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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

The work reported herein examines methods for determining in-situ rock strength
in the earth, keying on work by Hareland reported in his thesis [1992], a report by Hunt,
Hoberock, and Hareland to the Gas Research Institute [1992], and in a paper by Hareland
and Hoberock [1993]. While the results presented here do not disagree with those
presented by Hareland, this work investigates possible improvements in order to more
closely determine rock strength.

Hareland developed a procedure to predict minimum principal in-situ stress using
typically collected drilling data. This procedure is for use in designing hydraulic fracturing
treatments for gas well stimulation in low-permeability reservoir rock called "tight gas
sands". If the procedure could be reliably applied in the field, expensive fracturing stress
tests would no longer be needed.

Several investigators, including Hareland and Hoberock [1993], Winters et al.
{1987], Warren [1987], and Pessier and Fear [1992], have studied rock strength
determination from drilling parameters. Warren [1987] developed the rate-of-penetration
model used by Hareland and Hoberock [1993], and Winters et al. [1987] continued
Warren's work by further developing the model to account for rock strain. While highly
developed, these models require coefficients which can be difficult to obtain. Pessier and
Fear [1992] elaborated on a method proposed by Teale [1965] that requires only one
empirical coefficient, together with measured drilling data.

The procedure outlined by Hareland and Hoberock [1993] uses a penetration rate

model for drilling with a tri-cone roller bit to determine ultimate in-situ compressive rock



strength, given knowledge of drilling data. In-situ compressive rock strength is the stress
at failure of the rock formation, as drilled. Compressive rock strength is a function of
effective confining pressure and can be used with a plane strain assumption to obtain the
Mohr failure envelope for the drilled formation. The angle of internal friction can then be
determined from the Mohr failure envelope and used to calculate a "coefficient for earth at
rest", denoted by K. Given overburden (vertical stress) and pore pressure, K, can be
used to calculate an upper bound on the minimum horizontal stress for each foot drilled.
Hareland and Hoberock [1993] achieved good results with this procedure on four
experimental wells drilled by the Gas Research Institute, Chicago, Ill. These wells were
named SFE (Staged Field Experiment) Nos. 1, 2, 3, and 4. The procedure has been
codified by the author in a computer program, PREDICT, and is included in Appendix A.

Hareland and Hoberock emphasized that differential pressure, P,, defined as the
difference between bottom-hole bore hole pressure and pore pressure, is an important
factor in both the "chip hold-down effect” and in rock strength calculations. As defined by
Hareland and Hoberock [1993], the chip hold-down effect arises because the actual
pressure difference across a drilled chip under the bit must be overcome before the chip
can be removed by the circulating drilling mud and bit teeth. Hareland and Hoberock

presented a best estimation of P, as

P. = Py, for impermeable formations (1.1)
and
P, = Pg - P}, for permeable formations (1.2)
where
Pgp = pressure applied to the bottom of the well bore due to
the mud column weight and annular flowing friction, psi
P, = pressure exerted on the rock formation by the rock pore

fluid (pore pressure), psi



These equations ignore dynamic effects of fluid movement and also assume that all
formations can be classified as either permeable or impermeable, a difficult classification to
implement in practice. Assuming the true differential pressure effect occurs over
approximately the same depth interval as a bit tooth penetration, dynamic influences may
play a significant role in differential pressure effects. Therefore, in the study herein, it was
decided to study the dynamic effects of differential pressure on drilling.

Equations (1.1 and 1.2) are oversimplified models of differential pressure. In
Hareland and Hoberock's paper [1993], impermeability is defined according to Warren
[1985] as "... a permeability sufficiently low that negligible pressure equalization between
pores occurs over the time period in which the rock is being deformed.” Given this
definition for impermeable formations, all other formations were considered permeable.
The question then arises, "are there better models for differential pressure?".

By using (1.1) to model differential pressure for impermeable formations, Hareland
and Hoberock effectively assume that when formation overburden pressure is replaced by
lower mud column pressure during drilling, the formation expands enough to reduce to
zero any residual pore pressure in the formation near the bit. Equation (1.1) also assumes,
by definition of impermeability, that no communication occurs between near-bit pore fluid
and pore fluid remote from the bit. Accordingly, near-bit pore pressure in (1.2) is
assumed to reduce to zero as a formation becomes impermeable, resulting in (1.1).

Pore pressure near the bit is believed to affect the drilling rate of penetration, R,
[Warren and Smith, 1985], one of the measured variables in the penetration rate model
used by Hareland and Hoberock. Warren and Smith proposed a method for determining
near-bit pore pressure in impermeable formations through elastic strain theory. Warren
and Smith's approach was assumed to offer advantages over Hareland and Hoberock's,
which assumes near-bit pore pressure is zero, because a physical theory is provided,

together with a method of determining pore pressure directly.



Equation (1.2), for differential pressure in permeable formations, assumes
sufficient permeability such that pore pressure near the bore hole equals far-field, or
remote, pore pressure. This equation also assumes negligible communication between
drilling fluid and formation fluid, such that pressure equalization across a drilled "chip”
does not occur. This assumption may introduce error because during mud cake formation
on the bottom of the hole, the build-up of drilling fluid solids may have an associated
"spurt loss" [Bourgoyne et al., 1986]. Spurt loss is the loss of drilling mud filtrate to the
formation during initial mud cake build-up. In some cases, spurt loss could be significant
enough to cause pressure equalization across a drilled chip, yielding zero differential
pressure.

One complication in Hareland's [1992] method is that no means are available to
handle zero differential pressure. His mathematical expression describing chip hold-down
becomes indeterminate for differential pressures below 120 psi and, therefore, does not
account for zero differential pressure. Any differential pressure calculated to be less than
120 psi is reset to 120 psi. This was dictated by the absence of laboratory drilling data for
differential pressures below 120 psi.

As noted above, Hareland and Hoberock's approach may encounter difficulty in
implementation. Considering the degree of empiricism involved with the chip hold-down
and differential pressure effects, as well as the degree of uncertainty in the bit coefficients,
a simpler approach might be more practical. Teale [1965] and Pessier and Fear [1992]
developed an approach for determining the minimum specific energy for drilling, which is
the minimum energy required to remove a unit volume of formation, and determined that
this energy approximates the compressive rock strength of the given formation. The study
herein further develops Pessier and Fear's approach to utilize a common drill-off test to
determine rock strength.

The following work addresses each of the problems mentioned above. Chapter II

develops a mathematical model of the dynamic drilling effects on differential pressure and



presents results from solutions of this model. Chapter III investigates the assumptions of
(1.1) and (1.2) by proposing alternate methods for determining pore and differential
pressure and comparing the resulting in-situ stress bounds to Hareland and Hoberock's
results. Chapter IV develops an alternate method for determining in-situ rock strength,
based on the work of Teale [1965] and Pessier and Fear [1992]. Conclusions and

recommendations are given in Chapter V.



CHAPTER I

DYNAMIC DRILLING EFFECTS ON
DIFFERENTIAL PRESSURE FOR

PERMEABLE FORMATIONS

Drilling is a dynamic process in which several events take place. Primarily,
formation is removed through the combined action of bit tooth penetration and drilling
mud circulation. As a result, overburden pressure on the drilled formation is removed and
replaced with smaller pressures due to drilling mud. A secondary event which may occur
is formation, or pore, fluid flow toward the borehole, or drilling mud or mud filtrate flow
into the formation as a consequence of unequal pressures. Such flows would occur over
a finite time while drilling continues. The velocity of flow would affect the dynamic pore
pressure seen by the formation in the near-bit region as the hole is drilled. In turn,
dynamic pore pressure affects differential pressure and, therefore, rock strength
calculations. It seems appropriate to determine if dynamic effects due to fluid flow are
significant enough to affect Hareland and Hoberock's [1993] static approach to differential
pressure.

To assess dynamic effects on differential pressure, a one-dimensional
approximation, illustrated in Figure 2.1, to a three-dimensional phenomena was developed.
A one-dimensional model seems reasonable since the distance of interest ahead of the bit is
typically small compared to the hole diameter. We assume that the fluid properties of the
mud filtrate and formation fluid are the same. For one-dimensional flow, the continuity

equation for a permeable media reduces to [Peaceman, 1977]
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Figure 2.1 One Dimensional Dynamic Flow Model
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where
X = direction into the formation, perpendicular to the hole bottom, with
origin fixed in the borehole
Py = mud filtration or formation fluid density
v = mud filtrate or formation fluid velocity in the x-direction
) = porosity of formation

The velocity of the filtrate or formation fluid is determined according to Darcy's Law
[Hubbert, 1969] as

()

where



u = mud filtrate or formation fluid velocity

P(x,t) = pressure in formation fluid or mud filtrate

k = permeability of formation

) = absolute viscosity of formation fluid or mud filtrate

Overburden pressure is usually on the order of 1.0 psi/ft., while pressure due to the mud
column may typically be on the order of 0.5 psi/ft. Many of the tight gas sand reservoirs
are over 10,000 ft deep, giving a difference in pressure between overburden and mud
column of 5,000 psi, or larger. Given this pressure environment, formation fluid is

modeled as a compressible fluid, relating fluid density to pressure by [Nobles, 1984]

p1=poe B 24
where

Py = nominal pressure

Po = fluid density measured at Py

c = compressibility of the fluid, assumed constant

The appropriate derivatives in (2.2) are

f;% — poceBR) % (2.5)

—%’1? = pocec(P‘ ~£) -%1— (2.6)
and

2o @) o

ox  ox\ u\ dx

Upon substitution, (2.2) becomes

TR

C(R—Po)ﬁ (28)

=~ gpoee”F R 2

Now, combine terms and assume k and p are constant to obtain

k(@B k(PR A
S5 G2 -




Because c is quite small, the first term on the left of (2.9) is negligibly small compared to
the second. Hence, (2.9) may be reduced to

—E% = @%‘ti (2.10)
Now let us recast this problem as a moving boundary problem. Let z represent distance
into the formation, with the origin at the moving hole bottom, such that
z=x-Rt (2.11)
where R is the rate-of-penetration, assumed constant. Then, for (2.10), we have
bO(E 0\ T 20 F) .12
M OZ\ 8z 0% ) Ox
where
P(x,1)= P(z,1)
Using (2.11) the appropriate derivatives in (2.12) are
oz

=1 2.13
ox 13)
oz

“Z=-R 2.14
a (2.14)

Substitution in (2.12) yields

kP _ (@ﬂ_ Rﬁ) 2.15)
U 52> ot oz
Rearranging yields

-5-2-£+£—@=l§ (2.16)

ﬁzz axdz addt

where

o=— 2.17)
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For time approaching infinity the steady-state equation for (2.16) may be determined by
setting

—013—0 t=> o 2.18
at ? ( )

which then gives

d2P RdP
—d—-zi— ;E"O (2.19)

Integrating twice yields

R
P=¢ +c1e‘{;z) (2.20)
In order to evaluate the two integration constants, c; and c,, the boundary conditions
must be specified. At the bottom of the hole, z = 0, the pressure is the bottom hole mud
pressure, such that P(0) = Pg. We take as a second "boundary" a muitiple n of the bit
diameter, D, at which we set the pressure equal to the in-situ pore pressure, Py, such that

P(nD) = Pg. Then (2.20) becomes

P= - ( b J (2.21)
I-e \ @
where
Pg  =bottom hole pressure due to mud column weight and frictional pressure
Pr = pore pressure remote from the bore hole
n = multiple of the bit diameter
D = bit diameter

The differential pressure drop through distance z ahead of the bottom hole is then given by
A(z) = Py - P(z) (2.22)
We are primarily interested in the pressure drop across the thickness, h, of a rock chip

because this is the distance of concem in rock strength calculations. While chip
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thicknesses vary considerably, for the results that follow we select a value of h = 0.10
inches as typical. Then, setting z= h and using (2.21) in (2.22) gives

%)
A(h)=(Pg - PR)’I‘i'ED_ (2.23)
1- e—(TJ

In order to use units in (2.23) that are commonly used in practice, we introduce a unit

conversion constant, y, which for (2.23), yields

A 1—e—(g§) s
By {#2) @24
l1-e

a

where
A(h) = change in pressure over depth h, psi
R = rate-of-penetration, ft/hr
Pr = pore pressure remote from the borehole, psi
nD = multiple of bit diameter, inches
k = permeability, md
7 = absolute viscosity of formation fluid, cp
i) = porosity, decimal fraction
c = compressibility, 1/psi
] = conversion factor, 316 (Ibf md hr)/(ft in3 cp)
o = k/(uc), md psi/ cp

Observe that, as nD approaches infinity, (2.24) becomes

AR) l_e-(—‘;"?—k]
Pz - Pr ’

nD = (2.25)

Also, note that in the case where no drilling occurs, R = 0, (2.24) reduces to the static

pressure drop case, namely
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A (2.26)

A computer program, DYNAMIC, was written to solve (2.24), such that the
sensitivity of (2.24) to variations in important parameters could be determined. Nominal
values for ¢, c, and p were set at 0.10, 0.0001 1/psi, and 1.0 cp, respectively, which
represent a typical tight gas sand formation, with water as the formation fluid.
Permeability was allowed to range from one microdarcy to one millidarcy, again typical
values for a tight gas sand formation. The value of nD is somewhat arbitrary, so nD was
allowed to range over several orders of magnitude to determine the effect on A(h), and in
the limit nD approaches infinity. The computer program DYNAMIC is given in Appendix
B, while the results are shown in Figures 2.2-2.4.

Figures 2.2-2.4 present results for A(h) over a range of typical penetration rates
used in drilling tight gas sand formations, with 40 fi/hr representing an exceptionally high
maximum for most deep hole drilling. The results illustrate that dynamic differential
pressure varies over this range and approaches Hareland and Hoberock's [1993] static, or
maximum, differential pressure with increasing penetration rate. Also apparent from the
figures is the decreasing effect of nD as nD increases. In fact, for values of n larger than
5, the effect of increasing nD is negligible.

The effect of permeability on dynamic differential pressure can be more easily
understood by defining a new term, vy, , as the formation fluid velocity at a distance h.

Rewrite (2.25) as

v
Ak |, ("J‘h} (2.27)
Pp-FPR
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Vg = —=———=1formation fluid velocity at distance h, fi/hr (2.28)

The ratio of vy/vg, determines how quickly the dynamic differential pressure approaches
the maximum differential pressure, Py - Py (assumed by Hareland and Hoberock) as a
function of R. As vp/ug, increases, the bottom hole advances increasingly faster than the
mud filtrate, and A(h) approaches Py - Pg. Equation (2.28) shows that as k decreases, so
does vg,, allowing less time for the borehole fluid to reach the chip depth h. This results
in A(h)/(PR-PR) approaching unity at lower penetration rates as k decreases. In extremely
permeable formations, with k large, vg, will be much larger than vy, at all penetration rates
of interest, and A(h) will approach zero. Available time did not allow testing the effect of
dynamic differential pressure calculations on in-situ stress bound calculations. Since
confined rock strength decreases as A(h) decreases, this explains why unconfined "strong",
but permeable rocks can be drilled faster than unconfined equally "strong", but less
permeable rock.

We observe from Figure 2.4 that for rock with permeability of a few microdarcy or
less, and for penetration rates of 10 fi/hr or greater, the dynamic differential pressure
equals the maximum differential pressure Py - Py, as assumed by Hareland and Hoberock.
However, for rock with permeability greater than a few microdarcy at virtually ali
penetration rates, and for penetration rates less than 10 ft/hr at microdarcy or greater
permeability, the dynamic differential pressure is significantly less than the maximum
assumed by Hareland and Hoberock. Accordingly, for many cases of practical interest in
tight gas sands, Hareland and Hoberock's approach uses a confining pressure that is too
large, resulting in a predicted rock strength that is too low. This may explain why
Hareland and Hoberock's in-situ stress bound prediction for permeable formations

generally do not closely match experimental field stress test data. The newly defined



formation fluid velocity, vg,, can be used to determine when Hareland and Hoberock's
model is appropriate. Their model can be assumed an appropriate representation of

dynamic differential pressure as vg, becomes small compared to penetration rate.
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CHAPTER II

STATIC DIFFERENTIAL PRESSURE FOR
IMPERMEABLE AND PERMEABLE

FORMATIONS

An Alternative Estimate of Near-Bit Pore

Pressure for Impermeable Formations

For impermeable formations, Hareland and Hoberock [1993] assume that effective
differential pressure, P, equals bottom hold mud pressure, Pg. Effectively, this assumes
that as the overburden formation pressure is replaced with pressure due to hydrostatics of
the drilling fluid and flowing fluid friction, the formation expands sufficiently to reduce
pore pressure, P, to zero near the bit. While the pressure on the bottom of the hole due
to the drilling fluid weight and flowing friction can be less than half of the overburden
pressure, the fluid pressure may nevertheless be sufficient to prevent P, from reducing to
zero. This would invalidate Hareland and Hoberock's assumption, and it seemed
appropriate to check this phenomenon with a more detailed analysis than they provided.

Warren and Smith [1985] performed a theoretical study of near-bit pore pressure
using a finite element program assuming linear elastic formation behavior, along with
equations relating effective stress, 6, and pore pressure, Pp, They neglected all dynamic

effects. According to Nur and Byerlee [1971], effective stress is given by
Op =0—[1-Kp /KPP, (3.1)

18
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where
c = stress in any direction
Ky  =bulk modules of formation
Kg = bulk modules of formation at zero porosity
Pp = pore pressure

Warren and Smith [1985] state that Ky/K is typically sufficiently small that (3.1) becomes
O, =0-F, 3.2)

van der Knaap [1959] showed that the bulk volume of a porous rock is a function of the
change in mean effective stress, AG,, where mean effective stress, a,, is calculated as

—_ 01+ 09 + O
a, =—-1——32-—§-—Pp (3.3)

where o3, 1= 1,2,3, is one of the three principal stresses. As pressure is relieved from the
formation, the pore volume increases and Py, decreases, assuming an impermeable
formation. Using an equation derived by Geertsma [1957], Warren and Smith [1985]

developed a relationship between change in pore pressure, AP, and A, as

APy = (ep~cr)Ao, (3.4)
#Cy +[Cb ”'(1+ ¢)CR]
where
APp = change in pore pressure
Ch = bulk rock compressibility
cg = rock matrix compressibility
Cw = pore fluid compressibility
¢ = porosity
Ao, =change in mean effective stress

Given the inter-dependence of o, and Py, an iterative solution approach was employed by
Warren and Smith. To use an iterative approach, suitable initial conditions must be
provided. Take o) in the vertical direction and assume it equal to the overburden

pressure, using a "nominal" gradient overburden of 1 psi/ft, to obtain

o1 =0y = [1.0 psi/ft][Borehole depth (f)] (3.5)
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Take o, and & in horizontal directions and assume a linear elastic isotropic material with
equal orthogonal principal stresses, employing a "nominal" horizontal stress gradient of
0.7 psv/ft, to obtain

Oy = 03 = 6 = [0.7 psi/ft][Depth (ft)] (3.6)
An initial value for P, is taken as a typical salt water gradient times depth, given by
P, =[0.47 psi/f][Depth (f) ] M)
After the overburden is replaced by the mud column, o, becomes
here o1 = [Mgl[Depth ()] (3.8)

Mg = mud gradient, psi/ft
With these initial conditions, &, was allowed to change according to (3.3), and Py
changed according to

P,=P,+ AP, (3.9)
where AP, is defined in (3.4).

Given these initial conditions, and assuming M;=0.47 psi/ft, Warren and Smith
determined that P at a distance of 0.11 inches into the formation from the center of the
borehole would reduce to 1400 psi, or 30 percent of its initial value at a depth of 10,000
ft. This result is contrary to Hareland and Hoberock's assumption of zero pore pressure.

In order to employ Warren and Smith's approach to determine bottom hole pore
pressure for impermeable formations, neglecting dynamic effects, a one-dimensional
approximation to three-dimensional effects was made. This was necessary because a fully
developed three-dimensional finite element program would require a prohibitive amount of
computing, given that the computation would be necessary for every foot drilled in a given
well. Therefore, a single-element (S.E.) model to approximate near-bit pore pressure at
the center of the bore hole was developed. The initial conditions used were those given by

Warren and Smith
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G1. =o( =[1.0 psi/ft][Borehole depth (ft)]
o1+ = Mg][Depth]

P,. =[0.47 psi/ft][Depth]

02 = 03 = o = [0.7 psi/ft][Depth ()]

— 0‘1_+O’2+O‘3

Cp_ = 3 P,

AG,; = Got — Co-

In the nomenclature above, a subscript negative sign indicates values before overburden
removal, and a positive sign indicates values after overburden removal. Only &, and P,
were allowed to change, as determined by (3.3) and (3.9). The resulting algorithm for
solving for near-bit pore pressure is as shown in Figure 3.1. The results from the single-
element model were then compared with the results reported by Warren and Smith for the
center of the bore hole, shown in Table 3.1 and Figures 3.2-3.4 where r/1y is the ratio of
radius to maximum hole radius. Considering the crude grid size of the model, the single-
element model shows remarkably good agreement, with typically ten percent or less
deviation from the results of Warren and Smith. The computer program EXPAND
developed for the single-element model is given in Appendix C.

The single-element program was then inserted as a subroutine in PREDICT
(Appendix A), replacing the Hareland and Hoberock's assumption of zero pore pressure
for impermeable formations. Data collected during the drilling of SFE#2 was used to
calculate an upper bound on in-situ stresé. The necessary formation properties were
obtained from the topical report on SFE#2 provided by Gas Research Institute (GRI)
[1990], and the initial pore pressure gradients for the entire well depth were provided by
Ercill Hunt and Associates [1991] and are shown in Table 3.2. The resulting newly

calculated upper in-situ stress bounds, labeled "Non-zero P, Expansion" as well as
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Figure 3.1 - Iteration Procedure for Pp Determination Using
the S.E. Model



TABLE 3.1

COMPARISON OF RESULTS OF WARREN AND SMITH [1985]

TO THOSE OF SINGLE ELEMENT MODEL
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Ppg (psiff)

0.47
0.47
0.47
0.47
0.47
0.832
0.832
0.832

My (psi/ft

0.47
0.47
0.47
0.57
0.67
0.78
0.832
0.884

Depth (ft)

5,000
10,000
20,000
10,000
10,000
10,000
10,000
10,000

Warren/Smith  S.E.Model

(psi)

700
1,400
3,000
2,000
2,800
0

450
770

(psi)

680
1367
2740
2034
2700
58

405
752

%Error

29
24
8.7
-1.7
3.6
10.0
23
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TABLE 3.2

PORE PRESSURE GRADIENT FOR SFE#2

Depth (ft)

0 to 8,000
8,000 to 8,800
8,800 to 8,900
8,900 to 9,000
9,000 to 10,163

Pore Pressure Gradient (psi/ft)
0.46

0.46 + 0.04(Depth - 8,000)/1000
0.44

0.46 + 0.04(Depth - 8,000)/1000
0.50

Provided by Ercill Hunt and Associates
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