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A new three-dimensond welbore stability mode is presented that takes into
account thermd dresses and the flux of both water and solutes from drilling fluids
(muds) into and out of shae formations. Mechanica stresses around a wellbore placed
a any arbitrary orientation in a 3-dimensond dress fidd are coupled with changesin
temperature and pore pressure due to water and solute fluxes. The radid and azimutha
vaidion in the dress digtribution and the “fallure index” are computed to check for
wellbore falure. This modd accounts for the hindered diffusion of solutes aswell asthe
osmoticdly driven flow of water into the shde. The modd for the first time alows a user
to study the role of solute properties on wellbore stability.

Reaults from the modd show that a maximum or minimum in pore pressure can
be obtained within ashae. Thisleads to wdlbore falure not dways at the wellbore wal
asis most commonly assumed but to fallure a some disance ingde the shade. Since the
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fluxes of water and solute, and temperature, are time dependent, a clearly time
dependent wellbore falure is observed. The time to welbore falure is shown to be
related to the rate of solute and water invason. Comparisons with experiments
conducted with a variety of solutes on different shales show excdlent agreement with
model results.

It is shown in this study that the solutes present in the mud play an important
role in determining not only the water activity but dso in controlling the dteration of pore
pressures in shales. To account for this phenomenon a model is presented to compute
the flux of both water and solutes into or out of shales. The relaive magnitudes of these
fluxes contral the changes in pore pressure in the shde when it is exposed to the mud.
The effect of the molecular sze of the solute, the permesability of the shde and its
membrane efficiency are some of the key parameters that are shown to determine the
magnitude of the osmotic contribution to pore pressure. A range of behavior is
observed if the solute is changed while the water activity is maintained congtant. This
clearly indicates the importance of the solute flux in controlling the pore pressure in
shales.

Criticd mud weights are obtained by ingpecting the sability of the wellbore wal
and the entire near wellbore region. Pore pressures a different time and podtion are
investigated and presented to explain the modd results. It is shown in this study that the
critica mud weights are strongly time dependent. The effects of permesability, membrane
effidency of shde, solute diffuson coefficient, mud activity and temperature changes are
presented in this work. The collapse and fracture effects of cooling and heeting the

formations are also presented.
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A powerful smulation tool has been developed which can be used to perform
thorough investigations of the wdlbore stability problem. A user-friendly interface has
been devel oped to ease usage.
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Chapter 1: Introduction

Drilling through shale formations often results in wellbore ingtability problems
Shde fallure usudly results from reactions between the highly water-senstive shaes and
the drilling fluid. The low permegbility of shales and the presence of ions and charged
surfaces on the congtituent clays are factors which make such problems very complex

even though numerous efforts have been dedicated to such sudiesin the past.

It has been estimated that shales make up more than 75% of drilled formations
and cost more than 90% of dl wdlbore ingtability problems. Borehole ingtability
problems cause the industry more than $1 billion USD/year. Fundamentdly, wellbore
Sability is a function of how a drilled rock unit behaves in response to the mechanical
stresses around a well. Rock failure occurs when the stress exceeds rock strength.
Chemicd and thermd interactions between the mud and the shae sgnificantly affect the

in-situ stress state.

In some cases this problem can be overcome by using oil-based muds.
However, environmenta concerns have resuted in progressively less frequent use. The
indudtry is thus faced with the need for an environmentally ssfe water-based fluid. Most
water-based fluids are environmentaly acceptable, however they lack the inhibitive
characteristics of oil-based muds. Unlike oil-based muds, the absence of a semi-

permeable membrane enables the ions in water-based muds to interact with the pore



fluid as wdll as the charged surfaces of clays resulting in the generation of large sweling
pressures.

Experimentd results have proved the existence of chemicd effects on shde pore
pressure (Mody and Hale [1993]; Chenevert and Pernot [1998]; O’'Brien et d [1996]).
Congderable efforts have been made towards modeling borehole ingtability problems
(Wang [1992]; Cui et d [1995], Sherwood [1993]; Mody & Hale [1993]). None of
these studies condder trandent effects, and borehole failure only occurs a the wellbore
surface. However, field experience and lab observations clearly show that shde fallure
can occur a some distance indde the shde (Smpson and Dearing [2000]). Also,
borehole failure is observed to be strongly time dependent(Smpson and Dearing
[2000]).

Typicaly welbore ingtability results in large pieces of shde (i.e. 100 cnt)
breeking off the wellbore wall, fdling to the bottom of the hole, or sticking the drill pipe.
This results in drilling delays that can result in additional codts of severd hundred
thousand dollars. Figure 1.1 shows laboratory results (Smpson and Dearing [2000]) for
a wellbore that experienced shde failure after being exposed to a drilling fluid for 53
hours. Andyss of the falled shale pieces showed that failure was probably caused by
the inveson of ions. Such ionic flow, as well as water flow, is the main focus of this
thesis.

The ingbility of existing models to predict time dependent wellbore fallure ingde
the shde or to explain the role of solutes is the primary motivation for developing the
modd presented in this dissertation.



Shales can be dassfied as membranes according to Lakshminarayanaiah's
[1969] definition: “a phase, usudly heterogeneous, acting as a barrier to the flow of
molecular and ionic species presant in the liquid and/or vapors contacting the two
surfaces’. The unique properties that distinguish shales from other rocks are related to
the problems experienced in drilling though shae formations. The work presented herein
is directed towards better understanding these problems. The dissertation is organized
asfollows.

A generd membrane mode for nonrided solutions and shales is presented in
Chapter 2. The modd provides good insght into the membrane behavior of shaleswhen
contacted with water-based fluids. The reflection coefficient provides a measure of the
idedlity of the shde. The modified diffuson potentid is caculated using the mode
presented. Hydraulic potentid, osmotic potentid and eectrica potentia are coupled to
cdculate the solvent flux, solute flux, and eectricad current. A st of phenomenologicd
coefficientsis used to couple the driving forces. The reflection coefficient, liquid junction
potentid and modified diffuson potentid can be written in tems of these
phenomenologicd coefficients.

The main objective of the trandent flow modd presented in Chapter 2 is to
provide a way to determine the hydraulic pressure and the solute concentration profiles
within the formation as a function of time. The modd provides a means for quantifying
the problem for a given st of operationd conditions. A concentration profile and
hydraulic pressure profile for shdes are computed from this modd. lonic flow is sudied
in detail. Non-ided effects are taken into account to accurately model water and ions

fluxes and swelling pressure in the shale. Chemica effects are sudied to understand the



behavior of ions and water transport in shaes. The modd provides useful information on
the trangent processes that occur in shales.

The transent flow modd presented in Chapter 2 provides an excdlent tool for
the study of pore pressure variations that occurrs in shaes. Chapter 3 is an gpplication
of this mode that explains the experiments performed by Pernot et al [1998]. In their
experiments, the pressure insde the shae was controlled by the hydraulic and osmotic
potentia. The modd presented in Chapter 2 is compared with the experimental data
presented in Chapter 3.

R. Ewy et. al. [2000] performed lab tests that recorded the transent pore
pressure on one Sde of the test samples with a no-flow boundary condition on the other
side. The modd presented in Chapter 2 is compared with experimental data presented
by Ewy and Stankovich [2000] in Chapter 4. After the model has been cdlibrated with
one st of experimenta data, predictions under other operation conditions can be made.
It is shown tha the hydraulic conductivity, the membrane efficiency, and the effective
diffuson coefficient dl have an influence on the pore pressure. Different boundary
conditions (no-flow boundary conditions) are gpplied to the modd presented in Chapter
2 S0 asto Smulate the experiments.

The wdlbore dability problem experienced in drilling operations is a
complicated problem and chemicd effects are only one of the important factors in
controlling wellbore gability. Chemicd effects play a role through changes in pore
pressure, which affects the stresses digtributions around the wellbore. In Chapter 5, the
chemicd effects are coupled with the mechanica mode to study the more complete
problem. Based on the study performed in Chapters 3 and 4, the hydraulic pressure
within the shale formations can be increased (or decreased) a considerable amount by
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chemica effects. This phenomenon can greatly dter the stresses around a wellbore.
Therefore chemicd effects must be taken into account to accurately compute the
stresses around the wellbore. The mode presented in Chapter 5 combines the chemica
modd presented in Chapter 2 with traditiond rock mechanics modd. Unlike traditiond
mechanics modds, this chemica-mechanicd wellbore ingability mode reveds many
new views of the welbore stability problem. For example, traditiond modes only
predict failure on the wellbore surface, but the modd presented in Chapter 5 produces
three different types of falure. A wellbore can fal a the wellbore surface, ingde the
formation, and fail with time dependent characterigtics (stable when drilled, but fail after
agecifictime).

In Chapter 6 thermd effects are included into the chemica-mechanicad wellbore
ingtability modd for shaes (presented in Chapter 5). Thermd effects affect manly the
matrix dress, not the pore pressure. A comprehensive program was developed in
Chapter 6 that can caculate the pore pressure, stresses distributions, and mud weight
window for different depths, wdl indinations and wellbore azimuth. Thisis avery time-
consuming program, and significant effort was made to make this program run faster by
smplifying the equations. This smulator was developed in FORTRAN. It was therefore
coupled to a user-friendly program in Visud Basic (DRILLER) for better input/output.



a,=0.95

Figure 1.1 Gulf of Mexico shale specimens after exposure to various drilling fluids with
zero hydraulic pressure differentid. (Simpson and Dearing,[2000])



Chapter 2: A General Model for Water and Solute Transport in
Shales

2.1 ABSTRACT

A modd is presented for the flux of solutes and water into a shale separated by
non-ided solutions. The non-idedlity of the eectrolyte solutions, both in the bulk and in
the shde, are shown to have a dgnificant influence on the computed fluxes and
pressures. It is clearly shown that coupling ion and water fluxes together with hydraulic
pressures can be used to explain the mechanism of shale failure when the activity of the
water and ions indde the shdle are different than that in the bulk solution. Osmotic
pressure effects are shown to play an important role in controlling the fluxes. Since
osmotic pressure is largely determined by the activity coefficient of the ions and water,
nonided effects must be taken into account to accurately model water and ions fluxes

and swdlling pressuresin the shde.

2.2 INTRODUCTION

With increasing environmentad demands placed on oil-based drilling fluids, the
use of water based muds (WBM) is growing. The use of such mud sysems when
drilling through troublesome shades can often result in wellbore ingability problems due
to shae swelling. It has been wel documented that the response of swelling shdes on
wellbore stability depends to a very large extent on the activity of the water and the type
of solute present in the agueous phase of the mud.

This imbalance in water activity between the shde and the WBM induces

ogmoatic flows of ions and water which can cause shde indability. This implies that
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manipulation of the chemica potentid or activity of water and ions in WBMs should
dlow us to better control the stability of shaes during drilling. Past work on shde
ingtability has focused on the trangport of water into or out of the shde. Lomba et d
[2000] pointed out that both the fluxes of water and ions were important. They
presented a modd for water and ion flux that assumed that the dectrolyte solutions
were ided. This provides us with greet ingght into the problem but does not alow usto
make accurate calculations under mogt redigic conditions which involve norrided
electrolyte solutions.

This work presents a generd model for nonridea solutions that can be gpplied

to concentrated el ectrolyte solutions.

2.3 BACKGROUND

Near thermodynamic equilibrium, for smal concentration gradients the flux of

solute and solvent through a membraneis given by,

é]v l;l §L11 L, L QéDP - DP S)U
e, u_¢e ue DPs u
éJslj - él-21 L, I-zs[é (c_s) U

é

el & L, Lot OF

(2-1)

where J, is the volumetric flow rate of solvent. J and | are the molar flux of solute and
eectric current. DP, DPs and DF are hydraulic pressure, osmotic pressure and
eectrical potentia gradients in the direction of the flow, respectively. Cs is the
concentration of the solute in the solution. L; are phenomenological coefficients that
couple the fluxes and driving forces. According to the “Onsager [1931] reciprocdl
relaions’, Lj=L i



Rearranging the above equation yidds the following expression:

é‘Jv U éKll Ki Klal;é (DP) U
e, u_e u
é‘JD a- éKzl K Ky ES(DP S )(J (2-2)

él é §<31 K32 K33@ DF é

We define J asthe differentia flow of solute relative to solvent and is given by

thefollowing equation:
J
Jp = —=>-1 (2-3)
D CS \Y

The phenomenologica coefficients are rdated by the following equations:

Ky =Ly (2-4)
L
K, =—t- 2-5
2=C. Ly (2-5)
Kz = Lis (2-6)
L
Ka = C_Zsl - Ly (2-7)
Ky = Bn B L, @9
s s s
L
Kas = C_Zj- Lis (2-9)
Ka=La (2-10)
L
K,==2-1L 2-11
32 C. 31 (2-11)
Kas = Ly (2-12)

where Cs is the mean solute concentration between the two systems that are separated
by the membrane and it may be regarded as the bulk solute concentration insde the

membrane.



For idedized geometries (such as a cylindricd capillary tube) expressons for
the nine phenomenologica coefficients (Kj;) can be obtained from a solution of the
Poisson-Boltzmann  (PBE), Navier-Stokes (NSE), and Nernst-Planck (NPE)
equations.

Gross and Osterle [1968] developed a space-charge model for charged porous
membranes. This model presents equations for the nine coefficients (Kj;) coupling the
various trangport processes. Basu and Sharma [1997] modified the governing equations
to account for finite ion szes, for ion hydration effects, and for variations in didectric
congtant. Lomba et d [2000 a, b] presented a transent flux model for ided solutions.
Solute and water fluxes were calculated based on the modd!.

Sherwood [1995] pointed out thet ion exchange plays an important role,
affecting not only the rates of transport of ions, but aso the mechanica and swelling
properties of the shde. The equilibrium gate of shae was assumed to be independent of
composition and only dependent on the pore pressure. For smplicity, the solution in the
pore was ided with only asingle solute present.

Van Oort [1997] presented solutions for fluid pressure, solute diffusion and
filtrate invason around a wellbore. Trangent effects were not consdered in the study,
however, these effects play an important role and affect pressure transmisson and
olute diffusion.

2.3.1 Reflection Coefficient

Kedem and Katchasky [1962] derived two equations relating the flux of the
solvent and solute to differences in hydrogtatic and osmotic pressure across membranes

(such as shdes):
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Jy =L,DP-sL,DP (2-13)

Js=Cgl-s)J, +vDP (2-14)

The idedity or membrane efficiency of shde membranes may be defined in
different ways. Katchasky and Curran [1965] defined e reflection coefficient to
describe the membrane idedlity. “Leaky” shdes behave as nonrided semipermesble
membranes with reflection coefficient between zero and 1.

The reflection coefficient can be derived from the flux equations. If we st the
flow of solvent to zero and assume that the overdl dectric current is dso zero in

Equation 2-2, the reflection coefficient then can be given by

_ KisKa
P .. 12 K
s =BX0 __ Ks (2-15)
eDp ,=0 Ky - KisKa
Kas

The reflection coefficient provides a measure of asmotic pressures that develop
in response to an applied concentration gradient. The closer the reflection coefficient is
to 1, the more the shae/dectrolyte system approaches the Situation represented by a

perfect semi permeable membrane.

2.3.2 Modified Diffusion Potential

The reflection efficient is just one measure of the membrane efficiency of
shdes. Another way to evaduate the membrane efficiency is the modified diffuson
potentia. The magnitude of the modified diffuson potentid reflects the membrane
character of the shale.

11



The modified diffuson potentid (E;) can be evauated from the mode! by setting
the eectric current equa to zero in Equation 2-1 under conditions where no hydraulic

pressure gradient exigts.

g 09 (2-16)
Dlog C, D =0pP=0

The modified diffuson potentid can then be given in tems of the

E,=

phenomenologica coefficients by the following equation:
E,=-n, RTCS& (2-17)

33

The vaue of the modified diffuson potentid reflects how close a shdeisto a
perfect semi-permeable membrane.

2.4 THEORY

2.4.1 Model Formulation

The water activity of the solution is afunction of solute concentration,

a,, = f(Cs) (2-18)

The activity of water in different dectrolyte solutions can be found from
experimenta data reported in the literature. Figure 2.1 shows the water activity in a
NaCl solution vs NaCl concentration as an example.

The osmotic pressure can be computed by the following equation:
RT 0 RT a&f(CHo
P, =- —|nf“§igi= i —|n§£§)¢ (2-19)
Vv ayg V f(Ce) g
The phenomenologicd coefficients Ly; and Kj; are independent of DR, DP s and

DF . The osmotic pressure gradient can be written as:
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_RT f(C) dCq

DP 2-20
SV f(Cs) dx (2-20)
The continuity equation for the solute can be written as
1€, Ws _ (2-21)
it x

where C; is the solute concentration and J is the solute flux.

Equating the overdl current (Equation 2-1) to zero, DF in Equation 2-1 can be
solved interms of DP, DP s and the phenomenologicd coefficients. Equating the overal
electric current given by Equation 2-1 to zero (1=0), and rearranging the equation, the
following equetion is obtained:

Jo=L,(DP- DP)+L, DP (2-22)
S
L, and L, are coefficients given by the following equations.
L, =L,- Lo (2-239)
L33
Ly =Lp- Lol (2-23b)
L33

For one dimengond diffusion, we can subgtitute Equation 2-20 into Equation 2-

22 10 Qet:

3 =-, Py | ORTT(C)dC (2-24)
X gCS gV f(Cg) dx
Inserting Equation 2-24 into this continuity equation yieds:
E_'_l:/_ |E+a” _ LI gRT f (CS) ﬂcsgzo (2_25)
it x5 fx Cs gV f(Cs) Ix b
1P

We make the assumption that L, ﬂ_2 <<1 (see Lomba et d [2000Q]). The
X

above equation can be smplified to:

13



fC. . fiad, | ORT f(CyIC, i
+— -L = =
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(2-26)

The above equation is in the form of a diffusvity equation with the “diffuson
coefficient” (D) given by,

D:-—g—- L, = | (2-27)

Equation 2-26 can be written as.
1Cs, 11 ;ICsu

=0 (2-28)
WX P
The conservation of mass gpplied to the solvent can be written as:
Ir 1
—+—(rJ )=0 2-29
ot ) (2-29)

where r is the fluid dengty and J is the volumetric flux of solvent. For a dightly
compressible fluid, its dengity can be related to the pressure as follows:

r =r exp[c(P- P,)] (2-30)
where c isthe fluid compressibility.

Inserting this equation into Equation 2-29, the following equation can be
obtained:

. . P 11, _

— 4], — 4=V =0 2-31
‘ﬂt+v‘ﬂx+c‘ﬂx (2-31)

Agan note that the overdl current is zero and subgtituting the results into

Equation 2-2 gives.

J, =K,DP+K,DP ¢ (2-32)
where K, and K, are given by :
K, =Ky - SEL (2-33)
33
KII = K12 - & (2'34)
K33
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For one dimensiond diffusion, we can subgtitute Equation 2-20 into Equation 2-

32 and get:

5=k P REFCIIC

v W I Vv f(Cs) ﬂX (2'35)

Inserting Equation 2-35 into Equation 2- 31 gives the following equation:
PP, RT f(C,) 1C;utP _11|_K11P+ RT f(C,) 1C. U _
fit

: ] | I<I|
R YARRVANITeN! ﬂx}ﬁﬂx cixi TIx 'V F(CY) ﬂxg
(2-36)

2
Again the assumptions EGEQ <<1 and gdﬁfﬁé[ s 0

*<<1 (seeLombaet d
eliX g e‘ITXze X g

[2000]) are made. Equation 2-36 S mplifiestO'
TP K TP K, RT 11f(Cy) 1CsU
T ¢ ¢ V i f(Cy) 'nx{,

(2-37)

Equations 2-26 and 2-37 are the generd equations for ion and water transport

in shaesfor non-ided € ectrolyte solutions.

2.4.2 Boundary Conditionsand Initial Condition:

Two initid conditions and four boundary conditions are needed to obtain the
concentration and pressure profile in the porous medium. The following initia conditions

and boundary conditions are applied:

t=0 O£ XE¥, Cs =C,;P=F,

x=0 t>0, Cs=C4;P=PR, (2-38)

X=¥  1>0, C.=C,;P=P,

Co and P, are the original pore fluid concentration and pore pressure respectively. P, is
the hydrogtatic pressure at the wellbore wall. Cy is the drilling fluid solute concentration.
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The coefficients L, Ly, K, and K, are assumed to be congtant even though they
can vary with concentration. Average vaues over the entire concentration range are

used when solving the problem.

2.4.3 Numerical Solution Procedure

Equations 226 and 2-37 were solved numericaly in dimensonless form. The

following variables were defined:
X

h= 2-39
4Dt (&3)
C.-C
Cp =520 (2-40)
Cdf - Co
p=F-Fh (2-41)
P, - P,

The boundary conditionsin the transformed variables are asfollows:
h=0 C, =1 P.=1

° ° (2-42)
h® ¥ C,=0 P,=0

A computer program was developed in FORTRAN to solve the above

equations numericaly. The concentration and pressure profiles were computed.

2.5 RESULTSAND DISCUSSION

The results presented in this work are presented for NaCl solutions. Similar
results can be obtained for solutes using the equations presented in this paper. Table 2.1
lists input data for the base case smulation results presented here. Figure 2.1 shows the
water activity for NaCl solutions as a function of NaCl solution concentration. The data

are fitted by a second order polynomia to be used in the numerical smulations.
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2.5.1 Comparison of Ideal and Non-ldeal Solutions

Equation 2 37, which is vdid for non-ideal eectrolytes, can be reduced to an
equation for ided solutions asfollows The ectivity f(Cs)=1 for ided solutions.

For an idedly dilute solution:

ay =0w Xy =Xy =@- nxg) (2-43)
where x, and x are mole fraction of water and solute in the solution respectively. n is
the number of dissociated ionsin the solution. g, is the water activity coefficient.

For dilute solutions

n, +nNng »ny, (2-44)

Therefore,

Xs = Ny rjrsnnS »% ) Vnc\,:vs &4

a, = f(Cg)»1- nxg =1- ”\;CS (2-46)
W

For n,=1 mole, V isthe molar volume of pure water. The water activity is given

by,

ay, = f(Cg)»1- nxg =1- nVCq (2-47)

This shows that the water activity goesto 1 when Cs® O for ided solutions.

Equation 2-47 gives.

f (Cg)=-nV (2-48)

e

€y (2-49)

f(Cs)

when Cs® 0 (dilute ided solutions). Subdtituting this equetion into Equation 2

37 gives.
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which is the corresponding equation in Lomba, et a [2000] for ided solutions.

The diffuson coefficient defined by Equation 227 is plotted in Figure 2.2 for
ideal and non-ided solutions. Clearly for low eectrolyte concentrations, the two
diffuson coefficients are identicd. However, for higher sdt concentrations, non-ided
solutions provide high diffuson coefficients implying thet the flux of ions into the shde
will be higher for nonridedl solutions. Figure 2.3 shows how the fagter diffusion resultsin

a deeper diffuson of ions into the shde for non-ided solutions. Converting the high
concentration and ? (h = Lt) into actud depth of penetration in meters, it can be

Jabt
seen that the depth of penetration of ions is typicaly quite shalow (on the order of 5 to
10 mm over the period of 3 hours, see Figure 2.4). This dow rate of diffuson of ions
occurs because of the extremey low permesbility of shae to both water and ions.
However, aswe will show later, it isthis penetration of ions and water into the shde that
control the pore pressure and the stability of the shde.

The pressure profiles in the shde are shown in Figure 2.5. It is clearly seen that
in the absence of oamatic effects the pressure follows an error function solution with the
pressure decaying with distance. However, due to ion and water invasion, the pressure
gradient at the face of the shale is extremdy large due to osmoatic effects. The magnitude
of the pressure gradient is directly related to the invasion depth of theions.

The invasion depth for the ions can be estimated from the smple relaion

X, =h,/4Dt (2-51)

Clearly the depth of invasion is proportiond to the square root of the diffuson
coefficient and to the square root of the contact time. Since the diffuson coefficient is
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directly related to the coupling coefficients and the activity of the agueous phase through
Equation 227, it is clear that the properties of the shde and the nontidedity of the
solution play acriticd role in determining the invasion depth in the shde,

The magnitude of the pressure change near the wal depends on the fluxes of
both the water and the ions. The larger flux of water and ions for non-ided solutions
results in a larger change in pore pressure near X=0 due to these fluxes (Figure 2.5,
Case I). The magnitude of pressure change is not equa to the osmotic pressure for an
ided membrane but isrelated to it in acomplex manner.

Since the rate of ion/water transport is SO much dower than the rate of pressure
trangmisson into the shae, it is reasonable to amplify the problem assuming thet the
boundary condition at the face of the shale (x=0) is dtered by the flux of water and ions.
Exiging nmodels approximately represent the pressure profile as the hydraulic pressure
minus the osmotic pressure acting a the boundary, followed by an error function
solution as given by the diffusivity equation. We can see here that such an gpproximation
misses ome important festures in the pore pressure profile. The failure of the shde is
controlled by the pore pressure very close to the face of the shde (within a few
millimeters). This pore pressure mugt, therefore, be caculated by accurately accounting

for water and ion fluxes.

2.5.2 Mechanisms of Wellbore I nstability/Shale Failure

Figure 2.6 shows an example of the pressure profile in which the water activity
in the bulk fluid is higher than the weter activity in the shadle. This resultsin a net flux of

ions out of the shde and anet flux of water into the shde. The pressure profile shows an
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increase in pore pressure i.e. a weakening of the shae very close to the face (x=0).
Figure 2.6 shows that the pressure gradient near the wellbore wall can be extremdy
large with pore pressures much higher indgde the shale than would be expected based on
pressure transmission adone in the absence of osmotic effects. This high pore pressureis

the primary cause of shdefalure.

The magnitude of the osmotic pressure is higher for non-ided solutions as
compared to ided solutions. This suggests that taking into account non-idedities is
important in correctly predicting wellbore ingability.

The proposed mechanism of welbore falure suggested by our modd is
consstent with severd observations of shde falure in which smdl shde chips are
observed to ped off from the wal of the shde as the fluids come in contact with the
shde This gradud “duffing-off” of the shae is observed for low permesbility shdes. In
the case of high permegbility shaes such as Gumbo shdes, the fluxes of water and ions
are much larger and the failure observed in these shdes is different in that the entire

sample of shde swells and softens.

25.3 Flux of Water and lons

In Case |1 the water activity in the bulk is higher than that in the shae. The flux
of water into the shde is pogtive while the ions are pulled out of the shde. In such
cases, the pore pressure tends to increase due to the net influx of water. The rate of
water transport decreases in a power law fashion with time (see Figure 2.8). The same

is true of the solute (ion) flux (Figure 2.7). As the solute concentration gradient and
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pressure gradient decrease over time the fluxes adso decrease. The fluxes of solute and

water for ided solutions are lower than for non-ided solutions.

2.5.4 Pore Pressure Profile

Two types of pore pressure profiles are observed in our smulations. These are
shown in Figures 2.9 and 2.10. In Figure 2.10 the solute concentration of bulk fluid is
higher than the solute concentration in the shale. As a conseguence water is sucked out
of the shde and a minimum vaue of pore pressure is observed a some distance from
the inlet face. Conversdy when the solute concentration in the shde is higher than the
solute concentration in the bulk fluid, water is pushed into the shae and a maximum
pressure is observed (Figure 2.9). The location of this pore pressure maximum dowly
moves into the shde over a period of time (Figure 2.11). The magnitude of this
pressure maximum or minimum is referred t0 as R Or Ryin and depends on the
membrane efficiency or reflection coefficient of the shae. The rate which the pressure
maximum traverses into the shae depends on the permesbility of the shde and the
diffuson coefficient of theionsin the shae.

As discussed earlier, the magnitude and location of Pra has asgnificant impact
on wellbore gability. In generd, high pore pressures (positive values of Pr,) Will lead to
wellbore ingability a some distance from the face of the shae. Negative vaues of Prax
will result in gabilization of the shde. Our caculaions dso show that the presence of
this maximum is a behavior tha is quditaively different than the pressure profiles
assumed in previous work (assume an eror function decline in pressure from the

wellbore surface). The presence of a maximum or minimum in pressure suggests that
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wellbore failure will most likely occur a some distance into the shade and not at the face
of theshde.

Figure 2.12 shows the effects of solute concentration in the bulk on the
magnitude of R The pore fluid is assumed to have a concentration of 1 M while
drilling fluid concentrations vary from 0.001 M to 4M. As seen in Figure 2.12, as the
drilling fluid concentration is increased the pore pressure maximum goes from a positive
vaue to a negative vaue and is exactly zero when the pore fluid solute concentration is
exactly equd to the bulk solute concentration (1M). In generd, when Cy islessthan C,,
Pmex 1S pogtive while when Cy is greater than G, Pra IS negative. Also shown on
Figure 2.12 are the pressure peaks that would be expected if the shae behaves like an
ided semi-permeable membrane. Clearly since the shde behaves as aleaky membrane,
the Pmax values are ggnificantly smdler than the ided osmoatic pressure that would be
generated. Unfortunatdy, no dmple reationship exists between the ided osmotic
pressure and Prax.

An dterndive way of presenting this information is to represent the P as a
function of the activity of the water. Thisis shown in Figure 2.13. Agan Smilar curves
are observed. When the water activity in the shde is exactly equd to the water activity
in the bulk, Prax IS zero.

From the smulations presented above, the hydrodtatic pressure differentia
between the welbore and the shde is assumed to be zero. Clearly when drilling, over-
balance pressures are maintained between the wellbore and the shae. In such Stuations,
the hydrogtatic pressure effects will be superimposed on the osmatic effects that have
been emphasized in Figures 2.12 and 2.13.
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By plotting Prax as afunction of the ided osmotic pressure, alinear relaionship
is obtained as shown in Figure 2.14. The dope of this line is relaed to the membrane
effidency of the shae. In this case, the dope of the line was observed to be 0.2.

Figure 2.15 shows the effects of changing pore fluid solute concentration. It is
seen that the effect of changing pore fluid concentration is Smilar to that of changing the
the bulk solute concentration. The magnitude of the pressure peak depends on the ratio
of Co and Cy as shown in Figure 2.16.

Figure 2.17 shows how the location of the pressure pegk varies with time. As
time increases from 3 to 24 hours, the peak’s location migrates from about 12 mm to
50 mm away from the face of the shde. Clearly the velocity a which this pesk moves
depends on the permeability of the shde and the diffusivity of the solute into the shde. It
should be pointed out that the magnitude of the pessure pesk does not dissipate
significantly with time as shown in Figure 2.15, the pressure pesk for 3 hours and 24

hoursis not decreased appreciably.

2.6 CONCLUSIONS

A modd has been developed to cdculate the trandent pressure transmission
and solute diffusion through low permesbility shales. Non-idedlity of eectrolyte solutions
has been taken into account. Results from an ided modd and a norridedl modd have
been presented. Based on the above discusson, the following conclusons can be
drawn:

Non-idedl effects play an important role in controlling the magnitude of osmotic

pressure generated when bringing a shae into contact with a bulk solution with different
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water and ion activity. Including of the effects of non-idedlity resultsin faster diffuson of
water and ions into and out of the shde and in larger csmotic pressure induced in the
shde. Thisimplies that non-ided effects must be taken into account to correctly predict
wellbore gability in shdes.

The flux of water and ions controls the pore pressure and hence the mechanica
sability of the shale. Large pore pressure gradients induced by osmotic effects close to
the wellbore wal can be an important shae failure mechanism.
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Table 2.1 Input data

Drilling fluid concentration

4.0M (casel)/ 0.0IM (Case 1)

Pore fluid concentration

10M

Drilling fluid pressure (Hydraulic) 500 psi

Initid pore pressure (Hydraulic) Ops

PH 8.0

Temperature 298 K

Fluid Viscosity 103 kg m's?

Distance between clay platelets 20 A

K, 2.134° 10" nPsgkg

Ki -4.524" 10" nPgkg

L, 4.738" 10™ mol skg

Ly 1.679 " 10° mof® gkgm*
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Chapter 3: Water and lon Transport and its Impact on Swelling
Pressuresin Shales

3.1 ABSTRACT

Congtant volume swelling test data are presented for shaes brought into contact
with concentrated eectrolyte solutions. The change of swelling pressures with timeis an
indirect measure of the flux of water and ions into and out of he shale. Data are
compared with smulations of water and ion transport usng a generd mode for non
ided solutions presented in Chapter 2. It is clearly seen that quantitative agreement can
be achieved by properly accounting for solution nor-idedity when caculating the
hydraulic and osmatic fluxes in this modd.

3.2 INTRODUCTION

Shaes are highly compacted sedimentary rocks that have a laminated structure
composed of fine-grained materia with high clay content. It is well known that due to
their large clay content and high ion exchange cagpacity, many shdes exhibit swelling or
shrinking when exposad to an eectrolyte that has a water activity different from the
shde water activity.

The mechanism contralling the hydration and swelling of shde is very complex
and not fully understood. It is well recognized that osmotic pressure plays a very
important role in determining the swelling properties of day soils in shdes [Low e d.
1958]. Early theories presented for the osmotic swelling of shaes [Fritz et a. 1983]
reported on the non-ideal membrane behavior of shaes that allows both water and ions
to be transported in and out of shales to various degrees. Mody [1993] postulated a

43



membrane efficiency that was a function of the ion exchange capacity of clay aswdl as
permeability and confining pressure applied. There are numerous atempts to mode the
equilibrium swelling properties of shales(Van Oort [1997], Ewy and Stankovich [2000],
and Mody and Hale [1993)). In this paper we focus on the time dependent or transent
behavior of water and ions trangported in shales. In earlier work by Lomba [2000] and
Yu et d. [2000] a modd was presented to modd water and ion transport in shales.
Lomba et d [2000] assumed ided solution behavior for the dectrolyte leading to two
coupled equations for the tranamission of hydraulic pressure and osmoatic pressure into
the shde. Yu et d. [2000] extended the modd to non-ided solutions providing a
generd form within which the coupled transport of ions and water can be related to the
propagation of osmotic and hydraulic pressure into the shde. In the present paper
congtant volume swelling test results are compared with the Yu and Sharma [2000]
mode presented earlier.

3.3 EXPERIMENT

Figure 3.1 (Chenevert and Pernot [1998]) shows the shale sample instrumented
for the swelling test. It consss of a top LVDT (Linear Vaiade Differentid
Transformer) support plate, atop anvil, atop porous disk, the rectangular shale sample,
a bottom porous disk and a bottom anvil that contains ports for the inlet and outlet flow
of test fluid. Figure 3.2 shows a schematic of the test gpparatus used for the tests. A
computer was used for data acquisition.

During testing, fluid enters through the bottom inlet line, flows through the centra
hole, then passes through the porous disk and is circulated around the sample. Findly it

comes out through the centra hole of the top anvil, then exits through the outlet line.
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In this paper, " Speeton” shde (Simpson [1997]) test data were used. Thisshae
is an offshore marine shae, cored from a depth of about 5000ft (1524m) and preserved
as much as possible from exposure to ar. The properties of the shae can be obtained
from Simpson [1996].

During the testing, the sample is held a congtant volume and the confining

pressure required to achieve thisis recorded by the data acquigtion system.

3.4 THEORY
Thewater activity of the eectrolyte solution is a function of solute concentration,
a, = f(C,) (3-1)
The activity of water in different solutions can be found from experiments or
literature. Figure 3.3 shows the water activity in CaCl, solutions vs CaCl, concentration.

The osmoatic pressure can be computed from the following equetion:

RT 0 RT, &f(CHO
A ©2)
Vv g V f(Ce) g
The osmotic pressure gradient for 1-D flow can be written as:
P, = RT f (Cg) dCq (3-3)
vV f(C) dx

From the coupled flux relations, the solute flux can be written as (Yu & 4.
2000):
P, &, | ORT £1(Cy)IC
x &C. 'V f(Cg) Tx

(3-4)

Thefind form of the continuity equation for the solute is:
'HCS+1%_ Dﬂcsu:o (3-5)
Tt Ixi o WX p

where
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(3-6)

And the flux of the solvent is given by:

J, =-K, E"'Ku RTT (CS) ﬂCS
ix vV f(C) X

(3-9)

A detailed derivation is provided in Chapter 2.

Boundary Conditionsand Initial Condition:
Two initid conditions and four boundary conditions are needed to obtain the
concentration profile and pressure profile in the porous medium. The following initid and

boundary conditions are applied:

t=0, O0E£xE£¥, C,=C,;P=P,
x=0 t>0, C,=C,;P=R, (3-9)
x=¥ t>0, C,=C,P=P,

Co and P, are the origind pore fluid concentration and pore pressure
repectively. P, is the hydrogtatic pressure at the wal and Cy is the dectrolyte
concentration in the bulk fluid.

Dimensionless Variables
The following dimensionless variables were defined to present the solutions of

the equations.
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h= 3-10
4Dt (3-10)

C, = Cs- Co (3-11)
Cdf - Co

P, = P- R (3-12)
R,- P,

The boundary conditions can be written in terms of the new variables asfollows:
h =0, C, =1 P, =1

(3-13)
h® ¥ C, =0 P,=0

3.5 EXPERIMENTAL RESULTSAND DISCUSSION

Figure 3.6 shows a schematic of shae samples (a,™) brought into contact with
an dectrolyte solution with water activity a,™. At timet=0, there is an activity difference
between the bulk electrolyte and the water in the shde. If a3 > al , thiswater activity
difference results in a net trangport of water out of the shae and transport of ions into
the shale. Astime progresses, this flux of water out of the shae resultsin areduction of
the hydraulic pressure at the surface as shown in Figure 3.6 (b). Osmotic pressure
gradients dso pull ions into the shale and thisis reflected in the total pressure profile. At
equilibrium (infinite time), the water indde the shae has the same chemicd potentid asin
the bulk dectrolyte resulting in uniform water activity indde the shde which may be
different than the water activity of the bulk solution due to the difference in the
electrodatic potentid ingde the shde. This equilibrium condition reflects the confining
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pressure gpplied on the water in the shde. The average tota pressure is shown in Figure
3.15 (a, b). It is clear that this average pressure will decrease with time as water is
extracted from the shde. This trend is conastent with observations in the experiments
reported earlier (Mody and Hale [1993]). The rate of the pressure decline and the find
equilibrium confining pressure to hold the shde a congant volume is controlled by the
activity of water in the shde and the water activity in the bulk fluid. A quantitative
comparison between the moded caculations of the ions and water fluxes result in this
pressure variaion in the shae.

Two experiments were smulated with the modd in this paper. Both cases use
CaCl, eectrolyte as the bulk solution. Case | uses a concentration of 2.1912M with a
water activity of 0.78 and Case Il uses a concentration of 4.9716M with a water
activity of 0.4.

Parameters available from the experiments were dso used in the smulation.
Properties of the Speeton shde were obtained from O'Brien, Goins and Simpson
[1996] and are listed in Table 3.2. The bulk volume of the shade was congtant during the
experiment. This means the ¢-spacing of the shde is congtant. The initid overburden is
5400ps.

Figure 3.3 shows the activity of water in CaCl, solutions. One can see that the
water activity decreases as the solute concentration increases. For concentration of 5M,
the activity of water goes below 0.4.

Figures 3.4 and 3.5 show the “effective diffuson coefficients’ as a function of
dimensionless concentration for different bulk dectrolyte concentrations. The non-ided

model predicts higher diffuson coefficients than the ided mode for both cases. It was
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aso found that the diffuson coefficients vary in a different way in the non-ided model
compared to the ided modd.

Figure 3.7 shows the “effective diffuson coefficient” (D) as a function of the
dimengonless concentration for two different concentrations of CaCl,. These curves are
extremely sendtive to the properties (CEC, clay content, and surface area etc.) of
shdes and the activity of the water as a function of the concentration of the eectrolyte.
For the case of CaCl, it is seen that the “diffuson coefficient” incresses with
dimensionless concentration and its order of magnitude is 10™° /s

The corresponding concentration as a function of ? isshown in Figure 3.8. It is
evident that the concentration profile is sharper for the low concentration eectrolyte
indicating less penetration into the shde. This is do reflected in Figure 3.9 which
indicates that over a period of 24 hours, the ions penetrate 2 cm for aconcentration of
4,97 M whereas they penetrate 4 cm for a concentration of 291 M. This is directly
atributable to the higher diffuson coefficient Dy vaue a lower sat concentrations.

The solute flux for the two concentrations are shown in Figure 3.10. Clearly the
fluxes are much higher a higher concentration. This is because of the larger ion
concentration gradient imposed by the higher sdt concentration resulting in a higher
molar flux. It should be noted that the solute fluxes are pogitive, indicating ion flow into
the shde. The molar flux for water is shown in Figure 3.11. This figure indicates, as
would be expected, that the water flux is negative, i.e., water flows out of the shde.
Again, as expected high sdt concentration results in larger water fluxes because of the
larger gradient in water activity indde the shde.

The net flux of water out of the shale results in changes in pore pressure as
shown in Figure 3.12. As water is pulled out of the shae, the pore pressure decreases
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to aminimum with distance. The location of this minimum is dlosdly rdaed to invasion of
ions into the shale and the resulting reduction in the flux of water. The pore pressure
gradients decrease with time because the flux of water from the solution decreases with
time as shown in Figure 3.11. Again, it is clearly shown that the pore pressure gradients
are larger for the higher st concentration.

The change in pore pressure with distance can be averaged to obtain an

L
\

| . QP . -
average hydraulic pressure (p = f) asshown in Fgure 3.13. It is evident from

this figure that the average hydraulic pressure exerted by fluids in the shales goes
through a minimum with time. This decrease followed by an increase is a result of
movement of water from the outsde boundary of the shae to the bulk solution due to
the ogmotic gradient. The depth of this minimum is larger for the higher <t
concentration because of the larger osmotic gradient.

Smilarly the average solute concentration indde the shde varies with time as
shown in Figure 3.14. As ions diffuse into the shae, the average solute concentration
increases with time. This increase in sdt concentration results in a permanent change in
pore pressure which is reflected in the confining pressure.

The change in average hydraulic pressure, osmotic pressure and total pressure
for the shae are shown in Figures 3.15a and 3.15b for the two salt concentrations. The
total pressure is the sum of osmotic and hydraulic pressures. It is clear that the changes
of the hydrauic pressure due to the flux of water and changes of osmotic pressure due
to the fluxes of both water and ions are sgnificant and play an important role in
determining the tota pressure within the shade. Neglecting ether the flux of weter or the

flux of ions would lead to erroneous results.
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Figure 3.16 compares the confining pressure caculated from our model with
that measured experimentaly. Clearly the trend observed experimentdly is duplicated in
the amulation results. Good agreement has been achieved with the changes in confining
pressure observed. For sake of completeness, both nonrided and ided solution
simulations are plotted. It is observed that both the non-ided and ided models agree
with the experimenta observations a lower CaCl, concentration. However, the ided
modd does not match the experimenta data a high CaCl, concentration as shown in
Figure 3.17. The quantitative agreement with the experimentd data observed for the
non-idedl model clearly shows that the proper physics has been adequately represented
in our modd.

Itis clear from our Smulations and experiments that osmotic effects can play an
important role in driving water and ions into/out of the shae. This can result in Sgnificant

changes in pore pressure with consegquences for wellbore stability.

3.6 CONCLUSIONS

Based on the experiments and smulation results presented in this chapter, the
following conclusions can be drawn:
1. Accounting for both the flux of water and solutes is required for proper
modeling of the pore pressures generated in shales.
2. Shdes act as “lesky” membranes which mean both water and ions can
penetrate into the shale resulting in systematic changes of osmotic pressure

that can be predicted by the modd presented in this paper.
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3. The non-idedity of dectrolytes plays an important role in determining the
flux of water and ions into shdes and thus the modd presented here for
non-ided eectrolytes should be used.

4. Good agreement is observed between the swelling tests performed and the
general modd for on and water flux. This agreement, dthough presented
for alimited data set, shows that the model correctly represents the physics
of the water and ion transport.

5. Further vdidation of the modd presented in Chapter 2 and confirmation of

water and ion flux is provided through careful experimentation in Chapter 4.
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Table 3.1 Input data for comparison of modd predictions with experimental data

Drilling fluid concentration 4.9716M/2.1912M
Pore fluid concentration 0.01459M

Drilling fluid pressure (Hydraulic) 2720ps

Initid pore pressure (Hydraulic) 2720ps

pH 8.0

Temperature 298K

Fluid viscosity 10° kgm'*s?t

Distance between clay platelets 10A

K, 7.9141X10™" ns/kg
K -2.40996X 10" kg
L, 6.5573X10™mol kg
Ly 2.3389X 10 ™°mof’s’kg m?®
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Table 3.2 Compostion of interstitial pore water for Speeton shale [ Simpson,1997]

CONSTITUENT CONCENTRATION, g/l
NaCl 68.39

CaCl, 1.62

MgCl,-6H,0 0.51

NaHCO; 191

Na,SO, 7.08

KCI 0.81
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Figure 3.12 Hydraulic pressure profile at different time. This profile was computed from
the non-idedl modd.
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Chapter 4: Water & Solute Transport in Shales: A Comparison
of Simulationswith Experiments

ABSTRACT

The modd presented in Chapter 2 is compared with experimenta data
presented by Ewy and Stankovich [2000]. It is shown that the relative magnitude of the
hydraulic conductivity of the shde (K), the membrane efficiency of the shde (K,), and
the effective diffuson coefficient of solute (Dg) dl have an influence on the net pore
pressure behavior of a shde exposed to a drilling mud. After the model has been
cdibrated with one set of experimenta data, excellent predictions under other operating
conditions can be made. Good agreement with experimenta data is obtained for such

predictions.

4.1 INTORDUCTION

With increasing environmenta demands placed on drilling fluids, the use of
water based muds is growing. The use of such mud sysems when drilling through
troublesome shades can often result in welbore ingability problems due to shae
swdling. It has been well documented that swelling shaes and wellbore stability depend
to a very large extent on the activity of the water and solutesin the aqueous phase in the
mud.

Shde indahility is generdly caused by changes in pore pressure induced by
both hydraulic and chemica effects. Differences in both hydraulic and osmotic pressure

between the wellbore and the shade result in flow of solute and solvent into or out of the
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shade. Lomba et d [2000], and Yu and Sharma [2001] have estimated the flux of both
solute and solvent into or out of the shdes usng models for trangport in non-ided
membranes. Membrane efficiency of the shaes can be estimated from models presented
by Basu and Sharma [1997], Fritz [1986], and Gross and Osterle [1968]. Shales can
a0 be characterized by a “reflection coefficient” as defined by Kedem and Katchalsky
[1962].

Severd different experimental tests can be performed to characterize shdes.
One of the most commonly run tests is a pressure transmisson test in which shde is
placed between two solutions at different hydrogtatic pressures but with the same
osmotic pressure (Van Oort [1997]). The rate of the propagation of pressure through
the shde is a direct measure of the hydraulic conductivity of the shde (K,). In another
tes, a shde is placed between two solutions with different hydraulic and osmotic
pressures. The rate of the propagation of the pressure that responds to the change in
osmotic pressure can then be used to estimate the membrane efficiency of the shde. In
this test, the change in pressure a the outlet end of the shde isadirect indication of the
flux of water and ions through the shde.

In experiments conducted by Ewy and Stankovich [2000], the outlet of the
shde is seded s0 that a no-flux boundary exigts a the outlet end. The pressure a this
outlet end is monitored as a function of time. In this study, these experiments have been
used to compare with modd caculations. In the following section, these experiments are
briefly described. The modd developed by Yu and Sharma [2001] is summarized and
its gpplications to the experiments by Bwy and Stankovich [2000] are discussed in the

following sections
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4.2 M ODEL FORMULATION

Both hydraulic and chemica potentid gradients induce the flow of solute and
water into or out of the shae to dter the pore pressure. In this study the pore pressure
profile is coupled with the flux of both water and solute. The coupled equation for pore

pressure can be expressed as (Lomba et a [2000]):

E-ﬁmz _%112_(:25:0 (4-1)
Mt c C; fix

Where K| is the "hydraulic diffusvity” of the formation and K, is related to the
"membrane efficiency” (or "reflection coefficient”) of the formation. K; determines the
rate of pressure propagation into the shale while K, determines the shape of the pore
pressure profilei.e. the maximum (or minimum) in pore pressure,

A no-flow boundary condition was applied to sSmulate Ewy and Stankovichi’s
[2000] pore pressure propagation procedure. The initid and boundary conditions can

be written as,

t=0, OE£XEL,Cgs=C, p=p,
X:0, t>0, CS:Cdf;p: pW (4-2)
x=L, t>0, Nofluxes of water and solute

When a drilling fluid is brought into contact with the formation, solutes can flow
into or out of the shale. Therefore, a solute concentration profile will build up within the
shde The solute concentration profile can be caculaied by the following diffusivity

equation:
1Cs

. DN?Cs =0 (4-3)
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where De is an efective “diffuson coefficient”. See Lomba et d [2000] for a
derivation and amore detailed discussion.

Agan under the experimenta conditions used boundary conditions and initia
conditions can be described as,

Cs= Cy at shdesurfacefort >0

Cs= Cyfort<O

No flow at x=L

In generd, the “diffuson coefficient” in Eq. 43 varies with concentration. In
order to amplify the problem and minimize computing time, the “diffuson coefficent” is

assumed to be constant.

Shale Pore Pressure Transmission Test

Ewy and Stankovich [2000] performed a series of tests on preserved shaes
under dmulated in situ conditions. They developed a technique for measuring changes
in shale pore pressure caused by the smultaneous application of hydraulic and osmoatic
gradients.

Figure 4.1 is a schematic graph of their experimenta gpparatus. Pore pressure
was recorded by high-precison linear varidble differentid trandformers (LVDT'S). In
summary, a preserved shae sample with dimensons 0.75-inch diameter by 0.5-inch
length is jacketed between two sted end caps and is subjected to confining pressure.
Once a equilibrium, atest fluid is placed in contact with the top of the sample, and the
test fluid pressure is immediatdy set to ~1000 ps. The fluid is flowed & a very dow
rate (0.1-0.5 cc/hr) to keep the fluid compostion constant. Prior to fluid contact, the
sampleis saturated only with its native pore fluid and has essentidly zero pore pressure.
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The higher fluid pressure at the top of the sample causes a time-dependent rise of pore
pressure within the sample. This pressure rise is measured directly a the bottom end of
the sample, which is a no-flow boundary.

Thelr experiments were performed under no-flow boundary conditions at x=L.
The modd presented above replicaes this boundary condition to amulate their
experiments.

Three types of shde samples (A1, A2, N1) were used in their tests. Only shaes
A2 and N1 (Ewy et d [2000]) showed any significant membrane behavior. Our work,
therefore, focuses on these two shdes. A permeability of 1-2 microdarcy was reported
by Ewy et d [2000] for shde Al. It is a highly permegble shde in which chemicd
effects can be easly overwhelmed by convection. Shae A2 and N1 were reported to
have a permeability of 0.002-0.008 and 0.001-0.004 microdarcies, respectively. Under
such low permedbilities, fluxes of solvent and solute are ggnificantly hindered.
Therefore, osmotic effects are very important in shaes A2 and N1

Ewy and Stankovich [2000] (Figure 4.1) performed a series of measurements
of pore pressure for shaes with a no-flow boundary conditions a the outlet. The pore
pressure a the outlet end was measured and recorded continuoudly. In their work, they
used the following equation to fit the data:

2
P _ TP

it %
where c isthe hydraulic diffusvity.

(4-2)

Using this equation, they reported the ¢ values of their samples aslisted in Table
4.1.
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The authors reported a very good match if ¢=0.09 in?/hr was used in the case
where 22.2% NaCl (wt%) was used as circulating fluid contacting with shde N1. Thisc
value corresponds to a (hydraulic) diffusion coefficient of 1.61° 10 n¥/s. Thisis about
100 time fagter than the free NaCl diffusion coefficient. So the pressure propagation is
very fast compared to ion diffuson. This means that a early times, the pore pressure
change was manly due to pressure propagation. Solute diffusion plays an indggnificant
role a early times, but is expected to contribute at longer times. Unfortunately, their
measurements stopped after 12 hours of exposure to the NaCl fluid. Thisistoo short a
time to see the effects of solute diffusion.

The parameter ¢ used in ther work is the hydraulic diffusvity. Smply usng the
hydraulic pressure diffusvity equation does not explan te pressure vaiaion when
different concentrations of circulation fluid were gpplied. Because chemicdl effects play
an important role in determining the pore pressure, equation 4 is not sufficient to
describe the whole process. To account for chemica effects, equations 1 and 2 are

goplied to smulate the experiments.

4.3 RESULTSAND DISCUSSIONS

In examining the modd equations described above, one finds that pore pressure
ismainly controlled by the following parameters. an effective “diffuson coefficient” (Dqj),
a hydraulic diffusvity (K,), and a “membrane efficiency” (K,)). Dg controls the rate of
solute diffuson. K,, the hydraulic diffusvity coefficient, controls the rate of hydraulic

pressure propagation. K, controls how much the chemica potentia contributes to the
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pore pressure variaion. The effects of these three parameters in controlling the pore

pressure behavior are discussed in the following sections.

4.3.1 Hydraulic Diffusivity K,

If the concentration of drilling fluid is equa to the concentration of the solute in
the shale (Co=Cy), only hydraulic effects are important. In this case, the propagation of
pressure into the shae is controlled by the hydraulic diffusvity (K). Figure 4.2 shows
amulations run for three different vdues of K,. For a large vaue of K, the pore
pressure profile approaches equilibrium very quickly. As K, decreases, the propagation
of pressureisdower. It is clear from these smulations that the rate of the propagation of
pressure is directly related to the magnitude of K. This is a well-known result thet is
expected in the absence of osmoatic effects.

4.3.2 Membrane Efficiency K,

When hydraulic pressures in the shde and in the drilling fluid are initidly equd,
the flux of solute and solvent are driven by an osmotic pressure gradient. Figures 4.3
and 4.4 show the pressure variation with time for two different vaues of K, and
different values of the diffuson coefficient of solute. For the case for large K, (K =-
4.524° 10"°nPgkg), one finds that large changes in pore pressure (4500 psi) can occur
over aperiod of severd hours. Note that al of the changes in pore pressure in Figures
43 and 4.4 are due to osmotic pressure variations. Larger vaues of membrane
efficdency (Ky;) result in a large contribution from the osmotic pressure. The magnitude

of the change in pore pressure is controlled by K, The rate of propagation of pore
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pressure into the shde is controlled by the effective diffuson coefficient (Dg). Large
vaues of Dg result in rgpid transmisson of the pressure throughout the shde. Smdl
vaues of the diffuson coefficient result in little or no propagation of this pore pressure
into the shde over the 100 hours of smulation time shown in Figures 4.3 and 4.4.

The pressure profiles shown in Figure 4.3 and 4.4 rdate two regions of
propagation. The first region of the pressure propagation is controlled by the rate of
solvent flux. This effect is clearly shown in Figure 4.5. Here up to a period of 10 hours,
the rate of pressure propagation is controlled by the solvent flux i.e. by the vaue of K.
After this, the rate of solute trangport acts on the pressure at which the pressure builds
up. If the effective diffuson coefficient of the solute is smal, the pressure buildup is
dow. However, if the effective diffuson coefficient of solute is large, the rate of pore
pressure propagation is fast. Note that the pressure plateau observed in the figures is
not atrue equilibrium in that the solute flux is il finite and Hill resultsin smdl changesin
pore pressure over along period of time. When D approaches zero, the shale behaves
like an ided membrane in which only solvent flux plays an important role.

In summary, the membrane efficency (K,) controls the magnitude of osmoatic
pressure contribution. The hydraulic diffusvity (K,) controls the rate of hydraulic
pressure propagation while the effective diffuson coefficient of solute (D«) controls the
rate of osmotic pressure propagation due to solute transport. In cases where he
hydraulic diffusvity K, is much larger than solute diffuson coefficient, pressure
propagation is controlled by K, at early time and by Dy a later time. However, for
cases where the hydraulic diffusvity is comparadle to the effective diffuson coefficient,
both effects can occur smultaneoudy and pressure propagation behavior can be rather
complicated.

80



4.3.3 Comparison with Experiments

The procedure used in this study to smulate the experimentsis as follows. For a
given shde, one st of daa is used to obtan the hydraulic diffusvity K, and the
membrane efficency K,. This vdue of K, is then used to smulae the other
experiments. Because the experiments do not last long enough, the effects of Dy are not
clearly reveded in the experiments. Therefore, small values of Dy that do not affect the
pore pressure within the experimenta time period are enough to smulate the
experiments. After the three parameters are obtained we apply them to experiments
conducted at different concentrations of circulation fluids. Comparisons can be made by
plotting mode predictions and experimenta data at different solute concentrations.

There are three different types of shales usad in the experiments. The shde
mineralogy, CEC, and surface area data can be obtained from Ewy et a [2000]. In
comparison to the other two shales, shale Al has alower clay content, lower CEC and
lower surface area. Shde Al adso has a permeability of 1-2 microdarcieswhich isvery
high.

4.3.3.1 Resultsfor shale Al

Figures 4.6a and 4.6b show the experimental data for shde Al. Clearly there
are no chemica effects exhibited in the experiment. By taking K, =0, equation 2 reduces
to equation 4. Therefore, both equations 2 and 4 can be used to fit the data. Because
there are no chemicd effects exhibited in shde A1, our sudy will manly focus on the
other two shales A2 and N1.
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4.3.3.2 Results for shale N1

Figure 4.7a is used to obtain the parameters K, K, and Dy for Shale N1
contacting a 267g/L. CaCl, solution. By curve fitting the data, the parameters were
obtained and arelisted in Table 4.2.

Figure 4.7b shows the application of these parametersto Shae N1 contacting a
413g/L CaCl, solution. Because the same shade and same type of solutions were used in
the experiment, parameters K, K, and Dy should have the same vaues as obtained
from Figure 4.7a (Table 4.2). Clearly the mode predictions show very good agreement
with experimenta data (Figure 4.7b). Since highly concentrated CaCl, was used in the
experiment, pore pressure was lowered sgnificantly from 880 ps to 670 ps. This is
caused by the higher chemicd potentia (high concentration difference) gpplied to the
shde Chemica effects played an important role in dtering the pore pressure in this
case.

Figures 4.8a and 4.8b show parameters obtained from the experiments and
applied to predict the pore pressure for shale N1 contacting NaCl solutions. A 272 g/L
NaCl solution was used in Figure 4.8a to obtain K, and a 156 g/L NaCl solution was
used in Figure 4.8b to compare the modd predictions and experimental data. Because
circulaing fluid was changed from CaCl, to NaCl, K, must be measured but K, remains
the same (because Shade N1 is used in both these two experiments). The new vaue of
n Ky, 2 (-0.724° 10™) ntgkg, was obtained from Figure 4.8a. Note there is only a
smal change in pore pressure between Figures 4.8a and 4.8b. Since the CaCl, —Shde
N1 system hasa n” K of 3 (-7.494" 10%) ntskg which is much larger than that for
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the NaCl-shde N1 system, there is alarger chemica potentid contribution to the pore

pressure in CaCl-shde N1 system.

4.3.3.3 Results for shale A2

Figures 493 4.9b, 4.10a and 4.10b show the experiments and mode
prediction for shde A2 contacting CaCl2 and NaCl solutions at different
concentrations. Model parameters were obtained from Figures 4.9a and 4.10a for a
CaCl,-shde A2 system and a NaCl-shde A2 sysem respectively and are listed in
Table 4.3

Figures 4.9b and 4.10b show good agreement of modd predictions with
experimental data. Because the CaCl-shade A2 system and NaCl-shde A2 sysem
have very cdlose n” K, vauesin these experiments, the contribution of chemica potentia
to the pore pressure is very close to each other provided the same chemica potentid is
applied. Note shde A2 has a higher K, so it takes a shorter time to agpproach the
equilibrium pressure compared to Shale N1.

4.4 CONCLUSIONS

The modd provided by Yu and Sharma [2001] has been modified to smulate
the experiments conducted by Ewy and Stankovich [2000] which include a no flow
boundary at the outlet end of the shale.

The pore pressure behavior observed under the experimenta conditions of the
Ewy and Stankovich [2000] can be adequately smulated by the modd. Comparisons
of the modd with the experiments show excdlent agreement. One et of experimenta
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data was used to obtain the parameters for the shale. This parameter set then is used to
predict the behavior observed in other experiments with that shde.

It is dearly shown that the hydraulic diffusvity (K,) influences the rate of the
pressure propagation in response to the hydraulic pressure gradient. The effective
diffuson coefficent of solute (Dg) controls the rate of osmotic pressure propagation. In
cases where Dy is much less than K|, it is seen that hydraulic effects become evident at
short times whereas pressure propagation due to solute diffuson may require a much
longer time period.

The magnitude of the osmotic pressure generated in the shae is directly related
to the membrane efficiency (K,;) in our model. The comparisons with experimenta data
clearly show that this effect is adequatdly modded through K. Good agreement with
experimenta observations with different solute concentrations is observed.

Both the magnitude and the rate of the pressure propagation can now be
adequately moddled in asingle modd provided the three parameters K, K, and Dg can
be obtained by an gppropriate experimental technique such as that proposed by Ewy
and Stankovich [2000].
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Table 4.1 Vaues of ¢ and k reported by Ewy and Stankovich [2000]

Shde c range(ir? /hr) k range (microdarcies)
Al ~35 1-2

N1 0.03~0.075 0.001-0.004
A2 0.07~0.15 0.002-0.008
Table 4.2 Parameters for shale N1.

Parameters Vaues

Der 8.942" 10™nt/s

K, 1.1344" 108 migkg

Ky (CaCly) - 7.494° 10%° nrskg

Ky (NaCl) -0.724" 10™ nrsgkg

Cr (compressibility coefficient) 1 10%ps *

Cq (CaCl, concentration) 267g/L CaCl,

Pore fluid concentration(CaCl,)’ 0.01 M

Pore fluid concentration(NaCl)” 15M

* Vaues were estimated based on Simpson [1997].

85




Table 4.3 Modd parametersfor Shae A2

Parameters Vdues

Det 8.942" 10Mn¥/s

K, 2.344° 10" n*s/kg
Ky (CaCly) -1.394" 10™ nrskg
Ky (NaCl) -2.294" 10" nrgkg
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Figure 4.1 Schematic of shale sample assembly and loading. Ewy and Stankovich
[2000].
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Figure 4.2 Dimensionless pore pressure as a function of time for different hydraulic
diffuson coefficient K,. No chemicd effects applied on shde.
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Figure 4.3 Pore pressure as a function of time under large membrane efficiency
condition.
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Figure 4.4 Pore pressure as a function of time under median membrane efficiency
condition.
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Figure 4.5 Summary of mode parameters and their effectsin controlling the behavior of
pore pressure.
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Figure 4.6a Measured pore pressure for shale A1 contacting with 272g/L NaCl. No
membrane behavior exhibited.
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Figure 4.6b Measured pore pressure for shale A1 contacting with 156g/L NaCl. No
membrane behavior exhibited.
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Figure 4.7a Matching mode predictions with measured data for shale N1 contacting
with 267g/L. CaCl; to obtain parameters. P,,=985psi, P,=15ps.
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Figure 4.7b Comparison of modd predictions with experimenta datafor shae N1
contacting with 413g/L CaCl, (using parameters obtained from Figure
4.738). P,=995psi, P,=60ps.
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Figure 4.8a Matching mode predictions with measured data for shale N1 contacting
with 272g/L. NaCl to obtain parameters. R,=965psi, P,=10ps.
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Figure 4.8b Comparison of modd predictions with experimenta datafor shale N1
contacting with 156g/L NaCl (using parameters obtained from Figure
4.83). P,,=940psi, P,=120ps.
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Figure 4.9a Matching modd predictions with measured data for shale A2 contacting
with 267g/L. CaCl; to obtain parameters. P,,=1020psi, P,=5ps.
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Figure 4.9b Comparison of modd predictions with experimental data for shae A2
contacting with 413g/L CaCl, (using parameters obtained from Figure
4.93). P,,=955psi, P,=50ps.
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Figure 4.10a Matching model predictions with measured data for shae A2 contacting
with 272g/L. NaCl to obtain parameters. R,=1030psi, P,=0ps.
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Figure 4.10b Comparison of model predictions with experimenta datafor shae A2
contacting with 156g/L. NaCl (using parameters obtained from Figure
4.108). P,,=1035ps, P,=15ps.
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Chapter 5. Chemical-M echanical Wellbore Instability Model for
Shales

ABSTRACT

A modd that combines chemical effects (Chapter 2) with mechanicd effects
and provides a quantitative tool for evauating wellbore sability is presented. In the past,
wellbore gability modds have introduced chemicd effects by adding an osmotic
potential modified by an membrane efficiency to the pressure acting a the welbore wall
(Fonseca, 2000). In this chapter, an entirdly different approach is adopted. The fluxes
of water and ions into and out of the shale are accounted for. As a consequence, the
pressure profiles obtained using our modd differ sgnificantly from the error function
decline in pressure that is predicted by earlier modds. As a consequence of this near
wellbore pore pressure profile, wellbore failure can now occur insgde the shde, not just
a the wdlbore wall (as predicted by earlier models). The onsat of ingtability now
depends not only on the activity of the water but aso on the properties of the solutes.

5.1 INTRODUCTION

Widlbore ingability is a mgor concern during drilling operations. The chemicd
interaction of shdes with water-based fuids may cause serious welbore ingability
problems. It iswell known that the pore pressure didtribution has a strong influence on
wellbore gahility when drilling a shde. Because shdes are low permesbility formations,
the diffuson of ions and water is very dow. This means that Sgnificant pore pressure
variations occur near the welbore wal. Large, chemicdly induced, pore pressure

gradients can be built up in thissmdl region.
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5.2 LITERATURE REVIEW

Fonseca [1998] introduced chemica effects into a mechanicad modd in his
wellbore stability study. At that time there was not a good understanding of the pore
pressure distribution in the shale. He assumed that the pore pressure profile was given
by the solution of the diffusivity equation. He noted that shales are not ideal membranes
and that this may ggnificantly affect the pore pressure. He introduced a membrane
efficiency |, for the shde and used the following boundary condition at the wellbore
wal:

P, =F-I P (5-1)
where P, isthe hydraulic pressure on the wellbore wall, P, is the pore pressure far from
the wellborewal and P isthe osmotic pressure for an ided membrane.

— RT %shaleg _
P=- Tlné— (5-2

Ay g

Yew and Liu [1992] introduced porodadticity effects into their wellbore stability
modd. The flow of fluids into or out of the formation creates additional normal stresses
in their moddl. They found that these stresses could lead to borehole falure in some
cases. Hsao [1988] used asmilar gpproach and analyzed the influence of porodadticity
for a horizontd well. Detournay and Chang [1988] and Cui [1995] agpplied the
poroelastic gpproach to investigate verticd and directiona wells. Wang [1992] used
eladticity theory and introduced chemicd effects into awdlbore ingtability smulator. The
water content profile is cdculated usng the convection-diffuson equation. Wang

obsarved that the maximum gtress levd occurs indde the formation.
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Mody and Hae [1993] assume that chemicd effects are proportiond to the
difference in activities between the drilling fluid and the shde. They used porodadtic

theory to calculate the changes in pore pressure and stress distribution.

A new theory for incorporating coupled chemica and mechanicd effects in
wellbore tability is presented. Numericd smulation results are then presented to show
how chemicd effects can play an important role in determining wellbore gahility.
Comparisons with early modes are made to show that accounting for water and solute

fluxesisimportant to correctly predict wellbore stability in shaes.

5.3 THEORY

5.3.1 Near Wellbore Stress Distribution

Condder a directiond wdl drilled through an undisurbed formation & a
particular depth with a pore pressure P,. Figures 5.1 and 5.2 show the welbore
configuration. A drilling fluid creates a wdlbore pressure R, a each depth. The flow-

induced stress components can be written as.

all-2n) 1 r2
= trdr +—=-
Srr 1_n rzr‘(N})(r )rr erW
afl- n)é1 U r2
S :‘%gr—zopf(f,t)fdf- pf(r,t)a- Pt (5-3)
a(l- ;) .
s, =——p (rt
B M)
where the net pressure pi(r,t) is defined as:
p'(r,)=p(r,0)- p, (5-4)
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One specid solution that has been well studied is the solution for stresses at the
wal of a cylindrical wellbore. The flow-induced stresses at the wellbore wall can be

written as;
Srr = pW
all- n
Sqq = (1_n )pf(r,t)- Pu (5-5)
s, =2l D) iy
1-n

5.3.2 Compressive Failure Criterion

There are severd falure criteria available in the literature. A “three-principal-
dress’ criterion, cdled the Drucker-Prager failure criterion (Drucker and Prager,
1952), is discussed in this paper. Other falure criteria such as the Mohr-Coulomb
Failure Criteria or Modified Lade Failure Criteria have aso been implemented in the
model but are not discussed here.

The Druker-Prager failure criterion can be categorized as an extended von

Mises criteria
JTz =AJ¥ +B (5-6)
where
e e ()
3
J :E((s -5 St -5, (s ,-5 )2) (5-7)
2 6 rr qq qq 7z 7z rr
+ts 5 ts g ts )

Failure takes places when the effective collgpse stress s 4 at a particular point

around the borehole or at the walbore wal isless than zero:

Sy =-4d, +mIf +t £0 (5-8)
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The congtants in the Drucker-Prager criterion can be caculated usng materid
congtants such as the Young's modulus and Poisson's ratio. McLean and Addis

[1990b] presented the following relationships between the congtants,

_ 2:/2c cosf
3-4anf
_ 2J2dnf
T 3-dnf

(5-9)

where c isthe cohesive strength and f isthe friction angle.

5.3.3 A Mode for Pore Pressure Propagation

Wedlbore ingability problems occur when interactions with the drilling mud
cause changes in the pore pressure. Such changes occur due to both hydrostatic and
osmotic pressure gradients.

In this section the pore pressure profile is caculated based on modes
developed by Yu, et. al. [2001]. For solutesin nor+ided solutions:

o K, ‘|12p K,,RT'ﬂlf(C)‘ﬂCu

LT LA LA 0 5-10
Tt c % ¢ V X f(Co) ﬂxg (510

Here f(C,) isthe activity of water which is a function of the solute concentration
(Cy).

For ided solutions, the equations reduce to,
o K 1°p nRIK, 1°C,
It cf x> C, x>

=0 (5-11)

Where K, and K, are defined as follows,
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KlSK 31

K, =K, - (5-12)
I 11 K33
K,.K

KII = K12 - % (5'13)
33

where Kij are the phenomenologica coefficients (Lomba, et. a. 2000a,b).
Figure 5.3 shows the boundary conditions and the initial conditions as follows:

p(r0)=p, C(r,0)=C,
p(ry.t)=p,  C(r,1) =Cy

(5-14)
pE.HD=p CHH=C

5.3.4 Estimating Modd Input Parameters

In addition to the mechanical properties of the shae and an estimate of the initid
pore pressure, there are three input parameters that need to be determined. They are,
the effective diffuson coefficient Dy, and the transient pressure parameters K, and K.

D« can be measured by radioactive tracer diffuson experiments. Here P=P,
and C;t C,. Lomba [2000] performed these types of experiments to obtain the effective
diffusion coefficients of severd sdts.

K, can be measured by pressure transmisson tests without solute diffusion.
Here P P, and C=C,. The pressure buildup is recorded as a function of time in the
low pressure chamber. Such tests have been performed by Van Oort[1997]

Ky can be measured by pressure transmission tests with ionic diffuson. Here
P:1 P, and C,! C.. In this test both hydraulic and osmotic pressures propagate through
the shde sample (Van Oort [1997], Ewy and Stankovich [2000]).
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5.3.5 Computer I mplementation of the Model

Equations 5-10 and 5-11 presented in the previous section are solved
numericdly using a centrd difference finite difference scheme. The concentration is
assumed to follow the error function solution. This solution is substituted into Equation
5-10 to obtain the pore pressure as a function of distance and time. Since the rate of
solute trangport to the shaeis relatively dow compared to the pressure propagetion, the
spatid steps have to be chosen to be very smdl. Since the numerical scheme chosen is
explicit, Dt needs to be rdaively smal to ensure sability. Thisresultsin large CPU time.
For a typicd smulaion, a minimum 8 hours of CPU time is required on an IBM PC
with a 300MHZ Pl processor. In the following section we describe a smplification that

alows the computation time to be reduced significantly.

5.3.6 Reducing Computation Time

It was seen from the numerica solutions obtained that the pressure profile
caculated for distances larger than the distance of penetration of the solute, the pressure
profile followed an error function solution. To speed up the computation, Equation 5-10
was numericaly solved up to a short distance away from the wellbore face where solute
concentration gradients are high. For the remander of the shade, an error function

solution for the pressure provides an excellent gpproximation (results shown late).

We define
h= 2

) ’4Deﬁt

(5-15)
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For large h, say h=3.0, the solute concentration C; is approximately equa to
the origind solute concentration (Co). Therefore, for %>X b the pressure profile was
assumed to be given by the error function solution. Where,

X, = 3,/4Dt, (5-16)

We define the above X as the diffusion length for agiven time to. For Xpo>x* p,
Co»Cy, i.e, the solute concentration is equd to the initid solute concentration and
osmoatic effects are negligible. Since Dy is very amdl, the diffuson length is very short.
Thisimplies that equation 5-10 and equation 5-11 reduce to:

Tp K T°p_ _
T 0 (5-17)

Which isadiffusvity equation with the following boundary conditions,
X=Xp:P=DPp
X® ¥,p=p,

(5-18)

For every time step, a new boundary condition must be caculated. With this
method, the equations reed to be solved only for avery smdl range of x. For x>%p, the
pressure is obtained from the error function solution.

Figure 55 shows a comparison of the solution obtained from a complete
numericd solution and from the hybrid numericd scheme described above. The
solutions are essentidly indigtinguishable. Computation times for the hybrid scheme are

10 to 50 times smdler than for the complete numerica solution.
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5.3.7 Visual Wellbore Analysis Tool

The model generates massive amounts of output. To present this output datain
areasonable format, a Visua Wellbore Andysis Tool (VWAT) was developed. Thisis
a C++ program working in a Windows environment. Physical properties such as
stresses, pore pressures etc. can be displayed in aradia arrangement o that variation
of these parameters with r and g can be clearly viewed. This tool has adlowed us to
better represent the results from our modd. Many of the plots shown in the subsequent
Section are generated using thistool.

In addition, dl input and autput windows have been rendered in Visud Basic to

make the program more user friendly.

5.4 RESULTSAND DISCUSSION

5.4.1 Input Data

Table 5.1 provides input data that is required to caculate changes in pore
pressure, in situ dresses, and falure indices. A discusson about how this data is
obtained has been provided in the previous section. The parameters provided in Table
5.1 were usad as a base case in our Smulations. Any sendtivity anadyss done was

conducted by varying one parameter at atime from this base case.

5.4.2 Pore Pressure Profile

Figure 5.6 and Figure 5.7 show smulation results obtained when the solute

concentretion is 1M in the shde and a drilling fluid with a solute concentration of 4M (or
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0.01M) is brought into contact with it. Results are presented for a contact time of 5
hours and mud weights between 14.1 Ibm/gd and 17.1 |lbm/gd are used for the
cdculations. As seen in Figure 5.6 due to a combination of hydrogtatic and osmotic
effects, the pore pressure declines with distance away from the wellbore. For r/ry
vaues between 1 and 1.1 the impact of osmotic pressureis evident. Thisis clearly seen
in the steeper pore pressure profiles near the wellbore. Water is sucked out of the shale
with a resulting decrease in the pore pressure in the shde. Figure 5.7 shows a pore
pressure profile for a case when osmotic effects attempt to drive water into the shde
while the ions are being pulled out of the shde. A very different pressure profile is
observed. A maximum in pore pressure is %en a r/r,, of aout 1.05. This maximum
pore pressure is a consegquence of the balance between osmotic and hydrogtatic effects.
As discussed in the next section, these changes in the pore pressure have profound
effects on the dahility of the wdlbore. In @ticular, the maximum in pore pressure
observed in Figure 5.7 can cause fallure of the wellbore at some distance away from the

wellbore wall.

5.4.3 Failure Index

A Failure Index has been defined as follows (Equation 5-8),

Fl = Failurelndex=-./J, + AJ +B (5-19)

Failure occurs when FlI <0. Clearly the FI depends on the pore pressure which

changes with position and time.
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In our smulations compressive falure has been observed to occur in three
different ways.

Failure at the wellbore wall

Falure ingde the formation

Time-dependent falure

5.4.3.1 Failure at the Wellbore Wall

Wedlbore dability caculaions conducted for a verticd wdl in which the
minimum and maximum horizontal stresses are assumed to be equa are presented in
Figure 5.8. In this case, because of the low mud weight chosen for this caculation, the
falure index becomes negative a the wellbore wall. In such cases, failure will occur at
the wdlbore wall. In the example shown, hydrogtatic effects are dominant. Wellbore
gability can be achieved smply by increesng the mud weight and ensuring thet the
Fallure Index is pogitive for dl vaues of r/r,,. Figure 5.8b shows the vaue of the failure
index around the wellbore. The outer portion of the circle represents a vaue of 43.0
and the inner portion -180.5. Being a verticd well, the Falure Index is symmetric with
respect to q. This sort of representation provides us with a useful indication of the

orientation of the failure planes. Examples of this are presented in the next section.

5.4.3.2 Failurelnside the Formation

Mog of the currently available welbore stability models assume that wellbore
fallure occurs at the borehole wall. However, laboratory experiments as wdl as fidd
experience indicates that this may not be true. Wdlbore failure often results in shde

duffing. Previous authors have suggested that this may be a consequence of falure
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occurring dong planes indgde the shde. In Figures 5.9 and 5.9b, we show examples of
how shdes can fal a a point some distance away from the wellbore wal. The results
shown in Figure 5.9 are a a condition where water is being driven into the shde as a
result of the mud water activity being higher than the shde water activity. This resultsin
an increase in pore pressure some distance into the shae. The eevated pore pressure
results in the Falure Index profile shown in Figure 5.9. Clearly for this case, the
wellbore wal is stable whereas a short distance into the shale conditions favor
ingahility. In such cases it is likdy that the shade will fal some distance away from the
wellbore wall. This behavior is clearly time dependent as seen in Figure 5.9. Figure 5.9b
shows the falure zone around the wellbore wal. The outer portion of the circle
represents a vaue of -2593.0 and the inner portion 2820.6. The region of failure occurs

some distance away from the wellbore wall.

5.4.3.3 Time Dependent Failure

Figure 5.10 shows a case where a wdlbore is initidly stable. However, as
water and solute are exchanged between the wellbore and the shae a region of
indability develops. The formation of this ingtability is a direct consequence of changes
in pore pressure that occur due to water and solute influx into the shale. In the example
shown in Figure 5.10 failure occurs after a contact time of 12 hours. Clearly the time
required for failure to be achieved will depend on the properties of the shale and the

competition between hydrogtatic and osmotic effects.

5.4.3.4 What Happens after Failure

One of the questions that we need to address is what occurs after the wellbore
wall fals. Fresh surface of shde will be exposed to the drilling mud and the process of
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water and solute exchange will continue. The question that can be posed is Will the
enlarged borehole continue to develop ingtahilities? To answer this question, Smulations
were conducted with wellbores of increasng radius from 5 inches to 15 inches.
Smulaion rexults for a 15-inch borehole are shown in Figure 511 with other
parameters being identical to those used in Figure 5.10. Clearly, while the 5-inch
borehole is unstable after 12 hours, a 15-inch borehole is not. This demongtrates that as
the borehole sze increases, a point will be reached when the sze of the borehole is
large enough to prevent any further ingtability from occurring.

If the in-Stu stresses are anisotropic, falure will occur gpproximately dong the
direction of the maximum horizontd stress and an dliptic borehole will result. Since
equations for stresses presented in this paper are limited to boreholes of circular cross
section, this gStuation cannot be adequately adressed here. Equations for stress
digtributions for dliptica boreholes are available and need to be used.

5.4.4 The Effect of Mud Weight

One of the most common methods for preventing wellbore falure is to increase
the mud weight. This hydrostatic method of wellbore control can be used in Stuations
where it is possible to increase the mud weight sufficiently to overcome pore pressure
and osmoatic effects. Figure 5.12 shows how by increasing mud weight from 14 [bm/gd
to 16.5 Ibm/gd the falure index becomes positive for dl vaues of r/r,,. This of course
may not aways be true snce increesng the mud weight can sometimes result in
ggnificant invason of water and solute resulting in wellbore ingability due to osmotic
effects.
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5.4.5 The Effect of Shale Properties

Three important shae properties were discussed in a previous section. The
effective diffuson coefficient is a measure how rapidly solute and water can migrate into
the shde. The coefficient K, is ameasure of the hydraulic permeshiility of the shde. The
coefficent K, indicates how much the osmotic pressure will contribute to wellbore
sability. K, isin this sense amilar to the reflection coefficient defined earlier by Mody
and Hale [1993]. Increasing the hydraulic diffusvity or permegbility (K,) of the shde
results in faster propagetion of the hydraulic pressure into the shale. Everything dse
being congtant, increasing K, will reduce the pressure gradients around the wellbore and
result in more stable boreholes. On the other hand, increasing K; will increese the
osmotic contribution to the pore pressure. In cases where a, mug > 8w shale larger vaues
of Ky will result in more ungtable boreholes. When @ mug < 8vshae (Water is being
sucked out of the shale) larger values of K, will result in larger decreases in pore

pressure and more stable boreholes.

5.4.6 The Effect of Solute Diffusivity

In our modd an additional parameter, the effective solute diffusion coefficient
adso plays an important role. Figure 5.13a demongrates the important role of the
effective diffuson coefficient. Increasing the effective diffuson coefficient by an order of
magnitude results in a stable wellbore as shown in Figure 5.13a. This is because the
pore pressure gradient obtained is much higher for low vaues of diffuson coefficient.
High vaues of the pore pressure result in a decrease in the falure index resulting in

wellbore falure. Since Dy controls the rate of penetration of solute into the shale, it is
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expected that at some later time welbore ingtability will occur. Indeed, as observed in
Figure 5.13b, wellbore instability occurs at t=15hr for the case of Dy=4.92e-9 n¥/s.
The trends shown in Figures 5.13b and 5.14 are not universally vaid. Indeed, Dy is not
independent of the other parameters (such as shde permeshility, K)).

Increasing K, will in generd result in more ungtable wellbores as it is easier for
water to penetrate into the shde and raise the pore pressures. Increasing the value of
K ds0o results in more unsgtable boreholes with everything € se being congant. It should
agan be pointed out that the three parameters D, K, and K, ae not entirdy
independent. In generd, low permeability shdes (smdl K)) will tend to have low vdues
of D and high vaues of K. However, only rather complex reationships (Basu and
Sharma, 1997) exist between the three shde parameters at thistime.

5.4.7 The Effect of Drilling Fluid Solute Concentration

Figure 5.14 shows the effects of drilling fluid solute concentration on wellbore
Sability. It is observed that at low drilling fluid solute concentrations, the flux of weater
into the shde reaults in wdlbore ingability. A higher solute concentration negates the
osmoatic effects and resultsin a stable wellbore. Such behavior has been widely reported
in the literature and is commonly observed in the fidd where st is used in muds to
provide better performance than can be obtained with fresher water muds. As has been
reported in the past it is desrable to maich the activity of the drilling fluid with the water
activity in the shde. Our smulations clearly show tha this is an important effect.
However, this is not the only effect sSnce even when the water activities are baanced,

flux of solutes can occur. In such cases solutes with high Dy will be preferred.
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5.4.8 The Effect of sy and sy,

All the smulations presented earlier have been for vertical welbores in an
isotropic stress state. Figure 5.15 shows a general case of a deviated wellbore and an
anisotropic dress condition. All the components of stress can be obtained from the

following equations:

2

gsxxﬂ eé}cos?dwcosziW dn’d, cos’i, dn?i, 3

gsyyu gsin®d,, cos’d,, 0 s o (5-20)
éﬁszzgzgcoszdws'nziw sn?d, sin?, cos’i,, E’%H@

&40 & snd,cosd,cosi, snd,cosd,cos, O ey

gsyzg 2-s'ndwcosdws'niw snd, cosd, sni, 0 utﬁg

& .0 @cos’d,sni,cosi, s€n®d,sni,cosi, - sni,cosi,gj

With the cadculation of these siress components, the wellbore faillure mode can
be applied just as before. Fgure 5.16 shows that decreasing the minimum horizonta
sress from 0.83 to 0.75 can result in a stable wellbore. Clearly this depends on the
orientation of the dtresses and the coupling of these two osmotic effects. Smilarly,
wellbore azimuth plays an important role in determining wellbore stability as shown in

Figure 5.17.

5.5 CONCLUSIONS

A wedlbore gability modd has been developed teking into account both
mechanica and chemica effects. Based on the modd results, the following conclusions
can be drawn:

Widlbore failure may occur either on the borehole surface or indde the shde.
Traditiona wellbore stability modeds that assume failure occurring only on the wellbore
surface do not adequately represent the various possible conditions under which failure
can occur. Changes in pore pressure induced by osmotic effects can often result in the

failure criteria being satisfied a some distance away from the wellbore wall.

117



It is shown that the flux of both water and solutes can play an important role in
determining the pore pressure profiles and, therefore, wellbore stability. Matching the
water activity in the mud and the shde is only the first step. Sdlecting solutes with low
D« vaues is important to ensure that this activity baance is preserved over time High
vaues of Dg will result in high fluxes of solute that will cause an imbdance in water
activity over time.

Due to the time dependent fluxes of water and solute into or out of the shde,
wellbore failure is aso time dependent. The modd presented in this sudy clearly shows
this time dependence. Severd cases have been documented which show wellbore
dability at early time and wellbore ingability as the drilling mud is dlowed to contact the
shae over an extended period of time.

It is shown tha welbore ingability is a sdf-regulating process in that as the
wellbore gets larger it dso becomes more dable. This results in enlarged dliptic
boreholes. The modd presented here can be used to gpproximately estimate the
ultimate Sze of arcular boreholes after failure occurs.

Both osmotic and hydraulic effects play an integrd part in the welbore sability
modd. The magnitude of the osmoatic contribution is clearly dependent on the properties
of the shde. Such shae properties have been quantified through three parameters, Dy,
K, and K.

Factors such as in Stu dresses, wellbore inclination and azimuth, and mud
weight clearly play an important role. The effects of these can be quantified by using the
computer program developed in this research.

The mode presented here can be used to design mud programsthat yield stable
boreholes. Both chemica and mechanica effects are properly accounted for.
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Additiond data and information need to be made available on shde properties
to adequately use the modd presented in this paper. An experimentd program to
measure these parameters has been proposed. Laboratory tests such as the pore

pressure transmission test can be used to eva uate these parameters.

NOMENCLATURE

A, B = material constants, for outer circle

c = cohesive strength, nm/Lt?, ps

¢ = fluid compressibility, Lt?/m, psi™*

Co = initial pore fluid concentration, mols/L 3, mols/liter
Cqt = drilling fluid solute concentration, mols /L3, mols/liter
Cs = pore fluid solute concentration, mols/L3, mols/liter
D« = effective water diffusion coefficient, L/t, mé/s

E = Young's modulus, nVLt? psi

J.¥= the effective mean stress, nVLt?, ps

J,Y?= the shear stress, m/Lt? psi

Ki;= phenomenological coefficients

K, = “ permeability” , L3/m, m’s’kg

Ky =" membrane efficiency” , L3t/m, m*s/kg

n = number of constituent ions of the dissociating solute.
p = pore pressure, n/Lt? psi

Po = initial pore pressure, nVLt?, ps

pw = wellbore pressure, n/Lt?, ps
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lo K-l

p'(r,t) = pore pressure fluctuations, nVLt?, ps
r = near wellboreradial position, L, in
rw = wellboreradius, L, in

R = universal gas constant, mL? t? mols'T?, 8.3144" 10'g cm? s? g-mols

t=timet, s

T = temperature, T, °K, °F, °C

Xp, X p=diffusion length

a = Biot’s constant

f = friction angle, radians, degree

n = Poisson’sratio

S4 = collapse failure index, NVLt?, ps

Sh= minimum horizontal stress

Sy =maximum horizontal stress

Smird = minimum effective stress, n/Lt?, ps
Str, Sqq @Nd S, = radial, hoop, and axial stress, nVLt’, psi

Sq = shear stress component, nVLt?, ps
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Table 5.1 Input data for the base case runs

Overburden in-gtu gress s, (psifft) 0.86
Maximum s iy horizontd in-Situ siress 0.83
(psifft)

Minimum s ,, horizontd in-Situ stress 0.83
(psifft)

Wl indination i, (degree) 0

Wl direction d,, (degree) 0
Depth TVD (ft) 5000
Mud weight p,, (Ibm/gd) 14.0
Pore pressure p, (Ibm/gd) 13.1
Geotherma gradient GG (°F/100ft) 1.1
Exposure time't (hour) 6,9, 12, 15
Borehole radiusr,, (in) 5
Poisson'sratio n 0.22
Biot's parameter a 0.80
Cohesve Strength (pg) 1,000
Tensle Strength (pg) 100
Drilling fluid sat concentration (M) 0.01,0.5,4
Pore fluid st concentration (M) 1.0

K, ,(mPgkg) 2.13441 10™
Ky , (mPskg) -4.52366" 10"
D, (ME/9) 4.9420° 10
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‘SV Wellbore Configuration

Figure 5.1 Wdlbore configuration and definition of axes and angles.
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Figure 5.2 Wdlbore configuration.
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theta

Figure 5.3 Boundary conditions and initid conditions used.
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Test 1. P1=P,, C;t C,, Radioactivetracer b Dg
Test 2. P, P,, C;=C,, Pressurebuildup b K|
Tex3: P P, Cit C,, Pressurebuildupb Ky

Figure 5.4 Laboratory measurement of shae properties needed for the mode!.
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Figure 5.5 A comparison of numerical and hybrid numericd modd.
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Figure 5.6 Pore pressure profile at t=5hr, C4=4M Cy=1M. Water is being sucked out
of the shde as solutes migrate in.
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Figure 5.7 Pore pressure profile at t=5hr, C4=0.01M Cy=1M. Here water isbeing
sucked into the shale as solutes are pushed out. This leads to a maximum
in pore pressure away from the wellbore wall.
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Figure 5.8 An example of Falure a the wellbore wdl. (Parameters used are listed in
Table5.1).

Figure 5.8b Failure at wellbore wal. Red color and yellow color indicate failure.

129



62
o

I
o
1

w
o
1

o

KR
o
1

Failure Index (psi)
& 3

N
o
1

w
o
1

A
[S)

riry

Figure 5.9 An example of fallure inade the formation. (MW=18lbm/gd, Cy=4M,
Co=1M, Verticd wdl, s,=s ).
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Figure 5.9b Failure insde the formation. Red color indicates the falure region. It is
clearly seen that the falure region is ingde the formation.
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Figure 5.10 An example of time dependent failure (r,=5 in). The wellbore sartsto
become unstable after 12 hours.
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Figure 5.10b A graphica representation of time dependent failure (r,=5 in). The read
and ydlow colorsindicate falure.
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Figure 5.11 Time dependent failure. r,,=15 in. This grgph demondtrates that increasing
wellbore radius makes the borehole more stable. Thisimpliesthat the
borehole will achieve an enlarged stable radius.
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Figure 5.12 The effect of mud weight on Failure Index. Clearly, as expected, increasing

MW leads to stable boreholes.
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diffusng solutes lead to more unstable boreholes.
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Figure 5.13b The effect of diffuson coefficient Dg on Failure Index. (t=15hr).
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Figure 5.14 The effect of drilling fluid salt concentration on Failure Index. Incressing the
sdt concentration hel ps to stabilize the wellbore.
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(b)

Figure 5.15 Stresses and reference coordinate systems (a) In - Stu stresses; (b)
Stressesin the locd wellbore coordinate system.
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Figure 5.16 The effect of maximum and minimum horizontd stress. Stress anisotropy
can induce falure.
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Chapter 6: Chemical and Thermal Effectson Wellbor e Stability
of Shale Formations

ABSTRACT

A new three-dimensond wellbore stability mode is presented that takes into
account therma stresses and the flux of both water and solutes from drilling fluids
(muds) into and out of shde formations. This modd is an extenson of the work
presented in Chapter 5. Mechanica stresses around a wellbore placed at any arbitrary
orientation in a 3-dimensona dress field are coupled with changes in temperature and
pore pressure due to water and solute fluxes. The radid and azimutha variation in the
dress digtribution and the “failure index” are computed to check for wellbore falure.
This modd accounts for the hindered diffuson of solutes as well as the oamoaticaly
driven flow of water into the shae. The modd for the firg time alows a user to Sudy
therole of solute properties on wellbore stability.

Results from the model show that a maxima or minimain pore pressure can be
obtained within a shde. This leads to wellbore falure not aways at the wellbore wall as
is most commonly assumed but to failure a some distance insde the shde. Since the
fluxes of water and solute, and temperature, are time dependent, a clearly time
dependent wdlbore falure is observed. The time to welbore falure is shown to be
related to the rate of solute and water invason. Comparisons with experiments
conducted with a variety of solutes on different shaes show excellent agreement with

modd results.
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It is shown in this study that the solutes present in the mud play an important
role in determining not only the water activity but aso in controlling the dteration of pore
pressures in shaes. To account for this phenomenon a model is presented to compute
the flux of both water and solutes into or out of shaes. The relaive magnitudes of these
fluxes contral the changes in pore pressure in the shale when it is exposed to the mud.
The effect of the molecular Sze of the solute, the permegbility of the shde and its
membrane efficiency are some of the key parameters that are shown to determine the
magnitude of the osmotic contribution to pore pressure. A range of behavior is
obsarved if the solute is changed while the water activity is maintained congant. This
clearly indicates the importance of the solute flux in controlling the pore pressure in
shales.

Criticd mud weights are obtained by ingpecting the stability of the wellbore wall
and the entire near wdllbore region. Pore pressures a different time and pogtion are
investigated and presented to explain the modd results. It is shown in this study that the
criticad mud weights are strongly time dependent. The effects of permesability, membrane
efficiency of shde, solute diffuson coefficient, mud activity and temperature changes are
presented in this work. The collapse and fracture effects of cooling and hegting the
formations are also presented.

A powerful tool has been developed which can be used to perform thorough
investigations of the wellbore dability problem. A user-friendly interface has been
developed to ease usage.
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6.1 INTRODUCTION

The oil and gas indudiry sustains financid losses due to welbore fallure of over
$1 hillion each year. Wellbore instability is a complex problem that includes rock
mechanics, dress andyss, in-situ stress caculations, pore pressure prediction, and
shdefluid chemicd reactions. Borehole stability problem occurs when the rock stress
exceeds rock strength. To prevent the problem, balance between the stress and strength
must be restored and maintained during drilling through control over drilling fluid
composition, mud weight, well trgectory and many other factors.

Since shaes can act as semi- permeable membranes, an osmotic pressure due to
flow of water and solute into or out of shale formations has been successfully measured
in the laboratory (Chenevert [1970], Ewy and Stankovich [2000]). This osmotic
pressure can aso be calculated provided the membrane efficiency and water activity
ratio are known (Marshall [1964], Chenevert and Pernot [1998]). The contribution of
the osmoatic effect can be regarded as a modification of the hydraulic potentia (Mody
and Hale [1993]). Unfortunately, shales are seldom perfect semi- permeable membranes
(only water flow). The transport of both water and solute changes the chemica potentia
of dl the components in the system; consequently, the water activity in the shae will no
longer be a congtant (Lomba, Chenevert and Sharma [2000]). In order to remove the
limitation of a condant osmotic contribution, a new hydraulic-chemicd modd is
developed and presented herein, from which pore pressure as a function of wellbore
distance and hydration time can be solved. Results from the mode are displayed in the

form of a “mud weight window” which gives the minimum and maximum mud weight
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dlowed for a given formation as a function of time. In addition, rock pore pressure and
fallure status are displayed.

Sherwood [1995] pointed out that ion exchange plays an important role,
affecting not only the rates of transport of ions, but aso the mechanica and swelling
properties of the shde. The equilibrium state of shde was assumed to be independent of
composition and only dependent on the pore pressure. For smplicity, the solution in the
pore was ided with only a single solute present. Van Oort [1997] recently presented
solutions for fluid pressure, solute diffuson and filtrate invason around a wellbore.
Trandent effects were not consdered in the sudy, however, these effects play an
important role and affect pressure transmisson and solute diffuson. Fritz and Whitworth
[1993] performed experiments to measure the reflection coefficients and membrane
efficiency to predict osmoticdly induced hydraulic pressure.

Mechanica dresses in the near wdlbore rock immediatdy after the drilling
perturbation can be obtained from linear dadticity (Bradly [1979]). For a linear and
isotropic case, the solution can be gpplied to deviated wdlls rather than to vertica wells
only. Since most petroleum rocks are porous, porodlastic effects have to be consdered
for rock failure (Biot [1941], Skempton [1954])because fluid pressure in pores play an
important role in distributing rock total stress. Rice and Cleary [1976] developed basic
dress diffuson equations for fluid-saturated eastic porous media. Detournay and Cheng
[1988] derived the borehole poroelastic response and presented numerica solutions of
wellbore stress and pore pressure by superposing the three-mode loading aspects. The
solutions are presented in the Laplace domain. Their solutions are extended for
goplication to deviated boreholes (Cui et. al. [1999]). Explicit anayticd solutions for
wellbore stress and pore pressure distribution are dso presented by Yew and Liu
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[1992] for adeviated well. Huid diffusion into or out of rock formationsis consdered in
the above poroelastic anayses.

Wang and Papamichos [1994] showed that thermally induced pore pressure
changes can be ggnificant ingde a low- permesbility formation. An increase of 30% over
the isotherma pore pressure case can be obtained for certain specified changes of
temperature. For shde, thermd effects on wellbore sability are so important because
thermd diffuson is much fager than hydraulic diffuson. In shde formations, convective
heet transfer can be neglected because of their low permesbility. In the case wherein the
shde formation is cooled by the mud, a shde sability effect is achieved because both
the pore pressure and the borehole hoop stress are reduced (Charlez [1997]). Most
boreholes have an annular neutra point, the point a which the annular mud temperature
is equal to the formation temperature. The therma effect resultsin aless stable borehole
above this point and a more stable borehole below this point. Fortunately, the cooling
effect tends to move upwards as the cool mud is circulated, which is beneficid to
maintaining wellbore gability in the lower part of the hole. Another contribution of the
cooling effect isthat the criticd fallure position is diolaced to indde the formation away
from the welbore wal (Charlez [1997]). This phenomenon is dso found in the
porodagtic analyss of Detournay and Cheng [1988]. The thermd effects on the “critica
mud weight window” will be discussed in this paper.

6.2 THEORY
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6.2.1 Stresses Induced by Pore Pressure and Formation Temperature Changes

The stresses induced ty chemicd, hydraulic and thermd diffusion, which are
driven by chemica potentid, hydraulic difference and temperature difference,
respectively, are computed asfollows

_afl-n)1
I-n r
ra L (ha o,

a(l- 2n)61

u
=-x =/ r,thrdr - pf(r,t)g
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T (r,t)=T(r,1)- T, (6-3)

Inthe s s ,,,ands ,, equations shown above, thefirst term relates to chemical
effects, the second term relates to thermaly-induced stresses, and the third term is the
stress induced by the borehole pressure.

At the borehole surface, the above equations reduce to constant vaues as

follows
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The pressure difference (R, —P,) includes both hydraulic and osmotic

contributions.

6.2.2 Solute Concentration Profile

When a drilling fluid is brought into contact with the formation, solutes can flow
into or out of the shae. Thus a solute concentration profile will build up within the
formation. The solute concentration profile can be calculated by the following diffusivity

equation:
1Cs
1t

where Dy is an effective “diffuson coefficient”. See Refs. 6 and 7 for a

- DN?C, =0 (6-5)

derivation and a more detailed discussion.

Boundary conditions and initia conditions can be described as,

Cs= Cy4, at the borehole surfacefor t > 0
Cs= Gy, far-fiddfort>0
Cs= Co’ fort<O

Usudly the “diffuson coefficent” in Eq. 6-5 varies with concentration. In order
to amplify the problem and minimize computing time, the “diffuson coefficient” is

assumed to be constant.

6.2.3 Pore Pressure

Both hydraulic and chemicd potentid gradients induce the flow of solute and

water which aters pore pressures. In this study the pore pressure profile is coupled with
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the flux of both water and solute. The coupled equation for pore pressure can be
expressed as (Ref. 6, 7):
— - —LN?p- =0 (6-6)

Where K, is the "hydraulic diffugvity" of the formation and K|, is related to the
"membrane efficiency” (or "reflection coefficient”) of the formation. K, determines the
rate of pressure propagation into the shde while K, determines the shape of the pore
pressure profilei.e. the maximum (or minimum) in pore pressure.

A typicd sami-infinite boundary condition was applied for this pore pressure

propagation procedure. Theinitial and boundary conditions can be written as,
t=0, r,Erf£¥ , C,=C,; p=p,

r=r, t>0, Cs=C4:P=Dn, (6-7)
r=¥, t>0, Cs=C,, P=p,
6.2.4 Formation Temperature
For aradia system, the formation temperature equation can be expressed as,
T 19T 6
M g, 190 69
It g‘ﬂr rir g

where ¢, isthermd diffudvity of the porous medium.
The initid conditions and boundary conditions are consdered to be the

fallowing:
t=0, r,£r£¥, T=T,
r=r,, t>0, T=T, (6-9)
r=¥, t>0 T=T,

Egs. 6-5, 6-6 and 6-8 are solved with their corresponding initid and boundary

conditions so asto obtain the pore pressure and temperature profile.
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6.2.5 Failure of the Welbore

6.2.5.1 Collapse Failure

Collgpse falure occurs when rock stress exceeds rock drength, i.e, the

collgpse “falure index”, s 4, becomes non-postive. Drucker-Prager criteria are used

to determine if the rock experiences collgpse failure.
S, =-4J,+A)f +B£0O

3 =2o +qu Pap (6-10)
Jz zlggérr'sqq):"'(sqq 'Szz)z +%+65qzzg
9é(szz-srr) ﬂ H

Other failure criteria have dso been implemented but are not discussed in this

work.

6.2.5.2 Tensile (Breakdown) Failure Criteria

Rock tensle failure occurs once the least compressive effective principd stress

exceeds the tensile drength, i.e., the breskdown failure index, s, becomes non

positive,
Sy=S3 +s, £0
or (6-11)
-Smn=-85 3s,

Note that the tensile strength, s, , is a non-negétive value in the above eguation.
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6.3 COMPUTER | MPLEMENTATION

A computer program (DRILLER) has been developed which caculates the
concentration, pore pressure and temperature profiles using the equations shown above.
The stresses around the wellbore are then calculated based on the pore pressure and
temperature profiles. Criticad mud weights are determined using Drucker-Prager or
other failure criteria

All cdculations include chemicd, therma and mechanica effects and the many
input parameters are listed in Tables 6.1 through 6.5. Management of these input
parameters are performed through a user-friendly interface developed in Visud Basic.
The parameters are grouped into 5 different categories. therma effects (Table 6.1),
chemicd effects (Table 6.2), mechanicd effects (Table 6.3), wellbore information
(Table 6.4) and miscdlaneous parameters (Table 6.5). Figure 6.1 shows a typica
screen from DRILLER with the input parameters and the graphica output for the mud
weight window as a function of sat concentration. Note that other displays can be
sdlected by clicking on the tool bar above the plot.

Pore pressure, temperature, and failure indices can be visudized using a Visud
Wdlbore Andysis Tool. A full graphical view of the pore pressure, temperature or
falure index can be obtained via this tool. Figure 6.2 shows an example for the
visudization of the pore pressure distribution around the wellbore.

This program (DRILLER) is a powerful tool for both field use and for research.
One can easlly conduct a sengtivity study on any of the input parameters by plotting the
mud weight window as a function of any sdected input parameter. Chemicd and
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therma effects can be turned on or off as desired by the user. The input parameters can
be st to default values or estimated based on methods suggested in the program. It is
capable of linking with other log andys's programs and operating remotely in a client-

server mode.

6.4 RESULTSAND DISCUSSION

6.4.1 Input Data

The modd presented in this work is quite generd and consequently requires
severd input parameters. Each caculation can take into account chemicd, thermd, and
mechanicd effects, wherein over 40 parameters are required to run a sngle smulation.
Some parameters can be found in the literature and others have to be measured using
appropriate techniques (See section 5.3.4) or computed via avallable theories or
empiricd correations.

A default input data set is shown in Tables 6.1 to 6.5. The input data are
grouped into 5 different categories. thermd, chemica, and mechanicd effects, wellbore
information, and miscellaneous parameters. The examples shown in this paper were
based on this default input data set. One parameter has been changed for each case in
the following studies, the corresponding effects of that parameter are shown and
discussed.

6.4.2 Effect of Hydraulic Diffusivity of the Shale

The rate of pore pressure propagation is controlled by the hydraulic diffusivity
of the formation “K,”. Faster pressure propagation occurs in formations with higher K,

or higher permegbility. Figure 6.3 clearly shows that the pore pressure propagates much
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faster for a shale with a K, of 1.01" 10™® ngkg than a shde with a K, of 5.13° 10
nrskg after a shaef/drilling fluid contact time of 24 hours. For Figure 6.4, a 0.001M
mud in contact with ashde located at 10,000 ft and containing a pore pressure of 4680
ps was used.

Figure 6.4 shows the minimum mud weight required to prevent collapse for
different vaues of K. Clearly the minimum collgpse mud weight requirement decreases
with increasing K. This can be explained using Figure 6.3. Because the pore pressure is
lowered more ggnificantly in a higher K, formation, the effective stresses in a high K
formation are higher a any given time compared to a low K, formation, resulting in a
more stable welbore. This observation may be one of the reasons why high
permeability formations (such as sandstones) can be drilled with a mud weight lower

than that required for low permesbility shaes.

6.4.3 Effect of Membrane Efficiency

In Eq. 6-6, Ky, represents the “Membrare Efficiency”. When K|, = 0, chemicdl
effects play no role and Eq. 6-6 reduces to the pressure diffusivity equation. Note that
K is negative, therefore, more negative numbers (greater absolute vaues) contribute
more to the pore pressure as shown by Eq. 6-6. K;; measures how much the osmatic
potential contributes to the pore pressure.

Congder averticd wel with a 4680 ps initid pore pressure being drilled usng
a 01 M NaCl fluid through a formation with different membrane efficiencies (K,)).
Figure 6.5 shows that a higher mud weight is required to drill a stable well when the
formation acts more like a semi-permeable membrane (with greater absolute value of

Ky). It clearly shows that the contribution of the chemical potentid to the pore pressure
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is greater for higher “membrane efficiency”, resulting in a grester osmotic contribution to

wellbore stresses.

6.4.4 Effect of the Diffusion Coefficient

The solute diffuson process is very dow; therefore, diffuson can be easly
“overwhemed” by convection in a high permegbility formation. Thus it is very hard to
see the effects of diffusion in a high permesability formation (with large K)). In generd,
diffuson is negligible for high permesbility formations, like sandstones. Shales have very
low permegbilities, therefore, convection in shdes is sgnificantly hindered, and the
solute diffusion process becomes prominent.

Figure 6.6 shows results for a verticad well drilled using drilling fluids containing
solutes which have different diffusion coefficients. All of the drilling fluids are assumed to
have the same solute concentration of 0.001 M. In order to see asignificant effect of the
diffusion process, a low permesbility shde (K, = 3.13 10" n’skg) is used in the
samulaion. Figure 6.6 shows that the minimum mud weight required to drill agtable well
decreases as the diffusion coefficient increases. Because the solute concentration of the
drilling fluid is lower than that of the pore fluid, water moves into the shde as the solute
amultaneoudy moves out of the shde. This counter movement of solutes reduces the
pore pressure. Higher vaues of solute diffusivity dlow the rapid movement of solute in
the shae in response to gradients in water or solute chemica potentids. This prevents
large pore pressure gradients from building up in the shae. It is this lack of large pore
pressure gradients that stabilizes the shde for large vaues of the diffuson coefficient.

Note that it is the competition between the water and solute fluxes that generates the
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pore pressure gradients. Therefore, the effect of solute diffugivity is closdly tied to the

flux of water i.e to K.

6.4.5 Effect of WdlborelInclination

Figure 6.7 shows the minimum mud weight necessary to drill a stable deviated
wdl under different welbore indinations with and without chemicd effects A low
drilling fluid solute concentration, 0.001 M, is used in this example. For wellbore
inclinations less than 30°, a maximum difference of 0.7 Ibm/gd mud weight is observed
when chemicd effects ae consdered. Chemica effects are clearly less important for
highly deviated wells because a higher earth dress environment usudly exists which
overshadows chemicd effects. The presence of chemical effects increases the mud

weight required sSgnificantly in vertica wells.

6.4.6 Effect of Drilling Fluid Concentration and Time-Dependent Collapse Mud
Weight

Figure 6.8 displays pore pressure conditions as a function of distance from the
wellbore for increesng times for a shde drilled usng a drilling-fluid/pore-fluid
concentration ratioof 4 M / 1 M. An origind wellbore pressure of 5772 ps and ashae
pore pressure of 4680 ps are assumed. As shown, the pore pressure of the shale
formation drops quickly to 4500 ps at a distance of 0.05 inches from the wellbore and
this minimum pore pressure proceeds to extend into the shae with time. Note that even
though the shde away from the borehole wall is becoming more stable (lower pore

pressure) with time the pore pressure at the wellbore wall does not decrease therefore
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one should not assume that after a given time the shde is more sable a dl points and
then proceed to reduce the mud weight.

Figure 6.9 digplays results for pore pressure conditions smilar to Figure 6.8
except that a drilling-fluid/pore-fluid concentration ratio of 0.001 M / 1 M is used.
Note that after 1 hour the pore pressure has increased from 4680 to 6000 ps at a
digance of aout 0.05 inches from the wdlbore wadl, and this “pressure wave’
continues to extend deeper into the shde with time. Assuming that the ingtantaneous
increase in pore pressure to 5772 ps a the wellbore wal (due to drilling fluid hydraulic
pressure) does not produce wellbore collapse, it is concelvable that the further increase
of pore pressure to 6000 ps within the formation could cause collgpse as time
progresses.

Figure 6.10 shows the minimum collgpse mud weight required to drill a sable
well a atime of 1 hour for different vaues of drilling fluid concentrations. Note that
increasing the concentration to 0.5 M dlows the well to be drilled with a lower mud
weight, however no additional benefits are achieved for drilling fluid concentrations
above 0.5 M. Although higher mud concentrations lower the pore pressure insde the
formation, the pressure on the wellbore wall does not decrease (Figure 6.8), therefore,
the falure occurs on the wellbore wal first. Lower mud concentrations cause
abnormaly high pore pressures indde the formation (Figure 6.9), resulting in wdlbore
falure ingde the formation. Because of the higher pore pressure (higher than pressure
on wellbore wadll), a grester mud weight is required to prevent wellbore failure when

lower mud concentrations are used.
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6.4.7 Thermal Effects

6.4.7.1 Effect of Cooling / Heating on Required Mud Weights

Figures 6.11 and 6.12 show the mud weight window for deviated wells when
temperature differences between the circulating drilling mud and the formation are —25,
0, and 25 °C. The minimum and maximum mud weight requirements for both
breskdown (Figure 6.11) and collapse (Figure 6.12) as a function of borehole
inclinations are plotted. Required mud weights to prevent breskdown failure (fracture)
experience more dteration than collagpse mud weight. For example, cooling the
formation by 25 °C (DT = mud temperature — formation temperature = -25°C), the
breskdown mud weight (Figure 6.11) decreases by 0.7 |bm/ga uniformly for al
deviations, while the collgpse mud weight (Figure 6.12) is only dightly lower. Cooling
the formation by 25°C reduces the collapse mud weight by only 0.2 Ibm/gd. This
cooling effect is caused by a reduction in pore pressure in the near wellbore are®. In
addition, awellbore is more gpt to fracture (lose circulation) when aformation is cooled
because the cooling effect can reduce the hoop stress and thereby make it more tensile.

Heating the formation increases both the required collapse and breakdown mud
weights, but presents a smdler effect on collgpse mud welights than on breakdown mud
weights.

In addition, the flow of cooler mud can move the therma neutrd point upward,
which is beneficia because the lower sections of the borehole will benefit. However, the
shdlow formations above the therma neutra point are heated up and may experience
instability.
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6.4.7.2 Effect of Temperature Alterations on Mud Weights

Figures 6.13 and 6.14 show mud weight dterations with temperature
differences between the drilling fluid and the formation for vertical and horizonta wells.
A linear relationship is obtained for each condition except for excessve cooling of a
horizontd well (Figure 6.14, DT < -25°C). A mud weight / temperature change gradient
can be deduced from these figures. For example, the breakdown mud weight decreases
by 0.03 Ibm/ga and the collgpse mud weight decreases by 0.013 lbnm/gd for every 1°C
of cooling of avertica well, as shown in Figure 6.13.

Temperature changes influence a horizonta well more severely than a vertica
well. The breakdown mud weight also decreases by 0.03 Ibm/gd for every 1°C of
cooling for a horizontd well; however, the collgpse mud weight only decreases by
0.006 Ibm/gdl.

The effect of cool muds assding in the fracture of a wellbore can aso be
observed from the horizontal well curves of Figure 6.14. In this example, when the
drilling fluid cools down the formation more than 25°C, a horizontal well can not be
drilled safdly.

6.4.7.3 Effect of Thermal Expansion Coefficients on Mud Weights

Volumetric expansion coefficients of different rocks rangefrom 4.32° 10° °C*
for basdtsto 9.9~ 10° °C™* for sandstones (Prats [1986]). Breakdown mud weights
change with increasng volume expanson coefficients. Figure 6.15 shows that for a

horizontal well the breakdown mud weight decreases by 0.15 |bm/gd for an increase of
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1~ 10°°C™* of the therma expansion coefficient. Thus, formations with higher thermd
expanson coefficients fracture at a lower wellbore pressure. The effect of therma

expangon on collgose mud weight isinggnificant.

6.5 CONCLUSIONS

Exiging modds for wellbore stability account for osmotic pressure effects
through membrane efficiency. It is often assumed that solutes (ions, polymers etc.)
present in the mud change the water activity but otherwise are assumed to play no role.
It is shown in this study that the solutes present in the mud aso play an important rolein
controlling the dteration of pore pressure ingde the formation.

Traditiondly, criticd mud weights are determined by investigating the failure
index only at the wellbore surface. This study shows that shear falure (collapse) could
occur not only on the wellbore wall, but dso insde the formation. Therefore, the near
wellbore area must be examined to obtain accurate critical mud weights.

A new three-dimensiond wellbore stability modd has been developed with a
user-friendly interface. The sress field around a wellbore is computed taking account
both chemica and thermal effects. Pore pressure, temperature, failure index and critical
mud weights are calculated and displayed.

Results presented in this study show that indeed wellbore failure may first occur
indde the formation, not on the wellbore wall. Such failure points dso result in time-
dependent critical mud weights. Because pressure propageation takes a relatively long
time in low permesble formation like $des, locations away from the welbore wall
control wellbore stability. For overbaanced drilling, the failure point is on the wellbore
wall when a high solute concentration is used.
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Chemicd effects play an important role in determining critica mud weights for
low permeeble formations. Abnorma pore pressure conditions indde the formation can
sgnificantly dter the stress didtribution, resulting in different criticad mud weights required
to maintain the welbore stable. The “membrane efficiency” of the formation determines
how much osmotic pressure contributes to the pore pressure. Formations with a high
“membrane efficency” can gnificantly dter the critical mud weight required to maintain
the wel gable. Solute diffuson coefficients play an important role when a very low
permeshility shdeisdrilled.

Coaling the wellbore reduces the breakdown pressure as well as the collgpse
pressure, for dl hole inclinations. However, the cooling effect is most prominent for low
deviations because of the dominance of lower stressfields,

Hotter muds need a higher pressure to fracture the wellbore. This is true for
both verticd and horizontd wells. Also, a higher mud weight is required to prevent
collgpse fallure when using hotter muds.

The effect of temperature on horizontal wdls is smdler as compared to the
effect on verticd wells when determining collapse mud weights, because a higher earth
dress environment dominates rock compressive failure for horizontd wells.

Formations with higher therma expangon coefficients can cause higher therma
stresses under the same temperature difference and can therefore be fractured with less
pressure.

When the drilling mud coals the formation below the thermd neutrd point, it
a0 heats up the formation above this int. This results in more stability below the
thermd neutrd point and less Sability above.
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NOMENCLATURE

A, B = material constants, for outer circle
Az 22 sinf B = 2+/2¢c cosf
3-dnf ' 3- dnf

c = cohesive strength, m/Lt?, ps

Co =thermal diffusivity, L%t, in%/s

¢ = fluid compressibility, Lt%/m, psi®

Co = initial pore fluid concentration, mols/L3, mols/liter
Cqt = drilling fluid solute concentration, mols /L3, mols/liter
Cs = pore fluid solute concentration, mols /L3, mols/liter
Der = effective water diffusion coefficient, L/t, mé/s

E = Young's modulus, nvLt? psi

J.¥= the effective mean stress, nVLt?, psi

J,Y?= the shear stress, m/Lt? psi

K, = “ permeability” , L3/m, m*s/kg

Ky =” membrane efficiency” , L3t/m, m*s/kg

n = number of constituent ions of the dissociating solute.
p = pore pressure, n/Lt% ps

Po = initial pore pressure, m/Lt? ps

pw = wellbore pressure, n/Lt?, ps

p'(r,t) = pore pressure fluctuations, nVLt?, ps

r = near wellboreradial position, L, in

r, = wdllboreradius, L, in
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R = universal gas constant, mL? t? mols'T?, 8.3144" 10'g cm? s? g-mols
lo K-l

t=timet, s

T = temperature, T, °K, °F, °C

To = initial formation temperature, T, °F, °C

Tw = wellbore wall temperature, T, °F, °C

T'(r,t) = temperature fluctuations, T, °F, °C

a = Biot’s constant

an = thermal expansion coefficient of rock matrix, /T, 1/°F, 1/°C

DT = mud — formation temperature, T, °F, °C

f = friction angle, radians, degree

n = Poisson'sratio

s4¥ = least effective principal stress, m/Lt? psi

Spa = breakdown failure index, m/Lt?, ps

S4 = collapse failure index, NVLt?, ps

Smird = minimum effective stress, n/Lt?, ps

Str, Sqq @nd S, = radial, hoop, and axial stress, nVLt?, psi

s = tensile strength, nVLt?, ps

Sq = shear stress component, nVLt?, ps
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SI M ETRIC CONVERSION FACTORS

Btu” 1.0550
°C+ 273.15*
ft” 3.048*
°F’ 55556
gd~ 3.785
in" 2.54*
inf~ 6.452
lom~ 4.54
ps~ 6.8948

* Conversion factor is exact.

E + 03 = kgm?s?
=°K
E-0l1=m
E—01="°K (DT)
E-03=n7
E-02=m
E-04=n?
E—-01=kg
E—-03=MPa
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Table 6.1 Input datar Therma Effects

Variables Vaues
Therma effect Yes/No
Geothermd gradient 1.1 °F100 ft
Thermd diffusvity congtant 1.48e-3irf/s
Volumetric thermd expansion of matrix 2.7e-5 1/°F
Volumetric thermd expansion of fluid 2.78e-4 1/°F
Inlet mud temperature 132 °F
Earth surface temperature 75 °F
Drilling fluid hest conductivity 1 btu/hr-ft-°F
Drilling fluid specific hest 0.4 btu/lbm-°F
Earth conductivity 1.3 but/hr-ft-°F
Earth specific heat 0.2 btu/lbm-°F
Overdl heat trandfer coefficient in drill pipe 30 btu/hr-ft?-°F
Overall heat transfer coeffident in annulus 1 btuhr-ft?-°F
Table 6.2 Input datac Chemical Effects

Variables Vaues
Chemicd effects Yes/No
K, 1.13e-18 nP’gkg
Ki -6.75e-19 kg
Drilling fluid concentretion 0.001,0.1,1,2,4M
Pore fluid concentration 1M
Fluid compressibility le-6 psit
Diffusion congtant 4.94e-11 nf/s
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Table 6.3 Input datac Mechanica Effects

Variables Vaues
Modd type Poroeladticity
Falure criteria Drucker-Prager
Overburden stress gradient 1 psifft
Maximum horizontal stress gradient 0.9 psfft
Minimum horizontal stress gradient 0.83 pa/ft
Pore pressure, equivalent 9 lbm/gd
Poisson’sratio 0.22
Biot's congtant 0.9
Y oung's modulus 1e6 ps
Cohesion 890 ps
Friction angle 30°
Tendle srength 100 psi
Table 6.4 Input datac Wellbore Information

Variables Vaues
Borehole radius 4.9375in
Drill pipeinner radius 3.0325in
Drilling fluid flow rate 600 bbl/hr
Depth 10,000 ft
Azimuth 0°
Wl inclination 0° - 90°
Mud weight 10.4, 11.1, 12.4 Ibm/gal

Table 6.5 Input data: Miscellaneous Parameters

Variables Vaues
Earth density 165 Ibm/ga
Timel 0.1 hour
Time2 1 hour
Time3 10 hours
Timed 24 hours
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Figure 6.1 Example of the therma inputs and the mud-weight-window output for
various drilling fluid concentrations.
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Figure 6.2 Output example of pore pressure distribution around a wellbore after 1 hour.
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Figure 6.3 Pore pressure under different permesability conditions as a function of
distance from the wellbore surface.
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Figure 6.4 Minimum mud weight required to prevent wellbore collapse as a function of
hydraulic diffusvity.
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Figure 6.5 Minimum mud weight required to prevent wellbore collgpse as a function of
membrane efficiency.
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Figure 6.6 Minimum mud weight required to prevent wellbore collgpse as a function of
the diffuson coefficient.
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Figure 6.7 Minimum mud weight required to prevent wellbore collapse for deviated
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Figure 6.8 Pore pressure profiles as afunction of distance from the wellbore surface,
time, and drilling fluid solute concentration greater than shae.
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Figure 6.9 Pore pressure profiles as a function of distance from the wellbore surface,
time, and drilling fluid solute concentration less than shae,
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Figure 6.10 Minimum mud weight required to prevent wellbore collgpse as a function of
drilling fluid solute concentration.
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Figure 6.11 Thermd effects on breakdown mud weights for inclined wellbores.
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Figure 6.12 Therma effects on collagpse mud weights for inclined wellbores.
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Figure 6.13 Effect of temperature changes on critical mud weghts for vertica wellbores,
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Appendix A

The andytical pore pressure solution of equation 6-6 can be written as (Wang
and Papamichos [1994])

clCy - C,)o,
p(r!t)_ Po zgpw_ po)- %Z
- a
gHg o Jo(XN)Y, (xr, ) - I, (xr, )Y, (xr) dx U
& p?a JZ(xr,,) +YZ2(xr,) XH (A1)
+ CCy - Co)
1- c/c,
& 2% . J ()Y, (xr,)- I, (xr,)Y,(xr) dx U
+ £ Xt Yo o) w o w/ o I
ARy NW)IY6) X
where
=K (A-2)
Cf
o = DRTK,, (A-3)
Deffo
c, = D (A-4)
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