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Field characterization of elastic properties across
a fault zone reactivated by fluid injection
Pierre Jeanne1 , Yves Guglielmi1 , Jonny Rutqvist1, Christophe Nussbaum2, and Jens Birkholzer1

1Energy Geoscience Division, Lawrence Berkeley National Laboratory, Berkeley, California, USA, 2Federal Office of
Topography, swisstopo, Wabern, Switzerland

Abstract We studied the elastic properties of a fault zone intersecting the Opalinus Clay formation at
300 m depth in the Mont Terri Underground Research Laboratory (Switzerland). Four controlled water
injection experiments were performed in borehole straddle intervals set at successive locations across the
fault zone. A three-component displacement sensor, which allowed capturing the borehole wall movements
during injection, was used to estimate the elastic properties of representative locations across the fault zone,
from the host rock to the damage zone to the fault core. Young’s moduli were estimated by both an analytical
approach and numerical finite difference modeling. Results show a decrease in Young’s modulus from the
host rock to the damage zone by a factor of 5 and from the damage zone to the fault core by a factor of 2. In
the host rock, our results are in reasonable agreement with laboratory data showing a strong elastic
anisotropy characterized by the direction of the plane of isotropy parallel to the laminar structure of the shale
formation. In the fault zone, strong rotations of the direction of anisotropy can be observed. The plane of
isotropy can be oriented either parallel to bedding (when few discontinuities are present), parallel to the
direction of the main fracture family intersecting the zone, and possibly oriented parallel or perpendicular to
the fractures critically oriented for shear reactivation (when repeated past rupture along this plane has
created a zone).

1. Introduction

Mature fault zones are generally made of complex highly deformed fractured and low cohesive materials.
They are commonly described as composed of a single or multiple core zones where most of the fault displa-
cement is accommodated surrounded by a fractured damage zone [Caine et al., 1996; Chester et al., 1993;
Kimura et al., 2012; Mitchell and Faulkner, 2009; Tesei et al., 2013]. The complex architecture of fault zones
induces a strong variability of their hydromechanical properties that influence fluid flow [Moretti, 1998;
Jeanne et al., 2012a], poroelastic behavior [Jeanne et al., 2014a; Xue et al., 2016], state of stress [Barton and
Zoback, 1994], and earthquake nucleation [Aki, 1995]. For these reasons faults play a major role in various
crustal processes and the characterization of their properties and their potential activation is a major issue
in seismic risk assessment [Yi et al., 2004] and during reservoir development [Jeanne et al., 2014b], production
[Knipe et al., 1998], and management [Fossen et al., 2005]. Many studies have been done to characterize and
estimate the structural and hydraulic properties of fault zone [Bense et al., 2013; Scibek et al., 2016], but rela-
tively few have focused on their elastic properties. The reason is that fault zones are very difficult to sample
for laboratory testing because they contain highly contrasted types of materials from low cohesive materials
to multiscale fractures. In clay faults, desaturation effects make sampling even more complicated. In addition,
the sampling protocols face the classical question of the scale effect on the properties of fault rocks.

Previous studies of fault mechanical properties have investigated the fault elasticity using several
approaches:

1. At the centimeter scale during theoretical laboratory experiments: these studies consider the seismogenic
layer as an elastic mediumwhere distributed damage, modifying the elastic stiffness, evolves as a function
of the deformation history. Reduction of the deformation modulus was measured during compression-
induced damage on initially intact granite samples to reproduce different phases of the earthquake cycle,
including gradual strength degradation, development of process zones, and brittle failure. In this way,
damage evolution under various loading conditions was studied to investigate (1) changes in seismic
velocity within a fault zone monitor before an earthquake [Budiansky and O’Connell, 1976; Hadley,
1976], (2) acoustic emission associated with irreversible damage in rock subjected to cyclic loading and
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unloading (Kaiser effect) [Hamiel et al., 2004], (3) the development of the process zones, which is defined
as a finite size region of high stress concentration at fault tip in which the intact rock is disintegrated and
where the fault grows [Katz and Reches, 2004], (4) the portion of elastic strain released during a seismic
cycle [Hamiel et al., 2006], (5) the rotation of regional stress within the damage zone [Faulkner et al.,
2006], and (6) the suitability of damage rheology models describing an earthquake cycle [Alm et al.,
1985; Lyakhovsky et al., 1997]. Laboratory experiments have also been done on rock samples taken along
fault zones to investigate the role of mechanical heterogeneity on strain localization [Heesakkers et al.,
2011] and the hydromechanical coupling within a fault zone [Bauer et al., 2015].

2. At the meter scale on outcrops with detailed structural description of fractures coupled to Schmidt
hammer measurements to estimate the hydromechanical coupling within a fault zone [Bauer et al.,
2015; Jeanne et al., 2012b, 2013; Steer et al., 2011] or in boreholes with geophysical logs to study seismic
wave propagation within a fault zone [Isaacs et al., 2008].

3. At the kilometer scale (1) through the modeling of geodetic data where the rigidity of a compliant zone
was determined to evaluate changes in the stress field induced by nearby earthquakes [Fialko, 2004;
Jolivet et al., 2009] and to infer slip rate and locking depth [Hamiel and Fialko, 2007] or (2) using seismic
travel times, trapped waves, and interferometric synthetic aperture radar observations to estimate the
fault zone width [Cochran et al., 2009]. In this last case the authors documented a 65% of reduction in
shear moduli within the fault zone.

Globally, these studies suggest that the damage increase from the host rocks to the fault core can be related
to a reduction in the effective elastic moduli represented by a progressive decrease in Young’s modulus from
the host rock to the fault core (Table 1).

In this paper, we present a new methodology for the evaluation of fault zone elastic properties based on
hydromechanical data from a series of water injection tests performed in straddled borehole intervals set
at different locations across a fault zone intersecting the Opalinus Clay formation at �300 m in the Mont
Terri Underground Research Laboratory (Switzerland, Figure 1a). These experiments were originally aimed
at exploring the couplings between fault slip, fluid overpressure, and induced seismicity [Guglielmi et al.,
2015, 2016]. A three-component displacement sensor was set in the straddle interval to monitor fault move-
ments synchronously with fluid pressure variations induced by controlled fluid injections. Here we show that
when measured displacements are not related to fault rupture, it is possible to use them to estimate the
elastic properties of the surrounding rock mass and to estimate their variations through the fault zone.

In the following, we present the geology and structure of the fault at the Mont Terri site, and then describe
the experimental setting and the method used to estimate the deformation modulus. Then, we compare the
deformation moduli derived in our study with values of Young’s modulus obtained from previous studies in
the same rock formation. We finally discuss the distribution and variation of the elastic properties related to
fault rupture induced during the experiments.

Table 1. Fault Zone Elastic Properties Estimated in Previous Studies (E is for Young’s Modulus and the Subindex HR, DZ, and FC Refer to the Host Rock, the Damage
Zone, and to the Fault Core, Respectively)

Rock Type Scale Method EHR (GPa) EDZ (GPa) EFC (GPa)
Stiffness
(GPa m�1)

Rigidity
Reduction

Bauer et al. [2015] Sandstone Laboratory mech. testa — 7.6 to 18.4 4.2
Outcrop Schmidt hammer — 7 a 2 1

Heesakkers et al. [2011] Quartzite Laboratory Strain gage 77 — 52
Isaacs et al. [2008] Sandstone Borehole Vp/Vs 55.4 to 57 44 to 16

Siltstone
Carpenter et al. [2014] Metamorphic Outcrop Vp/Vs 30 to 40 25 14 to 19
Jeanne et al. [2012b] Porous limestone Outcrop Schmidt hammer 40 22

Low porosity limestone Outcrop Schmidt hammer/Q-value 60 13 —
Jeanne et al. [2013] Low porosity limestone Outcrop Schmidt hammer/Q-value 42 20 to 30 6 to 11
Steer et al. [2011] Mudstones Outcrop Schmidt hammer 0.1
Hamiel and Fialko [2007] Fault system GPS + INSAR 66%
Jolivet et al. [2009] Fault system GPS + INSAR 50 to 60%
Fialko [2004] Fault system GPS + INSAR 50 to 60%

aCompression tests and Brazilian tests.
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2. Geological Setting

During the fall of 2015, a series of experiments was conducted in boreholes set across a thrust fault (called the
“Main Fault”) intersecting the Opalinus Clay of the Mont Terri anticline (Switzerland and Figure 1a). The bore-
holes were drilled from the Mont Terri underground research laboratory galleries where experiments are
dedicated to investigating the hydrogeological, geochemical, and rock mechanical properties of a pristine
undisturbed claystone, the Opalinus Clay of Toarcian-Aalenian age [Bossart and Thury, 2008; Bossart et al.,
2017] (www.mont-terri.ch). Boreholes of the present study are about 50 m deep and cross vertically the entire
fault zone at a depth of 300 m from the surface (Figure 1b). The Opalinus Clay host rock is a finely laminated
claystone with a typical spacing between the bedding in the fabric of less than 20 mm [Bossart and Thury,
2008]. The bedding direction is N055°–N065° and the dip is 50–55°SE [Nussbaum et al., 2011]. Few bedding
planes and fractures (one every 10 m) affect the host rock (Figure 1c). The damage zone is asymmetric:

Figure 1. (a) Location of the study area. Fault compartment identification based on the degree of fracturing (number of
discontinuity per 0.10 m interval) and the location of lenses of clay fabric along the boreholes (b) BFS1 and (c) BFS2.
(d) Schematic cross section of the fault zone showing the packed-off sections in blue. Stereographic projections (lower
hemisphere) and number of discontinuities per orientation in the four packed-off sections at (e) 47.2 m, (f) 40.6 m,
(g) 37.2 m, and (h) 44.65 m.
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around 13 m within the hanging wall and 3 m within the footwall (Figure 1c). It is characterized by the pre-
sence of fractures and secondary faults with some of them displaying a thin “scaly” clay fabric (≈0.02 m),
which is a complete reorganization through mineral-to-meter scale shear zones of the initial shale fabric
[Laurich et al., 2014]. The fault core is a complex zone characterized by the presence of thick lenses of scaly
clay that can reach up to 1.2 m in thickness and a strong increase in secondary faults filled with thin layers
of scaly clay (0.02 m). We define the fault core as the zone between two major fault planes that are located
two to three meters apart. These planes are oriented N050°–N075° and dipping 40°–65°SE; thus, in some
areas, the fault is almost parallel to the bedding, while in other areas, there is an angle of 10–15° between
the main fault plane and the bedding. These planes are filled with thick (0.12 to 1.2 m in BFS1) or thin
(0.02 to 0.12 m in BFS2) layers of scaly clay. When these two layers are thin, such as observed in BFS2, the den-
sity of discontinuity between these two planes strongly increases from about 5 discontinuities per meter in
the damage zone to about 13 discontinuities per meter in the fault core between these two planes.

Fluid injection tests were conducted in two boreholes in four packed-off intervals located within the fault
zone. Three of the injections were located within the damage zone (a test in BFS1 at 47.2 m and two tests
in BFS2 at 37.2 m and 40.6 m depth from the gallery) and one within the fault core (a test at 44.65 m depth
in borehole BFS2; Figure 1). The geology of the different test intervals is characterized by the following:

1. Damage zone interval at 47.2 m (Figure 1e): four bedding planes (with strike N047° to N067° and dip 50°SE)
and seven fracture/fault planes (six subhorizontal ones and one N066 to 58°SE parallel to the bedding). It will
show that the properties of this interval could be considered as representative of the host rock properties.

2. Damage zone interval at 37.2 m (Figure 1f): 2 bedding planes (with strike N042° to 50°SE), 8 fractures
(seven between with strike N032° to N080° and dipping 25° to 75°SE and one N126° to 36°SW), and 11
fault planes (with seven strike N037° to N058° and dipping 42° to 67°SE; four strike N155° to N215° and
dipping 12°W).

3. Damage zone interval at 40.6 m (Figure 1g): 4 fractures (with strike N110° to N140° and dipping 25°–45°SW)
and 10 fault planes with 1 having a centimeter-thick scaly clay layer. Nine fault planes are oriented N035°
to N068° and dipping 31° to 40°SE, and one is oriented N110° dipping 24°SW).

4. Fault core interval at 44.65 m (Figure 1h): two bedding planes oriented N047° to N051° and dipping 41°SE;
seven fractures, six oriented N034° to N116° and dipping 31° to 80°SE, and one N045° to 21°NW; 21 fault
planes with two having a centimeter-thick scaly clay layer. Nineteen are oriented N031° to N077° and
dipping 25° to 70°SE, and two are oriented N134° to 157° and dipping 15°W.

Two optical borehole image logs were done a few days after completion of the wells and just before the start
of the injection experiments. These images show that the boreholes are perfectly intact without any visible
damage of the borehole’s wall (no breakout or spalling was observed).

3. Experimental Setting
3.1. The High Pulse Poroelasticity Probe

A key element of this study is a new downhole probe, the High Pulse Poroelasticity Probe (HPPP), that simul-
taneously measures high-resolution displacements of the borehole walls during fluid injection [Guglielmi
et al., 2013, 2015, 2016]. The experimental setup is composed of surface equipment to conduct the test
and acquire the data and the actual downhole probe shown in Figure 2. Sealing of the borehole test interval
is accomplished by two inflatable rubber packers, spaced 2.4 m apart. The three-dimensional deformation of
the injection chamber wall is captured by a three-component extensometer centered along the axis
straddling the two packers. This extensometer is fixed to the upper and lower borehole walls by hydraulically
operated anchors. Six small-diameter and deformable steel tubes connect two rings with varying orientations
—making a cylindrical cage linking the upper and lower rings. Extension and torsion between the rings are
resolved from the inversion of the deformations of the six tubes. The cage used in this experiment is 0.5 m
long and 0.1 m diameter (Figure 2). Tube deformations are captured with six fiber optic Bragg gratings that
are attached to each tube and distributed along one single continuous fiber that brings the sensor signals to
the surface-mounted data acquisition system (Figure 2). An inversion algorithm is used to calculate the three-
dimensional displacements (x, y, and z, respectively, oriented north, west, and vertical) of the upper ring rela-
tive to the lower ring from the tube deformations that are continuously monitored during the test. Attached
to the straddle packer system is a magnetic orienting tool used to provide positioning with a 0.1° accuracy.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014384
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3.2. Estimation of the Elastic
Modulus of Deformation From
Radial Displacements

During step rate tests, the injection
pressure is incremented and held con-
stant during few minutes. This is
repeated several times while monitor-
ing the three-dimensional deformation
of the injection chamber wall with the
three-component extensometer. The
measured radial displacement vector is
oriented in Cartesian coordinates with
the x axis being horizontal north
(dNorth), the y axis being horizontal west
(dWest), and the z axis being vertically
up. We first recalculate the vector (x,y)
coordinates in all the radial directions
through iterative rotation around the z
axis of a 5° angle increment using
equation (1).

dx ¼ dNorth� cos φð Þ– dWest� sin φð Þ
dy ¼ dNorth� sin φð Þ þ dWest� cos φð Þ

(1)

where dx and dy are the components of
the borehole wall displacement vector
ΔUd after a rotation of an angle φ. The
ΔUd values are then analyzed by model-
ing the rock mass as a linearly elastic,
isotropic, and homogeneous conti-

nuum with Young’s modulus E and Poisson’s ratio ν. A value for the Poisson’s ratio is assumed equal to 0.2.
This value of Poisson’s ratio corresponds to the one inferred from the sensitivity analysis on the elastic
properties of the Opalinus Clay performed during our numerical modeling (see section 5). The modulus E
is determined from the measured applied pressure increment ΔPf in the borehole interval and the measured
borehole deformation ε, through equation (2) derived from the theory of linear elasticity for isotropic media
[Amadei and Savage, 1991]:

1
ΔPf

�ε ¼ 1þ νð Þ
E

(2)

Here ε is defined as the ratio between ΔUd and an initial length (here we take the first displacement value
measured after the anchoring of the sensor to the borehole wall). The coefficient E can be interpreted as
an apparent modulus of deformation of the rock mass in the direction of measurement, if we consider the
linear initial part of the ΔUd versus ΔPf experimental curves (Figure 3). In this approach E is always esti-
mated by using a Poisson’s ratio equal to 0.2 despite the fact that changes in elastic modulus are coupled
to changes in Poisson’s ratio, but this simplification has a very low influence on the estimated Young’s
modulus: a variation in υ of ±0.05 results in a variation in E of approximatively ±0.1 GPa according
to equation (2).

In this paper, we do not consider the axial (vertical) displacements in the estimation of the apparent modulus
of deformation of the rock mass. According to the theoretical analytic solution, vertical deformation is not
affected by the borehole pressure in case of an infinite cylinder. However, in case of a packed-off borehole
interval, the vertical elastic deformations will depend on different parameters such as the size of the injection
chamber and the packer properties. These aspects are not considered in this paper where we focus our
analyses on the horizontal displacement. In addition, equation (2) describes the theoretical expansion of

Figure 2. HPPP test equipment setup and schematic view of the
three-dimensional deformation unit. Tubes are differently colored to
show that they display different deformations when there is a relative
movement of the rings anchored to the borehole wall across the activated
fracture.
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impermeable rock around the borehole, which is a reasonable approximation in our tests because the fault
has a very low initial permeability. Nonetheless, to better consider potential leakage in the near-field
borehole wall that could not be measured, we also conducted fully coupled numerical calculations using
the FLAC3D software where the rock around the borehole is represented as a permeable medium, with
very small permeability (see section 5).

4. Field Experiments
4.1. Example of Test 40.6 m

Injection tests are conducted with initial step-by-step pressure increases (i.e., Step Rate Test 1 or SRT1) using a
manual pump to minimize the potential injected volume in the formation when failure is occurring. This first
test is performed to characterize the potential stress perturbations around the borehole caused by the
borehole itself and the packers. This test is repeated at least twice (SRT2). Then, the same protocol is applied
using an engine pump (SRT3) in order to inject larger volumes in the formation when failure is occurring to
explore hydromechanical effects in the fractured rock mass away from the borehole stress influence.

Figure 3 shows the example of a test performed at a depth of 40.6 m in Borehole BFS2. SRT1 was composed of
nine pressure steps and ended when the injected pressure reached 3.3 MPa triggering a sudden and
nonlinear large displacement (norm of displacement vector close to 55 μm) associated with a 1.4 MPa drop
in pressure. A few minutes later, seven pressure steps were performed during SRT2. The fluid pressure was
increased up to 6.0 MPa, but no sudden and large displacement was triggered. After injection was stopped
at the end of SRT2, water diffused out of the chamber into the rock mass causing the pressure to slightly
decrease within the injection chamber, and finally, the downhole valve was opened, causing an instanta-
neous drop in pressure. A third Step Rate Test (SRT3) with seven pressure steps was performed with the
engine pump. In this test, a fluid pressure close to 5.3 MPa induced a second sudden and large displacement
(norm of displacement vector close to 21 μm) associated with a 1.1 MPa pressure drop. In this study, we focus
on the hydromechanical behavior during the step rate pressure increases; the sudden and large displace-
ments are not considered.

Figures 4 and 5 show pressure-time and pressure versus deformation curves for SRT1 and SRT2, respectively.
The pressure versus deformation curves show two types of hydromechanical behaviors:

1. During the SRT1 (Figure 4) and the SRT3 (not shown here), deformations are linearly correlated to the
pressure increase. For example, Figure 4 shows the nine pressure increases (T1 to T9) that display a
linear relationship with the northern (Figure 4b) and western (Figure 4c) deformations. If a nonlinear
relationship is observed, we do not try to fit the displacement/pressure function with a linear trend

Figure 3. Hydromechanical test performed within the damage zone at 40.6 m depth. The upper numbers indicate the total
volumes (cm3) of water injected during and between the SRT.
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Figure 4. (a) SRT1 performed at 40.6 m composed of nine pressure transient phases. (b) Northern and (c) western deforma-
tions versus pressure.

Figure 5. (a) SRT2 performed at 40.6 m composed of seven pressure transient phases (T1–T7). (b) Northern and (c) western
deformations versus pressure.
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(case of T9 in Figure 4c). In case of SRT1, above ~3.9 MPa at T10, there is a large, sudden, and nonlinear
displacement associated with a pressure drop that is a common characteristic of fault rupture
reactivation (SRT1, Figure 3).

2. Deformations measured during SRT2 (10�3 in north direction and 10�4 in west direction) are larger than
those measured during SRT1 (Figures 5b and 5c) and SRT3 (10�4). Also, during the same pressure increase,
changes in the direction of the displacement (from dilation to contraction, see green or purple curves in
Figure 5b as example) make it impossible to define a linear correlation between deformations and
pressure increase. Finally, we also observe a change in the general trend of the relative deformation: from
contraction to dilation (Figure 5) when a pressure of ~3.9 MPa is reached.

Figure 6 shows the evolution of the horizontal distributions of the modulus of deformation estimated from
the initial linear segment of the deformation versus pressure curve during SRT1, SRT2, and SRT3 using
equation (2). We observe important variations in the modulus of deformation with the direction of measure-
ment and a rotation of the plane of isotropy (which is defined by the orientation of the highest deformation
moduli) from SRT1 to SRT3. During SRT1, at lower pressure (T1), the highest deformation modulus (Emax) is
around 11 GPa oriented N045°, and at higher pressure (T3 to T8), Emax is around 8 GPa oriented N025°.
During SRT2, Emax has a value of 3 GPa and its N090° orientation stays constant, except during T4 where

Figure 6. Young’s modulus versus orientation estimated during (a) SRT1, (b) SRT2, and (c) SRT3 within the damage zone
40.6 m borehole depth interval and the number of discontinuities per strike (black curve).
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there is strong increase in Emax to 8 GPa associated with a rotation from N090° to N110°. During SRT3, the
initial Emax of about 20 GPa oriented N150° at T1 varies to Emax ≈ 10 GPa oriented N095° at T6.

4.2. Estimation of the Deformation Modulus Variations Across the Fault Zone

We use all the SRT1 data to estimate the deformation moduli of the four tested intervals across the fault zone.
Figure 7 shows the pressure evolution during the four SRT1 (Figures 7a–7d), the associated deformation in
north and west directions (Figures 7e–7h), the deformation modulus estimated during each pressure step
versus orientation compared with the fracture strike (Figures 7i–7l), and the average deformation modulus
estimated during the four SRT1 (Figure 7m). The largest deformation modulus is obtained at 47.2

Figure 7. (a–d) Pressure evolution, (e–h) with the associated deformation in north and west directions, and (i and j) the estimated deformation modulus versus
orientation during SRT1 performed within the host rock (at 47.2 m), the damage zone (at 37.2 m and 40.6 m), and the fault core (at 44.65 m). (m) Average
deformation modulus estimated during the four SRT1.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014384

JEANNE ET AL. FAULT ELASTIC PROPERTIES 9



Table 2. Initial Hydraulic and Mechanical Parameters Used in the Simulations Are Taken From Bossart [2004]

Elastic Medium Fracture Plane

Permeability (m2) 1.00E�18 6.00E�17
Porosity (%) 12% 12%
Cohesion 0
Friction 18
Biot coefficient 0.7

Figure 8. Sensitivity analyses of Young’s modulus and Poisson’s ratio for (a–d) rock mass and (e and f) fracture on the
displacement along x, y, and z directions.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014384
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(Emax ≈ 47 GPa) in the damage zone of the hanging wall of the fault. The lowest (Emin) is measured in the fault
core (Emin ≈ 0.6 GPa; Figure 7l). There is a strong rotation of the plane of isotropy. In the host rock and in the
fault core, the orientation of the plane of isotropy stays constant during the test, respectively oriented N130
(Figure 7a) and N095 (Figure 7d). In the damage zone, the plane of isotropy rotates from N140 to N085 at
37.2 m (Figure 7b) and from N045 to N020 at 40.6 m (Figure 7c).

There is no clear relationship between the orientation of the plane of isotropy and the number of discontinu-
ities per strike. However, at low pressure T1, the plane of isotropy is oriented perpendicular (blue curve at
37.2 m, Figure 7b) and parallel (blue curve at 40.6 m, Figure 7c) to the orientation having the most disconti-
nuities (black curves).

5. Numerical Modeling of SRT1 at Test 40.6 m

We simulate the chamber wall response to elastic and plastic deformations during SRT1 performed at 40.6 m,
using the coupled nonisothermal, multiphase flow, and geomechanical simulator TOUGH-FLAC, described in
Rutqvist et al. [2002] and Rutqvist [2011]. TOUGH-FLAC links the TOUGH2 (finite volume) multiphase flow and
heat transport simulator [Pruess et al., 2011] and the FLAC3D (finite difference) geomechanical code [Itasca,
2009] for coupled THM analysis under multiphase flow conditions. The goals of these simulations are (i) to
compare the deformation moduli and the orientation of the plane of isotropy estimated with analytical
and numerical approaches and (ii) to estimate the state of stress acting on the fault.

The 3-D numerical model (60 m × 60 m × 60 m) represents a fault plane embedded in an anisotropic elastic
medium to account for the anisotropic elastic modulus related to the presence of bedding planes in the
Opalinus Clay host rock. The injection chamber is represented by solid elements with a cubic shape having
a high porosity (100%) and a high permeability (10�7 m2). The fault has the same orientation (N060) and
dip (40°E) as the dominant fault family observed in this interval on the optical well log (Figure 1). The fault
intersects the injection chamber at the center of the model. A Mohr-Coulomb elastoplastic failure criterion
with a strain-softening frictional law is used to describe the mechanical behavior of the fault. Stresses
following the lithostatic gradients are applied on all the boundaries, and open flow boundaries are imposed.
Control points are located inside the simulated injection chamber to calculate the relative displacement of
the borehole wall during SRT1. The initial hydraulic and mechanical parameters used in the simulations are
summarized in Table 2.

We first did a sensitivity analysis related to the elastic properties of the Opalinus Clay and the fault by match-
ing the measured and calculated (x,y,z) displacements during the first nine pressure steps (T1 to T9) that
display a linear relationship between fluid pressure and displacement. In this way, we estimated for the
Young’s modulus and Poisson’s ratio of Opalinus Clay formation in the plane of isotropy (E = 1.4 GPa
(Figure 8a) and υ = 0.2 (Figure 8c), respectively) and normal to it (E = 0.6 GPa (Figure 8b) and υ = 0.2
(Figure 8d), respectively) and the dip direction (N030°, Figure 9a) and dip angle (50°SE) of the plane of

Figure 9. Sensitivity analyses of (a) dip direction and (b) dip angle of plane of anisotropy on the displacement along x, y,
and z axes.
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isotropy (Figure 9). A Young’s modulus of 1.0 GPa (Figure 8e) and a Poisson’s ratio of 0.2 (Figure 8f) were also
estimated for the fault plane embedded in the Opalinus Clay formation.

The rupture at the end of SRT1 was obtained with a strike-slip stress regime, with the horizontal maximum
stress (SHmax) oriented N125 and with σ1 = 1.58 × σ2, σ2 = ρ × g × h (where ρ is the rock density equal to
2450 kg/m3, g the acceleration of gravity and h the depth, here h = �250 m) and σ3 = 0.79 × σ2. Because
we are interested in the direction of SHmax, we did not try to perfectly reproduce the amplitude of the
displacements, which are overestimated in our results (Figure 10). So here the magnitudes of the stresses
are overestimated. On the other hand, although the paleostress regime that generated the Main Fault is
not accurately known, the strike-slip regime adopted in this study appears to be relatively consistent with
paleostress estimations from fault plane striations [Nussbaum et al., 2011]. TheMain Fault was indeed initiated
as a shear fault-bend fold in the early stage of the Late Miocene Jura NNW thrusting, and then passively stee-
pened during late propagation of the Alpine foreland (Figure 10).

6. Discussion
6.1. Comparison Between Deformation Modulus Estimations and Existing Data

Laboratory studies performed on intact rock samples of the Opalinus Clay formation show a clear anisotropy
in mechanical properties with values of Young’s modulus normal and parallel to bedding ranging from 7.1 to
12 GPa and from 11.5 to 19.5 GPa, respectively [DIN 4094-5, 2000]. Field experiments in boreholes using a
dilatometer also show this anisotropy but with lower values of Young’s modulus normal and parallel to
bedding ranging from 2.1 to 3.5 GPa and from 6.3 to 8.1GPa, respectively [Bock, 2001].

Values of deformation moduli estimated with the HPPP probe are consistent with those of other approaches
(Table 3).

1. Interval test at 47.2 m: deformation moduli calculated every 5° (5 to 47 GPa) are in the range of those esti-
mated on core samples in the laboratory (7.1 to 19.5 GPa). However, Emax values estimated with the HPPP
probe are higher than the maximum Young’s modulus measured in the laboratory. These high estimated
Young’s moduli and the low degree of fracturation (only seven discontinuities present in the 2.4 m long
interval) suggest that this part of the damage zone is representative of the host rockmechanical properties.

2. Unfortunately, we do not know the number of fractures intersecting the intervals where the dilatometer
tests were conducted and its location (far or close to the tunnel), but values obtained with this method
(2.1 to 8.1 GPa) are in the range of those estimated with the HPPP probe for damage zone tests: from 1
to 12.8 GPa at 37.7 m and from 0.9 to 6.5 GPa at 40.6 m depth.

Figure 10. Comparison between (a) simulated and (b) monitored slip at the end of SRT1 at 40.6 m.

Table 3. Estimation of the Young Modulus for the Opalinus Clay Formation

Host Rock/Intact Rock Damage Zone Fault Core

47.20 m 37.70 m 40.60 m 44.65 m
Laboratory 7.1 to 19.5
Dilatometer 2.1 to 8.1
HPPP: low pressure (T1) (average values) 3.1 to 47 (5 to 47) 2.4 to 6.7 (1.0 to 12.8) 1.0 to 11 (0.9 to 6.5) 0.6 to 4.4 (0.4 to 6.0)
Numerical model 0.4 to 1.4
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3. Results obtained during the numerical simulations are in good accordance with those obtained during
the analytical solution. The deformation moduli estimated from the numerical simulation of the test at
40.6 m, with Young’s modulus of 1.4 GPa and 0.4 GPa, are in the range of the lowest values obtained
during the analytical estimations (around 0.9 GPa). On the other hand, the analytical Emax value for the test
at 40.6 m seems again overestimated (average value of Emax around 6.5). The direction and dip angle of
the plane of isotropy calculated with the numerical simulation (N030°–50SE) ranges within the analytical
values respectively of N045°–50SE at low pressure and of N020°–50SE at higher pressure.

The comparison between deformation moduli estimated in laboratory or with the HPPP probe and the
comparison between deformation moduli estimated by numerical or analytical approaches suggest that
the HPPP probe overestimates Emax. This can be due to the fact that Emax is calculated in the direction where
elastic deformations are the lowest. In some cases, field deformations are so small that they are close to or
below measurement resolution, making Emax estimates less accurate (Table 4).

6.2. Deformation’s Modulus Distribution Within the Fault Zone

We can observe a reduction of the deformation’s modulus from the host rock to the fault core. By considering
the mechanical properties estimated at 47.2 m as representative of the host rock mechanical properties, we
can estimate that

1. the minimum average values of Young’s modulus decrease by a factor of five from the host rock to the
damage zone (5 GPa to about 1 GPa) and by a factor of about 2.5 from the damage zone to the fault core
(about 1 to 0.4 GPa), which corresponds to a decrease by a factor of 12.5 between the host rock and the
fault core.

2. themaximum average values of Youngmodulus decrease by a factor of 3.7 to 7.2 from the host rock to the
damage zone (47 GPa to 12.8 and 6.5 GPa) and by a factor of 1.1 to 2.1 from the damage zone to the fault
core (12.8 and 6.5 GPa to 6.0 GPa), which correspond to decrease by a factor of 7.8 between the host rock
and the fault core.

In previous studies, deformation moduli were found to decrease from the host rock to the damage zone by
factors (KHr/Dz) ranging from 1.2 to 4.6. The KHr/Dz values estimated in our study (both for Emax and Emin)
belong to the upper values of this range (between 3.7 and 7.0). Inversely, between the damage zone and
the fault core, the reduction factors (KDz/Fc) estimated in our study range from 1.1 to 2.5, which corresponds
to the lowest values of KDz/Fc established by the previous studies (KDz/Fc ranges between 1.3 and 7.0). These
differences can be related to the fault zone architecture and so indirectly to the rock type. Fault zones in
rock formations favoring the development of a large damage zone with a progressive increase in the
degree of fracturing from the host rock to the fault core can present a progressive decrease in their
mechanical properties. In this case, depending on the location of the measurements in the damage zone,
KHr/Dz can be low. Inversely, fault zones in rock formations favoring the concentration of the deformations,
as observed here where most of the deformations are localized between two main fault planes located 2 to
3 m apart, the mechanical contrast between host rock and damage zone represented by the ratio KHr/Dz can
be high.

Table 4. Factors by Which the Deformation Moduli Are Reduced From the Host Rock to the Damage Zone: KHR-DZ; From
the Damage Zone to the Fault Core KDZ-FC or Directly From the Host Rock to the Fault Core: KHR-FC Estimated During
Previous Studies and in This Paper

Rock Type KHr-Dz KDz_Fc KHr_Fc

Bauer et al. [2015] Sandstone 1.8 to 4.3
2.0 to 7.0

Heesakkers et al. [2011] Quartzite 1.5
Isaacs et al. [2008] Siltstone/sandstone 1.2 to 3.6
Carpenter et al. [2014] Metamorphic 1.2 to 1.6 1.3 to 1.7 1.6 to 2.9
Jeanne et al. [2012b] Porous limestone 1.8

Low porosity limestone 4.6
Jeanne et al. [2013] Low porosity limestone 1.4 to 2.1 1.8 to 5.0 3.8 to 7.0
Here: factor for Emin Claystone 5.0 to 5.5 2.3 to 2.5 12.5
Here: factor for Emax 3.7 to 7.2 1.1 to 2.1 7.8
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6.3. Young’s Modulus Anisotropy Within the Fault Zone

The different tests performed through the fault zone reveal important rotations of the plane of isotropy from
the host rock to the fault core and in the damage zone during fluid pressurization.

In the interval test at 47.2 m (considered as representative of the host rock properties), the anisotropy in
mechanical properties (Emax and Emin oriented N140° and N050°, respectively) shows no relation with the
discontinuities intersecting the tested interval. On the other hand, this anisotropy is in good agreement with
the mechanical anisotropy caused by the laminar structure of the rock formation with low Young’s modulus
normal (N050°) and parallel (N140°) to bedding [DIN 4094-5, 2000].

In the fault core (44.65 m), the plane of isotropy is well defined with a constant N095°orientation. This
orientation shows no clear relation with the orientation of most of the discontinuities. Among 30 discontinu-
ities, 24 are oriented N030° to N078°, and only 3 are oriented N085° to N095° and 3 are oriented N116°
to N157°.

In the damage zone, at low pressure (T1), the plane of isotropy is oriented either (1) parallel to the laminar
structure of the rock formation (Emax oriented N140° at 37.2 m) or (2) parallel to the orientation of the main
family of discontinuities intersecting the interval (N045°). However, at higher pressure (T3 to T7), the plane of
isotropy rotates from N140° to N090° at 37.2 m and from N045° to N020° at 40.6 m. These rotations across the
fault zone can be related to a rotation of the laminar structure of the rock across the fault (observed but not
quantified), leakages into the fractures during the test causing some of them to dilate, and the plane of iso-
tropy being controlled by the orientation of discontinuities critically oriented for shear reactivation. Indeed,
repeated past shear reactivations along these planes could have either resulted in (1) a degradation of their
mechanical properties creating a zone of weakness and/or (2) a stress drop important enough to allow these
discontinuities to deformmore easily. With SHmax oriented N125° and considering an angle of friction close to
25° (as found by Bock [2001]), the fractures oriented N090°, N110°, and N095° at 37.2 m, 40.6 m, and 44.65 m,
respectively, correspond to fractures most favorably orientated for shear reactivation. At 37.2 m and 44.65 m,
deformations are accommodated by normal displacement along the discontinuities N090° and N095° (Emax

and Emin are oriented N090° and N0°, respectively). At 40.6 m deformations are accommodated by elastic
shear displacement along discontinuity N110° (Emax and Emin are oriented N020° and N110°, respectively).
Because the rotations are also observed during the increase in fluid pressure, it suggests that these planes
behave depending on the stress acting on them. At higher normal stress, elastic shear displacements are
observed, whereas at lower normal stress, elastic normal opening is favored.

6.4. Young’s Modulus Evolution Before, During, and Postrupture

During the experiment test at 40.6 m, we captured a change in elasticity associated with the different rupture
and water flow modes observed in the naturally fractured injection interval.

During SRT1, the chamber behaved as a stiff rock mass characterized by Emass ≈ 10 GPa. There is no water
diffusion in borehole walls until T9 where water pressurization leads to a fast, large amplitude plastic move-
ment. After this first rupture, we observed a rotation of the plane of isotropy: Emax is oriented N095° during
SRT2 and at the end of SRT3 (T5 and T6). In these cases deformations are normal to the discontinuities
oriented N095°. This suggests that at the end of SRT1, rupture occurred along a discontinuity critically
oriented for shear reactivation. This rupture may have caused a degradation of the discontinuity walls (failure
of intact segments along the joints) and a stress drop that eases the fracture normal opening during fluid
pressurization and so causes the plane of isotropy to rotate.

During SRT2, this first T9-associated rupture favors flow in the reactivated fracture and the chamber behaved
as a soft rock mass characterized by Emass ≈ 3 GPa due to normal and shear displacements (characterized by
significant and sudden changes in the sense of the displacement, making it impossible to define a linear
correlation between deformations and pressure increase).

SRT3 is different from SRT1 and SRT2 because water is injected at high flow rates using the engine pump. The
consequence is that rupture propagates away from the borehole wall along favorably oriented natural
fractures. The deformationmodulus is thenmuchmore influenced by the hydromechanical coupling in these
fractures and away from the borehole nearfield than by elastic properties of the borehole wall. Also, during
SRT3, no significant and sudden changes in the direction of the displacement of the borehole walls are
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observed, meaning that no small rupture occurred during water pressurization. In this test, the chamber
behaved as a stiff rock mass characterized by Emass ≈ 20 GPa.

7. Conclusion

In this paper, we present a new instrumental device and protocol to characterize the distribution and the
evolution of the elastic properties across a fault zone in a clay formation. Based on 3-D displacement
measurements performed in a borehole during water pressurization, we have characterized factors
influencing the distribution of the deformation modulus that can be reasonably approximated to the
Young’s modulus of the fault materials. Our main findings are as follows:

1. There is a reduction of the Young’s modulus from the host rock to the damage zone of the fault by a factor
of 5 and from the fault damage zone to the fault core by a factor of 2.

2. In the host rock there is an elastic transverse isotropy related to the sedimentary bedding.
3. In the fault zone, strong rotations of the direction of anisotropy can be observed. The plane of isotropy can

be oriented either parallel to bedding (when few discontinuities are present), parallel to the direction of
the main fracture family intersecting the zone, and possibly oriented parallel or perpendicular to the
fractures critically oriented for shear reactivation (when repeated past rupture along these plane has
created a zone of weakness). Moreover, the direction of anisotropy is pressure dependents.
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