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ABSTRACT: Three candidate sites for a deep geological repository are currently being explored in Northern Switzerland. The
exploration program involves drilling of at least two deep boreholes per site. A very dense stress test campaign (circa 20 stress tests
per borehole) is being undertaken with a wireline formation testing tool. A detailed planning process has been developed to maximize
the success rate and the coverage of stress test stations, integrating all available information as it becomes available. A dedicated
stress testing protocol was also developed to ensure the most robust estimate of the stress. Improvements in the toolstring were
introduced step by step to enable 100% coverage of the desired lithological column. For example, this is the first time that a single
toolstring with three packers has been run to perform the complete combination of sleeve fracturing, hydraulic fracturing and sleeve
reopening tests. Preliminary comparison between the stress estimates for the first two boreholes are presented.
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which perturbations due to the construction of a e ETET
repository, as well as those from the heat generated by the Fig. 1. Location of the three candidate sites to be assessed via
waste, can be evaluated. the deep borehole program. Note that the drilling campaign is

ongoing and that the final number of boreholes will depend on
One of the desired results of the program is a definition of results from core analysis and in-situ testing.

the current state of stress as detailed as possible, not only

in the designated host rock (Opalinus Clay) but also above A determination of the rheological parameters of the

it and below it down to the basement. various encountered formations is also required but is
outside the focus of this paper. For each site, a mechanical
geomodel based on the description of the structural



geology will be populated with those rheological
parameters, and tectonic boundary conditions will be
tuned to match the state of stress measured in the
boreholes. The model can then be used to study the long-
term evolution of the site.

One of the most reliable methods to estimate the state of
stress from deep boreholes revolves around the
microhydraulic  fracturing technique (MHF)—see
Haimson and Cornet, 2003, and references within. The
technique relies on the creation of a hydraulic fracture
from a borehole interval sealed by inflatable packers and
estimating the stress normal to the fracture surface
(closure stress) from the fluid pressure in the interval. It
is usually performed with a wireline-conveyed formation
testing tool (e.g., Thiercelin et al., 1996). Over the last 50
years, the MHF technique has been extended from its
early developments, both in terms of the existing
hardware, of the protocol to estimate the closure stress,
the development of supplemental tests (e.g., the opening
of preexisting fractures, a.k.a. HTPF, see e.g., Cornet and
Valette, 1984, the dry reopening of the created fracture,
also called sleeve reopening, see e.g., Desroches, 1995),
as well as interfacing it with other sources of information
about the stress field (image logs, overcoring tests,
convergence tests, focal mechanisms, and more). With the
MHF technique as the backbone, in combination with
complementary techniques, information about the
complete stress tensor as a function of depth can be prized
out, from ordering of the principal stresses, orientation
and magnitude of the minimum principal stress to the ratio
of principal stress magnitudes. Wileveau et al. (2007) and
Ask et al. (2009) describe such integrated studies and their
results for underground laboratories with requirements
similar to those of Nagra.

Building a mechanical geomodel requires going back and
forth with data acquired at different scales, from that of
the core plug (centimeters), of logs (decimeters), of stress
measurements with the MHF technique (meters) to the
deca-kilometer geological structure. In this paper, we first
report on the design process that has been developed to
ensure that the location of the stress tests synchronizes
with as many sources of information as possible.

A dedicated stress testing protocol, based on
improvements in the stress testing tool and adjusted in real
time to enable successful stress testing of a wide range of
formations with differing stress regimes is presented.

Initial results are then reported, and lessons learned
discussed.

2. STATION SELECTION PROCESS

A typical lithological column of the three sites is
presented in Fig. 2 (from Nagra, 2021a). The target
formation is the Opalinus Clay, the designated host rock
for a future repository. It is part of a mostly calcareous

series, with limestones and marlstones located above it
and an alternance of limestones, marlstones, dolostones
and evaporites below. The basement consists in regionally
widespread sandstones (Buntsandstein and Rotliegend) or
granite migmatites of the crystalline basement. The top of
the series is Tertiary Molasse (USM).

Estimating the state of stress is desired from the top of the
Malm section (in the strong “Felsenkalke and
Massenkalk™ limestones) to figure out how much of the
regional stress field is supported by those layers, down to
the basement, to figure out if there is any stress
decoupling between the basement and the secondary
formations above it. Given the breadth of information that
is being acquired in the program, there is also a strong
requirement of being able to compare stress information
with that from other sources, from laboratory mechanical
tests to the results of hydrological tests. Finally, the
boreholes showed the development of drilling-induced
fractures and drilling-enhanced features, as well as
borehole breakouts, sometimes in the same formation,
preventing the setting of packers to perform MHF testing.

A process to tailor MHF station locations as new
information is made available has been developed to
optimize the gathering of stress information in each
drilling section and maximize the relevance of each test.
The process flows continuously from long-term
preparation to iterative short-term steps and is followed
by real-time iterative adjustment of the tests. The
complete process is outlined in the flow chart presented
in Fig. 3. The planning part is first explained in detail
below. Even though the process is continuous, the testing
protocol and its adjustment (“Real-time adjustment—
Iterative” in the flowchart) are detailed later in the paper.

2.1. Before the borehole is drilled—long-term
preparation

Before a borehole is drilled, a global test plan is
developed, providing an initial decision about which
formations the stress testing should focus on, and how
many stress points are desired in each formation, as well
as which other tests a link is desirable to (e.g.,
hydrological tests, gas pressure threshold tests).

A priori information on the mechanical properties of the
formations as well as initial stress prognosis showed very
large variations from one formation to the next within the
same drilling section. It is, however, desirable to select
packer and pump modules in the stress testing toolstring
so that their differential pressure limits are sufficient to
enable a successful test in all targeted formations of a
particular section (one toolstring designed per section).

Following the process reported in Bérard et al. (2019), the
chance of success of breaking down the formation and
propagating a hydraulic fracture is computed for each
formation, using the hardware specifications of various
toolstring combinations.
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Fig. 2. Lithostratigaphic column and casing scheme for BUL1-1 borehole, Nordlich Lagern (Nagra, 2021a).
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From the results, a particular set of packers and downhole
pump combination is selected. An example for the
Bénkerjoch formation is presented in Fig. 4. The x-axis is
the difference between the pressure estimated for
initiating and propagating a hydraulic fracture and the
maximum pressure that the tool can reach. A positive
value means that the tool rating might not be sufficient.
The larger the negative value, the easier fracture initiation
and propagation should be. The y-axis is a probability of
occurrence from 0 to 1. The colored zones are risk
regions, green being risk-free, yellow corresponding to
the need to be cautious (ALARP), and red meaning there
is unacceptable risk to the packer. The continuous line is
the probability (y-axis) of requiring a particular pressure
difference larger than the value on the x-axis. For
example, there is a 50% probability to require a pressure
larger than about 5 MPa (~731 psi) below the tool
maximum rating. The chance of success (COS) is the
probability of the initiation and propagation pressure to be
smaller than the maximum tool pressure. In this case, it is
89%.

Because stress test series are small—typically only a
couple of points in a particular formation—one can use
null hypothesis testing with the Fischer direct method
(Fischer, 1934) to determine that, for a 89% COS, a
minimum of two stations are required to obtain at least
one successful station (within a 95% confidence level)
and a minimum of three stations to obtain at least two, still
with a 95% confidence interval.
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Fig. 4. Chance of success for the initiation and propagation of a
hydraulic fracture in the Bénkerjoch formation in the BUL1-1
borehole.

It is thus worth checking which parameters influence the
chance of success the most, to try biasing the station
location towards success. In this case the ratio between
the two horizontal stresses and the tensile strength of the
formation are the main drivers for variance. The effect of
the tensile strength can be seen in Fig. 5. The effect of a

larger tensile strength becomes detrimental as soon as it is
larger than about 7 MPa (~1,000 psi). Although the stress
ratio cannot be known a priori, depth points with lower
tensile strength are to be favored for this particular
formation and this particular toolstring, for example by
targeting a short preexisting longitudinal drilling induced
fracture (resulting in zero tensile strength of the
formation).
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Fig. 5. Effect of tensile strength on the chance of success.

A series of short-term iterative steps is then followed,
from the drilling of the borehole to the running in hole of
the stress testing tool.

2.2.  As the borehole is being drilled

As the borehole is being cored (with a 6 3/8-in. core
barrel), core images and the location of core plugs for
mechanical testing are made available. As it is desired to
have stress measured at the same location as laboratory
mechanical properties have been measured or, at least,
close to such a location and in a similar facies, core
images are being studied to reject locations with stylolites,
natural fractures, or strong rock fabric at the 1-m scale that
would all make the results of the stress test difficult to
interpret. At this stage, the output of the process is a list
of potential depths where a geomechanical sample has
been taken (core interval of approximately 50 cm
conditioned in resin) for further analysis, and cores don’t
show any issue for stress testing the formation at the
corresponding location.

2.3.  As the borehole is being logged

As the borehole is being logged, calipers are first
analyzed. Parts of the borehole showing washouts,
breakouts, or borehole closure are being removed from
possible test locations. Resistivity image logs acquired



during the first logging run are then rush processed and
examined for incipient breakouts, conductive natural
fractures, drilling-induced fractures, and drilling-
enhanced features. Unsuitable locations are again
removed. As mentioned earlier, a short, focused, drilling-
induced fracture is considered suitable, as it reduces the
breakdown pressure and focuses the initiation of a
hydraulic fracture in the interval. After this step, a number
of primary locations for stress testing is prepared, together
with several reserve locations in case a primary location
becomes unavailable or the test at that location is not
successful. If the location cannot be in front of a
geomechanical sample, care is taken to select a location
in a facies that is similar to one that has been sampled.
The possibility to have doublets (locations in the same
facies and within short distance from each other), as well
as the possibility to sample all the different facies is built
in that list. A risk index from 1 (negligible risk) to 3 (very
high risk of test failure) is associated with each location,
and the locations are ranked by order of priority in each
formation.

2.4. Before the MHF tests

After petrophysical logging, hydrological tests to estimate
hydraulic parameters of various parts of the lithological
column are being run, possibly lasting several days during
which the borehole is open. The final protocol that has
been adopted is to enlarge the borehole to 8 1/2 in. before
performing the stress tests. After the enlargement, a new
series of calipers and an ultrasonic image log are being
run. The state of the borehole wall is checked one last time
to obtain the final list of stations. To guide the operations,
the overall goal is presented, together with the minimum
goal and the maximum number of stations to attempt
reaching these goals. An example is presented in Fig. 6.

2.5. During the MHF test sequence

Based on information similar to that presented in Fig. 6,
the sequence of tests is adjusted as a function of the test
results and the state of the borehole. In the example
outlined above, borehole stability issues were suspected
in the 1,167-1,174-m interval, and the agreed strategy
was to start from the top of the section. After Station 1
was successfully performed, it was not possible to go
below 1,118 m. Even though the acquisition plan called
for a single point in the Klettgau Formation, the decision
was made to use Station 2 that had been flagged as a
reserve station to cross-validate the stress in that
formation.

3. STRESS TESTING PROTOCOL

Special care was taken to develop a dedicated stress
protocol, as prognosis indicated that the minimum stress
would be close to the vertical stress (either smaller or
larger) and the boreholes are vertical.

3.1.  Alternance of single- and dual-packer tests
The standard process utilized during the campaign
alternates between single-packer and dual-packer testing
as presented in Fig. 7.

First, unless the station was selected to either bracket a
bed boundary that could be delaminated to create a
horizontal fracture along that boundary (and measure the
vertical stress) or straddle a natural fracture or a short
vertical drilling induced fracture, the test sequence starts
with sleeve fracturing where a single packer is inflated in
front of the test interval to create a shallow pair of
longitudinal fractures. The goal is to create a pair of
longitudinal fractures that will focus fracture initiation
and reduce the breakdown pressure (see Thiercelin et al.,
1994).
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Fig. 6. Operational depth selection— borehole guidance for the fourth section of the first borehole. All proposed stations had a
medium risk index of 2. Sv: overburden stress. Shmin: minimum horizontal stress. SR: sleeve reopening. DIF: Drilling induced

fracture.



1.Pre-MHF
Sleeve Fracturing

2.Microhydraulic Fracturing

3.Post-MHF
Sleeve Reopening

Fig. 7. Sleeve fracturing / MHF / Sleeve reopening test protocol. The toolstring is moved between step 1 and 2 so that the middle of
the interval between the straddle-packer arrangement is where the middle of the single packer was. Between step 2 and 3, the tool is
moved again so that the single packer is at the same depth as where it was for step 1.

Second, in all cases, the interval is straddled with a pair of
packers and tested following a microhydraulic fracturing
protocol that stems from a standard protocol designed for
the entire stress campaign but is adjusted in real time
depending on the response of the formation and will be
further discussed below.

Third, if the MHF test was deemed successful, sleeve
reopening is performed by inflating a single packer in
front of the tested interval. The goal is to either reopen the
longitudinal fracture that was created during the MHF test
and obtain an estimate of the maximum horizontal stress
(see Desroches and Kurkjian, 1999), or validate by the
absence of a sleeve reopening signature that the
longitudinal fracture initially created by sleeve fracturing
was not propagated into the formation (and that a
horizontal fracture was likely created).

The tests discussed throughout this paper were performed
with both single and dual packers mounted on a wireline-
conveyed formation testing tool. Combinations of sleeve
fracturing and MHF have been run in the past in a single
run with a toolstring comprising three packers (e.g.,
Mishra et al., 2011). This is, however, the first known
example of the complete sleeve fracturing, MHF and
sleeve reopening procedure being performed in a single
run. More details about sleeve fracturing, as well as the
hardware and the operational part of these MHF tests, are
outside of the scope of this paper and can be found in
Desroches et al., 2021.

3.2.  MHEF test protocol

The MHF technique relies on isolating an interval
between straddle packers and injecting fluid into it to
create and propagate a hydraulic fracture. Theoretically,
such a fracture will propagate perpendicular to the
minimum principal stress. The fracture width is directly

linked to the difference between the fluid pressure in the
fracture and the stress acting normal to the fracture
surface. Detecting and measuring the fluid pressure at
which the fracture width is zero provides an estimate of
the stress acting normal to the fracture or closure stress.

Because the fluid pressure in the fracture is not constant
(see e.g. Mori and Lecampion, 2021 for a discussion of
the hydraulic fracturing process during propagation and
shut-in), and the pressure is measured in the borehole,
several closure pressure estimates are being collected to
bracket the stress acting on the fracture surface. Upper
bounds are pressure estimates taken during the fracture
propagation  phase:  Propagation Pressure, and
Instantaneous Shut-in Pressure (ISIP), which is the
pressure immediately after pumping has been stopped.
The pressure at which the fracture closes after injection
(Closure Pressure) allows to probe the pressure
corresponding to zero fracture width from the open state
(detecting closure). The pressure at which the fracture
reopens during injection (Reopening Pressure) allows to
probe it from the closed state (detecting reopening).

Because there is a stress concentration around the
borehole, the fracture surface needs to develop far enough
into the formation to mostly sense the “far-field” state of
stress (in the sense of being unperturbed by the presence
of the borehole). However, the test doesn’t allow for a
direct measurement of the fracture extension. To make
sure that the tested fracture senses the far-field stress,
several cycles of fracture propagation and fracture closure
are performed, until one observes convergence of the
various closure stress estimates from one cycle to the
next. Until such convergence is achieved, it is not
guaranteed that the fracture mostly senses an area of the
formation that is subject to a constant stress value.



The basic building block for each cycle consists in
injecting fluid at a constant rate and propagating the
fracture for a certain time and volume before observing
pressure decay after injection has stopped.

The toolstring that was used allows several additional
building blocks that are especially useful when the
formation tested is close to impermeable. In such a case,
the time to wait for fracture closure can reach several
hours or more, making it operationally impractical to
identify the fracture closure in most cases. These
additional building blocks will be briefly described
below. More detail can be found in Desroches et al., 2021.

The first additional block consists in gradually increasing
the injection rate in steps (step-rate test). The
interpretation is solely based on the propagation of the
fracture (Nolte, 1982, 1988). An example is presented in
Fig. 8.

Another additional building block, the slamback-rebound
test, consists in short and fast fluid withdrawal from the
interval after injection has stopped and watching the
fracture rebound. When properly executed, the fracture
first closes only at the borehole wall and then produces
back into the interval. A rebound pressure significantly
larger than the borehole hydrostatic confirms the creation
of a hydraulic fracture and is considered a critical QA/QC
step (Thiercelin et al., 1994). The schematic of an ideal
case is presented in Fig. 9. Real-life examples are part of
the example detailed in Section 4.

A final building block consists in a slow withdrawal of
fluid from the fracture akin to the forced closure
procedure in hydraulic fracturing (see Plahn et al., 1995
for an early study and Malik et al., 2016, for a different
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means to perform it). It is achieved by adding a specially
modified sample chamber module in the toolstring, which
creates a metered connection between the interval and the
mud column outside the sealed interval (see right panel of
Fig. 10).

A comparison between a cycle with a regular falloff
during which fracture closure was not reached after 30
minutes waiting time and a subsequent cycle with a forced
closure test that closed the fracture within less than 5
minutes is presented in the left panel of Fig. 10. Note that
the presence of a fracture is confirmed by a slamback-
rebound test after the forced closure part of the cycle.

The test protocol (varying fluid injection rates and
volumes, allowing the fracture to close unaided or forcing
it to close) is tailored in real time for each test. The
protocol for each subsequent cycle is based on the
observation of the previous cycles. An example will be
presented in Section 4.

3.3. Reconciliation plot

No single parameter (closure pressure, reopening
pressure, ISIP, etc.) determined on a single hydraulic
fracturing cycle is a good enough estimate for the closure
stress, let alone the magnitude of the far-field minimum
stress. Once each cycle has been analyzed separately, it is
necessary to interpret the stress test record in its entirety
to determine the best possible estimate of closure stress as
well as robust lower and upper bounds. Estimates are
plotted for every cycle along the time axis in a
reconciliation plot (Desroches and Kurkjian, 1999) — an
example is presented in Fig. 11.

Step Rate Analysis

X1.0

X0.9

0.4 0.6 0.8 1 12

Injection Rate (L/min)

Fig. 8. Example of step-rate test and corresponding analysis. Left plot: top plot is interval pressure versus time, with points for analysis
highlighted as red squares; bottom plot is corresponding injection rate as a function of time. Right plot: interval pressure versus
injection rate; the fracture is considered to not be propagating for the orange points, whereas it is considered to be propagating for the
green points. The zero flow-rate intercept of a best fit line going through the green points (dashed line) provides an estimate for the

closure stress.
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the data. SQRT Pc corresponds to closure pressure determined from a square-root of shut-in time plot, GFunction PC to that
determined from a G-function plot.



The reconciliation plot provides confirmation that the
fracture has grown out of the influence of the wellbore.
Once the fracture is mostly sensing the far-field stresses,
estimates of the closure stress stop varying from one cycle
to the next. If no consistency (repeating of the values for
a certain parameter like closure pressure within a certain
range) is found on the reconciliation plot, the data cannot
be considered representative. Once convergence has been
achieved, the upper bound is typically selected from the
larger upper bound estimate of the converged cycles, and
the lower bound typically from the lowest lower bound
estimates of the converged cycles.

3.4. Example

An example of a complete pressure record with the
associated reconciliation plot is presented in Fig. 12.

The top plot shows pressure in the interval and fluid
injection rate as a function of time. The reconciliation plot
at the bottom shows characteristic pressures estimated for
all six cycles for which a fracture was created and tested
(Cycle 1 to Cycle 6). ISIP stands for instantaneous shut-
in pressure. Because of the use of a downhole pump, there
is little frictional pressure drop and ISIP is taken as the
first point after the pump has stopped. Pc stands for
closure pressure and is typically determined via
specialized plots of pressure against either square-root of
shut-in time or G-function.

s Interval Pressure  smssmmmm Injection Rate

Cycle 1 shows the creation and propagation of a hydraulic
fracture. Subsequent cycles show variations in the test
protocol: Cycles 2, 4, and 6 are reopening tests, and
Cycles 3 and 5 are step-rate tests. A slamback-rebound
test was performed on cycles 1, 3, 4 and 5.

The characteristic pressures—closure stress estimates—
presented in the reconciliation plot reflect the stress acting
on the fracture as it is propagated. They validate the
creation of a hydraulic fracture and show a clear trend
towards convergence that supports that an estimate of the
far-field stress can be obtained from the test.

4. REAL-TIME TAILORING OF THE TEST
PROTOCOL

The same example will be used to illustrate how the test
protocol is changed in real time as the test unfolds. A
summary of the important steps is presented in Fig. 13.
During the first cycle, the propagation pressure makes it
difficult to discriminate between a stop and go fracture
propagation and a high-pressure leak. A slamback-
rebound test at the end of the cycle confirms a fracture
was indeed created, and that the test can continue without
altering the setup. After the first and the second injection
cycles, there is no clear fracture closure signature, and
there is still a signature akin to a breakdown at the
beginning of the test, which makes fracture reopening
analysis impossible.
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Fig. 12. Example of pressure record and associated closure stress
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estimates. Top panel: interval pressure vs. time. Bottom panel:

reconciliation plot, where the propagation pressure and the ISIP are nearly similar.
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A step-rate test is performed during the third cycle to
focus on propagation, after which the fracture closure is
bracketed by a slamback-rebound test. Such a process is
kept until convergence is observed (highlighted on the
reconciliation plot). The test ends with a very slow
reopening cycle, which provides an excellent estimate of
the closure stress when the fracture is well developed. The
reconciliation plot allows to determine a lower bound for
the closure stress of 24.48 MPa and an upper bound of
25.5 MPa.

5. BOREHOLE IMAGE LOGS

The borehole imaging tool is then run a second time after
the stress testing to evaluate if and where fractures have
been created and to provide information about fracture
orientation and direction for proper stress evaluation. In
Fig. 14, pre- and post-MHF images are presented. New
fracture traces induced by the MHF test are shown with
blue arrows on the rightmost track. The trace of these
fractures has been superimposed (in red) on the static pre-
MHF resistivity image to show that the pre-MHF
resistivity image does span the location where these new
traces appear and that there were no preexisting fractures
there. The MHF test led to the creation of a two-winged
vertical fracture at the wellbore that spans nearly the
entire length of the straddle-packer arrangement. The
azimuth of these new fracture traces indicates that of the
maximum horizontal stress.

6. RESULTS

A “quick-look” profile of closure stress along the
lithological column and the integrated formation density
is presented for the first borehole of the program in
Fig. 15. Contrarily to the detailed interpretation that
results in a lower bound, an upper bound and a best guess
for the closure stress, the quicklook profile consists of an
upper and a lower bound. Because of the goal of these
stress tests, the bounds have been selected so that one is
as certain as possible that the closure stress is above the
lower bound and below the upper bound. This is different
from classical interpretation that tries to put “reasonable”
bounds, that the actual closure stress value could possibly
be outside of. All closure stress values have been assigned
to the minimum horizontal stress, apart from that at
767.2 m where an inclined preexisting natural fracture
was tested (so that the closure stress is an upper bound for
the minimum stress) and that at 668.4 m where the stress
assignment is unclear (and will thus not be used further).

In Table 1, the lower and upper bound for the closure
stress are being reported as a function of the formation for
the first two boreholes, borehole BUL1-1 (Nagra 2021a)
and borehole TRU1-1 (Nagra 2021b), respectively. To
compare the values, because the formations are at
different depths, the gradient has been computed and
reported as specific gravity. Grayed cells indicate that no
successful test was performed for that formation.
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Fig. 14. Example of pre-MHF images, from left to right: depth (MD), formation name, borehole shape from ultrasonic log, core
photograph, pre-MHF resistivity image log (static and dynamic image), pre-MHF ultrasonic image dynamic image; MHF
location (successful/unsuccessful flag, location of packers in red, location of interval in green); post-MHF resistivity image
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Formation | Borehole MHF Results both the first and the second borehole, the number of
stations that were planned was respectively 40% and 50%
higher than the desired number of stations in the

bl - acquisition plan. In other words, 40—-50% more tests were
FIT_DOWNHOLE_P planned than the desired number of tests. Based on the
w MPA 35 . .
g . CLOSURE_RANGE | improvement of the protocols, however, the success ratio
s g MPA % of actual tests went from 65% for the first borehole to 79%
03 [} . .
ChE TaF 5 o 5 for the second one. More importantly, the ratio of
Quartar successful tests to the number of desired tests went from
68% to 110%.
Table 1. Comparison of the closure stress range for the first two
boreholes
=) "\'
(£ “‘. Closure stress | Closure stress | Closure stress | Closure stress
= 5 N lower bound | upper bound | lower bound | upper bound
Age Group Formation (56) (56) (s6) (s6)
BUL1-1 BUL1-1 TRU1-1 TRU1-1
Felsenkalke / 2.08 2.56 1.98 2.35
Massenkalk 2.19 2.52 2.08 2.32
Y Schwarzbach 1.76 2.22 1.53 1.88
USM |
.. \ Malm 1.76 1.99
X ‘\‘ Villigen 1.97 2.23
— 177 2.07
Felsenkalke / Massenkalk O-Q"
Wildegg 1.75 2.10 1.90 2.04
Schwarzbach a—..—. Humphriesioolith 1.49 2.21
i to Murchinsonae-
Villigen Oolith 1.94 2.05
. 1.79 2.08
—p Herrenwis
Wildegg 1.53 1.78
— Dogger 1.77 2.23
. 1.82 2.09
Opalinus Clay 2.02 2.33
X
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o 1.29 1.76
- Staffelegg Lias Staffelegg
Kiettgau = Klettgau 1.55 1.71 2.06 2.27
T 1.92 2.19
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) X - LY Schinznach 1.28 1.80
Zeglingen Y e 1.22 1.79
’ 2.05 2.13
Kaiseraugst Muschelkalk Zeglingen 2.77 2.83
i — — 1.87 2.15
y Kaiseraugst
Fig. 15. Comparison of the quick-look closure stress range Bundsandstein | _ Dinkelberg — — 2.14 246
obtained from the MHF tests with the overburden stress from Permokarbon | Rotliegend ' -

the integration of density (Sv) and the maximum pressures
attained during the formation integrity tests (FIT).

Preliminary values of the closure stress suggest that, in the
upper Malm (Felsenkalke/Massenkalk and Schwarzbach
formations), the stress is higher in the first borehole. This
is in line with information from the structural setting of
the two boreholes. On the other hand, values are
comparable or higher in the second borehole in the
Wildegg (lower Malm) and the Klettgau formations. No
clear conclusion can be drawn yet for the Opalinus Clay
or the bottom of the lithological column and the results of
the companion borehole of BUL1-1 will be required to
further the analysis.

Development of the protocol, both for the selection of the
test depth and for the real-time adjustment of the MHF
test, has also shown improvement in the success rate. For

1.99

2.11

Improvements in the drilling practice also allowed to
obtain five successful tests in the target formation in the
second borehole (instead of one unsuccessful test in the
first borehole). Note that to mitigate such risks, boreholes
are drilled in pairs, so that the absence of data in a
particular formation in one borehole in one site can trigger
a high-priority acquisition in the next ‘“companion”
borehole in the same site. The companion borehole to the
first borehole is being drilled during the first half of 2021.

7. DISCUSSION AND CONCLUSIONS

The combination of the specific depth selection process
developed here (enabled by the richness of available
data), together with the specific toolstring deployed in the
campaign and the real-time tailoring of the test protocol,



were crucial to successfully estimate stress profiles with a
test success rate ranging from 65% to 100% and a
coverage rate measured by the number of successful tests
compared to the number of initially desired tests, of 67%
to 125%.

This is the first time that the complete sleeve fracturing,
microhydraulic fracturing, and sleeve reopening for stress
testing procedure has been performed using a single,
three-packer toolstring, making such a process a lot easier
to run.

The program has called for a continuous tuning of the tool
hardware to be able to reduce the number of formations
where no stress test could be performed. In particular, the
toolstring that was used for the second borehole did not
allow the estimation of stresses in the Zeglingen
evaporites section. An upgrade of the sleeve fracturing
packer to one with a higher (80 MPa) differential pressure
rating similar to that reported in Povstyanova et al. (2018)
enabled stress testing there in subsequent boreholes.

Other tool hardware modifications introduced during the
course of the program (upgrade of the downhole pump
and adding the possibility for forced closure) allowed to
significantly decrease the range of the closure stress
determination (whilst keeping the same stringent
requirements on the lower and upper bound
determination). For example, the difference between the
upper and the lower bound in the target formation
improved from 1.8-4.2 MPa in the second borehole to
0.3-2.0 MPa in the fourth borehole. Note that further
interpretation can shrink this range further, though this
hasn’t been completed for all boreholes yet.

Regardless of how much care is being taken to core the
boreholes, the imaging logs prior to the stress tests are
proving key to the test depth selection. The various
decisions could not be adequately taken with cores,
calipers, or sonic logs alone.

Because the magnitude of the overburden and that of the
minimum horizontal stress are close in parts of the
lithological column, the comparison between imaging
logs before and after the test, coupled to the reconciliation
plot to resolve any possible fracture reorientation, are also
proving to be necessary for assigning the closure stress
value to the vertical or the horizontal stress direction.

The campaign mentioned in this paper will result in a
unique dataset. At the time of preparing this paper, five
boreholes drilled in the very same lithological column
have been completed, with 124 MHF stations, and 164
sleeve fracturing and sleeve reopening stations
performed, with at least two additional boreholes to be
tested. These will provide a unique sample of the lateral
variability of stresses at the deca-kilometer scale.
Furthermore, inversion of the tests via a hydraulic
fracturing model (e.g., Desroches and Thiercelin, 1993)
will provide a comparison of the plane strain Young’s

modulus at the scale of the MHF test with other values of
the same modulus measured at different scales, strains,
and frequencies but at the same location, providing more
insight into the comparison of such measurements.
Interpretation of drilling induced fractures, when they are
present, could also be compared with results of the stress
measurement  campaign, further validating the
interpretation methodology of such features (e.g., Nelson
et al., 2005).

Finally, the results of the stress measurements are being
used to calibrate and update existing 3D mechanical
geomodels (Hergert et al.,, 2015), and validate or
invalidate the original hypotheses that were made on the
tectonic boundary conditions. Preliminary analyses
indicate that tectonic shortening might be less severe than
previously envisaged, changing the predictions in the
entire modeled area. Updated with new structural
information, mechanical properties, and stress
measurements, these calibrated models will prove crucial
to evaluate the response of the different sites to the
excavation of a repository and to the thermal loading from
the stored material.
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