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Abstract Drilling experiments in rock blocks subjected
to pre-existing true triaxial far-field stresses simulating real
in situ conditions often result in localized failure around the
created borehole, which brings about the formation of
borehole breakouts. In weakly bonded quartz-rich porous
sandstones breakouts take the form of narrow tabular (slot-
like) openings extending along a plane perpendicular to the
maximum applied-stress direction. Scanning electron
microscopes images of failed boreholes strongly suggest
that these breakouts are compaction bands that have been
emptied to different extents. The bands form as a result of
the stress concentration accompanying the creation of the
borehole. The evacuation of the compaction bands is
brought about by the circulating drilling fluid flushing out
debonded and often fragmented grains from within these
bands (Haimson and co-workers, 2003—-2007). The objec-
tive of this paper is to predict the conditions under which
compaction bands are formed around boreholes. To this
end, a new analytical model is formulated that enables
prediction of the stress field around emptied and filled
compaction bands, the various factors affecting the
breakouts lengths, and their final length. Good agreement
of the developed analytical model with experimental
results obtained by Haimson and co-workers (Haimson and
Klaetsch in Rock physics and geomechanics in the study of
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ARMA/NARMS 04-484, 2004) is demonstrated. The pre-
sented study is of practical relevance: boreholes are often
drilled deep into weak porous sandstone formations for the
purpose of extracting oil and gas, and the question of
borehole stability is crucial. In addition, borehole breakouts
are often used to estimate the state of stress in the Earth’s
crust, and our new formulation will help improve these
estimates.
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1 Introduction

Boreholes drilled into the Earth’s crust for facilitating the
extraction of water, oil, natural gas, geothermal steam, or
for enabling geophysical observations, can reach depths of
several kilometers, where in situ stresses are high and rock
formations can be rather weak. During or immediately after
drilling, boreholes often develop ‘breakouts’ that form as a
consequence of stress-induced rock failure. Breakouts ini-
tiate at the borehole wall, at points subjected to the highest
compressive stress concentration resulting from the pre-
existing far-field in situ stress. Field observations and
laboratory test results have supported theoretical findings
that in vertical boreholes breakouts are aligned with the
direction of the minimum horizontal in situ stress, g3 along
which the maximum tangential compressive stress prevails
[8, 12]. To date, numerous vertical boreholes (in particular
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oil-field wellbores) have been logged and their breakout
orientations used to estimate regional principal in situ
stress directions, rendering them a major contributor to the
World Stress Map [29]. In addition, it has been shown that
definite correlations exist between borehole breakout
dimensions and in situ stress magnitudes in laboratory rock
samples [15, 33]. Vernik and Zoback [37], Brudy et al. [3],
and Haimson and Chang [11] successfully utilized logged
breakout spans and known rock criteria of failure to esti-
mate the maximum horizontal in situ stress, ¢, in the deep
scientific holes of Cajun Pass, California and KTB,
Germany.

A comprehensive analysis of different theoretical,
numerical, and experimental approaches analyzing bore-
hole instability leading to breakouts in rocks is provided by
Germanovich and Dyskin [7]. Haimson [10] reviews sev-
eral distinct grain-scale failure mechanisms that bring
about borehole breakouts based on microscopic observa-
tions of specimens tested in the laboratory. He distin-
guishes between two major types of breakouts. In granite,
limestone, and well-cemented arkosic sandstone, critical in
situ stresses lead to the development of intra- and trans-
granular densely-spaced dilatant microcracks behind the
borehole wall along the o3 springline. The microcracks
create thin rock flakes that are too slender to support the
prevailing compressive tangential stress. They buckle and
fall out in sequential order giving rise to V-shaped (dog
eared) breakouts.

However, in medium to high-porosity (10-30%) quartz-
rich sandstones, which typically have weakly suture-bonded
grains, borehole failure takes the shape of narrow slot-like
breakouts extending along the direction of ¢3. Experimental
evidence suggests that the high concentration of compres-
sive stress along the o5 springline brings about the
debonding of a narrow band of grains and its subsequent
compaction, often accompanied by grain splitting and
shattering [13, 14, 16, 31]. This compacted zone is
remarkably similar to the recently recognized geological
structure named compaction band or ‘CB’ [26]. The loos-
ened grains and fragments are sequentially removed to
various degrees from the CB by the circulating drilling
fluid, creating the slot-shaped breakout. Hence, these
breakouts can be considered emptied CBs.

Haimson and Kovacich [14] and Sheets and Haimson
[31] investigated the effect of different drilling parameters
on the occurrence of slot-shaped breakouts in high-poros-
ity, quartz-rich Berea and Mansfield sandstones. One of
their observations was that breakout length is directly
correlatable to the magnitude of ¢; under otherwise iden-
tical far-field stress and drilling conditions. Similarly,
higher flow-rates of the circulating drilling fluid improve
the efficiency of the CB loosened grain removal, thus
extending breakout length. Hence, breakout length and
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circulating fluid flow rate are also correlatable. The two
extreme cases, one of totally emptied CB, and the other of
practically un-emptied CB, are characterized by disparate
stress fields [22, 23]. Specifically, the stresses at the tips of
completely emptied and those of un-emptied CBs are dif-
ferent. Therefore the character of their propagation and
thus their final length is also dissimilar.

Compaction bands (also as associated with slot-like
breakouts) in medium to high-porosity quartz-rich sand-
stones were studied theoretically by Katsman and
coworkers [20-23]. Different compaction patterns, i.e.,
localized, diffuse, and distributed compaction were mod-
eled numerically, successfully reproducing results of Klein
et al. [25], Olsson [28], Issen and Rudnicki [17, 18], and
Baud et al. [1]. Katsman et al. [20] showed that the dif-
ferent patterns were controlled by the degree of heteroge-
neity in the host rock, while the nucleation of compaction
fronts was driven by the existence of a stiff experimental
end cap and the resulting spatial contrast in elastic
properties.

The nucleation of CBs near defects of different nature,
like cracks, notches [34-36], and previously created CBs
was also modeled numerically in [21], and results were
found to be in agreement with experimental observations.
The theoretical and numerical analysis showed that the
compaction process is initiated by compressive stress con-
centrations. Such stress concentrations exist in the vicinity
of defects. In particular, CBs emanate from highly stressed
tips of cracks or notches. Katsman et al. [22] proposed to
characterize CBs as a localized volume reduction (LVR)
feature resulting from the localized plastic strain caused by
irreversible grain crushing and porosity reduction produced
by mechanical compaction, and numerically calculated the
stress in the vicinity of such an LVR defect. An analytical
solution, based on the Eshelby [5] transformation problem
formulation, was developed by Katsman et al. [23] and
found to be in agreement with the earlier developed
numerical model [22]. It was found that the source of the
stress enhancement at the CB tips is the geometrical
incompatibility of the created CB with the surrounding
matrix (rather than stiffness loss as in cracks).

This paper describes a new analytical model (built upon
our previous works [22, 23]) that was developed in order to
study the stress field around emptied and filled CBs ema-
nating from boreholes, and determine factors affecting final
breakouts lengths. It is shown that rapid growth of empty
defects, like cracks or emptied CBs, is the result of the
inability of these defects to carry the applied load under
either compression or extension. This enables the stress at
their tips to grow rapidly as the defects elongate. In con-
trast, filled volume reduction defects, like un-emptied CBs,
do transmit the applied load and are characterized by
constant tip stress (similar to the one developed by edge
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dislocations), and thus there is no reason for rapid defect
lengthening. Good agreement of the developed analytical
model with the results of the experiments of Haimson and
co-workers [13, 14, 24, 31] is clearly demonstrated in the
following. We propose that our new model enables corre-
lation between the length of CBs, the loading conditions,
and the extent of CB emptying.

2 Summary of experimental work
2.1 Experimental setup and procedure

The laboratory drilling experiments carried out at the
University of Wisconsin have been described in detail by
Haimson [9]. They involve drilling central vertical holes
(normally 20 mm in diameter) in rock blocks, typically of
size 150 x 150 x 230 mm. The blocks are drilled through
while subjected to preset true triaxial far-field stresses
generated by compressive loads applied to their surfaces,
such that the vertical (¢,), and the maximum and minimum
horizontal principal stresses (¢, and g3) are all unequal and
of magnitudes replicating typical field conditions. Drilling
fluid (usually tap water) is circulated at a prescribed flow
rate through the borehole as it is created. This fluid evac-
uates the chips and debris created by the drilling operation.
When breakouts are induced during drilling, the circulating
fluid flushes out debonded grains and fragments from
within the breakout. At the conclusion of drilling the
borehole is immediately filled with epoxy to preserve
borehole wall conditions. Cross sections of the tested
blocks are then studied to establish whether breakouts were
formed, and if so, to determine their geometry and orien-
tation. Optical and scanning electron microscopes (SEM)
are used to observe the grain-scale mechanism leading to
breakout formation.

2.2 Rock types and experimental results

In this paper, we concentrate on two series of tests, one in
Berea sandstone (abbreviated here as BS), in particular the
high porosity variety, and one in Mansfield sandstone
(abbreviated here as MS). Both rocks have porosities in
excess of 20%, are quartz-rich, with grains that are pre-
dominantly bonded by weak suturing and by little, if any,
cementing material. Table 1 presents some physical and
mechanical properties of these rocks as determined in our
laboratory.

Detailed results of the drilling experiments have been
published before [14, 31]. Generally, breakouts in both
rocks were slot-shaped and only several grain diameters
wide, and extended along a plane perpendicular to the
maximum stress o, (Figs. 1, 2). In this paper, we focus

Table 1 Physical and mechanical properties of Berea and Mansfield
sandstones

Berea sandstone Mansfield
(BS) sandstone (MS)

Properties

Mineral composition Quartz 80%,

feldspar 12%

Sutured grain

Quartz 90%,
mica 7%

Primary grain bonding Sutured grain

contacts contacts

Uniaxial compressive 24.6 MPa 19.3 MPa
strength

Brazilian tensile strength 1.7 MPa 1.1 MPa
Rock cohesion 11.0 MPa 8.4 MPa
Internal friction angle 33¢ 41°
Porosity 3D 25% 27%
Porosity 2D 28% 22%
Porosity 2D after comp. 12.7% 17.9%

Poisson ratio 0.25 0.25

Band’s half-width after 1.65 mm 1.15 mm
compaction, h

Young’s modulus 9.24 GPa 9.6 GPa

Grain diameter 0.5 mm 0.24 mm

Borehole radius 11.5 mm 11.5 mm

AP excess fluid pressure 0.4 MPa 0.4 MPa

only on some of the experimental results in these two
rocks, those concerning the formation of breakouts that can
be viewed as un-emptied or filled CBs (Fig. 1a), and at the
other extreme slot-like breakouts that are practically fully
emptied CBs (Fig. 2a). These two kinds of defects are
reviewed in the following section.

3 Breakout geometry

Two general end-member types of experimentally observed
breakouts (out of the three described below) are analyzed
analytically:

1. Un-emptied CB emanating from a borehole (Fig. 1)
This type of breakout is created under conditions of
very low fluid flow rate (0.01 L/s, as in [14]) at the
locations given in Fig. 1. The low flow rate is
insufficient to evacuate the compacted and loosened
grains from the created CB into the borehole.
Although, typically, there is going to be a trace of
breakout even when the drilling circulating fluid is
ineffective (Fig. 1a), sufficiently low flow rate can be
modeled as incapable of evacuating the compacted and
loosened grains from the created CB into the borehole.
Such a breakout can also be created by using heavy
drilling mud instead of water, as in Sheets and
Haimson [31], Figs. 11c, 12. In this case, the thin
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Fig. 1 Un-emptied compaction band (CB) emanating from a bore-
hole a in a macro photograph of a cross section of tested Mansfield
sandstone showing just a hint of a breakout, signifying an un-emptied
CB. The CB is not seen as it requires high magnification photomi-
crography (see for example Haimson and Klaetsch [13]); b CBs as
simulated by model. R is the borehole radius, L the length from the
borehole center to the breakout tip, ¢ the breakout length, and ¢, and
o3 are the principal stresses applied to the tested specimen. The (X,Y)
coordinate origin is positioned at the borehole center. The (x, y)
coordinate origin is positioned at the compaction band tip

Fig. 2 Emptied compaction bands emanating from a borehole a as
seen in cross section of tested Mansfield sandstone and b as simulated
by model. R is the borehole radius, L the length from the borehole
center to the breakout tip, c¢ the breakout length, and ¢; and o5 are the
principal stresses applied to the tested specimen. The (X, ¥)
coordinate origin is positioned at the borehole center. The (x, y)
coordinate origin is positioned at the compaction band tip
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layer of drilling mud, referred to as “mud cake”,
creates a nearly impermeable lining that prevents the
removal and evacuation of compacted and loosened
grains from the CB into the borehole ([31], Fig. 14a).
Thus, under these conditions, the CBs remain filled
with compacted and loosened grains.

2. Emptied CB emanating from a borehole (Fig. 2). Under
conditions of high flow rate (such as 0.06 L/s, asin [14],
Figs. 8, 9c), the circulating fluid can be modeled as
immediately evacuating all the compacted and loosened
grains created within the CB, thus creating a slot-like
empty CB emanating from the borehole (Fig. 2a). This
is, of course, an idealization since commonly we observe
some loosened and cracked grains ahead of the breakout
tip even in such situations (example in Fig. 14b, [31]),
but the length of this zone as compared to that of the
created breakout is usually negligible.

3. Partially emptied CB emanating from a borehole. At
intermediate flow rates only a fraction of the com-
pacted and loosened grains are removed from the
created CB. As a result, a part of the breakout adjacent
to the borehole is emptied; however, the rest of the
breakout (located near the tip) remains filled with
compacted and loosened grains (see Fig. 22 in [10]).
This transient case is not considered in the current
study; it will be studied in a separate manuscript which
is currently in preparation.

4 Model

This section describes the analytical models created to
predict the length of both emptied and un-emptied CBs
under different loading conditions.

4.1 Stresses

The variable that determines whether CBs arrest or whether
they progressively lengthen is the level of enhanced
stresses at their tip. The enhanced stress at the tip arises
from a combination of (1) the stress induced by the defect
itself (the un-emptied or emptied CB) and (2) the stress
induced by the presence of a hole (the borehole), which
may be located farther away from the defect tip.

We consider a borehole drilled vertically into the earth’s
crust, parallel to the principal stress ¢,. The other two
principal stresses (o1, o3, Figs. 1, 2) are horizontal and are
specified as loading boundary conditions at infinity. Under
these conditions the strain in the vertical Z direction is
constant, &, = Ow/0z = & = const, where the vertical dis-
placement w is independent of X and Y, the horizontal axes.
In this case, o, and o,, depend only on X and Y, as under
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either plane strain or generalized plane stress conditions
([19], Section 5.3, case vii). Note that plane strain condi-
tions are a sub-case of constant strain conditions under the
assumption that ¢ = 0.

In what follows we analyze the 3D stress field for two
cases (1) un-emptied CB emanating from a borehole, and
case (2) emptied CB emanating from a borehole.

4.1.1 Un-emptied CB emanating from a borehole

The stress at the vicinity of an un-emptied CB is a linear
combination of (1) the stress induced by a borehole under
compression (considered as a “background” stress) and (2)
the stress induced by the adjacent CB (Fig. 1).

1. Stress induced by a borehole under compression:

The state of stress in the X-Y plane in the vicinity of
such a vertical borehole, assuming that the borehole fluid
does not communicate with the pore fluid in the rock, and
that the pore pressure in the rock is constant, can be
expressed by the well known Kirsch equations for a hole in
an infinite plate. These equations for stress around a
borehole were modified by Fairhurst [6] for the case of
plane strain in 3D, and updated to include the effect of pore
fluid pressures. These equations are formulated in cylin-
drical coordinates and presented in [10].

Equation 1 in [10] demonstrates that stresses on the
perimeter of a hole, placed under differential compression,
reach a maximum compressive value in the X-Y plane on
the points that are in an angle 0 = +n/2, from o, (see
Fig. 3 in [10]), in the direction of ¢3. Therefore, based
on both the above statement and the experimental results
[14, 31], we assume from hereon that compaction will
propagate along the o5 direction, and define the direction of
o3 as the X axis (see Fig. 1). We restrict our analysis to
stress evolution along this line, and formulate the equations
in Cartesian coordinates.

The horizontal stress components, a2, and ¢%, induced
by a borehole filled with a fluid with an excess fluid
pressure AP, placed under remote compression, are equal
to those developed for either generalized plane stress or
plane strain 2D problems [10, 19 (Section 10.4), 32]. These
stress components are calculated according to Eq. 1 in
Haimson [10], using # = 7/2 (along the X axis, Fig. 1b):

b o1+ 03 R? o] — 03 R? R
= 1—— ] — 1—-4—+3—
T =T ( 2 2 PR

R2
+ AP (1a)

where R is the borehole radius, L the length from the
borehole center to the CB tip, and ¢, and o5 are the hori-
zontal principal stresses applied to the tested specimen
(Fig. 1b). The (X, Y) coordinate origin is positioned at the
borehole center.

Since it was experimentally observed that CBs ema-
nating from the hole in both Berea and Mansfield sand-
stones had uniform thickness [15, 31], CB thickness
variations are not studied in the current model and stresses
are evaluated along the X axis only.

2. Stress induced by a CB

Following the theoretical and numerical study of Kats-
man et al. [23], the stress in the vicinity of a CB is similar
to that of an edge dislocation. Edge dislocations are con-
structed by insertion of an “extra” plane, of width b (in the
Y direction), into a lattice of atoms (Fig. 3). In a macro-
scopic analogy, a CB is constructed by removing a plane of
width b and length 2¢, from an elastic body (Fig. 3), where

b=2(H - h), (2)

with H defined as the half-width of the CB material before
it underwent compaction, and / is the CB half-width after
compaction, Fig. 4, and Table 1. The plastic strain that
is accommodated by the compaction process within a CB,
b/2H, may be calculated from the porosity reduction that
occurred within the CB, using Eq. 3 in Katsman and
Aharonov [21]:

b ¢init - d)comp

ﬁ - 1 - ¢comp ’ (3)

The width b is thus calculated from Eqgs. 2 and 3 using the
CB thickness, H, and the initial and final porosities, ¢,
and e, (Table 1). Having obtained b, the stress
components around a CB may be calculated using the
formulation outlined in Katsman et al. [23]. Since the

Dislocation; extra plane
of thickness b is inserted.
|

® o oigq
y © e e
I ® ote ° o CB; A plane of
b l ) thickness b is
{ e © ] X y removed.
i o © ©
e o o .i.
| ® e © ©
i

Fig. 3 Compaction band formation interpreted in terms of edge-
dislocations. Edge dislocations are constructed by insertion of an
“extra” half-plane, of thickness b, into an elastic body. In contrast, a
compaction band is constructed by removal of a half-plane of
thickness b from an elastic body
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Fig. 4 Localized volume reduction during compaction band formation in a high-porosity rock. The process is characterized by vertical
shortening (2H before compaction, 24- after compaction), with no lateral shortening (¢ the length of the band before and after Localized volume

reduction)

stresses around a CB are nearly independent of its length
[23] we use the half-infinite approximation:

)
o — _pp 0T X) (4a)
" (2 +22)°
3 2 2
o — pa X (4b)
” (2 + )
u
A= ——— 4
2n(1 —v) (4c)

Here the origin of the coordinates (x, y) is positioned at
the CB tip, Figs. 1b, 2b, where x is defined as x = X-L.

The stresses responsible for the propagation of a CB are
the ones right at the tip of a CB (x = 0). However, the
stress analytically predicted at x — 0 (y = 0) is singular,
similar to the singularity arising at crack tips. To avoid this
singularity [30] one may define the tip stress as the stress at
some infinitesimal distance xy from the CB tip (along
Y = 0), defined as a compactive process zone length, so
that from Eqgs. 4a, b:

. . b
oy (tip) = oy (tip) = A (5)

The choice of xj is discussed in the Appendix.

3. Total stresses around an un-emptied CB emanating
from the borehole

The horizontal stress components at the tip of a CB that
emanates from a borehole are a linear combination of the
(1) “background” compressive stress induced by the
compressed borehole (Eq. 1a, 1b); (2) and the compressive
stress induced by the CB itself (Eq. 5):

b CB
On =00 + 0% (6a)
b CB
Oy =0y, + 0y, (6b)
The vertical stress component ¢, at the CB tip under the
considered constant strain conditions (¢ = const # 0) is a
function of oy, and a,, (Eq. 6): 0, = E¢+ V(O'XX + ayy)

(Eq. 22, Section 5.4, in [19]), while on the macro-scale
Ee=0) — V(O'[ + (73).
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As a result, combining Egs. (1, 5, 6), and the above
basic equations from [19]

B R? b
o, =2v|(0] — 03)F+Ax—0 + 0, (6¢)

4.1.2 An emptied CB emanating from a borehole

In this section, we follow the logic outlined in Sect. 4.1.1
to calculate the horizontal stress components o, and oy,
and the vertical stress component ¢, under constant strain
conditions in the Z direction. Because cracks in extension
and compression produce equivalent stress fields, differing
in signs only (e.g., [22]), we consider empty CBs as geo-
metrically equivalent to slot-shaped cracks under com-
pression. Thus, the horizontal stress components o,, and
ay,y at the tip of a slot-like empty CB adjacent to a borehole
at Y = 0, are equal to stresses near the tip of a 2D Mode I
crack placed under either plane strain (or generalized plane
stress) conditions (Fig. 2):

K;
V2axo’

where Kj is the stress—intensity factor in Mode I loading,
and xj is a compactive process zone length.

For the specific configuration depicted in Fig. 2b, the
stress—intensity factor is formulated in Murakami [27], Sih
[32]:

K; = Fo\VrL, (7b)

F is a tabulated function depending on the loading condi-
tions, and the relation between the borehole radius and the
breakout length.

Further, using Eq. 7a and Eq. 22 (Section 5.4) in [19]
shown above, the vertical stress component is found to be

K;
. =V2
0z = V2 Nz

(7a)

Oxx = Oyy =

+ o) —V(O’l +O'3) (70)

A comparison between Eqgs. 1-6 and 7a—c demonstrates
that the stress field at the tips of the emptied and un-
emptied CBs is completely different.
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4.2 The yield function, f

After establishing the stresses at the tips of the two types of
defects, we predict how long these defects will turn out to
be. When stresses at the tip of the emptied/un-emptied CB
(Egs. 1-6, or 7) attain the critical values specified by an
appropriate yield criterion, compaction will propagate.
Following Tembe et al. [34] and Baud et al. [2], the
material yield function fis assumed to depend only on the
plastic volumetric strain as the rock undergoes inelastic
deformation and work hardening. f is formulated as a
function of the first two stress invariants I; and J5:

11:(UI_PP)+(02_PP>+(U3_PP) (8a)

I = [(61 — )’ +(02 — 03)°+ (03 — 61)2}/

(8b)
6+ 01, + 033 + 0715

and is independent of the third stress invariant [2, 34].
The constitutive model considered here, and in [2, 34],
adopts a yield function of the form:

2
flo) =D o o)

which corresponds to an ellipse centered at (c, 0) with major
and minor semi axes of a and b. The parameters a, b, and ¢
for the yield envelope of the specific rock studied here (BS
and MS) are not available in the literature. Hence, these are
estimated from Baud et al. [2] considering rocks closest to
BS and MS in their quartz contents (these parameters for
Berea and Bentheim sandstones, evaluated by [2], are pre-
sented in Table 2). Parameters a, b, and c relate to A, B, and
C formulated for the Critical State Model in [2], Table 3
(Table 2 here), as A = a/3, B = V/3b, and C = c/3.
Compaction propagation depends on the value of f If
f (a,j) >0, localized compaction is expected to occur,

Table 2 Physical properties and Critical State Model parameters for
Berea and Bentheim sandstones (taken from Baud et al. [2])

Sandstone Porosity Grain Amount a b c
(%) radius of quartz (MPa) (MPa) (MPa)
(mm) (%)
Berea 21 0.13 75 570 114 570
Bentheim  22.8 0.105 95 600 131 654

leading to CB formation; however, if f{g;;) drops below zero
CB propagation is arrested [34]. As the stress field at the
defect tip is responsible for the defect propagation, we
assume that the yield envelope described in Eq. 9 is appli-
cable not only for large specimens (18.4 x 38.1 mm) as in
[2], but also for the smaller scale of a defect tip with
dimensions of process zone length, x,. Further, zooming
into the scale of a defect tip requires that we use the actual
stress components at the tip of a defect (calculated from
Egs. 6 or 7) instead of the macroscopic principal stresses for
which the yield envelope was originally formulated (Eq. 8).
The final step in calculating the CB length is seeking the
point when the yield function (Eq. 9) vanishes: The inter-
section point of the f (g;;) curve with zero will predict the
final breakout length, ¢ (see Figs. 6, 7, 8, 9), since once f
(0;7) drops below zero the CB propagation is arrested.

5 Results

This section compares predictions for CB lengths, calcu-
lated using the analytical model described in Sect. 4, with
the experimental results reported by Haimson and Kovac-
ich [14], and Sheets and Haimson [31]. The experiments
revealed that the breakout length is a function of two
parameters (among other factors):

1. The value of the maximum principal stress, o, for
given g, and a3, studied here only for the case of un-
emptied CBs;

2. The extent of CB emptying. Two end-members of this
parameter are studied here, i.e., completely emptied
CBs and un-emptied CBs. Flow rates required to
produce these two extreme cases of CBs are not
studied in this paper.

The effect of varying these parameters in the model is
analyzed below and compared to the experimental results.
Simulation conditions are presented in Table 3.

5.1 Influence of the maximum principal stress
magnitude, g,

The length of un-emptied CBs (Fig. 1), created experimen-
tally under conditions of very low flow rate (0.01 L/s, [14]),

Table 3 Simulation conditions, theoretical breakout length in comparison with experimental length

Case # Rock type Type of breakout o1 (MPa) g, (MPa) a3 (MPa) Theoretical Experimental
length (mm) length (mm)

1 BS Non-emptied 100 50 40 15.7 13.8

2 BS Non-emptied 90 50 40 9.2 11.5

3 MS Non-emptied 50 40 30 35 35

4 MS Emptied 50 40 30 Infinity 355

@ Springer



158

Acta Geotechnica (2009) 4:151-162

38t - .
—€— cases c-d :

36 ceedee cases a-e e T

Kia

34t
32t _

LR

24+ e
22¢ J

65 70 75 80 85 90 95 100 105

%4

Fig. 5 Results from experiments reported in Haimson and Kovacich
[14] where Berea Sandstone with a drilled borehole is compressed
under various values of applied maximum principal stress ¢, but
identical values of o3 and o,. L/R, the distance from the borehole
center to the breakout tip normalized by the radius, grows with
increasing o;. In cases ¢, d g, = 50 MPa, while in cases a—e
0, = 60 MPa. Cased ¢, d are modeled in the current paper

is compared to theoretical predictions. Experimental results
for these un-emptied CBs demonstrate that increasing o,
leads to creation of longer CBs (Fig. 5). We use our model to
predict un-emptied CB length for two different applied loads:
case (1) o; = 100 MPa, o3 = 40 MPa, and g, = 50 MPa,
and case (2) o; = 90 MPa g3 = 40 MPa, and 6, = 50 MPa.
In both cases, Berea Sandstone (BS) is considered (Tables 1,
3). A yield function f{o;) is calculated for Berea Sandstone
[2], Table 2 here, since it is the rock closest to BS in Quartz
content. For this calculation the process zone length, x,, was
found to be ~8 grain diameters (xo = 2.2 mm) (see the
Appendix for a detailed explanation).

Case 1, an un-emptied CB, applied load o; = 100 MPa,
03 = 40 MPa, and g, = 50 MPa (Table 2). As explained in
Sect. 4.1, ., 0y, and ¢, are calculated from Egs. 1-6 and
plotted on Fig. 6a. The solid line in Fig. 6b is the calculated
yield function f{o;;) (Eq. 9) for Berea Sandstone [2]. Once
f(a;;) drops below zero, CB propagation stops. The predicted
breakout length (Fig. 6b) is ¢ = 15.7 mm (Table 3). The
experimentally measured L/R = 2.2 in Haimson and
Kovacich [14], (their Fig. 10), yields ¢ = 13.8 mm.

Case 2, an un-emptied CB, g; = 90 MPa, 03 = 40 MPa,
and o, = 50 MPa (Table 3; Fig. 7a, b). The procedure we
follow is identical to Case 1 (Fig. 6a, b). The theoretically
predicted breakout length is ¢ = 9.2 mm (Table 3). The
experimentally measured L/R = 2.0 derived from Haimson
and Kovacich [14], their Fig. 10, yields 2¢ = 11.5 mm.

5.2 The extent of CB emptying

Two additional cases are modeled to study the influence of
the extent of CB emptying (emptied/un-emptied) on its final
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Fig. 6 Prediction of the final length of an un-emptied compaction
band developed in Berea Sandstone (BS, Table 1) under specific
applied stress conditions. This figure may be compared to Fig. 7 to
study the influence of the maximum principal stress, oy, on the length
of CB emanating from a borehole (Case 1, see text). The applied
principal stresses are ¢; = 100 MPa, ¢3 =40 MPa, and o, =
50 MPa. The o,,, 0y, and o, are the stress components at the tip
of a CB emanating from a borehole. f is the yield function for
compaction. a The o, o,,, and o, stress components are calculated
from Eqgs. 1-6 and plotted as a function of CB length. b The yield
function f(o;) is calculated from Eq. 9 using stress components
depicted in Fig. 6a and Critical State Model parameters for Berea
Sandstone [2] as closest to BS in Quartz content. Once f(g;;) drops
below zero, CB propagation stops. The predicted CB length is
¢ =157 mm

length. Case (3) is an un-emptied CB (as in Fig. 1; Table 3).
In Sheets and Haimson [31], (see their Figs. 11c, 12), an un-
emptied CB is created using increased drilling-fluid (mud)
weight (1.05). This case is compared to Case (4), where an
emptied CB (Fig. 2; Table 3) was created by Sheets and
Haimson [31]), (their Figs. 8, 9c) under conditions of a very
high flow rate (0.06 L/s). In both cases, Mansfield Sand-
stone (MS) was compressed (Table 1) under far-field
loading conditions, with ¢; = 50 MPa, g3 = 30 MPa, and
0, = 40 MPa (Table 3). For this calculation x, was taken as
1.6 grains (xo = 0.32 mm, as discussed in the Appendix).
The yield function f (o;) is calculated using the Bentheim
Sandstone parameters [2], Table 2 here, since it is the rock
closest to MS in its Quartz content.

In Case 3, an un-emptied CB, o¢; =50 MPa,
o3 = 30 MPa, and o, = 40 MPa (Table 3; Fig. 8a, b), the
procedure for predicting the breakout length is the same as
that described for Cases (1) and (2). Under the applied
loading, o, 0y,, and o, at the tip (Eq. 6) are calculated
and plotted (Fig. 8a), then f(o;) (Fig. 8b) is found from
(Eq. 9). The theoretically predicted CB length (Fig. 8a) is
¢ = 3.5 mm (Table 3). Fig. 12 in Sheets and Haimson [31]
gives experimentally measured breakout length also of
¢ =L-R = 3.5 mm.
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Fig. 7 Prediction of the final length of an un-emptied compaction
band developed in Berea Sandstone (BS, Table 1) under specific
applied stress conditions. This figure may be compared to Fig. 6 to
study the influence of the maximum principal stress, ¢;, on the
length of CB emanating from a borehole (Case 2, see text). The
applied principal stresses are ¢; = 90 MPa, o3 = 40 MPa, and
g, = 50 MPa. ¢,,, 0,,, and o, are the stress components at the tip
of a CB emanating from a borehole. f is the yield function for
compaction. a The oy, d,,, and o_. stress components are calculated
from Eqgs. 1-6 and plotted as a function of CB length. b The yield
function f(o;) is calculated from Eq. 9 using stress components
depicted in Fig. 7a and Critical State Model parameters (Table 2)
for Berea Sandstone [2] as closest to BS in Quartz content. Once
f (o) drops below zero, CB propagation stops. The predicted a CB
length is ¢ = 9.2 mm

For Case 4, an emptied CB, with ¢; = 50 MPa,
03 = 30 MPa, and o0, = 40 MPa (Table 3; Fig. 9a, b),
Oy Oyy, and o, at the breakout tip are calculated from
Egs. 7a, b, and depicted in Fig. 9a. Then f(g;;) (Fig. 9b)
is found from (Eq. 9). This f(o;) is found to grow infi-
nitely thus predicting that an emptied CB length increases
in an unstable manner (Table 3). However, from Fig. 8 in
Sheets and Haimson [31], although the experimentally
measured CB length is very long, it is finite, with
¢ = L-R = 35.5 mm. This discrepancy between the theo-
retical prediction of the infinite growth of the emptied CB
through the sample, and the experimental results showing
that the long emptied CB stops growing after reaching a
modest length, is analyzed in “Discussion”.

6 Discussion

This work predicts analytically the expected final lengths
of compaction bands created around holes, with practical
implications to breakouts spontaneously formed in the
vicinity of boreholes [13—15, 31]. In particular, two dif-
ferent defect types are studied, both created by localized
compaction: the first defect type is a filled compaction band
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Fig. 8 Prediction of the final length of an un-emptied compaction
band developed in Mansfield Sandstone (MS, Table 1) under specific
applied stress conditions. This figure may be compared to Fig. 9 to
study the extent of CB emptying, on the length of CB emanating from
a borehole (Case 3, see text). The applied principal stresses are
o1 = 50 MPa, g3 = 30 MPa, and ¢, = 40 MPa. ¢,,, 0,,, and o, are
the stress components at the tip of a CB emanating from a borehole.
fis the yield function for compaction. a The o,,, g,,, and o, stress
components are calculated from Eqs. 1-6 and plotted as a function of
CB length. b The yield function f(g;;) is calculated from Eq. 9 using
stress components depicted in Fig. 8a and Critical State Model
parameters (Table 2) for Bentheim Sandstone [2] as closest to MS in
Quartz content. Once f(ag;;) drops below zero, CB propagation stops.
The predicted a CB length is ¢ = 3.5 mm

(CB), and the second is an emptied CB where circulating
fluid removes the broken grains that initially formed the
CB. The analytical solution that is developed here relies on
Katsman et al. [22, 23], who calculated the stress distri-
bution around emptied and un-emptied defects and con-
cluded that the stress fields around these defects are
completely different. Therefore it is understandable that the
resulting defect elongation, which is dictated by the stress
fields, would also be different. We compare our analytical
results to the experimental results of Haimson and
Kovacich [14] and Sheets and Haimson [31]. The experi-
mental results in [14, 31] point to two main parameters
(among others) as affecting final CB length:

1. The value of the applied maximum principal stress
(studied systematically only for un-emptied CBs in the
present paper);

2. The extent to which the circulating fluid empties the
CB.

It can be concluded from the analysis of the results in
Cases 1 and 2 that the trend demonstrated by the experi-
ments [14, 31] is preserved: Smaller CB length is obtained
under smaller maximum principal stress ¢;. This conclu-
sion can also be justified by the following arguments:
Figs. 6a and 7 a demonstrate that at equal o3 and o, but
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Fig. 9 Prediction of the final length of emptied compaction band
developed in Mansfield Sandstone (MS, Table 1) under specific
applied stress conditions. This figure may be compared to Fig. 8 to
study the extent of CB emptying, on the length of CB emanating from
a borehole (Case 4, see text). The applied principal stresses are
g1 = 50 MPa, o3 = 30 MPa, and ¢, = 40 MPa. o,,, gy,, and o are
the stress components at the tip of a CB emanating from a borehole. f
is the yield function for compaction. a The o,,, gy,, and o, stress
components are calculated from Eq. 7a—c and plotted as a function of
CB length. b The yield function f(g;;) is calculated from Eq. 9 using
stress components depicted in Fig. 9a and Critical State Model
parameters (Table 2) for Bentheim Sandstone [2] as closest to MS in
Quartz content. An infinite CB length is predicted as f(c;;) does not
drops below zero

different o, (Cases 1 and 2), o, (tip) and o_(tip) remain
almost identical. This is easily demonstrated by expanding
oy (tip), oy, (tip), and o, (tip) from Eq. 6 (derived from
Eqs. 1 and 5) into a Taylor series, assuming L >> R?
(Fig. 1). To a first order this expansion predicts that o,
(tip) is independent of ¢, (and also of o, as under constant
strain conditions). In the same manner, o, (tip) is inde-
pendent of g3 and o5, while, o, (tip) depends only on a,.
The resulting f(o;;) (Eq. 9) formulated in Cases 1 and 2 has
exactly the same form, differing in the value of o only.
This explains why when o is larger, f(o;;) exceeds zero for
longer distances away from the CB tip, resulting in longer
CBs as in Case 1 relative to Case 2. This analysis is in
agreement with results of experiments studying the influ-
ence of the maximum principal stress [13, 14, 24].

In comparing the predicted CB length under different
extent of emptying (emptied vs. un-emptied), our model
demonstrates that at the same applied loading, the final
length of emptied CBs is much larger than that of un-
emptied CBs (cases 3, 4, Table 3; Figs. 8b, 9b). Equa-
tion 7s for the emptied CB predicts that the stresses at the
defect tip continue to increase as the emptied CB elongates,
as does the resulting f(o;;) (Eq. 9), which never falls below
zero thus resulting in unbounded growth of an emptied CB.

@ Springer

However, even though in experiments the emptied CB is
indeed found to be much longer than the experimentally
formed un-emptied CB (Table 3), its length is still finite—
i.e., the breakout did not tear through the sample [31]. In
our opinion, the reason is that as the breakout reaches some
modest length, the injected fluid does not succeed to
immediately evacuate all the compacted and loosened
grains from the breakout tip. Eventually, a partially emp-
tied CB (point 3 in Sect. 3), characterized by an almost
constant stress at its tip, is created, thus reaching a finite
length.

In general, unlimited growth of the emptied CBs, which
have a stress field that is basically similar to that of cracks,
is caused by the fact that such emptied defects do not carry
or transmit the applied load (either in compression or in
extension), and thus the stress at their tips grows as they
elongate [22, 23]. In contrast, localized volume reduction
defects, like filled CBs, do carry and transmit the applied
load. They are characterized by a constant stress at their
tips, and thus by bounded growth and restricted length.

It should be added that the only evidence of empty CBs
available now comes from lab tests [4, 14, 31]. Why do not
we see these emptied CB’s emanating from boreholes in
the field? Because logging tools developed so far have no
capability to “see” deep enough to identify very narrow
slots extending radially from borehole walls.

7 Conclusions

This work aims to explain the results of drilling experi-
ments [13, 14, 24, 31], in which a borehole within porous
sandstone is placed under far-field true triaxial compressive
stresses, mimicking real in situ conditions. Under certain
states of far-field stress and rock strength characteristics,
rock failure around the borehole creates breakouts.
Breakouts initiate at the borehole wall, at points subjected
to the highest compressive stress concentration resulting
from the preexisting far-field stress. Based on microscale
analysis of tested specimens, it has been inferred that
breakouts are preceded by compaction bands. These are
induced by the compressive stress concentration across the
plane traversing the borehole center and oriented perpen-
dicular to the maximum principal stress. The debonded and
often fragmented grains within the compaction band are
removed by the circulating drilling fluid, creating the
breakout. A new analytical model is developed here in
order to study the stress field around these defects and
determine factors affecting final breakouts lengths. It is
shown that unlimited growth of empty defects, like cracks
or emptied CBs, is caused by the fact that these defects do
not transmit the applied load under either compression or
extension, thus causing the stress at their tips to grow as
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they elongate. In contrast, volume reduction defects, such
as un-emptied CBs, do carry and transmit the applied load.
They are characterized by a constant stress at the vicinity
of their tip, independent of their length, thus restricting
their growth and their final length. Next, the presence of a
borehole also affects the stress field around both types of
the defect. Finally, compaction band length increases with
increasing applied main principal stress. The model shows
remarkable agreement with the experimental results of
Haimson and co-workers [13, 14, 24, 31].

8 Appendix: The compactive process zone length x,

To avoid the stress singularity [30] at the un-emptied/
emptied CB tips, one may define the tip stress as the stress
at some infinitesimal distance x, from the CB tip. A
physically motivated choice for x, would be a character-
istic nucleation length-scale or “compactive process zone”
as in Tembe et al. [34]. In light of this definition, com-
paction nucleation at a CB tip is a process presumably
affecting larger rock volumes than the cracking process at a
crack tip. The compaction process is accommodated by
grain crushing and grain rearrangement. If grain crushing is
the dominant mechanism, then a single grain is enough for
compaction to occur. Otherwise, if grain rearrangement is
the dominant process, then several grains will be involved
in the compaction process. The conclusion is that the
compactive process zone (in each dimension) may consist
of either one or several grains, depending on the dominant
physical process, and the local stress components can be
applicable to this scale. To approximate the analytically
predicted dimensions of the process zone, a contour along
which the yield function vanishes (f(o;;) = 0) should be
drawn around defect tip using Eq. 9 for f(s;;) and Eqs. 6 or
7 for the stress field relevant for either un-emptied or
emptied CB (this procedure is explained in Tembe et al.
[34]). Such a contour is expected to enclose a region of
compactive damage in 2D. In our case, un-emptied/emp-
tied CBs emanating from the borehole in both the Berea
and Mansfield sandstones studied here were characterized
by uniform thickness [14, 31] (see also Sect. 4.1.1).
Therefore, we decided to calculate the compactive process
zone in 1D only, evaluating the process zone length x,
along the X axis (Y = 0) only using Eq. 9. A trial process
zone length x, was calculated at several locations as the CB
advanced, and the average x, was used in all subsequent
calculations: xy = 2.2 mm for BS and xy = 0.32 mm for
MS (see Egs. 6¢, 7c). These values are in good agreement
with those of Berea and Bentheim sandstones, found both
theoretically and experimentally (from microstructural
observations) in Tembe et al. [34].

Furthermore, in the current paper xo was calculated at
several locations as the CB advanced in each specific case
of study. Comparing xo, in Cases 1 and 3 as the CB
advanced demonstrates that when the overall stress field is
more intensive, xq is larger. The most significant variations
in x¢ as the CB advanced were observed in Case 4. Con-
sequently, a separate research may study how process zone
length xo depends not only on the microstructural proper-
ties of the rock [34], but also on the stress distribution
around the defect tip.
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