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Summary

The in situ stress field is the most critical factor in rock mechanics. Different in situ stresses can lead to
different rock fractures in terms of types of fracture, apertures, and so on. Therefore, knowledge of
fracture information and elastic properties helps us to infer the magnitude and the orientation of the in
situ stress field. This study shows how to determine the in situ stress field in part of Alberta by using
this kind of method.

Introduction

As we all know, knowledge of in situ stress state enables us to determine the optimum borehole
trajectory, evaluate hydrocarbon migration, and so on. Also, the state of stress in the earth is a critical,
but often ignored, factor in the success of geothermal energy production. The ability to move fluids
through a fractured reservoir is key to the productivity and stress directions and magnitudes will control
the in situ permeability and fracture geometries. Consequently, it is necessary to understand the state
of stress in the earth in order to design and efficiently operate engineered geothermal systems. This
need is motivating us to develop a new 3D model of stress for Alberta. The inputs to the model will
come from industrial borehole logs and cores and as such there is a strong need to better interpret
such observations.
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Figure 1. Left: Borehole televiewer image data from southern Idaho shows tensile fracture; middle: the same data
set as the left one, which shows planar feature (red line) and borehole breakouts (yellow boxes); right: an
example of en-echelon or chevron (E-DITF) pattern.

Borehole fractures can be divided into natural fractures and drilling-induced fractures. For natural
fractures, they are generated naturally, and they existed before the hole was drilled (Aadnoy and Bell,
1998). Drilling-induced fractures are mainly caused by two kinds of failure mechanisms, which are
tensile failure and shear failure, depending on the principal stress state acting on the borehole wall and
the elasticity of the failure surface (Aadnoy and Bell, 1998; Thorsen, 2011). Figure 1 shows three main
types of drilling induced fractures, which are tensile fracture (left), borehole breakout (middle) and en-
echelon E-DITF. This study will investigate the E-DITF initiation and its indication about the stress state.
Thus, knowing the orientations and apertures of those fractures can help us better understand the in
situ stress state.

However, before the fracture analysis, the fundamental step is to know how the stress is distributed
around the borehole wall. The co-ordinate for stress concentration around a borehole wall is more
convenient to be set in terms of the cylindrical coordinate. As illustrated in figure 2, the normal stress
components generally include o,.., gg9 and a¢¢, which are the radial, hoop and axial stress, respectively,

and tg¢, 79, and 7, are shear stresses. For a general case, the stresses at the borehole wall can be
expressed as the following:

Orr = Pw
O = Oxx + Oyy — 2(0xy — 0y, )c0S260 — 47,,,5In26 — p,,
077 = Oz7 — v[2 (axx - O'yy)C0529 + 4TxySi1’129]
Tgr = Trg = 0

Tog = 2(—Ty,Sind + 7,c050)
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where oy,, 0,, and g,, are normal stresses, t,,, 7,, and 7, are shear stresses in x-y-z coordinate and
pw IS the borehole pressure (Fjaer, et al., 2008). When the borehole axis is deviated from the in situ
principal stresses, we can introduce two Cartesian co-ordinates frames (Figure 2.), in which x-y-z
having z pointing along the vertical direction, and x’-y’-z’ indicating the in situ principal stress directions;
then, a transformation from x’-y’-z’ co-ordinate to x-y-z co-ordinate can be operated by direction cosines
(Fjaer et al., 2008; Schmitt et al., 2012). On the other hand, if the borehole axis is aligned with one of
the normal stresses, the transformation is not necessary, and all shear stresses will vanish (Aadnoy
and Bell, 1998).

The principal stresses at the borehole wall are generally considered as a two dimensional problem
since g; is always pressing outward of the borehole wall, and they are defined as (Aadnoy and Bell,
1998):

0; = Pw

o = 1/5 (60 + 0¢g) £ 1/, [(Uee —az)” + 4T<92]

If there is no shear stress, the principal stresses equal to the axial and hoop stress; however, if the
shear stresses exist, it leads to the rotation of the principal stresses with an angle , which has the
following expression:

1/2

0'94'

B = arccos T
/2
[(066 — Tmin)? + Tac?]

where o0, is the minimum principal stress (Aadnoy, 1990).

Regarding to failure mechanisms, high well pressure tends to generate tensile failures (o; > 0j,), and
can be considered as a crack (generally higher conductivity in FMS log) (Aadnoy and Bell, 1998;
Thorsen, 2011; Davatzes and Hickman, 2010). On the contrary, low well pressure usually leads to
compressive failure (o; > ;) resulting in borehole breakout (Aadnoy and Bell, 1998; Thorsen, 2011).

Figure 2: Stresses acting on the borehole wall and different coordinate frames (Schmitt et al., 2012).

GeoConvention 2013: Integration



This study first focuses on modeling near-wellbore stress concentration (hoop stress, axial stress, radial
stress, etc.) in an isotropic, homogeneous formation and analyzing principles of failure mechanisms
around the borehole wall. Based on these analyses, fracture geometry, which is determined in terms of
both principal stress magnitudes and its orientation with respect to the borehole trajectory, can be
modeled. And the second step is to investigate stress distributions around the borehole in an
anisotropic formation.

In addition, to achieve elastic properties, laboratory strength tests will be conducted on selected cores,
which can show different fracture surfaces under different stress states. Furthermore, natural and
drilling-induced fractures identified from wellbore image data and the comprehensive well logging
information enable us to evaluate the stress field in Alberta more accurately.

Theory and/or Method

To visualize how stress concentration changes at different distances r from the borehole axis and at
different azimuths with respect to y-axis, except for those two co-ordinates (x-y-z and x’-y’-z’) which
were mentioned above, we introduce the third r-6-¢ co-ordinate, and the borehole axis is aligned with {-
axis (Figure 2.) (Schmitt et al., 2012). This model was first created by Hiramatsu and Oka (1962), and
stresses around the borehole wall are written as the following:

a? a? a* a? a*\ .
Opr = Q4 (1 —r—2)+ a, (1 - 4r—2 + 3r—4) cos260 + as (1 - 4; + 3r—4) sin20,
2 4 4
Gop =t (1+5)+ @y (=1 -3%) cos20 + a3 (—1 - 3%) sin26,
a? a?
Teg = B1 —4v (a2 T—ZCOSZG + a3 r—zsm29),
2 2
To; = V1 (1 + z—2) cosl + y, (1 + %) siné,
2 2
Tr¢ = V1 (1 - z—2) sinf —y, (1 - f—z) coso,
a? a* a? a*
Trg = Ay <—1 — Zr_2+ 3ﬁ>sin29 + aj (1 + Zr—z— 3ﬁ) cos20

where v is Poisson’s ratio, a4, a5, as, 81, y1 and y, are the coefficients as a function of direction
cosines, in situ stress magnitudes and the inclination ¢ of the borehole axis. Then we created a
MATLAB code that can show the distribution of stress around and on the borehole wall in a linear
elastic, isotropic and homogeneous formation under different in situ stress states (Figure 4).
Furthermore, principal stresses were also calculated to simulate fracture geometry (Figure 5).

Those equations above imply that when the borehole axis is aligned with the vertical principal stress,
maximum concentrated compression of hoop stress (red area) occurs at the angle of 90°with respect
to o,,,,, and that is where the borehole breakout tends to grow. Moreover, minimum
concentrated compression of hoop stress, which is at the same direction as a,,,,, IS the place
where tensile fracture tends to occur (Figure 3). Therefore, we can make advantage of image log
to constrain in-situ stress orientations.
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Figure 3. Stress induced borehole deformation (Schmitt et al., 2012).

Examples

For a borehole wall in a linear elastic, isotropic and homogeneous formation, the top of figure 4
illustrates the distribution of hoop stress (left), axial stress (middle) and radial stress concentration
(right) around a vertical borehole, and in this case, o,,,,=30MP3, g,,,,=10MPa, g,,,,=100MPa,
pw=10MPa and v =0.25; moreover, the bottom of the figure demonstrates the stress concentration
around a deviated borehole (¢ = 45 degree, azimuth with respect to a,,,,=45 degree) under the same
in situ stress condition. In addition, figure 5 shows corresponding principal stresses acting on the
borehole wall. The result confirms that a deviated borehole can rotate stresses leading to nonalignment
drilling induced fractures.
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Figure 4. Stress concentration around a vertical (top) and deviated (bottom) borehole wall.

GeoConvention 2013: Integration



120 . ! : : 250

maximum stress maximum stress
100 minimum stress minimum stress

v 200

. 150 -
R
. _\\ Fy /

41 N\ / \ /

\ / \ / 501
« \ /N

100 +

principle stresses
principle stresses

20 L L L . L L L = L s L s L L L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
angle angle

Figure 5. Principal stresses acting on a borehole wall when (left) the borehole is aligned with in-situ stresses and
(right) the borehole is deviated from in-situ stresses.

Aside from the stress concentration model, Figure 1 shows the borehole televiewer data from the
southern part of Idaho that James Kessler is working on. The left side shows drilling induced tensile
fracture, and it occurs at the angle of 90°with respect to the minimum horizontal stress at depth interval
4370ft to 4375ft. The right side shows a planar feature (red curve), and it could be a natural fracture, a
fault and so on. What in the yellow boxes are borehole breakouts indicating the direction of minimum
horizontal stress.

Conclusions

Results show that drilling induced fractures are likely to grow normal to the maximum horizontal stress
where it is more tensile and borehole breakouts are likely to grow normal to the minimum horizontal
stress where it is more compressive when borehole is aligned with in-situ stress. On the other hand,
when the borehole is deviated, the tensile fracture should be expected to occur in a nonalignment
direction with respect to the borehole axis.
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