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Stress modeling for the AGEPP geothermal project in

Lavey-les-Bains, Switzerland
Andrea Vescovi', MSc Thesis

Abstract

Deep borehole planning and exploitation must in-
corporate extensive knowledge of the in-situ stress
state. Topographical structures can significantly al-
ter gravity, tectonic deformation, and other sourc-
es of stress in the Earth’'s crust, and their impact
can be felt up to 100 kilometers away (Heidbach et
al., 2007). Understanding the stress state is crucial
for evaluating borehole stability, productivity, and
the risk of induced seismicity. Prior to drilling, it's
advantageous to assess the stress tensor along the
virtual well path to determine the optimal borehole
configuration for safe and sustainable geothermal
energy utilization.

' Pini Group, andrea.vescovildpini.group

1 Introduction

The AGEPP (Alpine Geothermal Power Pro-
duction)’s deep geothermal project in Lavey-
les-Bains (VS) is outlined as follows:

e Project overview: the project is the
Switzerland’s first geothermal energy
venture, designed to generate both heat
and electricity.

* Production goals: the target is to extract
40 L/s of hot water, with a temperature of
around 110°C.

e Energy output: the extracted hot water
will be used to produce 4.2 GWh of elec-
tricity and 15.5 GWh of thermal power.

e Impact: the electricity generated is suf-
ficient to power 900 buildings. The ther-
mal power will be used to heat the pool
thermal water as well as buildings.

e Aquifer characteristics: the rock forma-
tion is a naturally fractured and highly
permeable crystalline rock (fractured
gneiss) (Sonney, 2007). The surrounding
lakes replenish the aquifer. Hence, hy-
draulic stimulation is not required; only
a possible de-calcification process to im-
prove water flow from fractures to the
borehole.

e Drilling strategy: initially, the borehole is
excavated vertically; then it is deviated
to increase the likelihood of intersecting
major fractures. The total depth cor-
responds to 2957 m true vertical depth

(TVD).

The goal of this work is to evaluate a reliable
stress state around the geothermal site, by
recognizing the importance of topographical
effects on the stress conditions around the
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Fig. 1: Topographical effects mechanism on stresses distribution: topographical surface, view from top.
Ridges framed in red, valley in green; crosses represent the stress ellipsoid (here in form of SHmax and
Shmin components); black arrows represent the maximum ux and the minimum uy tectonic strains. A.
Valley long axis orthogonal to the maximum horizontal tectonic; B. Valley long axis nearly orthogonal to the

minimum horizontal tectonic strain.

LAVEY-1 borehole. The topography of the
Rhone Valley is highly variable and its im-
pact on the in-situ stress state is a key chal-
lenge. A 3D geomechanical numerical model
with finite elements is employed, since this
method accounts for structural heterogene-
ity (i.e., topographical surface), crucial for
capturing local to regional variations in the
stress field.

The research is structured around several
key research questions, including 1) examin-
ing the qualitative impact of topography on
stress regimes, 2) identifying the directions
and magnitudes of maximum and minimum
horizontal stresses along the LAVEY-1 bore-
hole, 3) exploring whether topographical ef-
fects can be described with a first-order an-
alytical stress state solution, 4) determining
the magnitudes of the principal stresses ac-
cording to the best-fitted 3D geomechanical
numerical model, and 5) evaluate the conse-
quences for borehole stability.
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2 Analysis of topography's
qualitative effects on stress
regimes

The total effect of the topography on the state
of stress can be obtained by adding the effect
of gravitational stress with the effect of tecton-
ic stress (Liu and Zoback, 1992). Topographi-
cal effects can have significant impact on the
magnitude and direction of stresses at shal-
lower depths (Warpinski and Teufel, 1991).

Topographical effects generate a significant
amplification of SHmax and Shmin near the
valley bottom. The incidence angle of hori-
zontal tectonic strain directions on topo-
graphical structures is the driving factor for
stress amplification and induced rotation.
Ridges and valley complexes can greatly in-
crease major horizontal stress magnitudes
compared to flat regions, impacting stresses
state at depths of more than one kilometer.

The greatest amplification depends on
whether the maximum or minimum horizon-
tal tectonic strain direction is orthogonal to
the valley long axis. At the bottom of valleys
parallel to maximum strain, maximum ampli-



fication of Shmin occurs, while maximum am-
plification of SHmax occurs in valleys orthog-
onal to maximum tectonic strain. If tectonic
strains are not parallel to the valley's long
axis, stress rotations will occur at shallower
depths too. In this situation, Shmin follows
90° away from SHmax, which aligns itself to-
wards the major ridges. Induced stress rota-
tion may exceed 25°,

Stresses amplification can result in a strong-
ly compressive faulting system (i.e., reverse
faulting) that may not exist in flat morphol-
ogy lands. Higher stress magnitudes are
produced by deeper valley depressions and
greater horizontal tectonic strains, which
may result in ruptures close to the valley bot-
tom. Figure 1 summarizes the topographical
effects mechanism on stresses distribution.

The findings are directly assessed by the
current work by qualitative 3D geomechan-
ical modeling and confirmed by literature
(Liu and Zoback, 1992; Warpinski and Teufel,
1991; Zang and Stephansson, 2010; Savage et
al., 1985; Miller and Dunne, 1996; Pan et al.,
1995; Savage and Morin, 2002).

At the LAVEY-1 borehole location, intense
ridge effects and stress reorientation are ex-
pected at shallower depths. Topographical
effects should be considered when assess-
ing stresses state, particularly around the
LAVEY-1 borehole.

3 Directions of maximum and
minimum horizontal stresses
along the LAVEY-1 borehole

The stress concentration around a bore-
hole in rock formations varies based on dis-
tance and position relative to the borehole
wall. The wall’s response depends on both
the stress field and rock strength. Stress
concentration can result in tensile failures
known as drilling-induced tensile fractures,
or compressive failures known as break-

outs. Drilling-induced tensile fracture hap-
pen when the lowest effective stress on the
wall of the borehole is lower than the tensile
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s

Breakout
Shmin Shmln

SHmax

Fig. 2: Stresses concentration at the borehole wall
(Koumrouyan, 2019). As the wellbore wall is a free
surface, the principal stress trajectories are parallel
and perpendicular to it. In case of vertical well, the
zone of maximum compression is found at the azi-
muth of Shmin, and the zone of minimum compres-
sionis found at the azimuth of SHmax (Zoback, 2007).

strength (influencing factors are large devia-
toric stress, correspondence between mini-
mum principal stress and minimum effective
stress, mud weight and wall cooling).

Analysis of breakouts and drilling-induced
tensile fractures help determine stress azi-
muths. As illustrated in Figure 2, in a vertical
borehole, breakouts indicate the direction of
minimum horizonal stress, while drilling-in-
duced tensile fractures indicate the direction
of maximum horizontal stress (Valley, 2007;
Zoback, 2007).

Induced failure analysis of the LAVEY-1 bore-

hole is performed to define principal hori-
zontal stress direction and magnitude. The
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analysis is carried out evaluating field data
derived from Well Geometry Instrument
(WGI, or oriented multi-arm caliper tool),
acoustic, sonic and temperature log, to de-
fine stresses direction, induced stresses ro-
tation by topographical effects, to constrain
stresses magnitude at depth (i.e., with forma-
tion integrity tests), and finally to character-
ize a state of stress.

The analysis of induced failure confirms
stresses rotation along the LAVEY-1 bore-
hole, influenced by topographical effects.
The first consistent shallower data on break-
out azimuths are found between 500 and 600
m TVD. Breakouts azimuths are aligned with
the Rhone Valley long axis, yielding Shmin
direction of 163°. SHmax, which is 90° away
(73°) from the breakouts azimuth, is thus
perpendicular to the Rhone Valley long axis
(Figure 3).

The SHmax mean directions is 111° in the
second section of the borehole (594 - 1799 m
TVD), 123° in the third section (1799 - 2100
m TVD), and 125° in the fourth section (2100
- 2957 m TVD). The regional far-field SHmax
direction is reached approximately at 2’950
meters depth.

Furthermore, the LAVEY-1 induced rupture
analysis reveals a reduction of breakouts se-
verity from the surface up to 1’000 meters.
These stress records confirm that horizontal
stresses are significantly enhanced at the
valley bottom.

The gravitational effects of massive ridge
such as Dents de Morcles and Dents du Midi
cause significant compression at the Rhone
Valley bottom. This severe compression
causes horizontal stresses to re-orient.

Fig. 3: Principal horizontal
stresses direction between
500 and 600 meters depth
beneath  Lavey-les-Bains
(VD). SHmax direction cor-
responds to 73° and Shmin
direction corresponds to
163°. Shmin direction runs
parallel to the Rhone Valley,

|SHmax: 73°¢| while SHmax direction runs
fhimin: 1639 Perpendicular to it. Topo-
PR graphical effects dictate

5 km

stresses direction at shal-
low depth.




4 Characterize the state of stress
in accounting for topographical
effects

Strong compression is induced at the bot-
tom of the Rhone Valley by the gravitation-
al effects of nearby ridges, and the stress-
es magnitude at shallow depths cannot be
quantified using a 1st order stress state char-
acterization (or linear trends of stresses as a
function of depth). Besides the strike-slip re-
gional faulting stress regime reported in the
literature (Kastrup et al., 2004; Heidbach et
al., 2016), topographical structures may am-
plify the magnitude of several Mega-Pascals
principal horizontal stresses, which can lead
to a local reverse-faulting stress regime tak-
ing over in the first hundred meters of depth.

The Compute Borehole Failure function ide-
alized by Dahrabou et al. (2022) is inversed
to calibrate the breakouts width 2¢ and ex-
tent eBO, the key borehole failure parame-
ters, against the observation data gathered
by logging to define the state of stress. Two
formation integrity tests (FITs) conducted
along the borehole and studies on the region-
al stress states (such as the Nant de Drance
(VS) geotechnical research (NantDeDrance,
2022)) serve as the starting point from which
the inverse function can start the minimizing
procedure.

Since the breakouts width decreases from
600 to 1000 m TVD (amplification of com-
pressive topographical effects towards the
valley bottom), the inverse calibration be-
gins at 1000 m TVD depth in attempting to
limit the zone in which horizontal stresses
cannot be characterized by a 1st order ana-
lytical solution.

To validate (or reject) this first essay, 3D
numerical modeling is required, to consider

topographical effects.

The topography surrounding Lavey-les-Bains

is introduced in RS3 (Rocscience, 2022) from
swissALTI3D (2022), with LAVEY-1 borehole
at its center. Then, in assuming only gravity
and tectonic acting as a source of stress on
the 3D model, the gravity condition is firstly
defined (body force), and lateral displace-
ment boundary condition (surface horizon-
tal forces, or horizontal tectonic strains) are
consequently introduced.

The steps concerning the calibration of the
3D model correspond to (modified after Reit-
er and Heidbach, 2014):

1) Fixing the SHmax direction (sides walls
orientation). SHmax direction corre-
sponds to the one evaluated in the
fourth section of the LAVEY-1 borehole
(125%) because the model construction
calls for undisturbed state of stress (it is
assumed that topography has no longer
effects along the last section of the bore-
hole).

2) Identifying the best-fit kinematic bound-
ary conditions. In the absence of stress
data from in-situ measurements such as
LOTs (Leak-Off Tests), kinematic bound-
ary conditions are manually calibrated
(with a trials and errors procedure, in
which various scenarios are evaluated).
The calibration uses the findings of FITs
to determine the lower limits of verti-
cal stress (SV) and minimum horizontal
stress (Shmin).

3) Assessing best-fitted 3D geomechanical
numerical model through failure simula-
tion along the borehole. Adequate cali-
bration is achieved when the simulated
induced rupture (MATLAB computation
from 3D model outputs) aligns well with
observed induced rupture along the
LAVEY-1 borehole (Annex for illustra-
tion).
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Proposed Scenario
A. From borehole failure

Stress regimes and principal stresses trend

Strike-slip faulting stress regime:

Sy =0.0265- TV D [MPa)
Simaz = 0.0355 - TV D + 1.6706 [MPa]
Shmin = 0.0204 - TVD - 0.0190 [MPa]

B. From 3D stress model
Reverse faulting stress regime up to 495 meters TVD:

Sy =28741-10 T-TVD® -2.9120-10 *-TVD? 4 0.1212- TV D + 1.9387 [MPa]
Stimaz = =2.0467-10 " TVD*+ 2392310 *-TVD? - 0.0891 - TV D + 50.7427 [MPa)
Shmin = —1.3557-10 T-TVD® + 1.5643 - 10 - TVD? - 0.0517 - TV D + 29.1726 [MPa]

Strike-slip from 495 to 1’190 meters TVD & Normal faulting stress regime below:

Sy = 0.0300 - TV.D + 10.2499 [MPa)
Siimaz = 0.0083 - TV D + 36.3952 [MPa)
Shnin = 0.0091 - TV'D + 21.3197 [MPu]

Tab. 1: Stress state char-
acterization around the
LAVEY-1 borehole.

5 Magnitudes of the principal
stresses around the LAVEY-1
borehole

For the description of the stress situation
around the LAVEY-1 borehole, two final
scenarios are reported. One of them deals
with the 1st order analytical solution for the
stress state characterization using inverse

calibration on borehole failure observation
(A., Table 1 and Figure 4). The second is a
numerical solution that corresponds to the
stress tensor of the best-fitted 3D geome-
chanical numerical model (B., Table 1 and
Figure 4).

When compared to the first-order analytical
solution, the 3D geomechanical numerical

A.

1806 m MD 596 m MO
1799 m TVD

2115 m ND
2100 m TVD

7 m TvD

3220 m MD

L 100 120

[ L]
Streas [MPa) Stress [MPa]

= Sv [MPa] = 0.0265 TVD

= Pp [MPa] = 0.0098 TVD

= SHmax [MPa] = 0.0155 TVD + 1.6706
== Shmin (MPa] = 0.0204 TVD - 0.0190

* SHmax observaticn
» Shmin observation

Sv Modeled [MPa]

Pp [MPa] = 0.0098 TVD
Shmax Modaled [MPa]
Shemin Modaied [MPa)
51 Modeled [MPa]

S2 Modeled [MPa)

3 Modeled [MPa)

s s st 10D

Fig. 4: Comparison between stress state characterized from borehole failure analysis and stress state
characterized from the 3D geomechanical numerical model, along the LAVEY-1 borehole. A. Stress state
characterized from LAVEY-1 borehole failure analysis (1st orderd analytical solution). B. Stress state char-
acterized from the best-fitted 3D geomechanical numerical model (numerical solution).
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Fig. 5: Conceptual model of the state of stress beneath Lavey-les-Bains (VD) and surroundings. In A, the
focus is on the Rhdne Valley bottom, where till settled above the altered gneiss. This latter suffers the most
from the induced strong compression and it undergoes to rupture. In B., the focus is on the rising hot geo-
thermal water, which could cause horizontal compressive thermal stresses. Finally, in C., the stress state
is conceptualized, modifying the best 3D stress model result in accounting for glacial and thermal effects.

model calibrated on LAVEY-1 data shows
a consistent variation in the stress state
around the borehole. The 3D stress model
shows that topographical structures in the
Lavey-les-Bains context have a strong influ-
ence. Up to 500 meters below the surface, a
reverse faulting regime predominates, while
a normal faulting stress regime can be found
at approximately 1’000 meters depth.

The 3D numerical solution represents a more
accurate stress tensor as it considers topo-
graphical effects on local stresses around
the borehole. The calibrated 3D stress mod-
el is a reliable predictor of the stress state
along the LAVEY-1 borehole. The added val-
ue derived from its application is a careful
examination of the imposing topographical
structures soaring up the flanks of the Rhone
Valley.

However, the 3D stress tensor calibrated

against LAVEY-1 data has some limitations.
There is a mismatch between the simulat-
ed and the observed breakouts azimuth in
the first section (form 0 up to 600 m TVD,
Annex). In fact, the best-fitted 3D stress ten-
sor is the result of a purely elastic model, in
which a homogeneous material is applied
everywhere. As a result, neither the rupture
at the compressed valley bottom, the glacial
effects (between 100 and 200 meters of till
settling above the U-shaped valley), nor the
temperature gradient could be evaluated.

Figure 5 conceptualizes the stress state as
determined by the 3D best stress model con-
sidering potential glacial (A.) and thermal
(B.) effects.

The borehole stability evaluations suggest
deviating the borehole towards the direc-

tion of minimum horizontal stress (N 035°)
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at around 2,000 meters TVD, with an inclina-
tion of 40°. Optimal fracture crossing occurs
in the N 035° 40 direction. Additionally, frac-
tures oriented in this direction exhibit the
least compression and potentially larger ap-
ertures. These fractures would allow water
to enter the borehole with the highest flow
rate.

6 Conclusions

Since all principal stresses are affected by
topographical effects, the 3D stress model’s
response calibrated against LAVEY-1 bore-
hole data is the most reliable for represent-
ing the stress state around the LAVEY-1 bore-
hole.

A reverse faulting regime dominates up to a
depth of 500 meters. The component with
the greatest uncertainty is SHmax, but an
upper range is defined thanks to the manu-
al calibration, and this indicates a maximum
depth for the evolution to normal faulting
stress regime, corresponding approximately
at 2’000 meters.

To constrain analytical solutions, a deep-
er comprehension of the local stress state
prior to drilling activity, and in-situ stress
measurements (i.e., LOT) are required. Fur-
thermore, key challenges such as stress re-
gimes evolution intervals (i.e., when SHmax
and Shmin are close to SV) are impossible to
assess with model-independent data alone
(Reiter and Heidbach, 2014), and only nu-
merical models can indicate reliable evolu-
tion ranges. Other complexities for analyt-
ical solutions emerge at shallower depths,
where a third-order polynomial expression is
required to approximate the stress state (i.e.
reverse faulting stress regime).

In conclusion, stresses magnitudes and
stresses directions are strongly influenced
by topographical structures in Lavey-les-
Bains, particularly at shallower depths. Ne-

22

glecting topographical considerations has
undoubtedly adverse effects on borehole
stability, and misinterpretations of the state
of stress may have consequences for the
potential rentability of the deep geothermal
system.

The best 3D numerical solution provided is
critical in (1) assessing topographical effects
on local stress state, (2) indicating the evolu-
tion of stress regimes in depth, (3) assessing
borehole stability, and (4) determining the
orientation of SHmax if an EGS is planned.

7 Outlooks

Hydraulic tests for in-situ stress measure-
ments are recommended because they im-
prove the reliability of 3D numerical models
and give constraints for analytical solutions.
Future research should also include incor-
porating more local stress data, improving
material representation and implementation
of a plastic numerical model. Thermal effects
and till settling in the U-shaped valley may be
employed to increase model accuracy and
reliability next to the surface.
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