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SUMMARY

Several studies have focused on the role of damage zone (DZ) on the hydromechanical
behaviour of faults by assuming a fractured DZ (i.e. low stiffness/high permeability). Yet, this
vision may not be valid in all geological settings, in particular, in high-porosity reservoirs as
targeted by several underground exploitations. We investigate the impact of a high-stiff/low-
permeable DZ on the shear reactivation of a blind, undetectable normal fault (1 km long, <10 m
offset), with a 0.5 m thick low-porosity/permeability fault core during fluid injection into a
high-porosity reservoir. The spatial distribution of effective properties (elastic moduli, Biot’s
coefficients and permeability) of DZ including deformation bands (DB; elliptic inclusions)
and intact rock were derived using upscaling analytical expressions. The influence of DZ on
the hydromechanical behaviour of the fault zone was numerically explored using 2-D plane-
strain finite-element simulations within the framework of fully saturated isothermal porous
media by accounting for an orthotropic elastic rheology. The numerical results showed that
the presence of DB plays a protective role by reducing the potential for shear reactivation
inside the fault core. On the other hand, they favour shear failure in the vicinity of the fault
core (off-fault damage) by accelerating the decrease of the minimum principal effective stress
while limiting the decrease of the maximum one. This behaviour is strongly enhanced by the
fault-parallel DZ effective stiffness, but limited by the combined effect of fault-normal DZ
effective permeability and of the Biot’s coefficients. This can have implications for the location
and size of aftershocks during fault reactivation.

Key words: Numerical approximations and analysis; Geomechanics; Microstructures; Frac-
ture and flow; Fault zone rheology.

1 INTRODUCTION

Reactivation of faults during fluid injection into porous reservoirs is a major concern, either because they might potentially cause fractures,
which act as pathways of leakage (Zoback & Gorelick 2012) and induce earthquakes (Ellsworth 2013). The importance of hydromechanical
processes in the initiation and dynamic slip propagation (earthquakes) has received considerable attention over the last decade (e.g. Faulkner
et al. 2010). In general, the role of fault structure on dynamic rupturing was studied by, for example, Rudnicki & Rice 2006; Dunham & Rice
2008; Viesca et al. 2008, who highlighted more specifically, the importance of spatial distribution of properties (heterogeneities) on either
sides of faults (off-fault zones). Based on extensive outcrop studies, a fault includes a ‘damage zone (DZ) and a fault core (FC)’ as the main
structural elements. This architecture can be found at different spatial scales in all kinds of lithologies, whether in siliciclastic or in carbonate
geological settings (Caine et al. 1996; Faulkner et al. 2010; Kolyukhin & Torabi 2012; Wibberley et al. 2008).

The FC is where the main slip surface is located and hence where the most fault throw is accommodated. It is characterised by the
presence of highly deformed and weathered material such as granular gouge composed of broken clasts, clay gouge, clay smear, breccia
zone and diagenetic features (e.g. Wibberley et al. 2008). This heterogeneous texture within the FC affects its coefficient of friction (ranging
between 0.4 and 0.6), depending on the clay content (e.g. Shimamoto & Logan 1981). In addition, this will hamper the petrophysical properties
of FC such as capillary threshold pressure and the flow conductivity (e.g. Yielding ef al. 1997; Manzocchi et al. 2010). The FC is generally
surrounded by a DZ that may either act as a conduit (in fractured DZ) or a barrier to flow (in DZ, where deformation bands or veins
(mineral-filled fractures) are dominant) depending on the characteristics of the deformations features and initial host rock properties. Fig. 1
schematically depicts three main conceptual models of fault based on the hydraulic behaviour of FC and DZ following the classification
proposed by Caine et al. (1996).

1566 © The Authors 2015. Published by Oxford University Press on behalf of The Royal Astronomical Society.

STOZ ‘T2 AInc uo NOYd e /Bio'sfeuinolpiosxo1b//:dny wouy pspeojumoq


mailto:j.rohmer@brgm.fr
http://gji.oxfordjournals.org/

High-stiff/low-permeable damage zones’ impact 1567

Host porosity S

Conduit-Seal Seal-Seal
5 4/
= =
NS

02| 5 /

o=

Og

t w e .

g g Conduit-Conduit / Deformation bands
- 8 ﬁ§ Fractured zone

\’ Flow path

Main fault plane

Cemented zone

+ DZ Fracturation -

Figure 1. Classification of the main conceptual models for fault zone’s representation depending on the host rock porosity, the damage zone DZ fracturation
and the FC’s permeability (adapted from Matonti ef al. 2012). The model concept of ‘seal—seal’ is at the core of the present study.

A first concept referred to as ‘conduit-seal’ assumes a low-permeability/porosity core acting as a barrier to flow and a DZ made of
dilatant fractures, hence acting as a drain or conduit. The degree of fracturing generally increases toward the FC (Fig. 1), which corresponds
to reduction in the Young’s modulus and permeability increase in the DZ close to the FC (e.g. Faulkner et al. 2006). Such heterogeneities
have been demonstrated to play a significant role in the shear reactivation and dynamic rupture rupturing of the fault during fluid injection
(Guglielmi et al. 2008; Cappa 2011; Jeanne ef al. 2013, 2014; Rohmer 2014). The second concept ‘conduit-conduit’ in Fig. 1 assumes a
fractured DZ with fractured and poorly cemented core (see an example in carbonates presented by Matonti ef al. 2012) so that this fault acts
as a complete drain to flow. Yet, the vision of a fractured DZ cannot be applied to all types of rocks, because the deformation mechanisms
can take various forms in high-porosity rock formations as targeted by several underground exploitations (like wastewater disposal, seasonal
natural gas storage, CO, geological storage, etc.). A third concept referred to as ‘seal-seal” in Fig. | assumes a sealing core with a DZ acting
as a barrier to flow. The sealing capacity of DZ strongly depends on the characteristics of deformation features inside it. In low-porosity
setting like carbonate reservoirs, this can be related to the presence of mineral-filled fractures/veins or stylolites due to dissolution processes
(Tondi et al. 2006), whereas in high-porosity reservoirs, this can be related to low-permeability/high-stiff deformation bands, DB (Fisher &
Knipe 2001; Fossen et al. 2007) which generally tend to be subparallel to the main fault plane (e.g. Shipton & Cowie 2001). In the present
study, we focus on this latter case.

Deformation bands can be classified by deformation mechanisms (Fossen et al. 2007), which determine in turn their hydraulic and
mechanical (elastic and failure parameters) properties. These correspond to (1) disaggregation of grains via grain boundary sliding and
reorganization and, grain cement breaking or granular flow with little to no influence on porosity; (2) cataclasis involving grain abrasion
and fracturing to different degrees, which commonly reduces porosity; (3) phyllosilicate smearing, where clay minerals are abundant and
make barriers to flow along the bands; (4) dissolution and cementation, which are mostly post-deformation and would have additional impact
on the band porosity. Kinematically, deformation bands could be classified in three end members: dilation, compaction and shear bands or
a combination of them depending on the stress state responsible for their formations (Alikarami et al. 2013). In the present study, we are
interested in injection of fluid into a DZ, which encompasses both lower porosity and permeability and higher stiffness than its host rock.
This is in contrary to the situation, where the fluid is injected into low-porosity rocks, where deformation features usually take the form of
fractures with high permeability and low stiffness (Torabi & Zarifi 2014). Thus, we primarily focus on cataclastic bands with both compaction
and shear components (compaction shear bands) formed in the DZ of a normal fault bounding a reservoir between a low-permeable caprock
and underburden formation (see Fig. 2, corresponding to a critical geometrical case for fault activation during fluid injection, e.g. Hawkes
et al. 2004). These bands are referred to as deformation bands and denoted DB in the following.

Commonly, DB exhibits a reduction in permeability of two to three, and locally as much as six, orders of magnitude with respect to
the host rock. On the other hand, Young’s modulus could be higher than the adjacent host rocks (Jourde et al. 2002; Schultz & Siddharthan
2005; Fossen et al. 2007; Alikarami et al. 2013). Regarding failure parameters, existing data outline that DB are stronger than their host rock
(e.g. Mair et al. 2000), which is attributed to an increase of the bulk uniaxial compressive strength in the band (see e.g. Torabi & Alikarami
2012). The amount of strengthening depends on several factors related to shear-driven cataclasis or density of grain packing or the degree of
late cementation (e.g. Underhill & Woodcock 1987; Kaproth et al. 2010; Petrie et al. 2014). While coefficient of friction is usually increased
(Kaproth et al. 2010; Petrie et al. 2014), cohesive strength can either be maintained or increased as stated by Fossen et al. (2007).
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Figure 2. (a) Model geometry and boundary conditions; (b) discretization of the damage zone DZ into 1-m-thick parallel zones; (¢) deformation bands’ density
assigned to each DZ (number of DB per metre) as a function of the lateral distance to the fault core FC; (d) schematic overview of an elongated (length / >
width w) DB embedded within the intact reservoir rock. Fault-parallel direction is indicated by ‘p’, whereas the fault-normal one is indicated by ‘n’.

Previous studies have shown that the decrease of stiffness due to open fractures within DZ in a conduit-seal model (Fig. 1), can promote
fault slip during pore pressure increase (i.e. a fault weakening or strain softening), see in particular (Faulkner e al. 2006). In the present
study, we question whether the impact of the DB in high-porosity sandstones can have a reverse effect, that is, potentially leading to a ‘fault
strengthening or strain hardening’. In this view, we use numerical simulations, which are described in Section 2. Instead of assuming a generic
relationship for the evolution of the hydromechanical properties of DZ with the distance to FC (like in Cappa 2011 or Rohmer 2014), we
use a combination of statistical analysis of field data (Schueller et al. 2013) and upscaling techniques to derive the effective DZ properties
(Section 3). In Section 4, the numerical simulations showed that the maximum shear reactivation is located in the DZ compartment adjacent
to the FC. We investigate the significance of changing DB properties (elastic moduli, Biot’s coefficients, and permeability) on the behaviour
of fault and DZ. Then, a systematic parametric study is conducted on permeability, on Young’s modulus, and on the Biot’s coefficient to
discover the effect of material properties in DZ on the behaviour of the fault.

2 METHODS

In this section, we first describe the assumptions underlying the model set-up (Section 2.1) and then provide the details of the upscaling
techniques used to account for the presence of high-stiff/low-permeable DB within the DZ (Section 2.2).
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Table 1. Properties of rock formations (properties of DZ are detailed in Section 3.1).

Property Unit  Overburden  Caprock & underburden  Reservoir (host rock)  Basement  Core
Young’s modulus GPa 15 5 15 35 1
Poisson’s ratio - 0.30 0.25 0.25 0.30 0.30
Intrinsic Permeability ~ m? 1013 101 10-13 10716 1017
Porosity % 15 1 15 15 1
Biot’s coefficient - 1.0 1.0 1.0 1.0 1.0

2.1 Model setup

For most underground exploitations, major faults can be detected and therefore avoided through careful selection of the site. However, a
major concern remains the potential for induced seismicity due to undetectable small faults with shear displacement D < 10 m, which are
below seismic resolution. As shown by Mazzoldi et al. (2012), such fault systems should be capable of generating sufficiently large events
that could be felt at the surface with magnitude up to 3.0. Therefore, we focus on this worst case by representing a normal 1000-m-long blind
fault with a dip angle of 80° and D = 10 m in a 2-D plane-strain finite-element model (2000 m x 2000 m) composed of a highly permeable
porous reservoir formation (with thickness 4 = 50 m) bounded at the top and bottom by low-permeable 50-m-thick caprock formations. The
setting of 1500-m-deep porous reservoir is similar to the one described by Rohmer (2014), see Fig. 2(a). We assume an initial hydrostatic
fluid pressure, a vertical stress gradient of 2.217 x 10* Pam™', a bulk density of 2260 kg m~>. We focus on an extensional stress regime,
since it was identified as a critical case for fault reactivation during fluid injection (e.g. Hawkes ef al. 2004). An initial stress state is defined
as follows oy = Ky x oy, with Ky, = 0.70. The properties of the different rock formations (except for DZ) are summarized in Table 1. In
particular, we assume a worst case scenario for the FC by representing it as a 0.5-m-thick low-porosity medium with low permeability of
107" m? and porosity of 1 per cent, with a low Young’s modulus of 1 GPa (using the lower bound as reported by Cappa & Rutqvist 2011).

The injection of fluid is modelled by imposing an over-pressure (difference between the final and initial pore pressure) at the lateral
left boundary of the reservoir (Fig. 2a). This is linearly increased during ~100 days by the step of ~10 days from 0 to a maximum value
of 15 MPa, that is, about 100 per cent of the initial pore pressure: this value is an extreme case for shear reactivation (injection is typically
designed by setting a maximum over-pressure value ranging from 30 to ~80 per cent of the initial pore pressure as reported for real cases
in USEPA, 1994). Since we use a plane strain model, the modelled injection scenario corresponds to fluid injection through a horizontal
wellbore.

In the present study, we focus on initiation of shear reactivation (and not rupture processes), that is, on the likelihood of failure initiation.
For this purpose, the problem is solved within the framework of fully saturated isothermal porous elastic media using the finite element code
Code_Aster. Further details on the governing equations of the poro-elastic model are provided in the Appendix (details on the numerical
implementation can be found in EdF R&D 2012).

Following the approach of Cappa (2011), the DZ is discretized by multiple, 1-m-thick parallel zones characterized by hydromechanical
properties reflecting the heterogeneity of DB density (Fig. 1b). The DZ width W is defined based on the statistical analysis of Schueller et al.
(2013) by using the distance from the FC to the point at which the average frequency of deformation bands is 5 m~'. This is related to the
fault throw (here of 10 m) through a power law function so that ¥ = 2.32x 10%46~6.70 m. In the model, the DZ width is assumed to be larger
(here 10 m) to account for average frequency of deformation bands (see rightmost part of the DB density in Fig. 2c).

Effective properties of DZ depending on the DB density are further described in Section 2.2. Since the presence of DB introduces
anisotropy in the spatial distribution of the DZ properties, we use the generalized law of effective stress incorporating anisotropic poro-
elasticity (e.g. Carroll 1979; Chen & Nur 1992):

(7,-/]- = 0;j — ﬂiij, (1)

where o is the total stress tensor, Py is the pore pressure and o is the effective stress tensor and g is the second-rank Biot tensor (Biot 1941),
which controls the magnitude and direction of the pore-pressure/stress coupling and is defined as follows:

ﬂij = 8,-]' - Cijklsl/dmm’ (2)

where § is the Kronecker delta, ¢ is the elastic stiffness of the rock composed of intact porous matrix and deformation bands and s’ is the
elastic compliance of the intact rock (Carroll 1979).

In the present study, we are interested in shear reactivation not only along the main fault plane (represented by a FC of 0.5 m thick),
but also within the DZ. We use the Mohr—Coulomb theory by the Coulomb Failure Criterion (CFC; Jaeger & Cook 1979) defined as the
following:

’ ’

CFC = [0‘ 503] (1+u2)—u[¥] — Co, (3)

where o] and o are respectively the maximum and the minimum effective principal stresses (compressive stresses are assumed to be positive),
w is the coefficient of internal friction and C is the cohesion. To assess the tendency for shear failure, we then define the potential for shear

failure ‘PSF” as the distance o] — (/(1 + p?) + w)A/(1 + n?) — p)o; to the cohesive threshold at Co = 2Co/(/(1 + ?) — ). Assuming
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= 0.6, PSF can be formulated as o] — 303 with threshold Co ~ 3.5C,. It should be underlined that this criterion is primarily used to identify
the locations where shear reactivation is promoted (with PSF > ¢ o) or limited (with PSF < C’o) relative to a fault system with or without DZ.

2.2 Upscaling methods

The DZ material is viewed as a two-phase material composed of the intact rock matrix and of the DB considered as elliptic inclusions (see
a schematic overview in Fig. 2d). The effective hydromechanical properties (permeability, elastic moduli and Biot’s coefficients) of such a
composite porous medium depend on the number of DB, their geometry (aspect ratio, i.e. width to length ratio and orientation) and their
properties.

The density of DB (d) in the DZ of faults (number of DB per meter) has been extensively addressed in the literature (see Schueller ez al.
2013 and references therein). Considering a throw of 10 m, we use the relationship derived by Schueller ez al. (2013) so that:

d(x) = A+ L x log(x), (4)

where x is the distance to the FC, the empirical parameters 4 ~ 16.67 and L ~ —6.14 are related to the DZ width 7 and to the spatial mean
of DB density inside DZ [i.e. average value over space, which is here assumed to be constant at 12 deformation bands per meter, see further
details in Schueller et al. (2013): section 5]. The relationship described by eq. (4) is depicted in Fig. 2(c).

Deformation bands in DZs generally tend to be subparallel to the main fault plane (e.g. Shipton & Cowie 2001) with very small thickness
(millimetre to centimetre scale): the elliptic inclusions are thus considered monotonically aligned along the fault plane (fault parallel) and thin,
that is, with cross-sections in the limit case of aspect ratio approaching zero (laminated case). In the following, we assume a low inclusion’s
aspect ratio of 107 (e.g. thickness of 0.5 mm and length of 5 m).

Based on the afore-described assumptions, we apply the techniques for estimating the effective elastic properties of composites reinforced
by monotonically aligned fibres (ribbons) provided by Zhao & Weng (1990) using the Eshelby—Mori—Tanaka theory. The expressions for
the orthotropic elastic moduli, that is, co-planar to the elliptic cross-sections, with subscript ‘p’ indicating along the major ellipsoid axis
(fault-parallel direction) and subscript ‘»’ indicating perpendicular to it (fault-normal direction), as depicted in Fig. 2(d), are as follows:

4 fa fivay — v1)’
Bo = okt TE L TR 1/G) + (/Ko + 1/Ga) o
E JvEwKap(Ki + Gi) + fiEiKi(Ka + Gav)
" fafi(Ga — G)B(Kgy — Ki) — (G — G)) + fanKanGi + fiKiGay + KoK

an = f;ib/Gdb + ﬁ/Gl (SC)

Jav filva — vi)(Van Gi — viGav)
SaGap(1 = vi) + fiGi(1 — vap)’
where the subscript ‘i” and ‘db’ respectively designates the properties of the intact rock matrix and the ones of the inclusion (DB); E is the
Young’s modulus; v is the Poisson’s ratio; K and G are the bulk and the shear elastic moduli; f'is the volume fraction of the respective phase
(fi = 1—fa). The properties of the intact rock are: E; = 15 GPa, v; = 0.25, K; = 10 GPa and G; = 6 GPa. The properties of the inclusion are
derived from the ones of the intact rocks by assuming the value of the Young’s modulus contrast Eq,/E; and vg, = 0.20.

(5b)

Unp = fabVUap + fiUi + (5d)

The Biot’s tensor is then evaluated using Eq. (2) and the stiffness tensor and elastic compliance tensor derived from the afore-described
effective properties by further assuming that the intact rock matrix of the DZ is isotropic with homogeneous properties (see also the Appendix).

For the hydraulic part, we assume that the DZ can be assimilated to a laminated medium (in the limit case of elongated inclusions) so
that the effective hydraulic conductivity £ is derived by using the Voigt-Reuss bounds (e.g. Markov 1999)

kp = fdbkdb + ﬁkl (68.)

ko = (fakay + fiki ) (6b)

The intrinsic permeability of the inclusion kg, is derived by assuming a value of the permeability contrast ki/kq, with k; = 10713 m?.

Using the DB density as depicted in Fig. 2(c), the spatial distribution of the orthotropic effective DZ pore-elastic and hydraulic properties
are computed as a function of lateral distance to FC. At a given lateral distance x from the FC, the DB volume fraction fy, is related to its
density d(x) (eq. 4) and to the ratio of elliptic inclusions’ volume (/ x w x ) along the whole reservoir thickness (4 = 50 m) to the total
volume of the 1-m-thick compartment as follows:

Hxdx)xIxwxm
Hx1

fan(x) = =dx)xIxwxm. 7
3 RESULTS

In this section, we first derive the upscaled DZ properties by considering different scenarios for E4,/E; and ki/kq, (Section 3.1). Then, the
hydromechanical behaviour of the fault zone during fluid injection is compared between a case neglecting the DZ presence, that is, DZ has
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Table 2. Simulation cases considering different DZ properties (SC: spatially constant; SV: spatially varying). Bold values correspond to
the values modified compared to case 1.

Case Young’s modulus Biot’s coefficient Permeability
E, E, Bn Bp kn ky

0 SC: 15 GPa SC: 15 GPa SC: 1.0 SC: 1.0 SC: 10713 m? SC: 10713 m?

1 SV: Eqw/E; =240  SV: Eg/E; =2.40  SV: Eg/E; =2.40  SV: Eq/E; =240  SV: ki/kqy = 4450  SV: ki/kgp = 4450
2 SC: 15 GPa SV: Eqy/E; =240  SV: Eqp/E; =2.40  SV: Eqp/E; = 2.40  SV: kilkay = 4450 SV: ki/kay = 4450
3 SV: Eqw/E; =2.40  SC: 15 GPa SV: Eqy/E; =2.40  SV: Eqp/E; =2.40  SV: kilkqy = 4450 SV: ki/kg, = 4450
4 SV: Eqw/E; =240  SV: Eqp/E; =2.40  SC: 1.0 SV: Equ/E; =240  SV: kilkap = 4450 SV kilkgy = 4450
5 SV: Eqw/E; =2.40  SV: Eqp/E; =2.40  SV: Egp/E; =2.40  SC: 1.0 SV: kilkgy = 4450 SV: ki/kgy = 4450
6 SV: Eqy/E; =240  SV: Eqy/E; =240  SV: Eqy/E; =240  SV: Eq/E; =240  SC:10™13 m? SV: kilkgy = 4450
7 SV: Eqw/E; =2.40  SV: Eq/E; =2.40  SV: Eg/E; =2.40  SV: Eq/E; =240  SV: ki/kqy = 4450  SC: 10~17 m?

8 SV: Eqw/E; = 1.75  SV: Eq/Ei =1.75  SV: Eg/Ei =175  SV: Eg/E; = 1.75  SV: ki/kay = 7780  SV: kilkap = 7780
9 SV: Egw/E; =335 SV:Egw/E; =335 SV:Eg/Ei =335 SV:Eq/E; =3.35 SV: kilkgy =2230  SV: ki/kgy = 2230

1571

the properties of the intact reservoir rock (case 0) and a case with spatially varying orthotropic DZ properties (case 1) assuming Eq,/E; = 2.40
and ki/kg, = 4450 (Section 3.2). On this basis, a parametric study is carried out to identify the property, which has significant effect on the
hydromechanical behaviour of the fault (Section 3.3). Finally, the combined role of permeability and stiffness contrast is explored (Section
3.4). Table 2 summarises the different simulation cases investigated in this section.

3.1 Upscaled DZ properties

We first derive the effective (upscaled) DZ properties (Young’s modulus and Biot’s coefficients) considering different scenarios of Young’s
modulus contrast Eq,/E; (varying from 1.40 to 3.35) as depicted in Fig. 3. We show that the shear behaviour of the near-fault (shorter distance
from FC) is pronouncedly influenced by the presence of DB due to the power-law decay of the DB density (Fig. 2¢). The fault-parallel
(denoted E;) Young’s modulus appears to be larger than E; (with values up to >2.5, Fig. 3b), and larger than the fault-normal one (denoted
E, in Fig. 3a): compare, for instance, red-coloured curves the largest contrast Eq,/E; in Figs 3(a) and (b). This behaviour is in agreement with
the reinforcement role of inclusion along their major axis. The Biot’s coefficients decrease near the FC, which are inferred to have a negative
correlation with the Young’s moduli (Figs 3¢ and d). The fault-parallel Biot’s coefficient 8, is the one decreasing the most and reaches values
below 0.60 in the fault near-zone for the case with the largest contrast Eq,/E; (Fig. 3d).

Fig. 4 depicts the evolution of the upscaled permeability considering now different permeability’s contrast k;/kq, (varying from 1120 to
7780). We show that the presence of DB largely influences the fault-normal permeability (denoted £,) with a decrease of up to four orders of
magnitude compared to k;. Conversely, the fault-parallel permeability (denoted k) is little impacted by ki/kq, (only a single case is shown for
sake of clarity in Fig. 3¢, bottom) with a moderate decrease of up to one order of magnitude compared to ky,. This is related to the assumption
of a single fault-parallel DB family.

3.2 Analysis of the global behaviour

We first analyse the hydromechanical behaviour of the fault system for case 0, that is, neglecting DZ. Due to the reservoir high permeability
(10713 m?), the lateral spreading of pore pressure P; rapidly reaches the regions of the fault. Fig. 5(a, top) shows the spatial distribution of Py
after 100 days of injection: Py is almost constant at ~30 MPa (corresponding to the final injection pressure) within the hanging-wall reservoir
compartment, whereas P is lower (~20 MPa) within the foot-wall compartment, since the FC low-permeability (of 1e~!7 m?) material limits
the lateral fluid flow. It should also be noted that P increases in the shaly underburden formation directly adjacent to the hanging-wall reservoir

~19m?). The increase

compartment, but the penetration of this over-pressure remains limited due to the underburden’s low permeability (of 1e
of Py induces the reduction in both effective stress components (o3; o) as shown on the lateral profiles at —1515-m-depth in Fig. 6 (case 0
in black), so that the shear failure criterion (1 = 0.6 and Cy = 0) can be reached at the end of injection. Fig. 5(a, bottom) highlights that
the weakest location (maximum value of PSF > 0) is located at the reservoir bottom (over depths’ range from —1515 to —1520 m). In the
following, we focus on the analysis of this location.

Let us now consider case 1 with DZ characterised by spatially varying properties. Fig. 5(b, top) shows that the magnitude of Py is limited
in the vicinity of the FC (P; is of the order of ~25 MPa to be compared to ~30 MPa in case 0) due the spatial distribution of fault-normal
permeability within the DZ (Fig. 4a). Consequently, the decrease of the effective stress components (o3; o) is limited over time as shown
by the lateral profiles on Fig. 6. This has an impact on PSFE, which is lower than for case 0. Interestingly, Fig. 5(b, bottom) shows that the
maximum PSF value is located in DZ in the vicinity of the FC for case 1 (at a distance of about 0.5 m from the FC), whereas it is in the FC
for case 0. In the following, we aim at getting better insights in the processes underlying this failure location.

Fig. 7 respectively depicts the stress paths both inside FC and inside the hanging wall’s DZ (at a lateral distance of 0.5 m from the FC) at
—1515 m depth for cases 0 and 1. Note that the initial stress states are not equal, since the Biot’s coefficients are different. In order to judge for
the significance of the differences between both cases, we include the lower and upper bound of the stress paths (bounds of the grey-coloured
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Figure 3. Evolution of the upscaled (effective) poroelastic DZ properties as a function of the lateral distance to the fault core X considering different cases
(see Table 2) of Young’s modulus contrasts Eqy/E;j (‘1” denotes the intact porous matrix; ‘db’ denotes the deformation band): (a) fault-normal Young’s modulus
Ey; (b) fault-parallel Young’s modulus E;; (c) fault-normal Biot’s coefficient 8y; (d) fault-parallel Biot’s coefficient 8.

envelope in Fig. 7) related to a typical uncertainty for fault stability analysis, namely the estimate of the initial stress state defined here via K,
(ratio of the initial horizontal to vertical total stress), which is assumed to range from 0.60 to 0.80.

For case 0 (black lines in Fig. 7), the temporal evolution of the effective stresses is quasi-linear inside FC and DZ with a temporal
decrease of o3 during injection steeper than for 0| in FC compared to DZ (slope of the linear fit of ~0.75 for FC compared to ~1.13 for
DZ). The shear failure is first initiated in FC before DZ (considering the failure line defined for u = 0.6 and Cy = 0). The presence of the
spatially varying DZ properties (case 1 outlined by blue lines in Fig. 7) tends to ‘break the quasi-linear’ temporal stress evolution: o] steeply
decreases over time compared to o3 in the early stages up to the 4th time step (slope of the linear fit of ~2.72 within DZ); then, the tendency
is reversed and o7 turns to be the one decreasing the most (slope of the linear fit of ~0.32 within DZ). The influence on the stress paths can
be considered significant, since they fall outside the uncertainty envelope related to the initial stress state’s parameter K.

The shape of the stress paths inside the FC (Fig. 7a) is similar to the ones inside DZ (Fig. 7b), but the temporal evolution of the stresses
is ‘slower’ than the one for case 0 (indicated by the line length linking subsequent dot-like markers): the stress path does not reach the failure
line at the end of injection, and remains within the uncertainty envelope related to K.

In terms of maximum sustainable pore pressure Py, (i.e. the pore pressure for which the stress path reaches the failure line), the
afore-described analysis shows that P, is larger for case 1 than for case 0: in this sense, the fault can be said to be ‘strengthened’. Conversely,
if Py 1s lower, the system can be said to be ‘weakened’.

3.3 Contribution of the different DZ characteristics

To get better insight into the role of different DZ characteristics (complex spatial distribution, anisotropy, Young’s modulus versus Biot’s
coefficients, etc.), a series of parametric studies are conducted (Figs 7-9). The different properties are set in turn to a constant spatially
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Figure 4. Evolution of the upscaled (effective) permeability of DZ as a function of the lateral distance to the fault core X considering different cases (see
Table 2) of permeability contrasts ki/kqp (‘1 the intact porous matrix; ‘db’: the deformation band): (a) fault-normal permeability 4, (logarithm, base 10);
(b) fault-parallel permeability k.
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Figure 5. Mapping of the pore pressure Pr (MPa) and of the potential for shear failure (PSF) at the end of injection considering: (a) case 0: a fault zone without
any DZ; (b) case 1: a fault zone with a DZ whose spatially varying properties correspond to the ones depicted in blue in Figs 3 and 4 (case 1).

515

homogeneous value (e.g. case 2 refers to the simulation case where all the properties are spatially varying expect for the fault-normal Young’s
modulus £, set to 15 GPa, i.e. to the reservoir Young’s modulus). See the summary of the different simulation cases in Table 2.

We first analyse the influence of the Young’s modulus (Fig. 7) on the stress paths. Setting E, = 15 GPa (case 3) for DZ has clearly the
largest influence on the stress paths within both DZ and FC (red lines in Fig. 7). Py, appears to be larger than in case 0: the stress state at
the end of injection corresponds to the one for case 0 after six time steps. Thus, the higher the fault-parallel Young’s modulus, the higher the
shear failure potential. In this case (constant E,), stress evolution is linear (compared to the bilinear stress evolution in case 1) with steeper
slope than for case 0: this indicates that the complex stress changes are primarily driven by the complex spatial distribution of E;,. In contrary,
setting the fault-normal Young’s modulus E, = 15 GPa (case 2) has very little impact (green lines in Fig. 7) especially with respect to the
uncertainty on the estimate of the initial stress state’s parameter K.
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Figure 6. Lateral profile of pore pressure Pr, effective stress components (03/; o ) and the potential for shear failure (PSF; calculated for a friction coefficient
u =0.6), at —1515-m depth in the vicinity of the fault core FC (indicated by red-coloured vertical lines) after: (a) 50 days of injection; (b) at the end of injection
after 100 days. Two cases are considered: case 0 (fault zone without DZ); case 1 (fault zone with DZ characterized by spatially varying properties, see Table 2).
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Figure 7. Temporal evolution of stress paths at —1515-m depth in the (03’; oy ) domain: (a) within the FC; (b) within the DZ at a lateral distance of 0.5 m
from FC. Different cases for the Young’s modulus of DZ are considered (see Table 2). Case 2 corresponds to a fault-normal DZ Young’s modulus £, fixed at
the reservoir Young’s modulus of 15 GPa, whereas case 3 corresponds to a fault-parallel DZ Young’s modulus £}, fixed to 15 GPa. The failure line for which
o] =3 x o} is indicated in red.

Setting the Biot’s coefficients to their maximum value of 1.0 has different consequences (Fig. 8): the higher §,, the lower Py, but
without influencing the curvature of the stress evolution (compare case 5 and case 1 in Figs 8a and b). On the contrary, 8, tends to act on this
curvature: the higher 8,, the lower the curvature.

Setting the fault-parallel permeability k, = 10~'7 m? (core permeability) appears to have a quasi-similar effect as setting 8, = 1.0
(compare case 5 and case 7 in Figs 8b and 9b), whereas setting it to 107> m? (reservoir permeability) has little effect (not shown). Both
properties act on the magnitude of the pore pressure, but in different manners: k, slows the vertical flow, whereas 8, acts on the magnitude
of the hydromechanical coupling (eq. 1). Setting k, = 10~'* m? (reservoir permeability) has a similar effect on the curvature of the stress
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Figure 8. Temporal evolution of stress paths at —1515-m depth in the (03’ ;o] ) domain: (a) within the FC; (b) within the DZ at a lateral distance of 0.5 m from
FC. Different cases for the Biot’s coefficient of DZ are considered (see Table 2). Case 4 corresponds to a fault-normal DZ Biot’s coefficient fixed at g, = 1.0,
whereas case 5 corresponds to a fault-parallel DZ Biot’s coefficient fixed to 8, = 1.0. The failure line for which o] = 3 x o7 is indicated in red.
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Figure 9. Temporal evolution of stress paths at —1515-m depth in the (173’; al’) domain: (a) within the FC; (b) within the DZ at a lateral distance of 0.5 m
from FC. Different cases for the DZ permeability are considered (see Table 2). Case 6 corresponds to a fault-normal permeability fixed at k, = 10~13 m?
(host reservoir permeability), whereas case 7 corresponds to a fault-parallel permeability fixed at k, = 10~'7 m? (FC permeability). The failure line for which
o] =3 x o is indicated in red.

evolution as setting 8, = 1.0 (compare case 4 and case 6 in Figs 8b and 9b), but pushes the system towards failure by accelerating the
stress evolution between the subsequent time steps: this is related to the enhancement of lateral flow towards the FC. Hence, the fault-normal
permeability plays a ‘protective’ role by hindering the pore pressure increase in the vicinity of the FC, hence limiting the effective stresses’
decrease.

3.4 Influence of the properties contrast on failure potential (PSF)

The afore-described failure potential is dependent on the contrast of permeability &i/kq, and on the contrast of Young’s modulus Eq/E;. By
linearly varying Eq,/E; from 1.5 to 3.5 and the permeability contrast &i/kq, from 1000 to 8000, we calculated the relative PSF differences
between case 0 and the cases with spatially varying DZ properties (Fig. 10). Several observations can be made:

(1) The potential for shear failure PSF is systematically below the one for case 0 within the FC (note the iso-contour at 0.0 in Fig. 10a).
The lower Ey,/E; and the higher &i/ky, (top left hand corner of Fig. 10a), the larger the limitation of shear failure.

(2) On the other hand, the shear failure of DZ can be promoted or inhibited depending on the value of Eg4,/E; and on k;/ky,. For low Eq,/E;
(below ~2.25) and high ki/kg, (above ~2500), the failure is limited (the PSF differences are positive) with largest effect due to Eq,/E; (the
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Figure 10. Parameter-space study of the PSF differences (in MPa) at the end of injection at —1515-m depth between case 0 (fault zone without DZ) and
cases with DZ spatially varying properties depending on the Young’s modulus contrast Eqy/E; versus the permeability contrast &i/kqn: (a) within the FC;
(b) within DZ at a lateral distance of 0.5 m from FC; the dashed line outlines the iso-contour at 0.0, whereas the solid line outlines the iso-contour at 0.0 but
for a parameter space study assuming constant Biot’s coefficients at 1.0.
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Figure 11. Mapping of the pore pressure Pr (MPa) and of the potential for shear failure (PSF) at the end of injection considering: (a) case 8: a fault zone with
low Young’s modulus contrast (Egy/E; = 1.75) and high-permeability contrast (ki/kqp = 7780); (b) case 9: a fault zone with high Young’s modulus contrast
(Eav/E; = 3.35) and low-permeability contrast (ki/kgqp, = 2230).

iso-contours in Fig. 10b are almost vertical) in this region of contrast values. For high E4,/E; (above ~2.25) shear failure is promoted (the PSF
differences are negative) so that the lower k;/kq,, the higher the enhancement of the failure potential (bottom right hand corner of Fig. 10b);

(3) Asunderlined in Section 3.3, this failure limitation is also related to the effect of the Biot’s coefficient: re-conducting the same parameter
space study but with Biot’s coefficients at 1.0 indicates that the iso-contour for the PSF differences at 0.0 is translated to the left (see position
of the black line compared to the dashed one in Fig. 10). This implies that there are contrast’s values for which shear failure can be promoted
inside the FC.

To further illustrate, Fig. 11 depicts the PSF spatial distribution at the end of injection for two extreme cases, namely case 8 with low
Young’s modulus contrast and high-permeability contrast: Eqy/E; = 1.75 and ki/kg, = 7780; case 9 with high Young’s modulus contrast and
moderate permeability contrast: Eq,/E; = 3.35 and ki/ky, = 2230. These cases are also reported in Fig. 10.

The spatial distribution of Py is almost similar between both cases (Fig. 11, top), but with largest differences in the underburden formation
adjacent to the hanging-wall reservoir compartment: the lateral spreading of Pr is more limited for case 8 since the permeability contrast is
the larger. The spatial distribution of PSF reveals a maximum value of the order of 10 MPa for case 9, whereas PSF remains negative for
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case 8 (shear failure is limited). Interestingly, the spatial extent of the zone for which PSF exceeds zero vertically spreads over more than half
of the reservoir thickness (note the orange-coloured region).

4 DISCUSSION AND FURTHER WORKS

The primary emphasis of the present simulation-based study is to improve the knowledge on the injection-induced shear reactivation of
reservoir-bounding normal faults characterized by high-stiff/low-permeable DZs. We focus on the presence of cataclastic bands with high
stiffness and low permeability, but the study can also be valid for pure compaction bands and veins. The importance of integrating the
hydromechanical heterogeneities of DZ in reservoir models for fault stability analysis is demonstrated through numerical simulations:
neglecting the DZ might over-estimate the maximum sustainable injection pressure. Analysing these results in the light of a typical source of
uncertainty for fault analysis, namely the estimate of the initial stress state, confirms the significance of the influence of the DZ characteristics
on the shear behaviour of the studied normal fault. This justifies intensifying in-site geological surveys as reported for instance, by Alikarami
et al. (2013). The parametric study of Section 4.3 shows that the DB-controlled DZ properties act in different manners and potentially
compensate each other. The increase of the fault-parallel Young’s modulus alone enhances the decrease of the minimum principal effective
stress o, while limiting the decrease of o} : this promotes the shear failure (linked with o] — o). Conversely, the fault-parallel Biot’s coefficient,
which negatively correlates with the Young’s modulus, limits this effect by lowering the magnitude of the hydromechanical coupling. Similarly,
the low fault-normal effective permeability prevents the increase of the pore pressure near the fault, hence limits shear reactivation in the FC.

Numerous studies have addressed the question of fault stability by adopting the ‘seal-conduit’ concept (Fig. 1) as underlined in the
introduction. One major concern is the impact of DZ heterogeneities on the flow in the vicinity of the FC (see an example in carbonate setting
by Jeanne ef al. 2013) or on the evolution of deformation of the fault, which could eventually promote shear slip (e.g. Cappa 2011; Rohmer
2014). In the present study, we consider a fault zone’s architecture of ‘seal-seal’ type (with low-permeable FC and DZ, Fig. 1). Intuitively, the
risk of integrity loss (decrease of sealing capacity) of such a system is expected to be lower. Recall that the presence of DB implies a decrease
of the fault-normal permeability (as low as 1.5e~!7 for high-permeability contrast, Fig. 4a).

Yet, our results showed that this may not be the case depending on the DZ properties (Fig. 10): shear failure potential could be enhanced
off-fault, which could potentially lead to the creation of new preferential flow pathways during fluid injection. This process is primarily
controlled by the fault-parallel DZ stiffness: higher stiffness contrast promotes off-fault failure. Interestingly, this shear preferential location
at low-permeable, high-stiff zones has also been reported by the in-site survey of Guglielmi ef al. (2008), hence highlighting the importance
of material properties’ contrasts.

Shear failure is investigated in terms of potential, that is, distance to the cohesion threshold Cy as defined in eq. 3. This allows us to span
a broad range of situations. In case of late cementation of DB, the DZ can be stronger than the host rock itself so that Co may be high and shear
reactivation might not be initiated considering our numerical results. On the contrary, cohesion can be as low as the host rock for alternative
situations: 1. poorly cemented (unlithified) sandstones with high degree of cataclasis, which could involve high degree of grain crushing;
2. presence of slip surfaces (i.e. fractures with low cohesion) overprinting DB, as reported for instance on field by Davatzes & Aydin (2003).
Besides, recent experimental studies by Torabi & Skurtveit (2013) showed that granulation and grain size reduction could even lead to lower
shear modulus in the bands. In those situations, the shear reactivation in the near-zone of the FC is likely to be enhanced as shown by the
spatial distribution of PSF in Figs 5(b) and 11(b). In particular, for case 9, PSF reaches large values up to 10 MPa inside the DZ in the vicinity
of the FC so that the shear reactivation could be reached even considering non-zero cohesion. To further model the rupture processes after
this initiation of shear reactivation, fault slip weakening should be accounted for, for instance by linking plastic shear strain to the coefficient
of friction p and to the induced degradation of hydraulic properties (see further details provided by Cappa 2011). This constitutes a line for
future research, since this would also require accounting for an anisotropic poro-plastic rheology (e.g. Chen et al. 2010).

Though our numerical investigations can be considered as first-order estimates, they can be useful to discuss the consequences of this
preferential off-fault damage from a seismicity perspective. In the present study, we assume a ‘strong’ fault in the sense that both FC and DZ
encompass a high friction coefficient of 0.6. The main shock induced by the increase of fluid is expected to be located first within the DZ at
the interface with or close to the FC and the main slip surface, and then inside the FC (see for instance the stress evolution in Fig. 6). This
behaviour promotes off-fault aftershocks potentially of high energy: the area for which PSF >0.0 in Fig. 11(b) provides an estimate of the
potential ruptured zone, which almost reaches half of the reservoir thickness. This behaviour can even be worsened by dynamic rupture: for
instance, Ben-Zion & Shi (2005) showed that plastic strain is primarily generated on the stiffer side of the fault zone and the DZ. Conversely,
assuming a weak fault (i.e. FC composed of weak material of low coefficient of friction), the main shock is expected to be located first within
the limited volume of the FC, then should affect the lateral rock volume outside FC.

Finally, we acknowledge that accounting for only a single fault-parallel DB family (synthetic set) is a simplified vision. Integrating
multiple DB families (antithetic sets, or even oblique, see e.g. Jourde et al. 2002), which are usually observed in the DZ of natural faults, is a
line of future research work. Assessing the shear behaviour in this case is not straightforward: effective permeability is expected to decrease
(hence limiting the increase of pore pressure), whereas the stiffness is expected to increase (hence weakening the system). Furthermore, we
did not account for the clustering phenomenon (see e.g. Kolyukhin ef al. 2010 for DB and Roy ef al. 2014 for fractures). The numerical
investigations reported here could be extended in the future by relying, for instance, on more advanced numerical upscaling techniques like
the one developed for fractured porous media (Min & Jing 2003).
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APPENDIX: GOVERNING EQUATIONS OF THE PORO-ELASTIC BEHAVIOUR

In this appendix, we briefly introduce the main equations governing the fully saturated isothermal orthotropic poro-elastic behaviour of the

rock materials. Full details can be found for instance in Biot (1941) and Coussy (2004).

The effective stress tensor o' is linked to the deformation & and the pore pressure Py by

do' = C :de — BdPy,

(AD)

where C is the stiffness tensor of drained matrix, which is fully specified via nine coefficients assuming an orthotropic elastic material (in

3-D) as follows:

Ciit Ci2 €13
Cia Cpp €3
Ci3 €3 (€33
Ca4

Css

Co6
The Biot’s tensor f is given by:

B=Cp withp*=(S—5%:8

with § = 8¢, ® e; with Kronecker delta §;; = 1 if k =1, 0 otherwise.

(A2)

(A3)

SS and § are the compliance tensors of the solid and the drained matrix, respectively. The former tensor is linked to the Young’s modulus

and Poisson’s ratio of the solid matrix, which are assumed to be isotropic and homogeneous in the present study.
The pore pressure gradient is assumed to be linked to the mass flow M; by the Darcy’s law as follows:

M k
— = —(-VP+pg).
143 1254

(A4)

where ¢ is the fluid dynamic viscosity, p¢ is the fluid density, g is the gravity and & is the permeability tensor.

The mass conservation is given by
0 .
3 (m¢) + Div(My) = 0,
where the increment of mass of fluid m; is given by

dWIf = dwpf(l + 8\/) + a)dpf(l + 8\/) + /Ofa)dé‘v

(A3)

(A6)
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where the porosity Eulerian w is the ratio of the volume of the connected porous space to the actual total volume of the porous medium and

is linked to volumetric strain ey and the pore pressure Py by
d P
d(l)zﬂ .ds_a).dgv—i‘ﬁ,

where the Biot’s modulus M3 of the solid matrix is given by:

i—(ﬂ—w&):sszs.

MS

Finally, the change in fluid density is related to pore pressure changes as
dor _ dP;
Pt K¢’

where K is the fluid bulk modulus.

(AT)

(A8)

(A9)
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