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Introduction

Fault zones cutting through top seals are potential fluid leaks that may be activated by a rise of fluid
pressure or tectonic stress. The permeability of fault zones has often been modelled as an exponential
function of effective stress (e.g.: Revil and Cathles, 2002). However, permeability variations depend
on many other factors including lithology, shear stress and strain, history of fault slip, and healing
processes. In order to gain insight on the relationships between permeability, fluid pressure, stress and
strain, a series of small scale (decametric) water injection tests were performed in a small fault zone in
Toarcian shales at Tournemire IRSN underground laboratory. This fault initiated under extension in
the Jurassic and reactivated as right-lateral and then left-lateral strike-slip fault during the Pyrenean
compression and has decametric total slip (Constantin et al., 2004; Moreno et al., 2018). Calcite
cements seal most of the dilatant fractures that formed during successive episodes of deformation
(Lefevre et al., 2016). A fault core is characterized as a scaly fabric zone, comprising thin layers of
gouge as well as less deformed lenses. At the location of the injection borehole, the core zone is
bounded by fault planes and fracture damage zones extend on either side (Figure 1). The permeability
of the intact formation is the 10%-10° mD range (Boisson et al., 2001) and long-term experiments
performed by IRSN (Dick et al., 2016) show that the fault zone has comparable low permeability, as a
consequence of clay self-sealing and calcite cementation. Before injections, the experiment site was
instrumented with an array of borehole sensors comprising pressure sensors, strain and resistivity
probes and a micro-seismic network (Figure 1). A first result of the injection tests was to show that
the hydraulical opening of the fault damage zone is associated with the activation of fractures in a
dilatant shearing mode (Guglielmi et al., 2015). This shearing component is in large part reversed
during pressure relaxation, which remains intriguing as such a behaviour is not expected if fault slip is
a consequence of fluid-pressure-induced normal stress reduction of a shear-loaded fault. Most of the
induced deformation was aseismic and the very small seismic events (M<-3.8) recorded seem to occur
on calcified fractures as a consequence of stress transfer (De Barros et al., 2016). Transient P and S
wave velocity variations during fluid injections indicate fracture dilatancy within a volume 5-10 m
from the injection point, and stress transfer beyond that zone (Rivet et al., 2016). We will present an
overview of results obtained with borehole monitoring systems, addressing the coeval distribution of
strain and fluid flow during the experiments and the various factors controlling permeability and its
evolution during the tests.
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Figure 2 Schematic view of the Tournemire experiment site projected on a horizontal plane. Injection
intervals are indicated in blue, M-probe strain gauges positions in green, R-probe electrodes in
yellow, borehole accelerometer positions are marked by hollow squares.
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Methods

Series of pulse tests and stepwise injection tests were performed in the fracture damage zone (Tests 1
and 3), core zone (Test 4) and in the intact formation (Test 2) with the SIMFIP probe, a 2.5 m long
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dual-packer injection chamber equipped in its central part with a 3D optical fibre strain-meter
measuring the displacement of borehole walls between 2 sets of anchors 48 cm apart (Guglielmi et al .,
2015). Two longer duration injection tests (12 hours and several days) were performed 2 months later
with a single packer pressurizing about 15 m of open hole (Tests 5 and 6). Permeability during
constant pressure or constant flow rate injection tests was estimated with the Dupuis-Thiem formula.
Residual permeability after fracture reopening and closure was estimated by fitting pulse tests
pressure relaxation curves with analytical solutions (Neuzil, 1982). Flow rates and permeability where
found to increase markedly when pressure P;,; in the injection borchole exceeds a threshold (the
Fracture Opening Pressure), which varied 1.25 to 3.85 MPa depending on the interval tested.
Permeability variations may be modelled as a function of (P;,~FOP), but with different exponential
laws above and below FOP (Figure 2).
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Figure 2 Permeability determinations from pulse tests and flow fests at Tournemire versus excess
pressure in injection borehole relative to Fracture Opening Pressure.

Monitoring boreholes M and R were drilled about 1 m from the injection borehole (Figure 1) and
surveyed with OPTV, magnetic compass and tiltmeter. The M-probe (mechanical probe) is a 7 cm
diameter ABS tube bound to the formation with bentonite cement instrumented with 44 resistive
strain gauges measuring longitudinal strain at 11 sections spaced every 0.5 to 1 m across the fault
zone. This probe thus gives the distribution of axial strain and bending strains in two orthogonal
direction, from which the 3-D deformation of the borehole may be reconstructed. The R-probe
(resistivity probe) is a flexible cable equipped with annular electrodes of diameter 3 cm coupled to the
formation with bentonite cement of known resistivity (5 Ohm.m after setting). The spacing between
clectrodes was varied between a maximum of 1 m in the intact formation to a minimum of 0.3 m in
the central part of the fault zone, with 0.6 m in intermediate sections. A dipole-dipole protocol is used,
that has a radius of investigation of about half the distance between consecutive electrodes. The R-
probe is thus blind to conductivity variations in the injection borehole. The injected fluid (0.04 S/m at
13°C) is less conductive than the pore water in the formation (0.2 S/m) and in the cement (0.4 S/m).
Flow reaching the R-probe is thus detected as a resistivity increase, at least initially.

The consistency of M-probe and SIMFIP strain measurements could be verified during Tests 3.
Reversible stretching along the borehole was observed above FOP almost simultaneously c.a. 19 m
from the borehole mouth by SIMFIP and M-probe with respective strain amplitudes 4x10~ and 2x10
>, This results from the opening of one or several fractures crossing both boreholes near orthogonally.

Example
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The hydraulic opening of fractures at the FOP was generally associated with coeval strain in the
injection and M boreholes. Continuation of injection above FOP resulted in variations of strain
distribution, flow rate and resistivity with time reflecting complex interactions. An example of
delayed mechanical response occurred during Test 5, performed with a single packer set at 14.9 m, 50
cm above the western core/damage zone boundary (Figure 3). Fault opening occurred shortly before
midnight (on 06/12) for FOP=3.8 MPa. Almost 3 hours later, strain concentration at the core/damage
zone boundary indicate slip along the interface. During this event, flow rate increases by a factor of 4
and FOP decreases to 3 MPa. Resistivity monitoring indicates that 3 zones of flow were initially
activated, along the edges of the core zone and along fractures initially activated during Test 3 c.a. 19
m. The slip event activates additional flow channels in the western damage zone. These extend further
into the intact formation and connect with the excavation damage zone of the tunnel, resulting in
leakage into the tunnel, only observed south of the injection borehole. After this test, the packer was
pushed 80 cm down past the core/damage zone interface. During Test 6, flow zones in the eastern
compartment (ca 18 and 19 m) were activated again, but no flow occurred across the fault into the
western damage zone and toward the tunnel.

Test 5 - Pressure and flow rate
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Figure 3 Injection test in Tournemire fault zone performed with single packer pressurizing the
borehole from 14.9 m to its low end. Top: injection parameters. Middle: strain variations measured
with M-Probe. Bottom: resistivity variations measured with R-Probe.

Conclusions

The hydromechanical response of a fault zone in shale cannot be reduced to that of a single fault
plane. Part of the strain is localized at major discontinuities (¢.g. core/damage zone boundary) but
distributed strain is also occurring, including within the core zone. Flow is channeled within the
fracture network in the fracture damage zones as well as along these discontinuities. Flow rate and
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permeability increase exponentially with fluid pressure above a pressure threshold (F.O.P. for
Fracture Opening Pressure) that seems to depend on local mechanical conditions. Flow pathways
and/or their hydraulic conductivity also vary with time during injection tests in association with
plastic strains or fault slip. Residual fracture permeability below F.O.P. (10 to 1 mD) may allow
pressure diffusion along an active fault but is unlikely to allow significant fluid transfer into or out of
reservoirs. In tests performed at Tournemire, strain was in large part driven by the volume change
caused by fluid injections, rather than by the release of pre-existing ambient stress mediated by
effective pressure reduction. This may explain why the induced strains were in large part reversed
during pressure relaxation. Flow channels typically open with small, largely reversible strains and
channelized flow probably results in highly heterogenous fluid pressure distribution on fault planes.
This opens the possibility of transient flow along a fault zone without mechanical destabilization at
the larger scale.
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