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Abstract

Fracture interaction mechanisms and reactivation of natural discontinuities
under fluid pressurization conditions can represent critical issues in risk
assessment of caprock integrity. A field injection test, carried out in a
damage fault zone at the decameter scale, i.e., mesoscale, has been studied
using a distinct element model. Given the complex structural nature of the
damage fault zone hydraulically loaded, the contribution of fracture sets on
the bulk permeability has been investigated. It has been shown that their
orientation for a given in situ stress field plays a major role. Based on these
results, a simpler model with a fluid-driven fracture intersecting a second
fracture has been set up to perform a sensitivity analysis. It is in presence of
a minimum differential stress value with a minimum angle with the
maximum principal stress that the second fracture could be both,
hydraulically and mechanically reactivated. Results also showed that in the
vicinity of the fluid-driven fracture, a natural fracture will offer contrasted
hydromechanical responses on each side of the intersection depending on
the stress conditions and its orientation with respect to the stress field. In
this case, we show that a hydromechanical decoupling can occur along the
same plane. These results provide insights into fracture-controlled
permeability of fault zones depending on the properties of the fractures and
their hydromechanical interactions for a given in situ stress field.

Keywords

Caprock integrity, Distinct element method model, Fracture interaction,
Natural fracture reactivation

1 Introduction

The reactivation of natural discontinuities under pressurized fluid conditions
can become highly critical when considering geo-storage of pressurized
supercritical gas like carbon dioxide, methane or dihydrogen. This represents
a major concern to control the long-term retention of fluids in subsurface
reservoirs [44, 58]. These preexisting fracture sets can be a part of bedding
plane or inherited joint systems as well as fault zones [16, 44, 55, 58].
Depending on the in situ stress context, these connected fractures can
significantly increase the permeability, providing drains on long distance in



the presence of mature faults [42, 45]. In many cases, fault permeability is
accepted to be fracture dominated [3, 48] as the high-permeability damage
zone can provide a potential fracture flow network especially in low-porosity
rocks. When considering the fracture-controlled permeability, one must
account for complex hydromechanical mechanisms occurring upon the
reactivation even at the single fracture scale [2, 6, 17, 27, 31, 39]. However,
in situ hydromechanical coupled effects within one fracture depend not
solely on its own properties, but also on the nature of the hydromechanical
connections with other fractures, the distribution, the size and the
orientation of these neighboring fractures, their aperture distribution, their
orientation and the magnitude of effective stresses applied [7, 12, 41]. It is
generally accepted that critically stressed structures are hydraulically
conductive [4, 5, 52]. In natural conditions, the reactivation of a natural
fracture hydraulically connected with a fluid-pressurized fracture can be
quite complex.

Based on laboratory tests investigating the interaction between a fluid-driven
fracture and a natural fracture [26, 55, 62], three types of interactions are
reported. Depending on various parameters, (1) the hydraulic fracture can
cross the natural fracture, (2) it can be stopped by the natural fracture, or (3)
it hydraulically activates the natural fracture. Microseismic imaging of
hydromechanical reactivation of fractures is a useful tool to assess fracture
geometry, i.e., the fracture height, length, orientation [40], frictional
properties [23], and fractures interaction [47, 54, 56]. However, the
interpretation of the induced microseismicity is not straightforward since
pore pressure perturbations can promote both seismic and aseismic motions
[14] with the induced slip not necessarily being the source of instability [35].
Indeed, well-monitored recent in situ hydromechanical tests in fault zones
show that an important part of the deformation induced by injection is
aseismic [19, 22, 29]. To better capture and understand aseismic
deformation, fracture interaction, and the associated permeability increase
that can hardly be quantified from seismic signals [33], numerical modeling
combined with experimental in situ measurements and observations is still
required [36].

In situ injection tests using the mHPP probe (Monitoring Hydromécanique de
Pression des Pores) offered the opportunity to investigate the
hydromechanical response of a fault zone inside a clay rock mass of low
permeability [30]. The experimental observations consist of an original and
unique field data set at the decametric scale aiming to bridge the gap
between observations at the laboratory and the reservoir scale. We
performed hydromechanical simulations using a 3D fully coupled model to
study and reproduce one of these tests. While numerical studies dealing with
fracture interaction and reactivation already exist in the literature, they
make use of the discrete fracture network (DFN) approach at larger scales
(reservoir scale) with several assumptions or simplifications (e.qg. [18, 60]).
Using a representative scale model, we considered realistic fault-related



structures in a deterministic way to interpret and fit real experimental data.
To our knowledge, this is one of the first numerical studies dealing with the
interpretation of intermediate-scale in situ experiments. Therefore, given the
complex structural nature of a fault zone, a numerical modeling study is
presented here to estimate the effect of the fractures’ connectivity and
orientation on the resulting permeability and the mechanical response of the
system, including the behavior of the surrounding rock mass. The numerical
results were directly compared to field measurements. Based on the
modeling observations, another model was set up to perform a sensitivity
analysis. In this second model, two intersecting fractures were considered.
The main points that we addressed were:

J under which conditions of fracture’s orientation and stress and for
which hydraulic and mechanical properties, a natural fracture is reactivated?

J what are the dominant activation mechanisms between permeability-
controlled and shear-controlled mechanisms?

Combining the two models, useful information was derived to restrain the
first-order parameters that control the nature of fractures interaction.

2 In situ experimental setting and injection test results

The in situ field fluid injection experiments were performed at the
Tournemire underground research laboratory (URL). The argillaceous
formation where the URL nested is 250 m thick and corresponds to sub-
horizontal consolidated argillaceous and marly layer of Toarcian and
Domerian age [38]. The mineralogical composition of the Tournemire shale
consists of 40-50% of phyllosilicates mainly smectite, illite, kaolinite, chlorite
and mica, 10-20% of quartz, 10-30% of calcite and 4-8% of feldspars [53].
The shale is characterized by a low porosity, from 8 to 12%, corresponding to
a water content of 3.5-5% weight at saturation and a hydraulic conductivity
of 107**-107*> m/s (1072'-10722 m?) measured on core samples in the
laboratory [9].

The injection experiments targeted different parts of a NO-to-170°, 75-to-
80°W left-lateral strike-slip fault, 8.5 m thick, intersecting the Toarcian shale
formation. The present day in situ stress regime was determined through a
series of leak-off tests [13]. The state of stress was estimated as a strike/slip
regime with the maximum stress o; being horizontal, oriented N162° = 15°E
and equal to 4 = 2 MPa. The intermediate stress o, is equal to 3.8 £ 0.4 MPa,
and it is the vertical component with a plunge 83-82° and azimuth NO72°.
The stress o3 is the minimum horizontal stress equals to 2.1 £ 1 MPa with a
plunge 7-80° and azimuth NO72° (Fig. 1a).
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a Map view of the investigation area: Test 1 interval is shown in blue color along the injection borehole,
and the SIMFIP is shown at the right bottom corner. b Test 1 interval geology where the secondary
fault is shown in black. c Temporal evolution of the pressure and flow rate (upper graph) and d
displacements (lower graph) versus time

The studied test was performed in the west damage zone using the mHPP
probe according to the step-rate injection method for fracture in situ
properties (SIMFIP) [28]. A 2.4-m injection chamber was isolated by the dual-
packer system of the probe (Fig. 1a). The three-dimensional deformation of
the targeted fault/fracture intersecting the borehole was captured by an
extensometer centered along the axis connecting the two packers (Fig. 1a).
According to a step-rate injection protocol, water was injected at a low
pressure for a fixed duration. The injection pressure was incremented and
held constant, typically for the same duration. After reaching a threshold
pressure, called the fracture-opening pressure (FOP), for which a large
increase in the flow rate, i.e., higher than 100 mL/min, is observed at
constant pressure, a longerduration constant pressure step was performed at



a pressure above this pressure threshold. Then successive step-down
experiments followed until the pressure returned to its initial value (Fig. 1c).

The geology of Test 1 interval in the west damage zone is shown in Fig. 1b. It
should be noted that even though an important number of fractures were
intersected by the test interval, only the ones that were not fully sealed with
calcite are shown. An open secondary fault zone oriented NO-to-170, 75-to-
80°W characterized by a polished but striated rough surface (black plane in
Fig. 1b), was targeted. The fractures that intersected by the borehole
interval families displayed three principal orientations N110-to-140, 50°N-to-
S, N160, 20-to-40°W and NO-to-20, 40-to-80°W-to-E [30].

The temporal evolution of the fluid pressure, the flow rate and the
displacements, recorded by the mechanical probe inside the injection
chamber (Uy, Uy, U,), is presented in Fig. 1c, d (for more details, see [30]). At
237 s and for a pressure equal to 1.5 MPa, a large nonlinear flow rate
increase was observed that later reached a quasi-constant value (450-537 s)
before the pressure was gradually decreased (Fig. 1c). Before 1.5 MPa, there
was no flow rate measured, and at the onset of pressure decrease, the flow
rate falls abruptly to zero without any further flow injected in the fault zone
for the rest of the injection test. The mechanical response of the test showed
that the induced displacements are characterized by a shear component
much larger than the normal component (Fig. 1d). The movement inside the
fault zone was associated with a left-lateral slip which is in agreement with
the measured direction of the principal stresses as measured by [13].

2.1 Coupled hydromechanical analysis of fracture interaction

Taking into account the real position and orientation of the natural fractures
in the interval, the effect of fracture interaction is investigated through three
model configurations with a total of nine identified “open” fractures (i.e., not
fully sealed with calcite) crossing the borehole test interval. We defined three
different cases where (a) the first case included all nine fractures intersected
by the borehole in the test interval, (b) the second case included the
secondary fault (black plane in Fig. 1b) and the sub-vertical family with
fractures dipping > 20° and finally (c) in the third case we included the
secondary fault along with the sub-horizontal fracture family with fractures
dipping < 20°. While most of the fractures in the fault zone are dipping
toward the west, one fracture was dipping toward the east (N50°-42°E), and
it was included in the sub-horizontal fracture family.

2.2 Model setting and simulation protocol

The software used for the numerical calculations is the 3DEC code [32]
based on the distinct element method formulation. The fractured rock mass
in 3DEC is modeled as an assemblage of discrete blocks which can become
deformable by discretizing the domain into finite difference tetrahedral
zones. The software uses a dynamic algorithm that solves the equations of
motion using the finite difference method. In the study that follows, the



blocks representing the intact material are considered elastic and isotropic
with a prescribed stress-strain behavior. The discontinuities in the model are
considered as boundary conditions between the blocks. The faults
mechanical response follows in our case the generalized Coulomb friction law
where the stiffness, the friction angle, the cohesive, the tensile strength and
the dilation angle need to be defined. In the elastic range, the normal and
shear stiffness of the fault determine the fault’s response according to the
following equations:

AF® = _K,AU"A, (1)

AF® = _K,AU*A, 2)

where K, and Ks (Pa/m) are the fault normal and shear stiffness,
respectively, Ac is the contact area, AU" and AU® are the normal and shear
displacement increments and AF" and AF* are the normal and shear force
increments. In the plastic range, a maximum shear force is defined as:

Fihax = ¢Ac + F'tang (3)

where c is the fault cohesion and ¢ the friction angle. The normal tensile
force is limited to:

Tmax = —TA, (4)

where T is the fault tensile strength. As soon as the sub-contact fails, either
in shear or tensile mode, the tensile strength and the cohesion are set to
zero simulating a “displacement weakening” joint. At the onset of shear
failure, the dilation angle is mobilized according to:

AU™ (dil) = Atan (5)

where y is the dilation angle.

For hydromechanical analysis and fluid flow calculations, the discontinuity
geometrically corresponds to a two-dimensional flow plane. Fluid flow is
only occurring along the discontinuity plane meaning that the intact
surrounding material is impermeable. The flow rate per unit width of the
discontinuity is computed through the “modified” cubic law [59]:

3
u
P (6)
124

where us is the equivalent hydraulic aperture of the idealized fracture (m),
kn is the hydraulic conductivity of the fracture (m/s), Vi is the hydraulic
gradient, p is the fluid density (kg/m?3), g is the gravitational acceleration
(m/s?) and u is the fluid dynamic viscosity (Pa s). Regarding the calculation



of the hydraulic aperture throughout the simulation, in the elastic range, its
value is updated as a function of the effective normal stress:

Aa}
K,

Uhe = Uho T+ f {7)
where uno is the initial hydraulic aperture, Acd’, is the effective normal stress
variation and f is a factor reflecting the influence of the roughness. The
factor f is taken as 1 in 3DEC meaning that the fracture walls are planar. In
the plastic range, the effect of dilation is also accounted for as the fault
slips:

AO—;W.
K,

Uhp — Uho + f + fuhs (8)

where uys is the dilation-induced normal displacement. For our calculations,
we considered that the fluid is only propagating along the parts of the
discontinuities’ planes that have failed in tensile or shear mode. This means
that initially the fractures of the model are considered to be closed and
therefore not saturated. Such an assumption can be justified by the initial
low permeability of the secondary fault (black plane in Fig. 1b) measured in
situ being equal to 107* m? (Y. Guglielmi, personal communication). A
complete coupled solution is adopted in our calculations based on a
simultaneous fluid flow/mechanical calculation. More specifically, the
hydromechanical model in 3DEC is quasi-static meaning that the
mechanical model is in equilibrium for the current distribution the pore
pressures. Therefore, for each flow timestep, there is a number of
mechanical timesteps executed in order to reach mechanical equilibrium.
Once the updated geometries have been determined from the mechanical
calculations, the new values can be defined for the apertures of the
discontinuities. After the flow rates have been calculated according to Eq.
(6), the pressure on each gridpoint along the discontinuity is updated.

A numerical model has been set up using as a reference case the model
including all the fractures intersected by the borehole in the injection
interval (Fig. 2a). Figure 2b shows the second case where the secondary
fault is modeled along with the sub-vertical fracture family, and Fig. 2c
shows the last case with the secondary fault and the sub-horizontal family.
The model corresponds to a cube of 10 m edge length. The size of the
model was determined in [30] as the best-fit solution in terms of hydraulic
boundaries, better matching the measurements. The six faces of the 3D
domain are submitted to the in situ stress field described in Sect. 2
according to previous measurements [13], and an initial pore pressure
value of 0.2 MPa was applied to the model domain, close to the observed in
situ fluid pressure conditions [20]. For the sake of simplicity, the borehole
and the injection chamber are not explicitly represented. The pressurization
of the intersected fractures is achieved by placing injection points where



the pressure is controlled at each intersection point between borehole and
fractures, and the resulting flow rate is equal to the sum of the flow rates
recorded for each fracture-borehole intersection points. For the modeling of
the interval fractures in the same model, the two following assumptions
were made: i) The fractures in the model are persistent (> 10 m). Their real
size is not accounted for, and consequently, a high connectivity is assumed
since the considered fractures are probably much smaller than the
secondary fault plane; ii) all the fractures inside the model are
characterized by the same material properties. The injection was simulated
by imposing a step-rate fluid pressure loading at the center of the model
(gridpoint 0, 0, 0) corresponding to the loading protocol (see Fig. 1c)
applied during the field experiment. The properties of the rock matrix and
fractures were calibrated based on the experimental recordings during an
injection test inside an identified and characterized fault zone [30]. These
values represent the best-fit set of parameters and are summarized in
Table 1.

Fluid Pressure (Pa)
1.7290E+06
1.6000E+06
1.4000E+06
1.2000E+06
1.0000E+06
8.0000E+05
6.0000E+05

I 4.0000E+05
2.0000E+05

(b) (c)

Fig. 2 Model geometry (top) and fluid pressure distribution shown along a vertical plane at the center of the model (bottom) for 1 = 537 s
corresponding to the end of the highest pressure test. for a the secondary fault plane with the sub-vertical and sub-horizontal families,
b secondary fault plane with the sub-vertical family. ¢ secondary fault plane with the sub-horizontal family



Table 1 Parameters’ values of the numerical model [28]

Rock matrix properties

Density p 2500 kg/m’
Bulk modulus K 5.15 x 10° Pa
Shear modulus G 3.94 x 10° Pa
Fault plane properties

Normal stiffness K, 200 x 10" Pa/m
Shear stiffness K, 4 x 107 Pa/m
Friction angle 0] 35°

Cohesion o 0

Dilation angle i 52

Initial hydraulic aperture Ity 3x 10 m
Fluid properties

Bulk modulus K; 2 x 10° Pa
Density Py 1000 kg/m’
Dynamic viscosity u 103 Paxs

The properties of the rock matrix and fractures were calibrated based on
the experimental recording done during an injection test inside an identified
and characterized fault zone [30]. These values represent the best-fit set of
parameters and are summarized in Table 1. Normal and shear stiffness of
the discontinuities were initially estimated using the measured
displacement versus pressure relationships in the elastic range. The static
friction value assigned was calculated assuming a cohesionless fault
surface according to the Coulomb criterion and for the in situ stress field
[13]. The fault’s dilation angle was derived by the magnitude of the
measured normal and shear displacements during slip. Regarding the initial
hydraulic aperture value, this was estimated by the transmissivity value
recovered at the first part of the test (below the fracture-opening pressure,
FOP) and according to the cubic law (Eg. 6 and [59]). Nevertheless, as the
normal deformation during slip was small compared to the increase in the
observed flow rate, the hydraulic aperture increase could not be solely
attributed to the dilation during slip. Therefore, in the model, a simple
relationship was considered for the hydraulic aperture in the plastic range:

Uhs — B x Uhe {9)

where B was evaluated as a function of measured flow rate and pressure
and was set to be equal to 7 to a better match between the calculated and
the measured values. The elastic properties of the intact material were
found to slightly influence the behavior of the fault at failure probably due
to the simple Coulomb relationships conditioning slip and flow rate
variations. For more details on the calibration of the model and the material
constants, the reader is referred to [30].

3 Results



As mentioned before, besides the model containing the totality of the
fractures identified crossing the injection chamber (Fig. 2a, case a), the
contribution of each fracture family’s orientation is also tested. More
specifically, the secondary fault plane (i.e., the brown plane Fig. 2a, cases
a, b and c) is modeled together with the sub-vertical fracture family only in
a second configuration (Fig. 2b, case b), and in a third configuration, the
fault is modeled with the sub-horizontal fracture family only (Fig. 2c, case
c).

In all cases, the fracture plane that was mostly affected by the fluid
pressurization is the secondary fault, i.e., the brown plane (Fig. 2, bottom).
The rest of the fractures appear to be locally pressurized only at the
injection point (point of intersection with the borehole) or at the intersection
points with the pressurized fault but without any propagation taking place
within their planes. So far, as the properties of the fractures considered are
identical, the effect of the orientation with respect to the stress field is the
controlling parameter. Keeping in mind that omin = 0, which is almost normal
to the secondary fault, the fractures characterized by a dip angle lower
than 40° are not activated even for identical hydromechanical properties
and with more favorable orientation for shear reactivation in the z-y plane
shown.

The temporal evolution of the displacements calculated for these three
configurations within the fluid injection zone is then compared to the
experimental data (Fig. 3). While the displacement in the x-direction (green
lines) is quite well represented for the two first cases (Fig. 3a, b left), it is
underestimated in the last case (Fig. 3c left), i.e., when ignoring the sub-
horizontal fracture set. Regarding the horizontal displacements (y-direction,
purple curves) and the vertical displacements (z-direction, orange curves),
the best results are obtained when the fault plane is in association with the
sub-vertical fracture set (Fig. 3b left).
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Displacements and flow rate versus time for: Top a and b: secondary fault plane with the sub-
vertical and sub-horizontal families (9 fractures in total), middle c and d: secondary fault plane with
the sub-vertical family only, bottom e and f: secondary fault plane w with the sub-horizontal family
only. On the left a, c and e, the temporal evolution of the displacements for the three components
are plotted, and on the right b, d and f the temporal evolution of the flow rate and the applied fluid
pressure in red (presented in b). Dashed lines correspond to the numerical model results and the
solid lines for the experimental data sets

In terms of flow rate response, reminding that the injection fluid pressure is
imposed, an abrupt increase is observed for all cases (Fig. 3 right) for time
t =200 s. This one is higher than the one observed in the experimental data
set, because in all cases the horizontal displacement, i.e., the y-direction
(orange lines) which corresponds to the aperture of the fracture set in the
minimum stress direction, increases earlier in the model. This strong
nonlinearity response observed in the experiments is not well reproduced
by the model. Finally, the constant flow rate value obtained in the models is
closed to the one observed experimentally, until the unloading takes place
(i.e., end of the fluid injection sequence).



3.1 Fracture interaction generic model—sensitivity study

From the complex multi-fracture model, it could be seen that the orientation
of the fracture sets depending on the principal stress directions plays a
major role in their hydromechanical response. However, the complexity of
the models described at the previous section makes it difficult to be used for
a sensitivity analyses. In order to quantify the coupled effects between the in
situ conditions and the fracture properties, a simpler model is now set up to
investigate in details the interaction mechanisms between a natural fracture
intersected by a fluid-driven fracture orientated perpendicular to the
minimum stress. In natural conditions, this fluid-driven fracture could be
created by the overpressurized geo-stored fluids or by an extensional vein
fracture in a fault environment formed during preseismic stages [15, 24, 25,
49, 50, 51]. In the numerical simulations, the cohesion and the tensile
strength of the fluid-driven fracture are higher than the intersected natural
fracture’s ones.

3.2 Model description

The model corresponds to a parallelepiped of 20 m x 10 m x 10 m cut by two
intersecting fractures, respectively, mentioned as hydraulic fracture (black
plane in Fig. 4) and as the natural fracture (gray plane in Fig. 4). The
hydraulic fracture is favorably oriented, i.e., in the direction of the maximum
stress and perpendicular to the minimum stress, facilitating the propagation
of fluid.

(a) (b)

Y N I I
injection

(e)

s3=-3MPa
woT

Fig. 4 a Geometry of the numerical model, b application of injection pressure at the bottom of the hydraulic fracture plane, ¢ stress field and
rotation of the natural fracture dip from 0° (perpendicular to the hydraulic fracture) to 80° (almost parallel to the hydraulic fracture), d fluid
pressure and displacement recording points (red squares) along the hydraulic and natural fractures, e flow zones (red and green) around the
intersection for the calculation of the flow rate for each half-plane



The effect of the orientation of the natural fracture is investigated by rotating
the natural fracture plane’s dip. The dip angle rotation is measured from the
horizontal, and it is varied from 0° to 80° with increments of 10° (Fig. 4c).
For a dip angle of 0°, the natural fracture is horizontal, thus perpendicular to
the hydraulic fracture and the vertical stress (o). For a dip angle of 80° the
fracture is almost vertical, thus parallel to the hydraulic fracture. The
analysis is performed with a model aligned with principal stress directions,
meaning that only fracture planes having poles within the o0,-03 plane are
considered [16]. An initial pore pressure is applied inside the model, and a
vertical pore pressure gradient is applied from the bottom to the top model
boundary to initiate the fluid propagation. The other boundaries are
impermeable. The injection time is 15 s long, which corresponds to the time,
needed to reach a steady-state flow regime.

To obtain a detailed analysis, the two planes of the model are both divided
into half-planes (Fig. 4a):

. The hydraulic fracture is divided into half-plane H1 before the
intersection and half-plane H2 above the intersection with the natural
fracture.

. Similarly, the natural fracture is divided into half-plane N1 on the left of
the intersection and into half-plane N2 on the right of the intersection with
the vertical hydraulic fracture.

Throughout the calculation and in order to capture the mechanical response
of the natural fracture, the normal and shear displacement and the flow rate
magnitudes are recorded for each half-plane (Fig. 4d, e). For the hydraulic
fracture, the flow rate is computed as a surface average for a group of zones
along H1 half-plane just below the intersection with the natural fracture and
for a group of zones along H2 half-plane just above the intersection with the
natural fracture. For the natural fracture, the flow rate is calculated just after
the intersection with the hydraulic fracture on both sides. This will provide
the quantitative amount of fluid crossing or not the natural fracture.

3.3 Reference case

As a reference case, the stress field is considered isotropic with ox =0, =0, =
— 3 MPa and the dip angle of the natural fracture is 30°. The intact rock
properties correspond to transversely isotropic shale material properties
induced by the bedding planes in shales ([10] and Table 2). The bedding
plane-induced anisotropy is considered horizontal with the directions 1 and 3
being the directions parallel and normal to the bedding, respectively. The
properties of the natural fracture are in the range of values considered in the
previous model. It should be noted at this point that the hydraulic aperture is
not increasing in the calculations by a factor B as assumed in the previous
model (Eq. 9).



Table 2 Boundary conditions and material properties for the reference case (dip angle = 30°)

Size of the block (L x | x H)

20m x 10 m x 10 m
Boundary conditions

Stress field

o,=—3x 10°Pa,6,=—3 x 10°Pa, 5,=— 3 x 10°Pa

Initial pore pressure: pp = 1.2 x 10° Pa

Injection pore pressure: ppi,; = 4.5 x 10° Pa

Rock matrix properties

Density P 2500 kg/m’
Young's modulus parallel to bedding E =E 72 % 10° Pa
Young’s modulus normal to bedding E; 28 x 10° Pa
Poisson’s ratio parallel to bedding Via 0.24
Poisson’s ratio normal to bedding Vi3 = Va3 0.33

Shear modulus parallel to the bedding Gi» 29 x 10° Pa
Shear modulus normal to the bedding Giza=Gxn 1.2 x 10° Pa

Fracture properties

“Hydraulic” fracture

“Natural™ fracture

200 x 10° Pa/m

Normal stiffness K, 200 x 10" Pa/m

Shear stiffness K. 4 x 10° Pa/m 4 x 10° Pa/m
Friction angle L3 20° 20°

Cohesion C 3 x 10° Pa 0

Tensile strength ay 10° Pa 0

Initial hydraulic aperture Uho 1x10*m 1 x10*m

Fluid properties

Bulk modulus K 2 x 10° Pa
Density pr 1000 kg/m’
M 107 Pa x s

Dynamic viscosity

The calculated time variations of fluid pressure, normal and shear
displacements and flow rate in the four half-planes H1, H2, N1 and N2 are
shown in Fig. 5.
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Fig. 5 From top to bottom: a fracture fluid pressure, b flow rate,
¢ normal displacement, d shear displacement versus time for the half-
planes HI, H2, N1, N2

The fluid pressures inside H1, N1 and N2 have reached approximately the
injection pressure of 4.5 MPa imposed at the bottom of the fluid-driven
fracture (see also Fig. 6). No pressure variation occurred in H2 showing that
the hydraulic fracture did not propagate above the intersection with the
natural fracture. The flow rate in H1 and N1 shows a peak which is
explained by the high hydraulic gradient as the fluid preferentially
propagates from H1 to N1. After 15 s of injection, all recorded signals have
reached a steady-state value; the fluid has propagated inside the fractures
following a preferential flow path to connect with the model boundaries.
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Evolution of the mean stress (left column), the second invariant of differential stress (right column) and
of the fracture fluid pressure at different injection times

Considering the mean stress and the second invariant of the differential
stress, these are defined according to Eqgs. (10, 11):

1

o — 5(0'11 + 032 + 033) 1o
1

Jy = r [(011 —03) + (022 — 033)° + (011 — 033)2} +oh £

where 011, 022, 033 are the maximum, intermediate and minimum principal

stress components, respectively, and o1, is the stress acting in the direction
2 on the surface that is oriented perpendicular to direction 1. The evolution
of the mean stress and the second invariant of the differential stress inside



the model are shown at different time steps in Fig. 6. Fluid pressure in the
fractures is superimposed to the stress contour maps. The negative mean
stress values correspond to compressive stresses.

A hydraulic fracture when interacting with a natural fracture can either cross
it or stop due to the mechanical or hydraulic or hydromechanical reactivation
of the natural fracture. For 30° of dip orientation and for a homogeneous
stress field, the hydraulic fracture does not cross the natural fracture.
Accordingly, the calculated flow rate signals show that the flow rate of the
half-plane H2 (red line in Fig. 5b) is null by the end of the calculation, while
the flow rate of the natural fracture’s segments is increasing during the
injection (blue and green lines in Fig. 5b). Hence the natural fracture is
hydraulically activated and the propagation of the hydraulic fracture
becomes impossible farther from the intersection. Both the normal and shear
deformation of N1 and N2 half-planes show opposite behaviors and
significantly different values. There is a higher normal opening of N1
compared to N2, with final apertures 6 and 4 times higher than initial,
respectively, in N1 and N2. Shear amplitude of N1 and N2 is opposite to
normal amplitude variations. N2 displays the smaller normal opening and the
higher shear displacement. One can observe that shear displacement is also
taking place in the H1 half-plane at earlier time steps of the injection even
though the hydraulic fracture is supposed to grow under zero shear.
Reminding at this point that the hydraulic fracture is growing along an
imposed predefined plane and that the surrounding medium is not
homogeneous, we would expect some stress alterations as the pressure
increases and the hydraulic fracture deforms. If the hydraulic fracture plane
was allowed to deviate to a more favorable orientation imposed by the intact
matrix anisotropy, it is possible that there would not be any shear
displacement recorded along the plane.

In Fig. 6, the evolution of the mean stress and of the second invariant of the
differential stress is illustrated for four different times during the simulation.
As the fluid propagates and the hydraulic fracture plane dilates, the
surrounding stress field is affected and the mean stress magnitude increases
(Fig. 6 on the left). This is a result of the increase in the fluid pressure inside
the hydraulic fracture plane and the plane’s subsequent deformation. As the
plane deforms, the total minimum stress inside the rock matrix will become
higher. Due to the Poisson’s ratio, an increase in the maximum and
intermediate stresses is also observed leading to an increase in the mean
stress value. As the fluid front approaches the intersection with the natural
one (0.8 s in Fig. 6), the increase in the mean stress magnitude is affecting a
larger area of N2 compared to N1. This explains the delay in the fluid
propagation inside N2, characterized by the delay in the fluid pressure
variation and by the lower flow rate variation (Fig. 5a, b). At t=0.8 sand t=
1.3 s, there is an increase in the second invariant of the differential stress
close to the bottom corners of the model (Fig. 6 on the right) affecting a
surface area of N2 away from the intersection. This differential stress



increase originates from the hydraulic fracture propagation and the induced
total stress changes that will also affect the deformation of the intact
surrounding material. Close to the bottom corners of the model, the intact
material is deforming in shear contributing to the increase in the differential
component of the stress tensor. As a result, at 0.3, 0.8 and 1.3 s, N2 appears
to deform in shear well before conducting the fluid.

3.4 Effect of natural fracture’s orientation

Figure 7a shows that flow rate in H2 never increases highlighting that the
hydraulic fracture never crosses the natural fracture for all possible
orientations of the natural fracture. The growth of the hydraulic fracture is
stopped at the intersection with the natural fracture. The half-plane H2 is

only exhibiting some negligible shear displacement (red line in Fig. 7c) as a
result of stress transfer mechanisms.
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Fig. 7 From left to right; a variation of the flow rate, b the normal displacement and ¢ the shear displacement versus the dip angle of the natural
fracture at the end of the simulation for half-planes HI, H2, N1, N2
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Fig. 8 Vanation of flow rate (left column), normal displacement (middle column) and shear displacement (right column) for N1 (top line) and
N2 (bottom line) as a function of stress and initial fluid pore pressure inside the fractures

As N1 dilates, an increase and reorientation of the total stresses take place
in the block between N1 and H2. Due to the isotropic stress state acting on
the fracture system, we can observe a symmetrical response in terms of flow
rate, normal and shear displacement magnitudes of the half-plane N1 above
and below a critical rotation angle approximately of 40°. N1 stays
hydraulically active for all the natural fractures dip angles with a maximum
value at the 40° dip angle, where the maximum shear displacement is also
recorded for the same half-plane. The shear displacement of the half-plane
N1 is increasing around 20°, which is coherent with the friction value of 20°
assigned to the fracture. On the other hand, the behavior of the half-plane
N2 is dominated by the normal opening of the hydraulic fracture and the
consequent stress transfer. For higher dip angles and as the plane gets sub-
parallel to the hydraulic fracture plane, N2 hydraulic activation becomes
highly limited under the action of an increased normal stress. For all possible
natural fracture orientations, N2 shear displacement (green line in Fig. 7c) is
higher than N1 (blue line in Fig. 7c). As explained in the reference case,
stress transfer effects determine the response of N2 by promoting shear
displacement along the part of the half-plane that is closer to the model
boundaries (Fig. 6, right column).

3.5 Effect of the initial loading and stress conditions

In order to estimate the effect of the stress field, the maximum stress (o1)
and the pore pressure are varied considering four cases:



. A differential stress of 2 MPa (corresponding to an increase of g; from 3
to 5 MPa)

. A differential stress of 20 MPa (corresponding to an increase of o; from
3 to 23 MPa)

. An initial fracture pore pressure of 0.2 MPa

. An initial fracture pore pressure of 2 MPa

For an increase in 2 MPa of the differential stress, the flow rate is highly
limited for = 60° N1 and N2 dip angles (green line in Fig. 8a, d). Above 60°,
the hydraulic fracture growth is prohibiting the hydraulic activation of N2
(green line in Fig. 8d) due to total stress increase induced. Below 60°, N1 and
N2 offer the same hydromechanical responses.

For a principal stress difference of 20 MPa, the natural fracture remains
hydraulically inactive for all the dip angles orientation (green dashed lines in
Fig. 8a, d). The two segments of the natural fracture respond in the same
mechanical way. It appears that for orientation angles of 30°-70°, the
natural fracture is undergoing a mechanical closure (negative values for the
green dashed curves in Fig. 8b, e) accompanied by a large slip (green
dashed lines in Fig. 8¢, f). For the same range of dip angles, the fracture
reactivation is not reaching the intersection with the natural fracture. This is
shown in Fig. 9 where the stress tensor components magnitudes inside the
model can be seen together with the fluid pressure along the fracture for 20°
(Fig. 9 left) and 50° dip angle (Fig. 9 right), for the area around the
intersection. Under such a high differential stress and for critical fracture
orientations (in this case > 20°), the natural fracture is slipping well before
the injection and propagation takes place. The stress field in the intact rock
is reorganized with the minimum stress magnitude increasing significantly.

Hence, a higher pressure is needed for the propagation of the hydraulic
fracture.

Fracture Fluid | { T3 - o5 (Pa)
Pressure (Pa) 1 1.5000E+07
I 4.5000E+06 1.2000E+07
4.0000E+06 9.0000E+06
3.5000E+06 6.0000E+06
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Fig. 9 Stress tensor magnitudes inside the model and fluid pressure variation along the fracture for 20° (left) and 50° (right) natural fracture dip
angle

Varying the initial pore pressure of the formation shows that no significant
impact of the initial fluid pore pressure value is observed (red and red



dashed curves in Fig. 8), while there is a strong effect of the stress. In cases
of extreme stress difference, the reactivation of the fracture can be stopped
due to the slip of the natural fracture and the subsequent increase in the
minimum stress. For a non-hydrostatic stress field, the far-field stresses will
determine the response of the system. For slightly higher differential
stresses, the stress transfer effects will be of second-order importance inside
the model, and it is only for very low angles between the natural fracture and
the hydraulic fracture that the total stress changes will limit the natural
fracture’s reactivation (< 30°). In the case of high differential stresses, the
natural fracture will be at failure for a wide range of critical orientations even
before the propagation of the hydraulic fracture. Stress magnitude
alterations that are promoted can affect significantly the propagation of the
hydraulic fracture.

3.6 Effect of the material properties
3.6.1 Mechanical properties of the natural discontinuity

The elastic normal and shear stiffness of the natural fracture do not influence
much the response of the fracture (Fig. 10). For a 10 times lower shear
stiffness, N1 appears more permeable (red curve in Fig. 10a) and N2 less
permeable for a dip angle of 40°-60° (red curve in Fig. 10d). The normal
deformation of the half-planes follows more or less the flow rate evolution.
Shear displacement in N1 is unchanged, whereas shear displacement in N2
changes according to the assigned shear stiffness value. It points out the
difference between the induced shear displacements of each half-plane.
More specifically, N1 shear displacement is the result of effective stress
variation not dependent on the elastic properties of the natural fracture. On
the other hand, above a critical angle, shear displacement of N2 induced by
the fluid-driven fracture propagation is determined by the elastic properties
of the fracture. As the fluid is not propagating along N2 above 40°, the half-
plane is still in the elastic range, under the influence of elastic stress
changes. Thus, depending on the value of the shear stiffness, the shear
displacement is going to be higher or lower than the reference case (red
lines in Fig. 10f).
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Fig. 10 Variation of flow rate (left column), normal displacement (middle column) and shear displacement (right column) for N1 (top line) and
N2 (bottom line) as a function of the elastic properties of the natural fracture

The effect of friction variations on the shear displacement of N1 and N2 is
almost identical to the reference case except for a very low friction angle <
10° (red curves in Fig. 11). Below a friction angle of 10°, the half-planes are
influenced in a different way. At 40° of orientation, N1 is more conductive
than the reference case whereas N2 is not activated. The effect of the
variation of the dilation angle on N1 hydromechanical response is negligible
as by the end of the calculation, the normal opening of the fracture will have
reached its maximum possible value for all cases considered (Fig. 11b, c).
The normal deformation of N2 is increased for higher dilation angles and
higher dip angles (green dashed line in Fig. 11e), accompanied by a slightly
enhanced resulting permeability (green dashed line in Fig. 11d).
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Fig. 11 Variation of flow rate (left column), normal displacement (middle column) and shear displacement (right column) for N1 (top line) and
N2 (bottom line) as a function of the strength properties of the natural fracture

3.7 Elastic properties of the intact material

In the reference case, the surrounding intact material of the model is
considered as transversely isotropic, accounting for the anisotropy induced
by the bedding planes. Two cases of isotropic material are examined with a
Young's modulus E = E; and a Poisson’s ratio v = v1, (green curves in Fig. 12)
and E = Es and v = vi3 = V3 (blue curves in Fig. 12). In addition, a bimaterial
model is considered as a third configuration where the natural fracture is a
bimaterial interface separating two media with different elastic properties
(red curves in Fig. 12). Above the natural fracture, the medium is
characterized by E = E; and v = vi13 = v23 and below the fracture, the second
medium is characterized by E = E; and v = vi,. When the intact material is
isotropic and stiffer (E = E;), the normal deformation and flow rate
magnitudes are increased for both half-planes (green curves in Fig. 12a, b, d,
e). On the other hand, the shear deformation appears limited (green lines in
Fig. 12c¢, f). In the isotropic and softer intact material case, the calculated
flow rate and normal displacement are higher than the reference case (blue
lines in Fig. 12a, b, d, e). N1 shear deformation stays generally lower than
the reference case in this configuration (blue line in Fig. 12c) whereas N2
shear deformation increases (blue curve in Fig. 12f). Similar trends are
observed for the bimaterial model (red lines in Fig. 12). It is shown that the
flow rate calculated in the half-planes N1 and N2 is higher when the planes
are surrounded by the isotropic material or when a bimaterial interface is



considered (Fig. 12a, d). The material is more compliant in the isotropic and
the bimaterial cases resulting in higher calculated magnitudes of flow rate
and normal deformation of the half-plane N1. Considering the response of
N2, it is again conditioned by the stress transfer due to the deformation of
the hydraulic fracture. Nevertheless, depending on the elastic properties and
the deformability of the medium, the response of N2 could be less affected
by the hydraulic fracture propagation. In the case of a more compliant
medium, a larger part of the deformation will be accommodated by the
intact material elastically deforming. Therefore, the stress effect will be less
pronounced, and N2 will exhibit a higher normal deformation with a higher
calculated flow rate for the isotropic and bimaterial models. N2 stays
hydraulically active around 40° when elastic anisotropy is introduced either
in the bilayer model or in the transversely isotropic model (black and red
lines in Fig. 12e). For the half-plane N1, the curve showing the response of
the fracture as a bimaterial interface is always between the curves of the two
isotropic material cases (red lines in Fig. 12a, b, ¢). The shear displacement
on N1 is higher for a transversely isotropic material than for an isotropic one.
N2 is exhibiting higher shear displacement when a weaker Young’s modulus
characterizes the layer above the plane (blue and red lines in Fig. 12f). For
higher dip angles > 40°, the recorded magnitudes vary in the same range
approximately.
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Fig. 12 Variation of flow rate (left column), normal displacement (middle column) and shear displacement (right column) for N1 (top line) and
N2 (bottom line) as a function of the elastic properties of the surrounding medium

4 Discussion



In the model described in Sect. 2, the effect of the fracture network
geometry was considered. The properties of the fractures were identical and
the inter-connectivity was assumed to be high since all fractures were
persistent. Nevertheless, the fracture network was not found to be overall
stimulated apart from a rather small number of fractures that conducted the
fluid promoting preferential flow path at the scale of the network. The effects
of the stress field and the orientation of the fractures are highlighted by the
results obtained. The fractures that appeared to be hydraulically active in the
models presented were just 2 or 3 showing the strong dependency of
fracture reactivation on its orientation with respect to the ambient stress
field. Even if a high number of fractures were considered, the flow appeared
to be always localized as critically stressed fractures are prone to shear
failure and dilatancy induced aperture increase (see, e.g., [41]). It was
observed that for the present stress conditions, the fractures characterized
by a dip angle which is lower than 40° cannot serve as potential fluid paths
under a fluid pressure increase in the presence of more favorably oriented
fractures.

Comparing with the experimental data, it was not possible to reproduce the
observed reversibility of the displacements and the abrupt decrease in the
flow rate with the models presented in this section. Modeling results for Test
1 reported in [46] succeeded to represent part of the displacements
reversibility. Nevertheless, the geometrical configuration presented was a
specific fracture representation that proved to be the best match for the
displacements evolution. In an effort to understand the mechanisms behind
the in situ response of the stimulated volume, fracture interaction could still
be one dominant mechanism. However, reproducing in a numerical model a
similar mechanism would require considering a large number of different
combinations and scenarios due to the uncertainty regarding the geometry
of the network and the fractures’ hydromechanical properties.

Apart from the pressure decreasing part of the test, the numerical study
presented above can provide some information regarding the in situ
properties of the surrounding fractures. Discrepancies between the
measured data and the model results suggest that the fractures dipping 20°
are characterized by “stronger” mechanical properties than the ones
assumed in the modeling that might as well be attributed to the strong
cementation present in the fault zone. Modeling of the fractures dipping >
20° showed reasonable agreement with the field data. However, the high
calculated flow rate implies that even though the sub-vertical fractures could
contribute to the response mechanically, their hydraulic activation is much
more limited in situ. It is possible that these structures could be better
considered as partially calcified implying a channeling flow regime along
their plane as a result of the presence of calcite patches and therefore
heterogeneous properties. Indeed, numerical studies on fracture network
flow showed that even local heterogeneities along the interconnected



fracture planes can significantly affect the bulk permeability of the network
[21].

The sensitivity study performed with the model of two intersecting fractures
showed the importance of three parameters, i.e., the stress field, the
fracture’s orientation with respect to the maximum stress and the intact
rock’s elastic properties. Based on the numerical results, we observe two
distinct responses on the same natural fracture plane showing that even for
a simple configuration, the mechanisms of fracture interaction can be quite
complex. A natural fracture separated by a fluid-induced or cemented
fracture will respond differently on each of its sides. The response depends
on the orientation of the plane toward the maximum principal stress and on
the angle between the natural and the hydraulic fracture.

The response of the half-plane which is away from the HF (N1) is conditioned
by the effective stress variations in the plane, which is in accordance with
previous works focusing on the hydraulic-natural fracture interaction [8, 55,
62] and failure and fracture-controlled permeability enhancement in fault
zones [16, 25]. Under an isotropic state of stress, and for a range of fracture
and rock properties, the half-plane is activated for all possible orientations.
When stresses are isotropic, the large fluid absorbed by the NF induces a
pressure decrease in the HF, and when there is a high differential stress,
shear failure on the NF favoring an increase in os relative to o0: close to the
fluid front can stop the fracture reactivation. This result is complementary to
other theoretical studies that showed that for high differential stresses and
specific angles of approach (probably depending on the friction coefficient)
the hydraulic fracture is not crossing the natural fracture but is arrested by
shear slippage with no opening and diverting of fluid in the natural fracture
[37, 55, 61, 62]. For a medium differential stress, resulting in a stress ratio
01/0s = 2 which is similar to the natural stress conditions of the field test (o,/
0s = 0:/0s = 2) described above, the half-plane is reactivated for a dip angle
> 60° meaning an angle < 30° with respect to 0. This is representative of
the response observed in the modeling results of the multi-fracture model of
Test 1 in Sect. 2 where only fractures characterized by an orientation of <
40° with respect to o, (which is very close to ;) can act as potential fluid
paths, while the rest stay almost completely hydraulically inactive.

Considering the half-plane the closest to the HF and a state of stresses close
to isotropic, the natural fracture will “easily” absorb the fluid for HF-NF
angles > 50°. For a slight ~ 2 MPa differential stress, the natural fracture will
only experience a purely mechanical shear activation for HF-NF angles < 50°.
This kind of natural fracture response was not observed in the Test 1 multi-
fracture model since the normal deformation of the reactivated planes was
limited and part of the fractures formed an angle = 50° with the reactivated
planes. For higher differential stresses of ~ 20 MPa, shear is triggered on a
larger zone affecting the two natural fracture’s half-planes.



Referencing to the well-studied fracture interaction and microseismic
monitoring during hydraulic fracturing operation for unconventional shale
reservoirs, this contrasted shear behavior of the two half-planes shows that
both “wet” and “dry” events can be potentially produced on the same
stimulated natural fracture. The “dry” events are associated with the
response of the plane that is closer to the fluid-driven fracture that exhibits
shear deformation and is not related to fluid flowing into the fracture. This is
a complementary result to previous works from [43] that showed that stress
transfer effects could trigger “dry” events on different fractures not
hydraulically connected to the reactivated HF.

The hydraulic fracture in the models is strictly developing along a predefined
plane. This can be considered as a strong assumption for newly created
fractures since even if the crack would mainly grow along the direction of the
maximum stress, direction changes are possible near the interfaces due to
interactions between the sheared and dilated fracture branches [34]. In
addition, at zero or low differential stresses, variations in material properties
tend to become more important than stress orientation in controlling the
direction of fracture propagation [8]. Nevertheless, the assumption of a
predefined plane of propagation or activation is not very strong if we
consider that the fracture is a preexisting plane characterized by a higher
cohesion and tensile strength or high fraction of surface contact areas.

The sensitivity analysis results show that the mechanical properties of the
natural fracture slightly influence its response to the HF-NF interactions,
while the bulk properties of the surrounding material have a significant
impact mainly on the magnitudes of the flow rate and displacements of the
natural fracture. Indeed, for lower shear stiffness, an increase in the flow rate
was observed for N1 and a decrease for N2 at a dip angle equal to 40°. A
friction angle of 10° lower than the reference case had the same effect as
the shear stiffness on the flow rate of the two half-planes. When anisotropy
of the intact rock properties is considered or when the natural fracture is
figured as the boundary between two materials of contrasted elastic
properties, the flow rate and normal deformation tend to significantly vary,
while the shear displacement on the fracture plane remains more or less the
same. Anisotropy of the mechanical elastic properties which is a common
feature of shales and of many sedimentary rocks is known to influence the in
situ stress [1]. Bimaterial interfaces are often encountered in fault zones
where slip surfaces develop at the boundary between high elasticity granular
and intensely deformed cores and fractured damage zones. Our results are
in good accordance with studies showing that contrasted bimaterial
properties favor changes in the compressive normal stress and promote slip
on the interface between the two materials [11, 57].

5 Conclusions

A hydromechanical model has been set up to simulate an experimental
injection test which uses an advanced hydromechanical probe (mHPP). The



model confirmed that considering reasonable property values, very small
displacements, i.e., at the dozen micrometers scale, along preexisting
discontinuities can dramatically increase the flow rate inside the rock mass
at the decameter scale. Thereafter, and based on the hydromechanical
properties used to simulate this in situ test, the model has been used to
perform a parametric study to identify the key parameters controlling the
hydromechanical response of connected fractures. The significant role of
both, stress and orientation, was quantified showing that under a differential
stress equal to 2 MPa (i.e., for a stress ratio 0i./0s5 = 2), fractures forming an
angle higher than 40° with the maximum stress (dip angle lower than 50°)
cannot be reactivated. The sensitivity analysis carried out with the simple
two fractures model showed that contrasted responses can coexist on the
same fracture plane but on both sides of the crossing zone, depending on
the orientation and size of the natural fracture, on the stress field and on the
vicinity to adjacent reactivated planes. A decoupling between the
permeability and the mechanical response (i.e., shear displacement) may
occur along the natural fracture plane. This decoupling occurs for dip angles
higher than 20° under homogeneous stress conditions and for dip angles
higher than 60° under a differential stress equal or higher than 2 MPa but
lower than 20 MPa.

Thus, the calibrated model shows that the relative orientation of the
discontinuities within the stress field is of first order in the hydromechanical
behavior of connected fractures. Nevertheless, the elastic properties of the
medium can also greatly affect the response of fractures, which exhibit
higher normal displacement and flow rate in the case of an isotropic intact
material instead of transversely isotropic. Hence, the intact material
properties should be well calibrated especially in shale and fault
environments, for which anisotropic properties of the fabric can greatly
modify the hydromechanical response.
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