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A B S T R A C T

This paper presents the results of an evaluation of stress magnitudes in the granitic EGS reservoir in Basel, Switzerland. The profile of minimum principal horizontal
stress, Shmin, is constrained by hydraulic tests, but the magnitude of the maximum horizontal principal stress, SHmax is uncertain. Here we derive estimates for
SHmax by analysing breakout width data from an acoustic televiewer logs run in the granitic basement section of the BS-1 borehole. Some 81% of the borehole in the
granite is affected by breakouts. The approach employed to derive SHmaxmagnitude from the estimated breakout widths is taking into account all stress components
at the borehole wall including the remnant thermal stress arising from the cooling of the borehole wall by the drilling. In BS-1, breakouts width tends to decrease with
depth. Assuming there is no significant systematic change in the strength characteristics of the rock along the length of the hole, for which there is no evidence, the
large-scale trend has the consequence of implying a small gradient of the SHmax profile. A low Shmin gradient was also implied by a stress analysis that additionally
considered the occasionally coincident presence of drilling induced tension fractures. The absolute values of SHmax depend upon the failure criterion used. Criteria
that consider the strengthening effect of the intermediate stress (Mogi-Coulomb and Hoek-Brown 3D) yield profiles that violate frictional limits on the strength of the
crust above 4 km, whereas the profiles of the Mohr-Coulomb and Rankine criteria do not. The Mohr-Coulomb criteria profiles indicate a trend in SHmax from favoring
strike-slip faulting above 4200m to strike-slip/normal faulting below. This is consistent with focal mechanisms recorded during the reservoir stimulation which show
a mix of strike-slip and normal faulting throughout the depth range considered.

1. Introduction

The hydraulic stimulation of low-permeability Enhanced/
Engineered Geothermal System (EGS) reservoirs is necessary for such
systems to produce commercially interesting flow rates. The in-situ
state of stress plays a major role in the response of the rock mass to
hydraulic stimulation injections. Thus, it is a key parameter that must
be specified in any geomechanical model of the stimulation process. It
is, however, not straightforward to quantify the state of stress because
direct methods that measure the complete stress tensor are difficult to
apply in deep boreholes. The estimation of the stress state is best ap-
proached by drawing upon constraints arising from a variety of sources
including hydraulic injection records, geophysical logging data, inter-
pretation of passive seismic records, rock testing data and observation
of borehole wall failure.

The theoretical background and the overall approach to character-
izing the stress state in deep boreholes is well documented in the lit-
erature.1–3 However, the approach taken at a given site will depend
upon the available datasets and the site-specific conditions. Within the
context of deep crystalline rocks, there are several examples where
wellbore failure has been used to constrain stress magnitudes. Both
breakouts and drilling-induced tension fractures (DITFs) were used to
constrain stress magnitudes in the KTB research hole4–7 in Germany.

Breakouts occurring in the Cajon Pass research borehole in California,
were used to estimate the in-situ stress magnitudes8 and the presence of
faults was shown to locally alter the stress orientation and magnitudes.9

The thermal conditions at wellbore wall were particularly important for
stress analyses from wellbore failure performed at the geothermal
project of Soultz-sous-Forêts.10–13 This was also the case at the Haba-
nero geothermal project in Australia where breakouts and DITFs were
used to obtain point estimates of horizontal stress magnitudes. It was
also shown that strong cooling enhances borehole stability.14 In all
these studies, a major limitation came from the difficulty to obtain a
reliable strength estimate for the borehole walls. In the 5 km deep
Basel-1 well, borehole breakouts occur over 81% of the lowermost
2.6 km in granite, together with occasional DITFs. Thus, the wellbore
failure observations provide a rich source of stress information for this
site. In this paper, we present an analysis of the wellbore failure ob-
served in the 5 km deep well, and supplement this with other in-
formation from the site to obtain profiles of stress magnitudes to 5 km
for the Basel EGS reservoir.

A complete characterization of the stress field would require the
estimation of six independent stress parameters (tensor quantity) at
every point in the reservoir. However, it is common practice to reduce
the number of unknowns by making some reasonable assumptions
about the prevailing stress state. The first concerns gravity, which has a
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first order effect on the stress state. Since the topography at the Basel
site is relatively flat compared to the depth of our analyses, we make
the assumption that one principal stress is vertical and has a magnitude,
Sv, equal to the overburden. As the latter can be estimated from density
logs, this reduces the stress characterization to determining the mag-
nitude of the maximum and minimum principal horizontal stresses,
SHmax and Shmin respectively, and the orientation of either SHmax or
Shmin. We also assume that the magnitudes of Sv, SHmax and Shmin
follow linear trends with depth (at least within relatively homogenous
domains). We recognize that heterogeneities and discontinuities in the
rock mass induce variations in the stress field, i.e. that the stress
components will locally depart from the characterization that is made
within the assumptions stated above. The study of the heterogeneities
in the stress field is a topic of importance that is not investigated in any
detail in this study. The objective here is to derive a robust first order
characterization of the stress field in the Basel EGS reservoir that can be
used to provide input for geomechanical simulation of the reservoir. We
begin by describing the current state of knowledge on the stress state in
the crystalline basement underlying the Basel EGS site. We then use
data sets from the deep geothermal borehole BS-1 of the project to
further constrain the stress characterization at the site.

2. Previous studies on the state of stress at the Basel enhanced
geothermal system

In 2006, a 5 km deep borehole was drilled below the city of Basel
(Switzerland) with the intention of developing an Enhanced/
Engineered Geothermal System (EGS) within a granite body whose
weathered top lies beneath 2426m of sedimentary cover.15 After an
extensive reservoir characterization phase, the entire open hole section
between 4632m and 5009m was subject to a hydraulic stimulation
injection in December 2006 as the first stage in creating a heat ex-
changer within the granite. This stimulation injection produced seis-
micity that was felt in the city of Basel, which eventually resulted in the
abandonment of the project.

The average orientation of the maximum horizontal principal stress
in the basement of the southern part of the Upper Rhine Graben and the
Swiss foreland region centred on Basel is well defined from failure
analyses in deep boreholes16,17 and stress inversion of focal mechan-
isms.18 The results are consistent with the observation of borehole
failure in the 5 km deep BS1 borehole that indicate a mean SHmax
orientation of 143°± 14°.17

Focal mechanisms of natural seismicity in the area show a mix of
strike-slip and normal faulting, with strike-slip being dominant in the
southern end of the Upper Rhine Graben.18–20 Analyses of micro-
seismicity induced by the hydraulic stimulation of the BS-1 hole also
predominantly indicate a mix of strike-slip and normal faulting re-
gimes.20–23

Häring et al.15 proposed an initial characterization of the stress
magnitude in the Basel EGS reservoir that is consistent with a strike slip
regime. Their characterization is based on various indicators, including
a single RACOS (Rock Anisotropy Characterization on Samples24)
measurement on a core sample recovered from 4911m. The principle of
the RACOS measurement is similar to residual strain analyses,25 but in
the case of the RACOS approach, P- and S- wave velocities are measured
and used in the analyses. The details of the analysis, however, are not
disclosed, and thus the robustness of the estimate cannot be assessed.
Hence, the RACOS results are not included in our analysis.

A profile for vertical stress in the open-hole section below 4623m
was derived by Häring et al.15 The density profile of the sedimentary
section, which is constituted of sandstones from the Permian, evapo-
rates, shales and carbonates from the Trias, carbonate and marl from
the Jurassic and mostly marls from the Cenozoic,15,17 was estimated
from density logs run over sections of the 1 km distant well Otterbach-2,
supplemented by average formation densities given by Schärli and
Kohl.26 Combining this with the density log from the granitic section of

BS-1, they estimated a mean density for the rock overlying the open
hole section of ρ=2538 kg/m3, giving an Sv profile of:

= =Sv MPa gz z km[ ] 24.9 [ ] (1)

where g is the gravitational acceleration (= 9.81m/s2) and z is the
depth below ground surface (BG) in km. In this paper compression is
taken as positive. The mean density of the granite section below 2426m
BG is 2683 kg/m3, somewhat higher than the mean value above, giving
a steeper gradient of 26.3MPa/km for the granitic section. Taking into
account the density data for the sedimentary section used by Häring
et al.15 gives a Sv profile for the granitic section of:

=Sv MPa z km[ ] 26.3 [ ] 4.0. The estimate of Eq. (1) is a convenient
simplification for our analysis. It is exact at 2857m depth, but over-
estimates Sv by 0.6MPa at the top of the granite, and underestimates Sv
by 3.0MPa at the hole bottom (5004m).

The Shmin estimate from Häring et al.15 is constrained by a RACOS
measurement at 4902m of 84MPa and the maximum injection pressure
reached during hydraulic stimulation of 74MPa at the casing shoe at
4632m. A best linear fit forced through 0MPa on surface gives a Shmin
profile of =Shmin MPa z km[ ] 17.1 [ ]. The RACOS measurement for
SHmax at 4902m depth indicates a magnitude of 160MPa. A linear fit
forced through this datapoint and 0MPa on surface produces a SHmax
profile of =SHmax MPa z km[ ] 32.6 [ ], which is close to a frictional limit
derived assuming the strength of the rock mass is limited by cohe-
sionless and optimally oriented planes of weakness with a friction
coefficient μ=0.6.15 Häring et al.15 warn that the RACOS measure-
ment should be treated with caution, and propose instead a broad range
of SHmax estimates with upper and lower values derived from the
friction limit approach with friction coefficients of 1.0 and 0.6 respec-
tively. Evidently, significant uncertainties remain regarding the hor-
izontal stress magnitude profiles along the BS-1 well.

3. Constraints from hydraulic injection tests

The profile of Shmin is best estimated from hydrofracture tests. In
deep wells in the oil and gas sector, conventional hydrofracture or
‘minifrac’ tests are rarely conducted owing to operational difficulties
and risks in hydraulically isolating short open-hole test intervals.
Rather, Shmin estimates are usually extracted from FITs (Formation
Integrity Tests), LOTs (Leak-off tests), or XLOTs (Extended Leak-off
Tests).27 The nomenclature is sometimes ambiguous concerning the
exact configuration of such tests.28 We are referring here to small-vo-
lume injection tests performed on a short (∼10m) section of hole
drilled ahead of a casing shoe after cementing a casing to test the in-
tegrity of the cement seal and determine the pressure at which the in-
jectivity of the formation begins to increase due to the opening of
fractures. It is usually not known whether a natural or an induced
fracture opens - and thus whether the opening pressure is a direct
measure of the minimum principal horizontal stress or is greater. Only
XLOT tests feature pressurization cycles, which are necessary to de-
monstrate that the increase in permeability is reversible, and most
likely due to mode-1 fracture opening, as required for the pressure to be
representative of the normal stress on the fracture that opens. FITs and
LOTs are ambiguous in this regard, and may show permeability in-
creases due to shearing at pressures much lower than the level of the
minimum principal stress. FITs, unlike XLOTs, may yield under-
estimates for Shmin, but both can yield overestimates. A FIT test was
performed in the granitic basement at 2602m BG immediately after
cementing the 10.75″ liner by injecting water at 10 l/min and mon-
itoring the pressure build-up (Fig. 1). A deviation towards flattening
from the linearly-increasing pressure curve was observed at a downhole
pressure of 34MPa, although it is not entirely clear whether pressure
would have continued to increase had injection not been terminated. If
34MPa is taken as a direct measure of Shmin at 2602m BG, and the
Shmin profile is assumed to be linear and passes through the origin (i.e.
Shmin is zero at the surface), then the value of Shmin at the top of the
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open hole section at 4632m would be 60.6MPa. The Shmin profile
would be similar to that found at the Soultz EGS site inasmuch as Shmin
would be about 52% of the vertical stress.13 However, since the well-
bore pressure at 4632m reached 74.4MPa towards the end of the sti-
mulation injection, the extrapolated Shmin profile from the FIT mea-
surement would imply that the borehole pressure exceeded Shmin at the
casing shoe by 13.8MPa. Such a large excess is implausible, particularly
as there are well-developed drilling-induced tension fractures at the top
of the open hole that would surely extend as hydrofractures under such
a high overpressure. For this reason, the best estimate of Shmin at
4632m (the 7–5/8″ liner shoe) is taken as 74.4MPa, the maximum
pressure reached during the stimulation injection. Evidence at Soultz
suggests that the maximum pressure attained at the top of the open hole
section represents a reasonable measure of Shmin at that depth, al-
though this is probably not a universal rule.13 Assuming a linear Shmin
trend that passes through the origin, this Shmin measure at 4632m
leads to the following linear trend:

=Shmin MPa z km[ ] 16.06 [ ] (2)

where z is in kilometres. This is slightly less than the value of 17.1 z
[km] MPa adopted by Häring et al.,15 which is influenced by a single
RACOS measurement on core taken from near 4900m.24 Considering a
linear fit through both the FIT test result at 2602m and the maximum
pressure reached at the liner shoe (4632m) leads an even larger gra-
dient with a large negative offset at zero depth:

=Shmin MPa z km[ ] 19.90 [ ] 17.78 (3)

In the following analyses, the pore pressure will be considered to be
given by hydrostatic conditions with a fluid density of 1000 kg/m3:

= =Pp MPa gz z km[ ] 9.81 [ ]f (4)

This a reasonable assumption, although a slight reservoir over-
pressure of 1.7–2.6MPa is reported by Häring et al.15 shortly after
drilling.

The basement section of the well was drilled with a potassium-si-
licate mud whose density varied from 1060 to 1160 kg/m3 over the
drilling operations. The density during the acquisition of the acoustic
televiewer data used in our study was 1080 kg/cm3 which implies that
the entire basement has been exposed to this mud density. For simpli-
city we used in our analysis a mud pressure profile equal to our pore
pressure profile (Pw= Pp). This has a minor impact on our stress ana-
lyses of less than 2MPa at 2.5 km and less than 4MPa at 5 km depth.

The SHmax profile is the most difficult to constrain and is the focus
of this paper. Specifically, we will derive SHmax estimates from the
width of borehole breakouts and then add constraints from the occa-
sional presence of both breakouts and drilling-induced tension fractures
(DITFs). These analyses begin by considering the stress concentrations
arising at the borehole wall.

4. Constraints from wellbore failure

One approach to stress characterization that is now commonly ap-
plied is to estimate SHmax from the width of breakouts.29 However, this
approach relies heavily on the appropriateness of the failure criteria
used in the analyses8 since different failure criteria can lead to sig-
nificantly different SHmax estimates. For example, criteria that include
the strengthening effect of the intermediate principal stress give sig-
nificantly higher SHmax magnitude estimates compared to those that
consider only the minimum and maximum principal stress. Irrespective
of the failure criterion used, it is often difficult to parametrize the cri-
terion chosen so that it represents the in-situ strength characteristics of
the rock in question. Such parameter values are usually estimated from
mechanical tests on a few core samples. The paucity of data limits our
ability to quantify strength variability, and hinders the assessment of
the representativeness of the parameter estimates to in-situ conditions.
In addition, core damage due to the relaxation of in-situ stresses and
attendant formation of micro-cracks when coring is likely to lead to an
underestimation of the in-situ strength.30 An alternative approach is to
estimate in-situ strength using physical properties obtained from
borehole logs.31 However, the correlations underlying this approach
will not yield robust constraints on rock strength. Despite these po-
tential limitations, analyses of borehole failure provide some con-
straints on SHmaxmagnitude, particularly when the intensity or style of
borehole failure varies with depth.13 Matching these depth dependent
variations, for example, a transition with depth from drilling induced
tension fractures (DITFs) to breakouts as observed in the deep boreholes
of Soultz-sous-Forêts,13 imposes useful bounds on admissible SHmax
magnitudes.

4.1. Borehole failure in the BS-1 borehole

Borehole failure in the BS-1 hole was identified on a Schlumberger
ultrasonic borehole televiewer (UBI) log run in crystalline rock between
2569 and 4992m shortly after drilling was completed.17 The borehole
diameter is 9-7/8” (25.1 cm) from 2594 to 4841m depth (all depths in
this paper are measured along hole from ground level) and 8–1/2”
(21.6 cm) below. The borehole is sub-vertical, the maximum deviation
reaching 8° towards the NW at 4600m. The ultrasonic reflectivity and
travel time logs are shown in Fig. 2a and b. Breakouts were identified
along 81% of the logged section, and are almost continuous except for a
large 152m gap from 2747 to 2899m depth, and some other less-sig-
nificant gaps at 3820–3856m, 4185–4221m and 4582–4631m.17

The procedure to determine borehole failure is described in Valley
and Evans17 and is summarized here. Only axial spalling occurring in
two localized, diametrically-opposite directions were considered as
potential breakouts. The breakouts were measured on successive 40 cm
sections over which the borehole geometry was averaged. The angular
width of both limbs of the breakouts were measured independently.

Fig. 1. Pressure and flow rate record during the FIT test at a depth of 2602m BG on August 9th, 2006. The maximum wellhead pressure reached is 43 bars. At the
time of test, the borehole fluid had a density of 1160 kg/m3 which implies a downhole pressure of 34MPa at the depth of the test.
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Measurements were made through visual inspection of borehole cross-
sectional geometry. The identified breakouts are shown in red on
Fig. 2c. The widths of each pair of breakout limbs are reasonably
consistent except for a discrepancy near 4050mm depth where the SW
breakout side is more developed. For further analysis, the widths of
both breakout limbs were averaged to generate the depth profile of
breakout width shown in Fig. 2d. Histograms of breakout width for
successive 500m depth slices are presented on Fig. 2e–j. Considering all
measurements, the width is 79.2°± 17.4° (mean ± 1 std. Dev.). The
smallest measured width is 20° with a single measurement exception at
15°. This is consistent with the theoretical consideration discussed in
Section 4.4 which suggests that breakouts with width smaller than
about 20° are not stable. The largest measured width is 150°. Breakout
width tends to decrease with depth from an average of 93.3° in the

2500–3000m range to 67.3° in the 4500–5000m range.
For the DITFs, we distinguished between axial drilling-induced

tension fractures (A-DITFs32) and en-echelon drilling induced tension
fractures (E-DITFs5). Image features can be mistakenly identified as A-
DITFs on borehole logs affected by stick-slip motion of the logging
sonde.33 Stick-slip occurred below 4701m in the BS1 data set. E-DITFs
and natural fractures can also be difficult to differentiate and some
subjectivity is inherent to the image interpretations. Similar to borehole
breakouts, the orientation of each limb of each A-DITFs with respect to
the borehole center was measured every 40 cm independently. The
orientation of each E-DITF pair was measured by fitting a sinusoid
through the pair of limbs and determining the strike. The strikes of the
A-DITFs and E-DITFs are presented on Fig. 2 as blue and green crosses
respectively. Drilling-induced tension fractures are more sporadic than

Fig. 2. a) Ultrasonic reflectivity. b) Ultrasonic travel time. c) Sketch of identified stress induced borehole failure. Red lines: breakout centres. Light red area: breakout
span. Blue crosses: A-DITFs. Green crosses: E-DITFs strike. D) Breakout width profile from averaging the width of both limbs. e) to i) Histograms of breakout width for
successive 500m depth intervals and j) Histograms for all breakouts width data.
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borehole breakouts. In all, 245m (10%) of the logged section in BS1
was affected by ADITFs and E-DITFs are observed along 314m of
borehole (13%). Altogether, drilling induced tensile failure affect
slightly less than a quarter (23%) of the analysed borehole length.

In order to extract stress information from the wellbore failure ob-
servations, we need to consider the stress distributions prevailing at the
borehole wall during the formation of the features. We begin by re-
viewing relevant theoretical considerations concerning the stress at the
borehole wall and the failure criteria that feature in this study.

4.2. Stress state at the borehole wall

We will assume that borehole failure initiates at the borehole wall,
and thus only the stress state at the wall is relevant for determining the
breakout width and the formation of DITFs. The borehole BS-1 is taken
as vertical since the deviation from verticality between 2600 and
4500m ranges between 1 and 5°, and is close to 8° below 4500m. We
also assume that one principal stress is vertical and thus co-axial with
the borehole axis. An extension of the analysis to the more general case
where the borehole is not aligned with a principal stress axis could be
made using the approach of Hiramatsu and Oka,34 but is not required
here as the effect of the limited borehole deviation on the estimated
stress magnitude is considered to be minor.

The total stress state at the circular borehole wall can be expressed
in cylindrical coordinates (see Fig. 3 for variables definitions) by the
principal stress components of the tangential stress, S , the radial stress,
Sr , and the axial stress, Sz. Assuming far-field stress magnitudes, Sv,
SHmax and Shmin, and a wellbore fluid pressure of Pw, the magnitudes
of the components at an angle θ from the SHmax direction are35:

= +S Pw Sr r
T (5)

= + +S Shmin SHmax SHmax Shmin cos Pw S2( ) (2 ) T (6)

= +S Sv SHmax Shmin cos S2 ( ) (2 )z z
T (7)

where ν is Poisson's ratio, and Sr
T , S T and Sz

T are possible thermal
stress components in the radial, tangential and axial directions arising
from any difference in rock temperature, ΔT, at the borehole wall from
ambient temperature. Here, compression is taken positive. The thermal
stress components at the borehole wall are given by Stephens and
Voight36 as:

=S 0r
T (8)

= =S S E T
1

T
z

T
(9)

where E is the Young's modulus, α in the coefficient of linear expansion,

and ΔT is positive for heating and negative for cooling.
The question of which of the three principal stresses at the borehole

wall correspond to the maximum, intermediate or minimum stress for
any far field stress condition (i.e. any combination of Shmin, SHmax, Sv
and Pw) and any location around the hole (θ) is not trivial. However,
when considering the circumferential locations most favourable for
breakout-failure (i.e. sectors centred at θ=90 or 270°), > >S S Sz r is
valid in most situations. An exception arises when SHmax and Shmin are
almost equal and of low magnitudes compared to Sv. In this situation, Sz
can become the maximum principal stress. Special care must thus be
taken when considering borehole failure analyses in such a stress re-
gime. A similar situation occurs when considering the orientation at
which DITFs can form (i.e. at θ=0 or 180°). Typically, for θ=0° or
180°, <S Sz, although, there are some stress regimes for which this is
not the case and transverse DITFs can occur.37,38

4.3. Failure criteria

In this section, we describe the various failure criteria applied in the
analysis. Reviews of failure criteria used in wellbore failure analysis can
be found in Colmenares and Zoback39 and Zhang et al.40 The criteria
were parametrized to the case of the Basel monzogranite using data
from a single multi-stage confined compression test performed on a core
plug by Braun.24 The 34mm diameter sample was 70mm in length, and
was itself cored from the 100mm diameter core recovered from the BS-
1 hole. The sample was jacketed so that the confining fluid could not
penetrate it. The sample is from a depth of 4902m, and consists of
monzogranite with a composition of approximately 50% quartz, 25%
plagioclase, 10% potassium feldspar and 15% ferromagnesian minerals.
The grain size in the plug sample is about 3–5mm, although large K-
feldspars (up to 5 cm long) are present in the BS1 core. It was tested
under axial loading with increasing confinement in steps of 5, 10, 30,
50 and 70MPa. Confinement was increased when non-linearity, con-
sidered as evidence of yield, was identified on the axial or radial strain
records. The axial stress at yield for each of the confining stress levels
are listed in Table 1. The elastic properties determined during the first
loading step with 5MPa confinement and ignoring initial closure effects
are E= 39 GPa for the Young's modulus and ν=0.22 for the Poisson's
ratio. Similar values were obtained in subsequent steps at higher con-
fining pressure. The implied static Young's modulus is unrealistically
low for a fine-grained monzogranite and is not consistent with the
average dynamic modulus between 4896.5m and 4906.5m depth de-
rived from sonic and density logs of 80 GPa with a standard deviation of
3.3 GPa (see Fig. 4). Static Young's modulus would be expected to be
only 15–20% lower than dynamic modulus,41 which in this case would
be about 65 GPa, but not 50% less. A possible explanation for this
discrepancy could be the presence of core damage, although in this case
one would expect the effect of damage on modulus would diminished
with increasing confinement, which is not observed. This discrepancy in
modulus is currently unexplained. In view of the fact that only one
multi-stage measurement was made, and the consistency of the dy-
namic modulus estimates, we use a Young's modulus of 65 GPa in the
analyses. The coefficient of linear thermal expansion was estimated
based on mineralogical composition following approaches described
in.42,43 Computing the thermal expansion coefficient of a mineral ag-
gregate using a weighted arithmetic and harmonic average it was
possible to bracket its value to be approximately 1e-5 K−1.

Fig. 3. Definition of the variables in a cylindrical borehole coordinate system
aligned with a vertical well.

Table 1
Results from multi-stage strength testing of a single plug from of the Basel core
from Braun.24

2 = 3 (confinement) [MPa] 5 10 30 50 70
1 (axial load at estimated yield point)

[MPa]
169.7 221.7 337.3 442.5 557.3
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A number of factors must be born in mind when considering the
degree to which the data in Table 1 reflect the strength characteristics
of the intact rock under in-situ conditions. Significant core damage in
the form of disking or incipient disking with 2–3 cm spacing was ob-
served along the entire 10m length of the 10 cm diameter core ex-
tracted from near the bottom of the BS-1 borehole. Although it is likely
that the plug used in the strength testing was selected to be as far as
possible from an incipient disking fracture, the spacing and ubiquitous
nature of the incipient disking would make it difficult to find a zone to
extract a 34mm plug that did not contain significant microscopic da-
mage associated with the disking process. In any case, relaxation of in-
situ stress would induce microscopic damage that would serve to reduce
the strength and Young's modulus of the sample, and increase its
Poisson's ratio. Strength reductions due to stress relaxation of up to 30%
have been reported,30 and disking-related damage would add to this.
Moreover, the size of the sample tested is significantly smaller than
recommended,44 although this is more likely to have the opposite effect
of producing an overestimate of the strength and modulus compared to
tests on standard size samples.45 A further concern is that the multistage
procedure used in the testing can generate bias if the loading system is
too slow to react to the onset of yield and significant damage occurs
before the sample is stabilized by increasing the confinement. If such
occurs, the strength estimate at higher confinement tends to be low,
leading to underestimation of the internal friction angle. Finally, only a
single test was performed, and thus there is no demonstration of re-
producibility or assessment of the variability of strength characteristics
along the hole. In view of these limitations, the strength estimates given
in Table 1 are taken as tentative, and it is acknowledged that the degree
to which they represent the strength characteristics of the rock along
the borehole is questionable. In addition, some authors7,46 have re-
ported reduced strength for test performed on very low permeability
rock in conditions were the confining fluid was allowed to penetrate the
sample. Specifically, they found that the onset of dilation allowed the
confining fluid to penetrate the sample, leading to sudden failure at
stress levels 50%–70% lower than measured on dry jacketed samples of
the same rock type. They claimed that these failure conditions are more
representative of the wellbore conditions when breakouts forms. In the
case of the Basel well, the natural pore pressure and the borehole fluid
pressure are in quasi-equilibrium, which is why we take Pw= Pp. With
the pore pressure being pervasive throughout the rock and the wellbore
pressure being in equilibrium with the pore pressure, there isn't any
direct reason for a sudden penetration of wellbore fluid into newly
formed cracks at the onset of dilation. One could even argue that the
volume increase related to the onset of dilation would induce actually a
pore pressure drop leading to an effective strengthening of the material.
Nevertheless, we considered such potential effects in a sensitivity study

presented in Appendix where the failure criteria are parametrized with
peak strength reduced to up to 55% of the reported peak strength.

For all failure criteria considered, the weakening effect of pore
pressure as described by an effective stress law must be included. The
effective stresses, σ are computed from total stress, S, as:

= PpS (10)

where 0≤ β≤ 1 is a coefficient in the effective stress law that depends
of the failure mode. For compressive failure we consider a coefficient

= 1.0c , as found by Brace and Martin47 to be valid for low-porosity
crystalline rocks. For the tensile failure of low porosity crystalline rocks,
the value of t remains controversial.

8,48–52 In order to deal with this
uncertainty, we will consider the two extreme scenarios with = 1.0t
and = 0.0t , respectively.

In the following, several strength criteria for compressive failure
(i.e. Rankine, Mohr-Coulomb, Mogi-Coulomb and Hoek-Brown) and
one for tensile failure are parametrized using the multi-stage mea-
surements on the Basel monzodiorite core plug listed in Table 1.

4.3.1. Rankine criterion
This is the simplest of the compressive failure criteria in which the

strength of the borehole wall is assumed to be a constant, independent
of the intermediate or minimum effective stresses, 2 or 3. With this
criterion, failure occurs when the maximum effective principal stress,

1, exceeds a strength threshold, Co
R. That is,

Co
R

1 (11)

The strength threshold Co
R is usually taken as equal to the uniaxial

compressive strength, although some authors suggest that it can be
significantly less. For example, Walton et al.53 consider the wall
strength to be about 75% of the uniaxial compressive strength. The
value of the uniaxial compressive strength for the Basel granite is dis-
cussed below.

4.3.2. Mohr-Coulomb criterion
In the Mohr-Coulomb criterion, rock strength increases linearly with

the minimum effective principal stress. This criterion can be expressed
in terms of effective principal stresses as:

+C qo1 3 (12)

where Co is the uniaxial compressive strength, and q is a material
constant that can be related to the internal friction angle, ϕ, through

= +( )q tan2
4 2 . The internal friction angle, ϕ, relates to the coefficient

of internal friction, μ, through μ=tan(ϕ). Plots of the Mohr-Coulomb
criterion in ( 3 1) and ( n ) spaces for the Basel data given in
Table 1 are shown in Fig. 5. The data follow linear trends except for the

Fig. 4. Comparison of dynamic modulus profile in the vicinity of the static modulus determination by Braun.24 The average dynamic Young's modulus in depth range
4905.63–4915.5m BRF is 80 ± 3.3 GPa (4896.63–4906.5mBG).
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data point at the lowest confining pressure of 5MPa which indicates a
lower 1 failure stress. Taken on face value, this suggests either a curved
criterion (e.g. the Hoek-Brown criterion discussed shortly) or a bilinear
criterion. However, the possibility that it reflects sample damage
cannot be ruled out. If one discards the 5MPa confinement data point,
the extrapolated strength at zero confinement (i.e. the uniaxial com-
pressive strength) is Co =167MPa (dotted line on Fig. 5a), and the
internal friction angle is 44°. However, if the lowermost data point is
considered valid, then the linear fit through the two lowermost con-
finement data points (dashed line on Fig. 5a) or a curved criterion
through all data, gives =C MPa118o . The implied internal friction an-
gles are 55.5° for confinement smaller than 10MPa, and 44.0° for
confinement higher than 10MPa (Fig. 5b). In the stress calculations, we
will use Co values of 118 and 167MPa to bracket the range of values.
Such values are in the correct range for large grainsize granitic to
granodioritic rocks published in the literature.54

4.3.3. Mogi-Coulomb criterion
The Mogi-Coulomb criterion, proposed by Al-Ajmi and

Zimmerman55 is a linearized version of Mogi's criterion56 that relates
the octahedral shear stress, = + +( ) ( ) ( )oct

1
3 1 2

2
2 3

2
3 1

2

to the mean stress, = +
m.2 2

1 3 . Expressed in m oct.2 space, the
failure criterion is:

+a boct m.2 (13)

The parameters a and b are material constants that are related the
Mohr-Coulomb parameters of internal friction, ϕ, and cohesion, c, by

=a c cos ( )2 2
3 and =b sin ( )2 2

3 . The strength test data from Table 1
are plotted in m oct.2 space in Fig. 6. The solid black line denotes the
best linear fit to all the test data points (circles). Also shown are the two
failure lines derived from the Mohr-Coulomb parameters given in
Fig. 5: the dashed line denotes the fit to the two low-confinement data,
and the dotted line denotes the fit to all points except the lowest con-
finement point (referred as High confinement in Fig. 6). The latter is
essentially identical to the fit on all data.

4.3.4. Three dimensional Hoek-Brown criterion
The Hoek-Brown failure criterion54 is an empirical, non-linear

failure criterion that is based upon empirical57 and theoretical con-
siderations.58 For intact rock, it has the form:

+ +C m
C

1o i
o

1 3
3

(14)

where mi and C0 are the strength parameters. The strength data from
Table 1 are plotted in ( 3 1) space in Fig. 7a, together with the best-
fitting curve of the form of Eq. (14). Zhang and Zhu59 proposed an
extension of this criterion in order to account for the intermediate
principal stress. Expressed in m oct.2 space, it takes the form:

+
C

m m C9
2

3
2 2o

oct i oct i m o
2

.2 (15)

and can be understood as a non-linear version of the Mogi criterion. The
data from Table 1 are plotted in ( m oct.2 ) space in Fig. 7b. The fitted
curve is obtained by introducing the parameters Co and mi determined
in ( 3 1) space (Eq. (14)) in Eq. (15) and this produces a very sa-
tisfactory fit. A least square best fit to the data directly in the
( m oct.2 ) space leads to only slightly different fitting parameters. The
strength parameters values obtained of =C MPa109o and =m 27.7i , are
in agreement with published values for such rock type,54 although Co is
on the lower end of the range of expected values.

4.3.5. Tensile strength
For tensile failure, a simple failure criterion of the Rankine type is

adopted. Specifically,

Fig. 5. Strength data of Table 1 for the Basel granite with best linear fits in a) 3 1 and b) n spaces.

Fig. 6. Strength data of Table 1 for the Basel granite plotted in m 2 oct. space
(circles). See text for description of the linear fits.
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T3 (16)

where 3 is the minimum effective stress at the borehole wall and T is
the tensile strength.

The tensile strength of the Basel granite has not been measured.
Following the approach of Perras and Diederichs,60 the tensile strength
will be approximated using the parameters of the Hoek-Brown failure
criteria54 with the following relationship:

=T C
m

o

i (17)

where Co is the uniaxial compressive strength and mi is the frictional
parameter in the Hoek-Brown relation. Using the Hoek-Brown para-
meters derived above in Eq. (17) leads to an estimate for T of 4MPa.
This is slightly less than expected values for the rock type60 and could
be influenced by the relatively low Co determined above. Assuming that
the strength data at the lowest confining pressures is affected by sample
damage, and that this should be ignored in the determination of Co (i.e.
Co should be taken 167.3MPa in Fig. 5), then the tensile strength es-
timate increases to T=6MPa. In practice, the tensile strength of the
borehole wall is often taken as 0MPa, a view justified by the likelihood
that a cohesionless flaw will be present at the borehole wall to initiate
tensile failure. Neglecting the tensile strength of the borehole wall does
not greatly add to the uncertainty of the analysis.

4.4. SHmax estimate from breakout width

An expression relating stress magnitudes to breakout width was
given by Barton et al.29 using a Rankine failure criterion. Specifically,
they assumed that the width of a breakout that formed for a given
combination of far-field stresses, SHmax and Shmin, and interval well-
bore pressure, Pw, would be defined by all points around the borehole
wall where the effective tangent stress, = S Pp (assuming

= 1.0c ), reaches or exceeds the Rankine failure threshold, Co
R. They

derived an equation for computing SHmax from breakout half width, b,
given an independent estimate for Shmin was available. After mod-
ification to include the presence of a thermal component, S T (Eq. (9))
to the tangent stress at the wellbore wall arising from a possible tem-
perature perturbation from ambient,61 the relation becomes:

= + +
+

SHmax C Pp Pw S Shmin cos
cos

(1 2 (2 ))
1 2 (2 )

o
R T

b

b (18)

This approach makes several questionable assumptions. Firstly, the
effect of evolving borehole geometry on the tangent stress at the

borehole wall during breakout development is not considered. The
validity of this simplification is not clear and may depend of the mode
of failure. Secondly, it is assumed that S is the maximum principal
stress for all values of θ, which is not always strictly the case. As dis-
cussed in Section 4.2, this assumption is almost always true for θ= 90
and 270°, but is often not true for θ= 0 and 180°. Eq. (18) is thus not
valid for very wide breakouts. Another reason why Eq. (18) is not valid
for wide breakouts is due to its asymptotic behaviour: as breakout
width, 2 b approaches 120°, the denominator of Eq. (18) approaches
zero and thus SHmax becomes undetermined. Moreover, for widths
close to 120°, small variations in width produce large changes in the
estimate of SHmax, leading to poor constraints on SHmax. For these two
reasons, the use of Eq. (18) is not recommended when the breakout
width is larger than 100°.

A slightly different expression can be derived using a Mohr-
Coulomb criterion (Eq. (12)), where strength is a function of the
minimum effective principal stress, 3. Here, the maximum principal
stress is taken as S (Eq. (6)) and the minimum principal stress as Sr (Eq.
(5)). The estimate of SHmax is obtained in the same manner as for the
Rankine criterion by solving for SHmax at the breakout edge, which is
given by:

= + + +
+

SHmax C Pp Pw S Ppq Pwq Shmin cos
cos

(1 2 (2 ))
1 2 (2 )

o
T

b

b

(19)

where q is the frictional strength component as defined in Eq. (12). This
relation suffers from the same limitations as Eq. (5) and should not be
used for breakout width larger than 100°. It is important to note that Eq.
(19) reduces to Eq. (18) when Pw=Pp, because then the minimum
effective principal stress at the borehole wall becomes zero, and the
borehole wall strength is then constant and equal to Co. In our analyses,
we take Pw=Pp, and so the results for the Mohr-Coulomb criterion are
identical to the Rankine criterion, with, =C Co

R
o.

Analytical solutions for SHmax are not easily derived when con-
sidering criteria where the intermediate effective principal stress, 2,
influences the strength (e.g. Mogi-Coulomb or Hoek-Brown 3D).
However, the solution can be computed numerically. In addition, when
computing the solution numerically, the relative magnitudes of S S, z
and Sr can be checked before introducing them into the failure cri-
terion, which removes one of the limitations discussed above.

The SHmax-Shmin solution spaces obtained from numerical com-
putations of the breakout width using each the four failure criteria
parameterized using the data in Table 1 are presented in Fig. 8 for

Fig. 7. a) Hoek-Brown criterion fit through the Basel core-test strength data in ( 3 1) space. b) Same data and same fit in ( m 2 oct. ) space.

B. Valley and K.F. Evans International Journal of Rock Mechanics and Mining Sciences 118 (2019) 1–20

8



vertical stress and pore/wellbore pressure values appropriate for a
depth of 4632m BG. Curves are shown for a range of breakout widths.
For the Rankine and Mohr-Coulomb analyses, we used the low con-
finement uniaxial compressive strength and frictional parameters de-
rived in Section 4.3.2, although later in this paper, both parametrisa-
tions will be evaluated. The Rankine and Mohr-Coulomb criteria lead to
identical results except at very high SHmax magnitudes. This is due to
the fact that with very high SHmax magnitudes, the minimum principal
stress at the borehole wall required for wide breakout failure becomes
the axial component (SZ) and is negative. With the Mohr-Coulomb
criteria, a negative minimum principal stress leads to a weakening of
the borehole wall to values less than, C0

62–64 an effect which is not
captured by the Rankine criteria. Such low axial effective stress com-
ponent can, however, lead to transverse fractures.37 This effect is not
captured by Eq. (6), which assumes that the minimum principal stress is
always the radial stress and is never negative. The contour line for 120°
breakout width is vertical, indicating complete insensitivity to SHmax
which reflects the asymptotic behaviour of Eqs. (5) and (6). For the true
triaxial criteria (Mogi-Coulomb and Hoek-Brown 3D), the effect of the
intermediate stress is to translate the initiation of failure (0° breakout
width contour) to a higher SHmax magnitude compared to the Mohr-

Coulomb case.
Fig. 9 shows the dependence of breakout width on SHmax magni-

tude for the case Shmin=75MPa, which corresponds to the estimated
conditions at the top of the open-hole in the Basel reservoir. For the
Mogi-Coulomb and Hoek-Brown 3D criteria, failure initiates for SHmax
magnitudes of 147MPa and 151MPa respectively, whereas for the
Rankine and Mohr Coulomb criteria initiation occurs at an SHmax level
of 99MPa, which is 48–52MPa lower. At a breakout width of 95°, the
predicted SHmax difference for the two pairs of criteria increases to
about 125MPa. The curves of Fig. 9 are very steep at breakout initia-
tion which means that a subsequent small increase in SHmax of only
2.5MPa results in a 20° increase in predicted breakout width (true for
all criteria). This suggests that breakout widths less than 20° are not
stable, in agreement with the fact that such narrow breakouts are rarely
observed.

The curves of Fig. 9 also show that if Shmin and the breakout width
are known, the magnitude of SHmax can be uniquely determined for a
given failure criterion, at least for breakout widths in the range 0°–100°,
either using Eqs. (18) and (19) or by numerically searching for the
matching SHmax magnitude. Later, this approach will be applied to the
profile of breakout widths in the BS-1 well to obtain profiles of SHmax.

Fig. 8. SHmax-Shmin solution space at the top of the open hole section (4632m depth BG) for a range of breakout widths (2 b) obtained numerically for the following
failure criteria parameterized by the strength characteristics measured on the plug from the Basel-1 core: a) Rankine criterion, b) Mohr-Coulomb criterion, c) Mogi-
Coulomb criterion and d) Hoek-Brown 3D criterion. The assumed parameter values at 4632m are: Sv=115MPa, Pp= Pw=45MPa. A thermal stress of - 15.8MPa
is included to reflect a persisting 19 °C cooling of the hole after drilling and a Poisson's ratio of 0.22 is assumed. The bold lines denote limits on SHmax imposed by
assuming that crustal strength is limited by a Coulomb friction criterion with a friction coefficient of 1.0. Dotted and dashed black lines are DITFs failure lines (see
Section 4.5, Eq. (3)) for a tensile strength of 4MPa and a coefficient for effective stress law t of 1.0 or 0.0, respectively. These also include the effect of a prevailing
thermal stress of – 72.5MPa arising from the estimated 87 °C cooling experienced by the lower reaches of the borehole during drilling (see Section 4.6).
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4.5. Constraints on SHmax from DITFs

The observation of DITFs at a given depth allows further constraints
on SHmax to be imposed by considering the stress conditions required
for tensile failure at the borehole wall for θ=0 or 180° (Eq. (6)), using
the tensile failure criterion given by Eq. (16), and an appropriate ef-
fective stress law (Eq. (10)). Specifically, the observation of DITFs im-
plies the following inequality is satisfied:

+ +SHmax Shmin Pw S Pp T3 T t (20)

If Shmin and other stress components of Eq. (20) are known, then
Eq. (20) can be used to compute a lower bound on SHmax. If Shmin is
not known, then Eq. (20) can be used to plot pairs of values in Shmin –
SHmax space which are consistent with DITF formation. The coincident
observation of breakouts and DITFs places relatively strong constraints
both stress magnitude estimates. This is evident in Fig. 8 where the
tensile failure lines for t =0.0 and 1.0 are plotted in Shmin – SHmax
space for the top of the open hole section (4632m depth BG) together
with Shmin – SHmax contours for various breakout widths. For the DITF
failure lines, acceptable Shmin – SHmax pairs of values lies to the left of
the line. Note that this is a hypothetical example as neither borehole
breakouts nor DITFs are observed at the depth of 4632m considered in
the figure. As is clear from Eqs. (18)–(20), a thermo-elastic stress
component, S T , arising from cooling of the borehole wall, has a direct
impact on the constraints on SHmax imposed by presence of breakouts
and/or DITFs. It is thus of considerable importance to correctly estimate
the temperature deviations from ambient at the times relevant to the
two forms of failure. This is discussed in the following section.

4.6. Temperature perturbation estimation

In order to estimate the thermal stresses prevailing around the
borehole at the times of failure, it is necessary to reconstitute some
characteristics of the borehole thermal history based on available data.
A mud cooler was used during drilling and the mud was typically re-
injected at a temperature of 40–55 °C. After completing drilling to a
total depth of 5000m, the mud circulation was stopped on 22-Oct-
2006. The UBI log used to determine the presence of borehole failure
(Fig. 2a – b) was obtained four days later on the 27-Oct-2006. The
maximum temperature recorded within the sonde during the UBI log-
ging was 158 °C. Two calibrated temperature logs were acquired prior
to UBI logging: one on the 23-Oct-2006, 20.3 h after end of circulation,
and one on the 24-Oct-2006, 51.5 h after end of circulation. Both
temperature logs are presented in Fig. 10a as grey and black dashed
lines, respectively. One temperature log was run to 4.6 km more than
two years after drilling completion, on 10-Dec-2008, and is taken to be

representative of the in-situ conditions without the drilling-induced
temperature perturbation (Fig. 10a, black solid line).

Temperature measurements were also acquired by Electronic
Multishot Surveys (EMS), details of which are given in the Appendix.
The EMS data give bottom hole temperatures during pauses in drilling
at 4429m, 4687m and 4988m depth of 84 °C, 83.5 °C and 89 °C re-
spectively.

For the analysis of breakout width, the temperature perturbation of
relevance is the drawdown in temperature from the natural conditions
that is persisting at the time the breakout width is measured (i.e. the
time of the UBI log). As cooling during circulation ended on 23-Oct-
2006 and the UBI log was run four days later, the well was still heating
up at that time, and thus further increases in breakout width can be
anticipated in response to increasing thermo-elastic hoop stress.65 The
bottom-hole temperature history after stopping circulation has been
analysed using the Horner method in order to assess the bottom hole
temperature when the UBI logs were acquired (27-Oct-2006). The es-
timated bottom hole temperature is in the range 172–177 °C, which is
5–10 °C higher than the bottom hole temperature recorded with the
complete temperature profile of 24-Oct-2006. The temperature while
logging is thus estimated by offsetting the 24-Oct-2006 log by 5–10 °C
resulting in the dark grey temperature range displayed in Fig. 10a.
Taking the log of 10-Dec-2008 log as representative of natural forma-
tion temperature, the residual cooling relevant for the borehole
breakout analysis is greatest at 4735m, where it is 17–22 °C (see
Fig. 10b). The residual cooling is slightly less at the bottom hole
(9–14 °C) and it progressively decreases above 4 km depth to reach
5–10 °C at 2500m. For the thermo-elastic properties of the Basel
monzodiorite (see Section 4.3), the corresponding thermo-elastic hoop
stress contributions are −14 to −18MPa at 4735m depth, −8 to
−12MPa at the bottom hole, and −4 to −8MPa at 2500m.

For the formation of DITFs at a given depth, the important tem-
perature change is the largest amount of cooling that the borehole at
that depth experienced during drilling. Thus, the analysis requires the
estimation of the profile of maximum cooling. Under most circum-
stances, the greatest cooling occurs near the bit where relatively cool
mud emerging from the bit contacts the rock. The maximum cooling
profile can be determined if mud temperature is measured in the
bottom-hole-assembly with measurement-while-drilling technology.
Unfortunately, no MWD system was employed in the BS-1 well. A firm
lower bound on the maximum cooling profile is set by the temperature
log from 23-Oct-2006 which was run 20 h after the circulation was
stopped. This log suggests cooling up to almost 40 °C (corresponding to
a hoop stress of −33 MPa). However, the maximum cooling is likely to
be significantly greater than this. The temperature profiles collected
with the EMS logs indicate bottom-hole cooling of up to 100 °C (see

Fig. 9. Breakout width as a function of SHmax for the four strength criteria parameterized with the strength data from Table 1. A value for Shmin of 75MPa was used,
as appropriate for the top of the open hole section of the Basel reservoir. The curves define the combinations of SHmax and breakout widths prevailing along profiles
A-A′ in Fig. 8 a) to d).
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Fig. 10b) implying very high thermal hoop stresses up to −83 MPa. The
EMS data, whilst limited by the fact that they are essentially point
measurements that are few in number, nevertheless provide reasonable
estimates of the amount of cooling that prevailed at the hole bottom
during drilling. Thus, they were used to determine the cooling and
hence the thermo-elastic stress for the DITF analyses. The profile of
maximum cooling used in our analyses, which is shown by the light
grey area in Fig. 10, passes through the three EMS data points, and was
extrapolated to the surface so as to respect the average temperature of
the mud returns on surface during circulation of about 55 °C. Clearly,
the uncertainty of the profile is less in the lower part of the hole where
EMS data are available than in the upper part of the well where no data
are present. The profile of the amount of cooling from the ambient
temperature is derived from the maximum-cooling profile by sub-
tracting the profile of natural formation temperature given by the log
from 10-Dec-2010. The amount of cooling is maximum at the bottom
hole where it ranges from 94 to 100 °C corresponding to a thermally
induced hoop stress of 78–83MPa. At 2500m depth, the cooling is
about 27–45 °C, corresponding to a hoop stress of 23–38MPa.

4.7. Constraints on SHmax from breakout width

The breakout width profile shown in Fig. 2d was used to determine

a profile of SHmax assuming the profiles of Sv and Shmin are given by
Eqs. (1) and (2) respectively. A thermal stress component of =S ST

z
T

was computed using the cooling profile in Fig. 10b (dark grey area).
The four different compressive failure criteria described in Section 4.3
were considered in the analysis. The magnitude of SHmax at each depth
was derived numerically by solving the forward problem (i.e. com-
puting the expected breakout width) by iteratively adjusting the SHmax
value until a good match with the observed breakout width was found.
A minimization routine by Forsythe et al.66 that is implemented in the
MATLAB™ Optimization Toolbox was used. When the observed
breakout width exceeded about 100° (i.e. getting close to the asymptote
at 120° mentioned in Section 4.4), a sensible match could not be
achieved and thus no solution was obtained. At depths where no
breakouts were observed, the computed SHmax level for breakout in-
itiation was taken as an upper bound for SHmax. The SHmax profiles
resulting from these computations for the four failure criteria are pre-
sented on Fig. 11a–d, together with bounds on SHmax imposed by as-
suming that crustal strength is limited by a Coulomb friction criterion
with friction coefficients, μ, of 0.6 and 1.0.

A common, and somewhat surprising feature of all the computed
SHmax profiles is the very low or slightly negative gradient with depth.
The best-fitting linear depth trends to the four SHmax profiles have
gradients of −2MPa/km and −6MPa/km for the Mohr-Coulomb/

Fig. 10. a) Temperature logs acquired in BS-1 at different dates (see text for details). b) Cooling, ΔT, of the wellbore computed from the difference between the
temperature logs and the reference log of the 10-Dec-2008. Since the latter was only acquired down to 4600m, it was linearly extrapolated to greater depth. The
temperature during UBI logging (dark grey area) is estimated using the Horner method that indicates that the bottom temperature was about 5–10 °C higher than
during the acquisition of the 24-Oct log.
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Rankine criteria with uniaxial compressive strengths of 118 and
167MPa respectively (Fig. 11a and b), −3MPa/km for the Mogi-
Coulomb criterion (Fig. 11c), and 4MPa/km for the Hoek-Brown 3D
criterion (Fig. 11d). A reduction in the strength estimate due to possible
pore pressure effects does not significantly affect these gradients, as
shown in the sensitivity analyses presented in Fig. A-3 in Appendix.
Such low SHmax gradients are a consequence of the observation that
breakout width decreases with depth. The SHmax trends are dependent
to some degree on the Shmin profile assumed in the computation. This is
given by Eq. (2), and was constrained by a single datapoint given by the
limiting pressure observed at the casing shoe during stimulation. An
independent estimate of Shmin can be derived by a stress computation
that takes into account both breakouts and DITFs. This approach is
taken in the next section to give further insights on the validity of the
results presented in Fig. 11.

4.8. Additional constraints from DITFs

When both compressive failure criteria (Eqs. (11)–(13), or 15) and
tensile failure criteria (Eq. (16)) are considered simultaneously, con-
straints on both Shmin and SHmax can be computed. An example of
such a computation is given in Fig. 12 for the depth range 4298–4308m
BG, where both breakouts and DITFs occur together (see the acoustic
amplitude image of Fig. 12a). The observed breakout width over this
section of 60°–80° and the presence of a pair of DITF failure traces can
be used to resolve both stress magnitudes in the Shmin - SHmax diagram
for this depth shown in Fig. 12b. Acceptable values of Shmin and SHmax

for the case t =1.0 are denoted by the shaded area lying to the left of
the t =1.0 failure line, with Shmin spanning the range 54–88MPa and
SHmax spanning the range 109–134MPa (see caption of Fig. 12 for
explanation). The Shmin magnitude range is consistent with the esti-
mate of 69.3MPa obtained from Eq. (2) at 4312m depth. Since the
vertical stress magnitude at this depth is estimated to be Sv=107MPa,
the analysis implies a strike-slip regime at this depth.

The principle of the approach illustrated in Fig. 12 can be used to
constrain stress at other depths by considering the constraints placed on
the solution space by the presence or absence of breakouts and DITFs,
as illustrated in Fig. 13. For the sake of simplicity, it is assumed that the
coefficient in the effective stress law for tensile failure, β= 1.0, and the
breakout width is assumed to be 80–90°. For the case where both
breakouts and DITFs occur together, stress magnitudes that are con-
sistent with the observed failure are limited to a polygon denoted by the
dark grey area in Fig. 13a. If the breakout width is well resolved and
takes a single value, the dark grey polygon collapses onto a line, but this
still imposes bounds on both Shmin and SHmax. The other cases shown
in the figure correspond to the presence of breakouts and absence of
DITFs (Fig. 13b), the absence of breakouts and the presence of DITFs
(Fig. 13c) and the simultaneous absence of both breakouts and DITFs
(Fig. 13d). These cases are treated similarly, and all place constraints on
admissible Shmin and SHmax magnitudes. Note the presence of two key
points that often control the limits on the possible range of Shmin and
SHmax magnitude. The first, denoted by the circle in Fig. 13, lies at the
intersection of the SHmax=Shmin line with the lower bound on stress
magnitude imposed by the assumed frictional strength of the crust (here

Fig. 11. SHmax estimates derived from breakout width for the four failure criteria considered and assuming the Shmin profile as given by Eq. (2): a) low confinement
Mohr-Coulomb/Rankine with Co

R =Co =117.7MPa; b) high confinement Mohr-Coulomb with Co
R =Co =167.3MPa; c) Mogi-Coulomb (a=21.26, b=0.67); and

d) Hoek-Brown 3D ( = =C 109.0MPa,m 5.6o i ). The Mohr-Coulomb and Rankine criteria are identical because Pw=Pp. Light blue horizontal markers: results of each
individual SHmax computation, the horizontal range stemming from the uncertainty on the thermal stress solely. Solid black line: filtered result using a 7-points
(2.8 m) moving average. Thick blue line: upper bound on SHmax computed at locations where no breakouts were observed. Black dashed lines: limits on SHmax
imposed by assuming the crust strength is limited by a Coulomb friction criterion with friction coefficients, μ, of 0.6 and 1.0. Pink and green dashed lines: Shmin and
Sv, respectively. Red dashed line: linear trend through the SHmax estimates.
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we assume μ=1.0). The lower bound is computed from:

+ +
+Sv Pp

µ µ
Pp

[ 1 ]2 2
(21)

The second key point, denoted by the square, is the breakout width
singularity point where all breakouts width contours converge on the
Shmin= SHmax limit of the stress polygon. When the stress state is
isotropic in the plane perpendicular to the borehole (e.g.
SHmax= Shmin in the case of a vertical borehole) the stress around the
borehole in function of the angle θ is constant. This implies in terms of
wellbore failure only two possibilities: either the stress state at the
borehole wall is below the failure criteria and no failure occur or the
stress state at the borehole wall is higher than the failure criteria and
failure occur for all θ, i.e. 2θb=180° (complete circumferential failure
of the wellbore wall). This is why for an isotropic stress state in the
plane perpendicular to the borehole, the breakout width contours
converge to one single point. More precisely, this point denotes the
smallest transversely-isotropic far-field stress magnitude that will pro-
duce failure at all points around the borehole, given the prevailing
cooling, and pore- and wellbore pressure conditions prevailing. It is
computed by solving Eqs. (6), (10) and (11), which leads to:

= = + +Shmin SHmax C Pw Pp S
2

o
T

(22)

Using the above approach, bounds on Shmin and SHmax were
computed using the same strength and effective stress parameters as in
the example of Fig. 13, and the results displayed in Fig. 14. The ef-
fective stress law for tensile failure is chosen in order to provide con-
servative bounds on the stress estimate, i.e. =t 1.0 where DITFs occurs
and =t 0.0 where they are absent. Cooling profiles for compressive and
tensile failure to compute the thermal stresses in this analysis (Fig. 10)
are taken as the central line (average) of the possible cooling values
evaluated earlier (grey areas on Fig. 10). The results are broadly con-
sistent with the SHmax profiles derived from the breakout width ana-
lyses in Fig. 11, but have the advantage of imposing independent

constraints on the Shmin magnitude. The Shmin estimates at locations
where either breakouts and DITFs, DITFs only, or no wellbore failure
occurs are consistent with the linear trend in Shmin that was con-
strained by the limiting pressure at the casing shoe during stimulation
(black square on Fig. 14) and forced through the origin (i.e. the profile
denoted ‘Shmin-hydraulic’ in Fig. 14). However, the Shmin estimates at
locations where only breakouts are observed are for the most part
significantly greater than the linear profile, the trend of the Shmin es-
timates displaying a flatter gradient whose lower limit approaches the
linear profile towards the bottom of the well. This lower limit is not in
disagreement with the limiting pressure measurement at the casing
shoe. The uncertainty on the constraints in each stress estimate re-
present the bounds on Shmin-SHmax solution space imposed by the
observed failure. The discontinuous nature of the modes of wellbore
failure implies stress heterogeneity. The best stress estimates come from
small areas of overlap in the solution spaces from different failure
combinations. Trend lines have been added to Fig. 14 by visual ad-
justment of linear trends attempting to be in agreement with most
constraints. They suggest a gradient of 7MPa/km for Shmin and a
5MPa/km for SHmax. This gradient is surprisingly low for both Shmin
and SHmax confirming the results obtained above (Fig. 11) for the
analysis of breakout width only. It is, however, important to note that
the stress magnitude constraints obtained from this method are largely
controlled by the lower frictional limit on crustal strength and the
breakout width singularity point, which is dependent upon borehole
wall strength, pore and wellbore pressures, and cooling, as discussed
above.

5. Discussions

A common feature of all the computed SHmax profiles is the very
low or even slightly negative gradient with depth. All of the conducted
analyses suggest that the SHmax gradient is 5MPa/km at most. The low
gradient is a consequence of the observation that breakout width de-
creases with depth. Changing the slope of the Shmin profile within
reasonable bounds from that of Eq. (2) does not change this result as

Fig. 12. a) Acoustic reflectivity image in the depth range 4298–4308m BG which shows the presence of both breakouts and drilling induced tension fractures b)
Constraints on the values of SHmax and Shmin that are consistent with breakout widths of 60–80° and the presence of DITF failure (see Section 4.4 for more details on
this computation). Acceptable pairs of values are denoted by the dark shaded area. The SHmax computations for the breakouts assume a Mohr-Coulomb strength
criteria with Co =117.7MPa and q=10.4 (see Fig. 5), and a cooling of the borehole wall of 19.6 °C implying the presence of a thermally induced hoop stress of
16.3 MPa. The computations for the DITFs assume a cooling of the borehole wall of 78.8 °C, giving a thermally induced hoop stress of 65.7MPa. The stress polygon is
computed assuming the rock mass has a Coulomb friction strength with a friction coefficient of μ=1.0. The Vertical stress magnitude estimated form density log
integration is for this depth 107MPa. c) Borehole cross-section computed from acoustic transit time data averaged over the interval 4298–4308m (thick black line)
and over 40 cm subintervals within this depth range (thin grey lines). The estimated breakout with range from 60 to 80° is also indicated.
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illustrated by Valley and Evans.67 Determining the Shmin profile in-
dependently from hydraulic tests by considering conjointly the
breakout width and the presence or absence of DITFs (Fig. 14) suggests
that Shmin also has a low gradient of about 7MPa/km, although this
result is largely dependent on the assumed cooling profile for the for-
mation of DITFs. Adoption of a profile where the cooling is much lower
in the upper section of the well can increase the Shmin gradient by to up
to 12MPa/km, but not more.

Purely gravitational loading of an isotropic, homogeneous elastic
half-space with zero horizontal strain boundary conditions would in-
duce a horizontal to vertical stress ratio given by

(1 )
. Although this

model is generally considered too simplistic to represent natural con-
ditions in geologic situations, it is used here to evaluate its con-
sequences in terms of stress gradient. Considering the vertical stress
gradient given in Eq. (1) and a Poisson's ratio in the range ν=0.3 to
0.35 would imply a horizontal stress gradient of 11–13MPa/km. More
complex stress models like the elasto-static thermal stress model of
Sheorey68 predict almost constant horizontal to vertical stress ratio in
the range of 0.45–1.1 (depending on the assumed crust stiffness) for
depth larger than 3 km. A uniform tectonic straining of a homogeneous
linearly-elastic material will modify the stress magnitude but not the
stress gradient. Stiffness contrast will affect the stress gradient. In the
case of the basement below Basel, it is conceivable that the upper 400m

of the basement is more compliant due to more intense fracturing.69

However, for a uniform straining, a stiffness gradient going from rela-
tively compliant rocks close to the cover-basement interface toward
stiffer rocks below would induce a steepening of the horizontal stress
gradient and would not be consistent with the low gradient observed.
The observed reduction of horizontal stress gradient would require a
tectonic strain gradient, with more intense straining at the cover-
basement interface and a reduction of the tectonic straining with depth.
Such a strain gradient would require a drag of the top basement oc-
curring below the décollement level at the base of the Mesozoic strata
in the Triassic evaporites. It has been shown that a perturbation to the
stress field occurs at the basement-cover interface,17 although the origin
of the perturbation is not well understood and is beyond the scope of
this paper. Although the BS-1 borehole is located close to large scale
tectonic boundaries that are the frontal thrust of the Jura fold-and-
thrust belt and the Upper Rhine Graben east border fault, it is not ob-
vious to anticipate what combined effects the proximity to these
structures might have on the local stress field. Large scale stress models
developed for the area do not provide additional insights since they
focus on stress variations within the sedimentary cover70 or the effect at
the asthenosphere-lithosphere boundary.71

The SHmax profiles derived from breakout width alone using each
of the four failure criteria are shown in Fig. 11. Although the SHmax
gradients are similar, the absolute magnitudes differ significantly.

Fig. 13. Hypothetical example illustrating how each of the four possible combinations of failure/no-failure set constraints on both Shmin and SHmax magnitudes: a)
simultaneous occurrence of borehole breakouts (with width b =80–90°) and DITFs; b) Occurrence of borehole breakouts (with width b =80–90°) but no DITFs, c)
occurrence of DITFs but no breakouts ( b ≤ 0°); and d) Absence of breakouts ( b ≤ 0°) and DITFs. Such diagram must be computed at each depth and the position of
the stress polygon and absolute values of Shmin and SHmax (voluntary not given here) will vary depending on the vertical stress and pore pressure estimate at the
given depth.
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Specifically, the Mogi-Coulomb (Fig. 11c) and Hoek-Brown-3D
(Fig. 11d) criteria that consider the strengthening effect of the inter-
mediate principal stress lead to SHmax estimates that are 60–80MPa
higher than for the low strength Mohr-Coulomb criterion (Fig. 11a) and
25–50MPa higher than for the high strength Mohr-Coulomb case
(Fig. 11b). The SHmaxmagnitude estimates for (Fig. 11c) and (Fig. 11d)
at depths above 4200m exceed the upper limit set by assigning a
Coulomb friction strength for the crust with a friction coefficient of 1.0,
and as such are considered unacceptable. In contrast, profile (Fig. 11b)
derived from the Mohr-Coulomb/Rankine criterion with the higher C0
exceeds this limit only at the uppermost few tens of meters, whereas
profile (Fig. 11a) for the Coulomb/Rankine criterion with the lower C0
does not violate this upper limit.

The stress regimes implied by the SHmax profiles in Fig. 11 for the
Mogi-Coulomb (Fig. 11c) and Hoek-Brown-3D (Fig. 11d) criteria are
essentially strike-slip for the entire depth range (a possible exception
applies for sections without breakouts where only an upper bound for

SHmax can be derived). The SHmax profile for the Mohr-Coulomb cri-
terion with higher C0 (Fig. 11b) trends from a strike-slip regime above
4200m to mixed strike-slip/normal faulting below 4200m. The SHmax
profile for the Mohr-Coulomb criterion with lower C0 (Fig. 11a) crosses
over from a predominantly strike-slip regime above 4100m to a pre-
dominantly normal faulting regime below 4500m. These results can be
compared with the depth trends of faulting style derived from focal
mechanisms analyses. A catalog of 28 focal mechanisms determined by
Deichmann and Ernst21 using the polarity of the first P-wave arrivals for
the stronger events recorded during the stimulation of the BS-1 bore-
hole was extended to 118 focal mechanisms in Terakawa et al.22 This
data set is dominated by strike-slip faulting style with some normal
component but little or no thrust component. No clear depth trend is
recognizable on this data set, although depth localization uncertainty
was less than 50m neat the casing shoe thanks to the presence of a 3-
component clamp sensor at the wellbore casing shoe. A larger focal
mechanism set including 639 events was derived by Kraft and

Fig. 14. Simultaneous constraints on Shmin and SHmax magnitude profiles given by the presence or absence of borehole breakouts and DITFs. This computation
assumes a compressive strength given by the low confinement Mohr-Coulomb/Rankine with =C Co

R
o =117.7MPa, a tensile strength T= 4MPa for the formation of

DITFs and mean cases from the ranges relevant for compressive and tensile failure presented on Fig. 10 for the thermally induced stresses. The black square denotes
the maximum pressure reached during the stimulation injection at casing shoe and is considered to be a reliable estimate of the Shmin magnitude, the profile of
which is denoted as ‘Shmin-hydraulic’.
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Deichmann23 using P- and S-wave amplitudes in addition to p-wave
first motion polarities to constrain the focal mechanism. This dataset
contains a mix of normal and strike-slip focal mechanism as well as a
few thrust events. No depth trend is present concerning the balance
between normal and strike-slip mechanisms, suggesting that SHmax
magnitude is not greatly different from Sv. A few predominantly thrust
component mechanisms were resolved, but all are confined to the upper
part of the granite above the liner shoe at 4632m depth, suggesting that
Shmin is closer to Sv in the upper part of the profile than in the lower
part. This might be taken as consistent with a relatively small gradient
for Shmin, similar to the small gradient derived for SHmax.

The SHmax profile that is most consistent with independent con-
straints is the one derived using a Mohr-Coulomb/Rankine failure cri-
terion with the strength at the borehole wall given by the lower of the
two estimates of uniaxial compressive strength C0 derived from the
strength data of Table 1. This is the only profile that does not violate
bounds on admissible SHmax values imposed by widely-accepted fric-
tional limits to the strength of the crust, and it is also fully consistent
with the depth trend of faulting style derived from focal mechanisms of
micro-earthquakes induced in the reservoir during stimulation. This
SHmax profile, like all others, has a very small depth gradient. Based on
the results shown Figs. 11 and 14, we propose linear depth trends for
Shmin and SHmax in the depth range 2500–5000m given by:

= +Shmin MPa z km[ ] 7 [ ] 42 (23)

= +SHmax MPa z km[ ] 5 [ ] 90 (24)

It should be emphasized that the validity of the absolute magnitude
derived from these profiles depends strongly on the strength assump-
tions adopted, while the stress gradients are independent of the strength
assumptions, as discussed above. To improve confidence in the absolute
stress magnitude estimates from breakout geometry would require a
better understanding of which failure model properly captures breakout
formation in low porosity crystalline rocks, and how to parametrize
such a model. The former would benefit from well controlled in-situ
experiments in full scale boreholes. Laboratory experiments conducted
on small samples72 have given valuable insights as to the failure pro-
cesses, but upscaling the results to full scale field cases remains un-
certain. The study presented here also highlights the importance of
securing high-quality rock strength data in future deep borehole pro-
jects in order to parametrize the strength criteria. This will remain
challenging because cores, if collected from depth relevant for breakout
formation, are likely to contain micro-damage that will affect the
strength parametrization. An alternate approach is to estimate strength
from geophysical logging as proposed for example by Chang et al.,31,73

but the universal validity of such relationship and their robustness in
crystalline hard rock has not yet been demonstrated.

An obvious feature of all horizontal stress profiles is the persistent
small-scale fluctuations in stress magnitude that arise from fluctuations
in breakout width and the variation of style of wellbore failure (i.e.
absence or presence of breakouts and/or DITFs). Taken on face value,
the breakout-width fluctuations would imply SHmax variations of sev-
eral tens of MPa depending upon the failure criterion used. However, in
reality, the variation in breakout width is likely to reflect both stress
and strength variations along the borehole. Fabbri74 and Sikaneta and
Evans75 found changes in breakout width in the BS-1 borehole often
correlated with locations where fracture or fracture zones cut the well,
but note that the variations could reflect reduced strength due to al-
teration and damage, or perturbation in stress magnitudes associated
with fractures. In the current state of knowledge, differentiation of
stress vs. strength effects on breakout width is not possible without
independent knowledge of one or the other. Thus, variations in
breakout width or variation of the style of wellbore failure should not

be interpreted as solely reflecting stress heterogeneity.

6. Conclusions

The wellbore failure dataset from the 5 km deep sub-vertical bore-
hole BS-1 is exceptional because near-continuous breakouts occur over
81% of the lowermost 2.4 km of hole in monzogranite, together with
more sporadic drilling-induced tension fractures (DITFs). We have
analysed the dataset using two approaches to obtain estimates of stress
magnitude. Both approaches are reliant on the simplifying assumption
that breakout width can be related to the stresses resolved at the surface
of a cylindrical vertical wellbore in a uniform, isotropic poro-elastic
medium. The wellbore wall stresses arise from the far-field principal
stresses (i.e. the vertical, Sv, and maximum and minimum horizontal
stresses, SHmax and Shmin respectively), the wellbore fluid pressure,
Pw, and cooling stresses arising from the drilling operation. Breakout
width is determined in the model by identifying the sectors of the
borehole wall where the resolved effective stresses reach the com-
pressive failure criterion. Similarly, the presence or absence of DITFs is
tested by assessing whether the resolved effective stresses at any point
on the wellbore wall meet the criterion for tensile failure. No con-
sideration is given to the possible effect of the evolving geometry of a
breakout during its formation in modifying the stresses at the wellbore
that govern breakout width.

In the first approach, hydraulic observations were used to define a
profile of minimum principal horizontal stress, Shmin, along the bore-
hole and the observed breakout width used to estimate a profile of
maximum principal horizontal stress, SHmax. Four different failure
criteria for the borehole wall were considered: the Rankine that con-
siders only the maximum stress at the borehole wall, the Mohr-Coulomb
that considers that maximum and minimum stress, and the Mogi-
Coulomb and Hoek-Brown criteria that take in consideration the
strengthening effect of the intermediate principal stress. All were
parametrized using data from a multi-stage confined compression tests
performed on a single core plug taken from 4902m depth. The resulting
profiles show significant small-scale variations in SHmax magnitude
which reflect variations in breakout width. These tend to correlate with
fractures and fracture zones intersected by the borehole, and may in
part at least reflect changes in rock wall strength at the structures which
are not included in the modeling. Thus, the small-scale variations in the
SHmax profiles cannot be taken as a direct measure of stress variability.
A surprising observation is that at large scales, where the rock strength
can be taken as reasonably constant, breakout width tends to decrease
systematically with depth. As a consequence, the large-scale trends of
the SHmax profiles obtained from the stress inversions using each of the
four failure criteria were found to have a very low gradient. This result
is independent of the Shmin profile used in the analysis. The large-scale
trends of the SHmax profiles differ in terms of the stress magnitude.
Inversions that use failure criteria that take in consideration the
strengthening effect of the intermediate principal stress yield relatively
high SHmax magnitudes that violate limits imposed by the strength of
the crust characterized by a Coulomb friction criterion with a friction
coefficient of μ=1.0. In contrast, the profiles obtained using the Mohr-
Coulomb/Rankine criteria which ignore the intermediate principal
stress do not and are thus preferred.

In the second approach, the breakout width profile, which includes
sections with zero width (i.e. no breakout), was combined with the
DITF profile (i.e. existence of otherwise at each depth), and pairs of
values of Shmin and SHmax magnitude that were consistent with the
observed pattern of failure (i.e. presence of both DITFs and breakouts
with their width, breakouts only with their width, DITFs only, or no
failure) were determined at each depth. The computations were per-
formed for the Mohr-Coulomb compressive failure criterion that yielded
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the best results in the first approach, and a coefficient in the effective
stress law for tensile failure of 1.0 when DITFs are present and 0.0 when
DITFs are absent which leads to the most conservative estimate. The
results are consistent with the first approach inasmuch as they indicate
a low gradient for the SHmax profile. They also suggest a low gradient
for Shmin, however this latter result is largely influence by the estimate
of cooling for DITFs formation, a parameter that is not well constrained
in the upper section of the borehole.

The depth trend of SHmax indicated that strike-slip faulting pre-
dominates above 4200m and strike-slip/normal faulting below. This is
reasonably consistent with focal mechanisms recorded during the re-
servoir stimulation which show a mix of strike-slip and normal faulting
throughout the depth range considered. There is no obvious geological
or tectonic explanation of the low gradient of the SHmax profile.

Some circumspection of the results is warranted in our opinion as
the breakout formation process in crystalline rocks is not sufficiently
well understood, and basic assumptions commonly made when in-
verting stress from breakout width may not be valid: for example, the
assumption that the initial and final width of the breakouts are iden-
tical, and that the tangent stress around the wellbore is not significantly
affected by the evolving geometry of the borehole cross-section during

breakout development. In addition, the absolute magnitude derived
from such analyses depends strongly on the strength model used and its
parameterization. In that regard, the limited data available for the BS-1
borehole highlight the importance of obtaining a more extensive
strength characterization in future deep borehole projects. Nonetheless,
the conclusion of a low gradient of SHmax appears to be robust as it is
forced by the observation that breakout width decreases with depth.
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Appendix. Estimation of bottom hole temperature from EMS survey

Electronic Multishot Surveys (EMS) are primarily intended to measure the profile of hole trajectory, and are run prior to pulling the drill string
out of the hole for a bit change or other operation on the bottom hole assembly (BHA). Three EMS records were acquired when the borehole depth
was 4429m, 4687m and 4988m, and the resulting temperature profiles are shown in Fig. 10a by dotted lines with triangles, circles and diamonds
respectively. Note that these are not conventional temperature logs. The EMS measurement principle is as follows. First, the probe clock and sample
period is set and the probe inserted into the top of the drilling string. Mud circulation helps the probe descend, and it lands in the bottom hole
assembly, close to the hole bottom, at which point the mud circulation is stopped. The drill string is then progressively built out of the hole, thereby
bringing the probe slowly to the surface. The probe position at any time can be determined by comparing clock time with the time record of BHA
position. The probe is not necessarily always in thermal equilibrium with the drilling mud. However, for the measurements of greatest importance
here, those of bottom-hole temperature, a check of equilibration can be made because the probe sits stationary within the BHA for a sufficiently long
time before pulling-out begins to capture the temperature rise to equilibrium (horizontal dotted lines on Fig. 10a). This can be seen in the equili-
bration curves for the bottom-hole measurement from the three surveys presented in Fig. A-1 which show an equilibration time of 45–75min. The
equilibrated temperatures at the hole bottom for these surveys at 4429m, 4687m and 4988m are 84 °C, 83.5 °C and 89 °C respectively.

Fig. A-1. Thermal equilibration of the EMS probe when sitting in the bottom hole assembly. About 45–75min are required for the probe to equilibrate with the
ambient temperature.

Sensitivity of the stress estimate on the strength values

The estimation of borehole wall strength is a central issue in stress estimation from wellbore failure. Experimental work suggest that test
performed on dry jacketed samples such as we used in our analyses may provide an overestimate of the borehole strength by up to about 50%.7,46 In
order, to evaluate the implications that such a strength overestimation would have on our analyses, we performed a sensitivity study.

In a first step, we determined the parameters of the strength criteria by reducing the peak strength measurement to 85%, 70% and 55% of the
reported peak strength. An example of such processing is given for the Mohr-Coulomb criteria in Fig. A-2. A similar approach was performed for the
other criteria and the parameter values are summarized in Table A-1.
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Fig. A-2. Estimation of the reduced strength parameters obtained by fitting the Mohr-Coulomb failure criteria to peak strength reduced to 85%, 70% and 55% of the
reported strength. Compare with Fig. 5.

Using the reduced strength parameters listed in Table A-1, stress estimates derived from breakout width were computed in the same manner as
for Fig. 11. This sensitivity analyses is presented in Fig. A-3. Evidently a reduction in strength results in reduced stress estimates. However, the slopes
of the linear trends are almost unaffected by the strength reduction.

Fig. A-3. Computation of stress from borehole breakout width with a sensitivity study on the wellbore strength. The stress profiles have been computed in the same
manner as for Fig. 11. Here for readability, not all curves are presented. We show principally the linear trend for SHmax for various strength scenarios. For the highest
(100%) and the lowest (55%) strength scenarios, we show also the filtered result using a 7-points (2.8 m) moving average in order to illustrate the variability of the
estimates. For the other curves, refer to Fig. 11.
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Table A-1
Strength parameters estimated for reduced peak strength values.

Mohr-Coulomb low confin. Mohr-Coulomb high confin. Mogi-Coulomb Hoek-Brown

Co [MPa] q [−] Co [MPa] q [−] a b Co [MPa] mi

100% 117.7 10.4 167.3 5.6 21.26 0.67 109.0 27.7
85% 100.0 8.8 142.2 4.7 20.73 0.63 95.4 21.6
70% 82.4 7.3 117.1 3.9 20.01 0.57 81.7 15.8
55% 64.7 5.7 92.0 3.1 19.00 0.49 67.6 10.3
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