilling fluld muds and tdme of exposure w0
oudforrmation nterface a3 well as the pressue
bulldup/depietion are ime-dopeadont phenomena, the existing
analytical and publizhed solutions for the inclined wellbore
analyses do not accourt for the thme as an integral part of the
solutions, Only the recently-doveloped analytical solution’
takes into account the coupled phenomena of time-dependent
pore fluid diffusion and formation stress variation. These
solutions are based on the well-cmablished theory of

icity.! The poroelasticity thoory is the only existing
theory for which the four mechanical formetion parameters are
by now fully identified and meapmable in the ofl and gas
industry practices.™ * 7 These parameters are defined as Biot's
effoctive stress coefficient, @, Skempioa's pore pressure
cocfficlent, B, shear modulus, G, and the drained Polmon's
Tetio, V. Thest four parzmetery with the formadon
pormesbility sre the pecessary independent pwoperties for
which a paroelsstic maalyzis in homogenecus, isotropic and
chemically inert formations can be complete. In shale
formations the chemicsl potentlal coupled with the fluid
salinity can also be formulated within the theory of
poroelsaticity.? In this wark the solutions for time-de;
sresses and failure soalyses for the jnclined wellbare drilled
in chemically active shales, have been derivad and
implemented in the PBORE-3D software™ "',

PBORE-3D softwarc allows the design of a wellbore.
drilling program for mud-welght pressure window, mud
saligity, and wellbore depth-gradient ansiysis. All these
analyses are a function of time. PBORE-3D is a user-friendly
sofiware with a graphical user interface, which includes
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festures such as routines for date editing. graphical
prosentations of results, and conveniek online help
capabilities. The required porcelastic parameiers aro expressed
in engincering terms with compadbility analysis implicitdy
included.

Phase one in the development of the PBORE-3D sofiware
for time-dependent stability analyses of inclined boreholes has
been completed, The time-dependent processes and solutlons
that were amalytically derived and |

. hé UM AEne
three-dimessional siate of stress, renders PRBORE-3D a unique
wol for wellbore drilling programs given the scouracy of the

scdotions and the savings on the personal computer’s central
processing vkt (CPL) time. The sohtions of theories of

poroclasticity, parochemoslasticity, porothermoelasticity, and
paroviscoelasticity, as well as their elasic, chemoelastic,
thermoelastic, and viscoelastic counterparns, are all included in
PBORE-3D. These recently-developed solutions

mh. to the poromcchanics aspeet of the rock
jon and drilling fluid with iheir solid mechanics
oquivalezis, will allow the drilling enginesrs o maks the

decisions ou potential critical dme effects in the
drilling as well as complation, e.p- tims of casing placcment
andfor cementing.

nciined Poroelastic Wellbore Problem

The inclined wellbore is defined as a wellbore drilled with Its
axis loclioed to the far-field principal stress axes e’ (Figure
1()). The solwion for the inclined wellbore was firm
presented by Bradley” in an clagtic medium neglecting the
coupled poroclastic effects in fluid saturated formatiom.
Porcelasticity, pioneered by Biot' takes into sccount the
imermction between the rock matrix deformation and pore
fluid coupling. In poroelasticity the lolal stress components
satiafy the same equilibrium equations as in solid mechanics;
and the pore fluid flow is governsd by Darcys law. The
coupling of solid matrix/grain deformation and pore fluid flow
is governed by the following constitutive equations:

0, =DpEy+ayp —

p=M(G+oyE;) @)

whare the Elnstein summation index conventlon is applied.
Eq. {)) describes how the overall mrains of the porous mck
rely on the applisd total sesses and pore pressure weightod
by Biots cffeclive strese parameter, @,, where the tensar

200 AP _ eI 1 s

notation implies » peners) apisotrople rock'; and, Bg. (D)
indicates that the pore pressure is not only relaed 3o the pore
flrid content variation, L, but also affected by the deformation
of the porous body. The foregoing constitutive equations show
that: the varistion of pore pressure affecis both pore pressure
and toal stresses in the effective stress law, hence the
magnimde of the effsctive stresses; and, the deformetion of
the parout rock modifies the pore preasure, heace affecting the
pore fhid flow. The ssalyticsl poroelastic solutions for
inclined boreholes were derived by Cui of al?

However, in the convertional analyiical approaches based
on Bradicy's model?, the afvumentioned coupling effects are
totally unsccounied for. Although these models include the
pore presmwre diffusion ia an ad boc fashion,' the coupling
effects of fluld pore prosswre and rock deformation do not
exist. Therefore, their solutions predict a time-independent
drilling mud-welght window and stress mnalyses st the
wellbore wall

The pscudo-three-dimensional poroelasic models were
developed for inclined borchales under both panetrating and
impennesble conditions at the wellborn walla > ™™ Thess two

flow boundsry conditions are the mast commonly
used in wellbors stabllity anslyscs. In the wwubbing and
surging in s wellbore, time-depondent pressureffiow boundary
conditioss may be mors realistic'’; and thess solutions were

?
%
¥
B
;
E
%

inclinad Porochemosiastic Wallbore Problem:

In the past Oil-Based Muda (OBM) have boea the drilling
fluid of choles by the induswy in shaley and difficult
formations. However, environmental concers and regulations
have limited the use of OBM."”

The lnclined weollbore geomewy as defioed earller (Figure
1(s)) is the subject of the following solutioas snd analyses.
Within the consistest framework of the theory of
poroelamicity, the porochemoelastic solutions for the inclined
wellbore are derived. Porochemoelasticity, quosed here for the
firm time, indicates that a chemlcal potentisl sxists betwesn
the drilling fuid mud and the shale formation.” The shaie is
assumed 10 behave as an isotropic ion exchusion membrane,
and a modified Biot's theory Is applied 1o the mress and pore
pressure analyses of the swelling shale surounding the
wellbore.*?

26%



SPE 58759 TIME-DEPENDENT COUPLED PROCESSES IN WELLBORE DESION AND STABILUTY: PBORE-3D 3
Modified Blot's Theory s ] [ n, n. 3. b
‘The theory uf poroelasticity was first derived by Blo* in 1941, a u 4 =
The goveming equaions are presented here following Rice S, I Iy )
and Gm.“ s ’I 13 ,I sl'
47 .| v = Ks. .t ... o))
»  Eguilibrium equations: S, ‘.J.- ’q".r ’-“'sr S,.
Oy =0 ... 0) Spl HUede lpde e ¢
Compatibility condltion: Sal Ve bl Lele,
Y where
................. (4) L I, I
« Diffusion equation - . . cenlB)
3 13 cos@,cos@, sing,cosp, sing,
V’[a,, +-B-p]- :-ﬁ ............................... A3 —Iill@.- cosQ, o
_°°'9.' Ii.l'l,' sin Pe 'inQy °°'9,

The anaiytical solmtion for an inclined, circular, and
infinitely Jong borehole, embedded fn a linear, poroclastic,

homogencous, and lotropic formation of infinite extent
@nbjuu»uw:fmm“m.m:m

in-altu fluld pore pressze bave been darived.? The present
modifications (o the schutions sam from the fact that a
chamical potential exisis between the fluid in the wallbors and
the shale rock formation. Follawing Shorwood.? the chamical
potenial of water is defined by the following equation:

i, =pV,+RTIn@) .....ccoriereccrernees —~(6)

The chemical potential caleulated in the sbove equation is
a funciion of the activity. For the drilling mud flnld the
activity depends on the type of salit used. For examgile, in a
mad where calclum chloride is used a3 o stabllizing agent the
activity can be calculaied from the salt concentraton.

As indicated™ * gV, plays the role of a modified

The constintive and governing equations can
therefare be writien In terms of the chemical potential.

The constimtive equations aad governing equations are
tug modified incorporating the effect of the chemical
potential. Solution for the inclined borechole problem can
therefore be obuined.

As shawn In Figare 1{s) the formation is characterized by
existence of far-fleld in-situ stresses S, S,- and S, and a
chemical potential ). The borehole inclination is defiped by
(wo angles ¢, and @ a3 showa in the figure. To easc the
procedure to obiain solutions, a local coordinate sysiem xyz is
defined with the z-axis coinciding with the borehole axis. The
far-field siresses S, 5 and S, are obuined in the local
coordinaie system following a simple stress transformation:

SNIDOCID kB __ JiTOT22A_1I_>

With the stresses obiained in the local coordinate system,
the boundary condilons st the far-ficdd and the borehole wall
can be written as follows:

At far-fleld: .
O,= -S, :

Op ==S,
o, =-S5,

At the borehole wall;
a, =-S H(-)
O,y = =S gH(-1)
o, ==5,H(-)
M= gy H(-1)

...................................... (10)

Owing 10 the linearity of the sbove equations, the
boundary conditions can be decompossd into three problems.?
The final solution is oblined by a superposition of the
solutions of the individual problems.
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inclinad Poroviscosiastic Wellbore Problem

As we have seen, the theory of poroelasticity captures the
coupling effects betwesn pore pressure diffusion and the
poromechanict matrix deformation ip fluid saturated rocks
giving rise 10 a2 variety of phenomens.
However, in sdditon 1w the cffect of the viscoos fluid
diffasion, the rock matrix itaclf may exhibit & viscoclastic
behavior. The time-dependent viscoelastic characieristics may
be anributed to the intergranular frictional sliding, the Intrinsic
solid grain creep deformation, and cven the solid-fluld
ineractions in fissures and micro-cracks a1 the granular or

ml’.ﬂ

With the simultancous existence of poro- aad visco-
elamicity, the response of the rock formation displays two time
scales. The charactaristic time of & viscoclastic response is an
Appareat miserial propesty while that for poroelmticity is
dependent not only on the mmterial property itself, but aleo on
o global geometry length scale; namely the average distance to
the draloage surface.

Following the spirit of the peneralized Hooke's law, the
povoviscoelastic model can be established by comreisting the
sreas and the mate of stress to the strain and rate of straln.
Using the hereditary Integrals® 2 and with the application of
the Llaplace transform the corespondence of Bioth
coastitutive relations (1) and (2) are pow expressed in e

@M’lﬂduﬁc forms:

&q -bwiu+&u; ................................. {an

P=MGCGE) oorrererrsessesrrerro 02)

The new wvarious material cocfficients of the
poroviscoelnsticlty are the commespondence coefficiems for
thome of porociasticity. Based on this comespondence
principle, all equaiions of poraviscoclasicity in the Laplace
tansform domain are formally the same as those of
poroclasticity. However, the mawrial coefficionts for
puvmeoeluncny carry differest meanings. They are
guotiems of palynomials of the Laplace transform parameter,
Their exact forms are delermined from the apecific spring-
dashpot rheclogical modsl imposed from laboratory
chaervations and messurements for varfous viscoelastic rock
behaviors,

Since all equations of poroviscoelasticity ia the Lapiace
transform domain are formally the same as -those of

lasticity, the solution 10 the inclined poroviscoclastic
houpmh!:mlsl’onmllylhemuforhln:hned
poroelastic wellbore.®

Inciined Porothermoelastic Wellbora Problem
The gradicnt of temperature between the drilling mud and the
rock formation is also an important issue in wellbore sability

CID «XP_N75I2BA__) »

enalyses. The iemperature gradient will significantly affect the
time~dependent streases and pore pressure distributions in and
around the wellbore. annnﬁmwukol'lhelhu'yof
poroelasticity the solution of the inclined
wellbore problem has also been derived** ** Thess coupled
solutione take Into account the time-dependent variatious of
sresses and the mud-weight window in drilling operations.
This model is unlike the onc implemented by Coussy™ and
Wang end Papamichos™ where the fully coupled phenomena
do not exlst. Although, numerical schames that account for the
porothermoelasiic analyses, e.g.. finite clament, are oxisting ™
These solwlons lohevit the shorcomlogs of numerical
approaches to mode] diffusive phenomenn.
mmnlnlluwhlmhdem
we given as follows.™

206v

2G( +v)aT
1-2

a-2)
srearsssnssnrannine(13)

; P]"' (G -al)‘.

o, = 2Ge, + -apd, - 75,

‘-a(l-z‘v)[

26 +v)

The comresponding solatioos of the inclined wellbore in &
porothermoelastic fnid sararsted rock were also implemented
in PBORE-3D.

Probloms, Discussions and Graphs Evalustion

The capabilities of PBORE-3D w wmodel poroclastic,
with thelr equivalest solid mechanics counterparts l.e., clastic,
chemoelastic, viseoclastic and thermoelastic are jljustratad

Figures 2 and 3 are the lapm dlalog boxes. In Figure 2 8
set of paramcters which Is wemlly provided by the jndustry
standards, such as in-sita stress and formatlon pare preswure
mreagth parameters, are inputied. Also the Lype of analysis
should be defined, ¢.g.. porochemoelaatic. Figure 3 shows the
input dislog box for the poroelestic paramerers, the shale
formation and mud activities, and finally the time intervals to
conduct the porochemoelastic analyses.

Figures 4 and 5 show the ixngential siresses varying with
time of the wellbore wall. The figures compare the tme-
dependent streases between the purely parcelastic and the
porochemnaoclastic approaches. Similarly, Figures 6 and 7 show
the mud-weight windows afier 14.4 minues of formation
exposure 10 the driling mud for the two cases. While Figures
8 and 9 illustrate for that same time, the various stabllity
regions for the inclined wellbore with respect 10 the maximum
direction of the maximum in-situ stress and the various angles
of inclinstions.
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In Figure 10 the pore pressure variation from the instam of
fluid exposure to the rock formation up to roughly 15 minutes
of exposure is presented. Al early times, and due t0 the
Skempion effects, ths pore pressure Tises above the formation
inidal pressure, and, as time progresses, the pore pressure *
reaches equilibsium. Finally, and only for Dostration. »
porothermoelastic and & poroviscoelastic pore pressas thne
variation and mud-welght window snapshot, respectively, are
shown in Figures 11 and 12,

Conclusiona

The porochemoelastic solution of the inclined wellbore wag
formulated within Biot's theory of porochasticity. The
solutions for stresses and pore pressures were desived and
implemented in PBORE-3D. Also, for completion, analyses
have been conductad and mud-weight windows bave been
calculated. The sbove-derived solutions were implamented fn
the PNORE-ID software.

Within PBORE-3D various poromechanics and classical
salid mechanics approaches and solutions bhave been
implemented. The solutions are all in the analytcal forms
making PBORE-3D a vory efficient software for drilling
engineers Lo sirmilats “real limo™ snalyses. With PBORE-3D
various poroclastic, porochermoelagtic, poroviscoelastic, and
porothermoelastic effects on time-dependent amalyses of
stresses and pore pressure distribations n and armmd the
wellbore, us well as wellbore nability and the mod-weight
windows for drilling design programs can be calculated It b
ciear that the coupling of rock deformation and pore fluid
flow, compiled with viscoclestic rock propertics, chemical
potential, and thermal gradient, cause: time-dependend stressos
and pore presame; unusual pome pressure profiles; tensile
effective radia] stresses into the near wellbare rock formation;
time delayed wellbore falloe; and the imitistion of the
wellbore faillure insids the wellbore walls AN the
aforcmentioned pbenomena have also been observed in the
ficld; and all or most of them cannot be pradicted by any of
the exining conventiona] approaches for the inclined wellbore,
since the comerstone of these soluticas take only accomnt of
the elastic theory and superpose the diffusion equation without
any coupling affects.
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he perochemontesta
anslysis. The Input required s the elastic parameters (Young's
Modulus, Poisson's ralio), te porosiastic puramuisn
{(Susmpion's Cosfficlent, Undrained Polsson’s ralle, eic), thw
chamical properiles (formation scllvity, mud asctlvity, mfisciion
i sic.) and tha time inleivals st whish the soslysis 1a
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the borshale wall for tha porochemosiagiic casa. The formatlon
and mud activilies are differant while olher propertiss are the
sama as in Fig. 4 A chemical potential gradient ssists and resulls

In » substanilsl varistion of the afiective tangantial stress fleld as
comparad to thatin Fig. 4
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Fig 7 ~ Mudwslghl varying the hole angle. This figure shows tha
mudwalght varying with hole angle for the porochamosisstio
snalysia. Tha formetion and mud activiies are assumed to be
ifterent a8 » result of which a chamical petantial gradisnt exlats
which wiil alier the stress distributions sreund the wellbore. Aa
compared lo the resulls shown in Fig. 6, kesping the formailon
snd mud sctivilies difigrani can jead to s better mud window as Is
ssens in this figure. The colizpss and fracturing reglons are
significantly reduced indicating that the chemical polentind
gradien has a poaliive afiec! in this casa.
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Fig. 11 - Pers presayre varying radial disiance. This figurs shows

pore pressure profie varying the radisl distence inio the

lon, Tha in-sltu stressas snd virgin formation pors pressure

have besn sssumed 10 be tivial so thal the induced pore

presawe is anly dus 10 tha existance of & thermal gradient. I ean

ba seen that only a thermal gradism can alss induce a significant
magritude of pore pressure (LI 1988).
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5.5,5,5,

drained clastic modulus tepsor compogonts,
/L, MPa

Blot's effective stuest coefliclent  \oasor
components

pors pressure, miL’, MPa

Blot's modulus, VL2, MPa

ovenll struin 2osor componests
drained Young's modulus, avLt’, MPa
drained Polsson's ratio
Undrained Polsson's ratio
Skempton's pore pressure cocfficient
Biot's effective sireas coefficlent
Poroe]astic siraas coafficieny
Diffusivity. LY
Permesbility, L2, md
Chesical poteatial, ML/, N.m
Panial molar volume of water, L}, m*
Activity
Universal Gas Constant

degC
Inclinaion aud Azimuth angles of the borehole,

degrocs
Far-figld stresses in x'y'z’ coordinate sysiem,

m/Lr, MPa
Far-field stresses in xyr coordinate sysiam,
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