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Abstract

In this study we examine drilling-induced tensile wellbore failures in five exploration wells in the Visund oil field in the
northern North Sea. We use observations of drilling-induced wellbore failures as well as density, pore pressure, and leak-off test
measurements to estimate the magnitudes and orientations of all three principal stresses. Each well yields a very consistent
azimuth of the maximum horizontal stress (100° & 10°), both with depth and laterally across the field. Stress orientations are
constrained at depths as shallow as 2500 m and as deep as 5300 m in these wells. We show that the magnitudes of the three
principal stresses (Sy, Shmin, 20d Shmax) are also consistent with depth and reflect a strike-slip to reverse faulting stress regime.
The magnitade of the maximum horizontal stress is shown to be significantly higher than the vertical and minimum horizontal
stresses (e.g. S,=55 MPa, Synin=253 MPa, and Syp.,=71.5 MPa at 2.8 km depth). Data from earthquake focal plane
mechanisms (Lindholm et al., 1993, Proceedings of the Workshop on Rock Stresses in the North Sea, Trondheim, Norway [1]}
show similar stress orientations and relative magnitudes and thus indicate a stress field that is relatively consistent throughout
the thickness of the brittle crust.

We illustrate how knowledge of the full stress tensor allows one to place bounds on in situ rock strength and determine
optimally stable trajectories for wellbore stability and sand production during drilling, after the completion of drilling, and as
pore pressure is reduced during oif and gas production. € 2000 Elsevier Science Ltd. All rights reserved.

I. Introduction tory can limit sand production by reducing the ten-
dency for failure around a wellbore.

Determination of the full stress tensor in oil fields is This paper presents an analysis of stress and well-

critical for addressing engineering problems of well-
bore stability and sand production as well as geologic
problems. such as understanding dynamic constraints
on hydrocarbon migration and fracture permeability.
Controlling wellbore instabilities requires understand-
ing of the interaction between the rock strength and in
situ stress. Because in situ stress and rock strength can-
not be altered or controlled, the only way to inhibit
wellbore failure during drilling is to adjust engineering
practice by choosing optimal trajectories and mud
weights, Similarly, utilization of an appropriate trajec-
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bore stability in the Visund field, which is located in
the Norwegian North Sea to the northwest of Bergen,
near the western edge of the Viking Graben (Fig. 1).
The Visund field sits within the approximately 25 km
long, 2.5 km wide Visund fault-block, which is the
most easterly major fault block on the Fampen Spur
[2]. The state of stress in the Norwegian North Sea is
generally characterized by an east—west to northwest—
southeast compression, but exhibits appreciable scatter
in places (e.g., Miller et al. [3]; Lindholm et al. [1]}.

In the following sections we describe how obser-
vations of drilling-induced compressive failures
(e.g.[4-6]) and wellbore tensile failures (e.g. [7-10])
can be integrated with other routinely available well-
bore information to constrain the full stress tensor.

1365-1609/00/3 - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
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Our approach follows an integrated stress measure-
ment strategy (ISMS), outlined by Zoback et al. {I1],
and Brudy et al. [12], to constrain the magnitudes and
orientations of all three principal stresses. Using our
estimates of in situ stress we place bounds on the effec-
tive rock strength. This information is then used to
determine optimally-stable trajectories for drilling and
minimizing sand production.

2. Observations of wellbore failure

Examination of Formation MicroScanner/For-
mation Microlmager (FMS/FMI} logs [13] provided
by Norsk Hydro, and run in seven wells, revealed
extensive drilling-induced tensile failures in five of the
wells. Examples of this data can be seen in Appendix
A. We plot the azimuth of the tensile fractures as a
function of depth in Fig. 2. In each case, black data
points represent tensile fractures that are aligned with
the axis of the wellbore, and data points representing
tensile fractures that are inclined with respect to the
axis of the wellbore are shown in gray. Error bars for
near-axial tensile failures show the variation in azi-
muth of each fracture; while error bars for inclined
tensile failures show the portion of the wellbore cir-

20 40

cumference spanned by each fracture. Near the center
of each plot, bit trips and “wash and ream” operations
are shown by horizontal and vertical lines respectively.
A bit trip is plotted each time the drill string is run
into the hole. This operation may cause a significant
rise in the mud pressure at the bottom of the hole due
to a piston effect. Washing and reaming the hole
involves scraping the hole clean, and may remove evi-
dence of drilling-induced tensile fractures. There is no
visible correlation between the occurrence (or absence)
of tensile fractures and these special drilling oper-
ations, suggesting that the tensile fractures formed (or
did not form) during normal drilling operations, rather
than as a result of extreme conditions in the well such
as tripping the bit or reaming the hole.

All wells except 10 S were drilled nearly vertically to
total depth. Near-axial tensile fractures in wells 6, 7, 8,
and 11, as well as in the vertical portion of 10 §,
suggest that the vertical and two horizontal stresses
are principal stresses in this field [9]. Inclined tensile
fractures observed in four of the wells (most prevalent
in the 10 S well) indicate possible exceptions to this
and are discussed in Appendix B.

In order to determine the orientation of the stress
field in this region, we focus on the orientation of the

tensile fractures aligned with the wellbore axis. We use
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Fig. 1. Map of the northern North Sea modified from the Norwegian Petroleum Directorate, 1997. The Visund field sits on the western edge of

the Viking Graber to the northwest of Bergen, Norway.
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Fig. 2. Azimuth of drilling induced tensile fractures observed in image logs as a function of depth.
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Fig. 3. Histograms and rose diagrams showing the orientation of the maximum horizontal stress, Each rose plot is normalized by the number of
data points, and therefore the length of the bars does not reflect the relative frequency of"- the tensile fractures between wells. The number of
0.2 m observations (#) is shown in cach case. The statistics follow Mardia [14] :
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a circular statistical method developed by Mardia [14]
to obtain the mean azimuth and standard deviation of
the maximum horizontal stress for each well (inseis of
Fig. 3). The uncertainty in the azimuth represents two
standard deviations from the mean. The frequency is
calculated by adding the tensile fractures in 0.2 m
intervals.

An anomalous stress orientation seen from a well-
bore breakout (reported by Fejerskov [I5] and later
analyzed in this study) and inchined tensile fractures
was detected over an approximately 135 m interval of
well 8. This stress -orientation was not seen in-any of
the other wells to the north or south, and appears to
be the result of a localized stress anomaly due to slip

Visund

A-Central Fault 44, ‘.

*95

Gullfaks

Fig. 4. Map view of Syma, orientations {modified from Norwegian Petroleum Directorate and Norsk Hydro maps), rose plot with all of the
orientation data, and plot showing the depths over which Spp.x 18 constrained in each well. The gray regions show portions of the wells that
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were not fogged. The orientation of the maximum horizontal stress is consistent both laterally and with depth in this field.
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on a preexisting fault penetrated by this well. The sub-
seismic fault responsible for this anomaly can be
inferred from the geologic section by noting a repeated
sequence of the Brent reservoir sands. The relationship
between anomalous stress flelds and slip on faults has
been noted by other authors {e.g. [16-18]). We there-
fore assume that this single anomaly is not representa-
tive of the tectonic stress field.

Fig. 4 summarizes our findings concerning the orien-
tation of the maximum horizontal stress. The mean
orientation of Sy, for cach well is plotted in map
view and clearly shows a consistently oriented stress
field. The rose diagram shows the orientations of all of
the tensile fractures from all of the wells. The plot in
the lower right shows the depths over which the orien-
tation of Symax iS constrained in each well. Giay
shaded regions show portions of each well that were
not logged. This plot shows that the maximum hori-
zontal stress is constrained to depths as shallow as
2550 m and as deep as 5250 m (RKB TVD). The
orientation of the maximum horizontal stress as deter-
mined from earthquake focal plane mechanisms [} is
similar to our findings (azimuths between 90° and
120%). Our data, coupled with these findings, indicate
that the orientation of the maximum horizontal stress
is consistent across the Visund field as well as through-
out the thickness of the brittle crust.

The scatter in stress directions observed in some
parts of the northern North Sea (determined from
wellbore elongations) has led some investigators to
conclude that shallow stress directions are decoupled
from the deeper regional stress ficld (e.g. [19]). We
have shown that close examination of reliable data
reveals a consistently oriented stress field, and we
further demonstrate in Appendix B that we can use
this stress field to explain the occurrence of inclined
drilling-induced tensile fractures.

3. In situ stress and rock strength

We utilize the interactive software package, Stress
and Failure of Inclined Boreholes (SFIB), developed
by Peska and Zoback [20], to constrain the maximum
horizontal stress magnitudes and to put limits on rock
strength. Estimation of the maximum horizontal stress
requires prior knowledge of the vertical stress, the
minimum horizontal stress, the pore pressure, the mud
weight, and the change in temperature at the welibore
wall during drilling. Final well reports provided by
Norsk Hydro contain this information. We analyze
each well individually so that estimates of the maxi-
mum horizontal stress are not affected by data from
wells in different pore pressure compartments or with
slightly differing overburden stresses. The vertical
stress, Sy, used in this study was derived from inte-

grated density logs. Because these logs are seldom run
up to the sea floor, the density must be estimated in
the shallow subsurface. The resulting errors in the
overburden gradient are negligible in wells 10 S and 11
since only a small amount (approximately 50 m) of
sediment is not accounted for by the density logs. In
wells 6, 7, and §, the density logs were only run in the
deeper portions {below approximately 2500 m) of the
holes. The densities used in the upper portions of these
holes are estimated from shaliow measurements in
nearby holes. Overburden gradients from wells 6, 7,
and 8 nevertheless provide overburden stresses which
are similar to those found in wells 10 § and 11. We de-
rive the minimum horizontal stress, Shmin, from Leak-
off Tests (LOT) and Formation Integrity Tests (FIT)
conducted in each well (sce Gaarenstroom et al. [21]).
In ali of the wells the depth at which we wish to con-
strain the maximum horizontal stress is below the dee-
pest LOT or FIT. We therefore assume a linear stress
gradient between LOTs in each well and extrapolate
this trend to the depth of investigation. The pore
pressure, P, was obtained from Repeat Formation
Tests (RFT). In order to use a reliable pore pressure
value the stress analysis in each well was conducted as
close as possible to an RFT depth. Pore pressure data
was not available for well 7. Consequently, we do not
constrain the maximuwm horizontal stress in this well.
We derive a mud weight value, P, from the maximum
equivalent circulating density (ECD), which takes into
account frictional effects between the wellbore wall
and the mud as well as the mud densily. We use a sta-
tic mud weight in well 6 because an ECD value was
unavailable. Use of the highest mud density value is
required since it is impossible to determine the precise
mud weight at which the tensile cracks. initiated.
Although the tensile fractures may have formed at
mud pressures lower than the ones we use, our utiliz-
ation of the highest mud pressure allows us to calcu-
late a reasonable lower bound for the maximum
horizontal stress. An upper bound for the maximum
horizontal stress is derived from our analysis of rock
strength and compressive failures in these wells. The
amount of cooling at the wellbore wall was derived
from temperature gradient plots. Each well showed
cooling between 20° and 30°C at the depths of investi-
gation. While the temperature change of the wellbore
wall was considered in these calculations, it had little
effect on the estimation of Strmax-

Fig. 5 shows the analysis for the maximum hori-
zontal stress, Symax. 1he plots represent the allowable
stress state at a given depth constrained by: (1} Mohr—
Coulomb frictional faulting theory for the crust assum-
ing a coefficient of sliding friction of 0.6 [22] (four
sided polygon); and (2} compressive and tensile well-
bore wall lailures (thick short dashes and long dashes
respectively) (see Moos and Zoback [8], for an expla-
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nation). Stress magnitudes that fall above the short
dashed tensile failure contour (assumed to be zero in
this study) indicate stress states consistent with the
occurrence of drilling-induced tensile fractures, while
values - that -fall below -indicate no- tensile failures
should occur. Similarly, for a given rock strength,
stress magnitudes that fall above one of the long
dashed compressive failure contours indicate break-
oufs should occur, while those that fall below indi-
cate no breakouts should be observed. We constrain
the maximum horizontal stress only where tensile
fractures were observed in each of these wells, mean-
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ing the stress state must be such that it falls above
the short dashed tensile failure line in our figures.
No breakouts were observed in any of the wells at
the depths where we constrain the maximum hori-
zontal - stress. - This. observation. is .utilized - below. .to
place a lower bound on the in situ rock strength.
While coefficients of sliding friction may be as high
as 1.0 in some rocks, faults in sediments tend to
have lower coefficients of friction. We consider a -
coefficient of friction of 0.6 to be an upper bound in
this case, as the sediments are poorly cemented and
consolidated.
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Fig. 5. Stress polygons showing the constrained values of the maximum horizontal stress in each of the wells, Each analysis is developed for a
specific depth shown above the figure. The relevant stress inputs (in MPa) are shown below the figures. Tensile failure contours are thick short
dashes, and breakout contours are long dashes. Each breakout line represents a different rock strength value, 2s shown, assuming that a breakout
width of at least 40° would be reguired in order to be detected by.the wide pads of the FMI tool.
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3.1. Constraining Sgmae n wells 10 8 and 11

Wiprut et al. [23] presented a stress analysis of well
10 S using near-axial temsile fractures. The points of
departure of-this study -from the previous study are
three-fold: (1) we constrain the maximum horizontal
stress in multiple wellbores; (2) we perform a more
comprehensive analysis of in situ rock strength; (3) we
analyze inclined tensile fractures observed in well 10 S.

Well 10 S presents the best opportunity to reliably
constrain the magnitude of the maximum horizontal
stress. As the well increases in deviation and begins to
encounter a different stress field a transition from a
stress state in which (ensile fractures form, to one in
which they do not, occurs. Fig. 6 shows that tensile
fractures form continuously in this well to a deviation
of approximately 35°, and then abruptly stop. Because
tensile failures are present at the depth of investi-
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gation, and the temsile cracks stop just below 2830
mTVD (as shown in Fig. 6), we expect the value of
Stmax 2t 2830 m to be approximately equal to the
value indicated by the short dashed contour line (71.5
+4.5 MPa) (Fig. 5). The steep slope of the short
dashed tensile failure lines in Fig. 5 means a small
uncertainty in the minimum horizontal stress creates a
large uncertainty in the maximum horizontal stress.
We iilustrate in Appendix B that the occurrence of
inclined tensile fractures is easily explained by this
siress tensor, using only minor (+10°) perturbations to
the mean orientation of the stress tensor and slight
increases in the mud pressure.

Each compressive failure contour in Fig. 5 rep-
resents a different uniaxial compressive rock strength
(UCS) wvalue, as shown, assuming that a breakout
width of at least 40° would be required in order to be
detected by the wide pads of the FMI tool. Well 10 §
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Fig. 6. Section view of the drilling direction (left) and wellbore deviation as & function of depth (right). Measured depths are plotted along the
wellbore path. Tensile fractures were detected from 2550 to 2850 m measured depth. (2550-2830 m true vertical depth). The tensile fractures

stopped at a deviation of 357 at 2830 mTVD.
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is the only well in which knowledge of the rock
strength is not needed to constrain Spm.x because the
stress is constrained by the tensile failure contour.
Since no breakouts were detected in this well, the stress
values determined above imply the apparent UCS of
the rock (assuming a coefficient of internal friction of
about 1.0) is greater than I8 MPa. Laboratory
strength measurements conducted by Norsk Hydro on
cores taken throughout the region give an average
value for the uniaxial compressive rock strength of ap-
proximately 25 MPa in the caprocks at this depth. The
rock strength may also be constrained by the breakout
width if breakouts occur, as weak rock will have wider
breakouts than strong rock [5].

In well 11 we use a reasonable upper bound on uni-
axial compressive rock strength derived from labora-
tory fests on core, the upper bound of the minimum
horizontal stress, and the fack of breakouts at this
depth, in order to conmstrain the upper bound for the
maximum horizontal stress. Since the upper bound on
the rock strength determined from the Norsk Hydro
laboratory tests on core is approximately 35 MPa at
this depth, and in this formation, the maximum hori-
zontal stress must fall below the 35 MPa breakout
line. We use the lower bound of Shmin, With the tensile
failure contour, to comstrain the lower bound of
SHmax- The mean value from this range is our assumed
value of SHmax, and the range is the uncertainty (70 £
6 MPa) (Fig. 3).

3.2. Constraining Sy it wells 6 and 8

In well 6, the least principal stress at the depth of
interest is 71.5 4 1.5 MPa. To account for the existence
of drilling-induced tensile fractures, this requires lower
bound values of Sgnax to be 103.5 4+ 5.5 MPa (Fig. 5).
As there are no breakouts observed in this well, these
values imply UCS values that exceed 50-80 MPa.
While laboratory UCS tests done on the Etive sands
(which occur only 5 m below the depth at which the
stress analysis is done in well 6) indicate maximum
strengths of only 30 MPa, the sandstone at the depth
analyzed is more well cemented with silica than is the
Etive. A theoretical estimate of strength in clean are-
nites provides a potential strength of 90 MPa for an
average porosity of 15% [24]. Although the sandstone
in question is not clean, it is reasonable to assume that
the UCS is 50-80 MPa. We assume that the lower
bound value of Sy, (103.5 + 5.5 MPa) is approxi-
mately correct because if the value were even slightly
higher (as permitted by Coulomb faulting theory,
Fig. 5), the corresponding rock strengths would be
unreasonably high.

In well 8 the upper bound of the maximum horizon-
tal stress is constrained using the upper bound of
Shmin and Coulomb faulting theory. Since no break-

outs were observed in this well at 3560 mTVD, the
upper bound values of Spymin and Spmax predict that
the rock strength is greater than 70 MPa. In this well
we use the lower bound of Symsx a8 our assumed
value of the maximum horizontal stress, and the upper
bound as the extent of our uncertainty since both the
rock strength and the friction coefficient may be either
higher or lower than shown in the figure. The maxi-
mum horizontal stress in well § is constrainéd to be
105 MPa Spmax 37 MPa (Fig. 5) although the upper
bound is only limited by the assumed frictional
strength of the crust.

Fig. 7 shows a summary of our stress results for the
Visund field. We compiled overburden, LOT, and
RFT data from all 13 wells drilled in the Visund field.
Each data point in this plot is derived as strictly as
possible from the most reliable data from each well.
The data for the minimum horizontal stress is derived
from our analysis of leak-off test curves. Reported
leak-off tests without pressure—time curves are not con-
sidered in this compilation. The well number is shown
next to each data point. The vertical stress is derived
using an overburden gradient averaged across the
entire field. Small differences in the overburden gradi-
ents were detected, but the resulting stress profiles

* from these gradients were sufficiently similar such that

we could neglect any differences. The pore pressure
data is compiled from RFTs conducted in all of the
wells in the field. Our constrained values for the maxi-
mum horizontal stress are shown in gray.

Note that the maximum horizontal stress is signifi-
cantly larger than the vertical and minimum horizontal
stresses, contrary to what other studies have found
[25]. However, our stress magnitudes are consistent
with the strike-slip to reverse faulting stress field
observed from earthquake focal plane mechanisms in
the North Sea [1]. Further evidence of recent reverse
faulting deformation was seen in sub-seismic faults
inferred from repeated sequences of Brent sands in the
lithology logs of several wells. The existing defor-
mation data therefore supports our prediction of high
horizontal stresses in this region of the North Sea.

Table 1 provides a summary of the stress data found
in each of the seven wells. Wells 4A and 4 S did not
have any interpretable tensile fractures as a result of
poor image quality and low wellbore coverage. The
tensile fractures observed in well 7 appear at depths
far below any pore pressure or leak-off test measure-
ments. We therefore do not provide estimates of stress
magnitudes in well 7.

4. Application to wellbore stability

Exploratory wells drilled in Visund prier to the
spudding of well 10 S frequently encountered drilling
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Table 1

Well Log SH Azimuth - Depth (mTVD) SH Magnitude (MPa) Sh Magnitude (MPa) Sv Magnitude (MPa)
4A FMS - - - - - -

48 FMS - _ - - - -

6 FMS 101.2° +9.8° 3720 103.54+5.5 71.54+1.5 713

7 FMS 97.3°+11° - - - -

8 FMI 102.3° +9.9° 3560 87+18 67.5+1 712

108 FMI 97.1° £ 8.6° 2830 715445 53.2+1 55.1

11 FMI 106.9° +10.6° 2850 TH+6 532+1 56.1
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failure in different parts of the rock surrounding the hole. (b) Vertical well. () Well inclined 45 at an azimuth of 280°. (d) Horizontal well drilled

toward Stmax. (€) Horizontal well drilled toward Symin-
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Fig. 9. (a} Sterecnet showing the compressive rock strength needed to prevent wellbore failures after the completion of drilling. The white points
show the orientations of the weilbore cross-sections shown in parts (b—e). The colors correspond to the compressive rock strength needed to pre-
vent failure in different parts of the rock surrounding the hole. (b) Vertical well. (c) Well mclmed 45° at an azlmuth of 280°. (d) Honzontal well

drilled toward Syqay. (e) Horizontal weil drilled toward Shmm
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Fig. 10. (2) Stereonet showing the compressive rock strength needed to prevent wellbore failures after the pore pressure has been drawn down by
10 MPa and the horizontal stresses reduced hy 6.5 MPa. The white points show the orientations of the wellbore cross-sections shown in parts
{b—e). The colors correspond to the compressive rock strength needed to prevent failure in different parts of the rock surrounding the hole. {(b)
Vertical well. (¢} Well inclined 45° at an azimuth of 280°. (d) Horizontal well drilled toward Syp.... () Horizontal well drilled toward Sppg.-
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problems. Time was lost as a result of tight hole (i.e.
hole pack-off, excessive overpull, or obstructions when
running into the hole) and because of the extra time
needed to ream the hole or circulate mud to clean cut-
tings from the bottom. Approximately 25% of the

total downtime while drilling these holes was caused

by hole-related, rather than equipment related, pro-
blems. Nearly 1200 cumulative hours of hole-related
downtime, or approximately 10% of the total rig time,
was lost on these holes. The time lost drilling these
holes is almost equal to the time needed to drill well 5
to total depth of 3520 mTVD.

Compressive wellbore failures, if not controlled, may
cause drilling problems like hole collapse, stuck pipe,
pack-off, and obstructions when running into the hole,
as well as problems while producing the reservoir such
as sand production. Prevention of wellbore failure
requires that the circumferential stresses around the
wellbore be minimized. Fig. 8a shows a stereonet with
the differential wellbore pressure (AP=P,—P,)
required to prevent compressive failures during drilling
from growing beyond 90° in rock with 20 MPa uniax-
ial compressive strength. The stress state used in this
analysis is the one found in the 10 S well at 2830
mTVD. Figs. 8b—e show cross-sections of wellbores for
holes drilled in the directions shown in Fig. 8a, and
assume a differential wellbore pressure of 6 MPa. The
cross-sections are cut perpendicular to the axis of the
wellbore and show the compressive rock strength
needed to prevent the rock from failing and falling
into the hole. A north arrow is shown in Fig. 8b for
the vertical well, and the low side, or bottom, of the
hole is shown if the well is inclined. inclinations are
shown next to each cross-section. As wells are increas-
ingly inclined in the direction of the maximum hori-
zontal stress (Figs. 8b-d), the compressive rock
strength needed to prevent failure decreases. A well
drilled in this stress field would experience problems if
drilled vertically with an insufficient mud weight, and
would experience fewer drilling problems as the well
was inclined in the direction of the maximum horizon-
tal stress. The most stable orientation is a wellbore
drilled horizontally in the direction of the maximum

horizontal stress because the nearly isotropic vertical,

and minimum horizontal stresses would not create
large circumferential stress concentrations around the
wellbore (Fig. 8d). If a well were drilled in the direc-
tion of the minimum horizontal stress it would
encounter a stress field similar to that found in a well
drifled vertically (Figs. 8b,e).

Well 10 S is deviated in the direction of the maxi-
mum horizontal stress, and it had the smallest amount
of downtime of any well drilled in Visund. This well
was aiso drilled with higher mud weights than were
used in the previous eleven wells drilled in the field.

The approach used in drilling this well is consistent .

with what we expect to be the best drilling strategy in
Visund. The success of well 10 S compared to every
well drilled before it serves to show that our strategy
of increasing the mud weight and drilling in an opti-
mal direction would have been effective in reducing
drilling problems encountered in wells 1 through 9.

Fig. 9a shows the compressive rock strength needed
to prevent breakouts from growing beyond 90° after
the completion of drilling (£ = 0}, but before any pore
pressure reduction has occurred. A wellbore drilled in
the direction of the maximum horizontal stress would
need compressive rock strengths as high as 30 MPa
(Figs. 9a,d) in order to prevent significant wellbore
failure. Because the uniaxial compressive rock strength
in the reservoir sands is as low as 9-10 MPa in some
sands (and as low as 15-25 MPa in others), we expect
the onset of sand production problems in the weaker
sands almost immediately after the initiation of pro-
duction.

Fig. 10a shows the compressive rock strength needed
to prevent breakouts from growing beyond 90° after
the pore pressure in the reservoir has been drawn
down by 10 MPa. We estimate the reduced horizontal
stress by using a poroelastic model and a Poisson’s
ratio of .25, which reduces the horizontal stresses by
6.5 MPa [26]. The maximum horizontal stress is 65
MPa and the minimum horizontal stress is 46.7 MPa
in this case. Even if the well is drilled in the optimal
drilling direction we expect sand production to become
significant as the reservoir is drawn down (Fig. 10d).

5. Conclusions

In this study we have shown that the full stress ten-
sor can be reliably constrained using data that can be
straightforwardly obtained as part of hydrocarbon
field exploration and development. We demonstrate
that in the Visund field, the maximum horizontal stress
is significantly larger than the minimum horizontal and
vertical stresses; and that our analysis is consistent
with observations of recent deformation seen in studies
of earthquakes and sub-seismic faults. We also show
that the orientation of the stress tensor in this region
is consistent both laterally and with depth.

Our analysis of wellbore stability illustrates that
knowledge of stress magnitudes and orientations can

- be critical in designing successful exploration and pro-

duction wells. By knowing the full stress tensor we are

" able to plan drilling strategies that minimize wellbore

failure during drilling, and sand production while pro-
ducing the reservoir. A significant reduction in the
number of drilling problems and the amount of down-
time of the rig was realized in well 10 S8 by modestly
increasing the mud weight and by deviating the well in

- an optimally-stable direction.
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Appendix A

Formation Microlmager data from taken from well
10 S are shown in Figs. Al-A4. These plots are
“unwrapped” views of the wellbore with the azimuth
from north shown along the top of each figure. The gray
lines at an azimuth of approximately 270° show the pad
1 azimuth, and are used to orient the tool in the hole.

Appendix B

In wells 6, 8, 10 8, and 1l we observe sporadic
occurrences of tensile fractures inclined with respect to

0 90

xx05.5
3
E xx06.0
<
53
o

xx06.5

the axis of the wellbore (Fig. 2). Because only well 10 S
has a significant number of inclined fractures, we focus
on this well. We split the inclined fractures into two
sets, depending on the azimuth at which they formed
(Fig. Bla). Fractures that formed at an azimuth of ap-
proximately 100° are gray, and those at approximately
300° are shown in black. There are fewer tensile frac-
tures at 300° due to the keyseating in well 10 S, which
tends to erode the tensile fractures. The azimuth of the
data on this side of the hole is biased as a result, and
does not show the expected average azimuth of 280°.
Fig. Blb shows the inclination of the fractures as a
function of depth. We measure the fracture inclination
counter-clockwise from the downhole direction (insets
of Fig. Blb). The fractures in this hole are typically
inclined less than about 30° and more than about
150°. Fig. B1b shows that there 15 not a clear tendency
for the fractures to be preferentially inclined in one
direction. Fig. Blc shows the azimuth of the inclined

180 270 360

Fig. Al. FMI image of near-axial drilling-induced tensile wellbore failures. The tensile cracks appear at azimuths of approximately 90° and 270°
in this plot. Note that the fractures are diametrically opposed, as we expect from theory.
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xx83.0

Fig. A2, FMI image of inclined drilling-induced tensile fractures. The tensile cracks appear at an azimuth of approximalely 1107 in this piot. No
fractures are observed on the opposite side of the wellbore. This may be the result of poor image quality. reaming of the hole. or keyseating.

0 90 180 270 360

Depth (mRKB TVD)

Fig. A3. FMI image of near-axial and inclined drilling-induced tensile fractures. The failores appear between approximately 807 and L1107, Some
inclined fractures appear to grow into the near-axiul fracture in this image. The durk band beneath the pad 1 azimuth is a kevseat, as the well-

bore is deviated in this direction.
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fractures plotted as a function of the inclination. The
fractures generally fall into four groups. Each cluster
represents fractures that have formed on the same side
of the hole at similar inclinations. The fractures are
rotated an average of approximately 25° from the axial
orientation on both sides of the hole. The gray and
black lines shown in the middle of the figure illustrate
the simplified observations of the inclined tensile frac-
tures in well 10 S, Inclined fractures formed at azi-
muths between 60° and 150° on one side of the hole,
and between 270° and 340° on the opposite side. The
inclinations of the tensile fractures range between near-
axial fractures (0°) to 50° and from 115° back to near-
axial fractures (180°).

We are able to reproduce the occurrence and orien-
tation of the inclined tensile fractures shown in Fig.
Blc using only minor perturbations to both the orien-
tation of the stress tensor and the mud weight in well
10 5. Fig. B2 shows the expected minimum tangential
(hoop) stress and corresponding fracture inclination
(omega} as a function of the azimuth within the well-
bore. The azimuth within the wellbore is defined as the

xx535.5
=)
-
(a4
E
£
53
0

XXx56.5

angle measured clockwise from the bottom of an
inclined well to a tensile or compressive failure.

In the first analysis we rotate Spmax 10° counter-
clockwise (assuming a wvertical principal stress), and
increase AP by 3 MPa to a total of 9 MPa (Fig. B2a).
Tensile fractures are expected to form when the mini-
mum tangential stress falls below the tensile rock
strength (zero stress} line. The gray shaded regions
show the expected azimuths within the well where ten-
sile fractures should form. Hatched areas along the
omega axis show the possible inclinations for these
fractures. Tensile fractures will form at any inclination

"between the two gray and the two black lines shown in

the lewer portion of the plot. These lines correspond
to inclinations measured counter-clockwise from the
downhole direction of approximately 155° and 25° for
both the gray and black lines. The lines also corre-
spond to azimuths within the well from about 165° to
185°, and from 345° to 5°. Because well 10 S is
inclined to the west at an azimuth of 280° fractures
that form at azimuths within the well close to 0° and
180° {the low and high sides of the inclined hole) are

180 270 360

Fig. A4. FMI image of near-axial and inclined drilling-induced tensile {ractures, The failures appear between approximately 90° and 120°. There
may be a near-axial fracture at 120 that has inclined fractures growing toward the main axial fracture at 90°. A keyseat can be seen at 270°.
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Fig. Bl. (a) Azimuth of inclined fractures versus measured depth. The fractures are split into two groups depending on the side of the hele
where they formed. (b) Inclination of fractures with respect to the downhole direction versus measured depth. The inclination of the fractures
remains relatively smali throughout the hole and has an average value of approximately 25° or 155°. (¢} Azimuth of inclined fractures versus in-
clination measured counter-clockwise (ccw) from the downhole direction. The simplified observations are shown in the center of the plot.
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Fig. B2. (a) Minimum tangential stress (hoop stress) around the well for a stress state in which the maximum horizontal stress has been rotated
10° counter-clockwise. A slight increase in the differential fluid pressure of 3 MPa is used in this analysis. The gray and black lines below the
plot show the expected range of orientations of the inclined tensile fractures. In this case, the fractures should be inclined less than 25° or more
than 155° (gray and black lines respectively). (b) This plot is the same as in (a), except the maximurmn horizontal stress is rotated 10° clockwise.

in fact forming at azimuths measured from north of
approximately 100° and 280°. Fig. B2b is the same as
Fig. B2a, except the azimuth of Spmax is rotated 10°
clockwise. This analysis provides similar resulis to
those found from Fig. B2a. Thus, the stress state
shown above for well 10 S predicts both the azimuth
and inclination of the inclined tensile fractures, consist-
ent with our observations from the FMI log.

The azimuth and inclination of the inclined tensile
fractures can similarly be predicted by perturbing the
vertical and minimum horizontal stresses. Therefore,

the overall stress tensor can be accurately described
with approximately vertical and horizontal principal
stresses, however the orientation of the stress tensor
clearly deviates from this approximation by small
amounts. :
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