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ARTICLE INFO ABSTRACT

Keywords: Hydraulic stimulation of Enhanced Geothermal Systems (EGS) aims at boosting permeability to facilitate fluid
Enhanced geothermal system circulation, while keeping a low induced seismicity. However, some stimulations have led to poor permeability
Hydroshearing

enhancement or too high induced earthquakes, which suggests that further understanding is needed on poro-
mechanical processes during stimulation. Here, we model a highly-monitored test performed at the Bedretto
Underground Laboratory to investigate the impact of fluid injection on permeability enhancement and induced
microseismicity. We examine three models: (1) a homogeneous fracture whose transmissivity is manually cali-
brated to reproduce the observed pressure evolution at the injection borehole (this model fails to capture the
spatial distribution of pressure and the corresponding poromechanical processes); (2) an elastic fracture
approach, where transmissivity changes locally as a function of fracture aperture following the cubic law (this
model overestimates pressure after the onset of fracture slip); and (3) a viscoplastic fracture approach with strain
weakening and dilatancy that yields an additional permeability enhancement after shear reactivation. The vis-
coplastic model captures the spatio-temporal coupled response of the fractured rock to hydraulic stimulation
before and after shearing both in terms of pressure and microseismicity. Subsequently to the onset of shear
failure, microseismic events occur in every injection cycle as the reactivation front advances when plastic strain
and, thus, permeability surpass the previously achieved maximum value. This viscoplastic model permits esti-
mating the extent of the stimulated fracture, the permeability enhancement and its impact on the local state of
stress and pore pressure at surrounding fractures, representing a useful tool for the design of effective hydraulic
stimulation.

Fracture variable permeability
Viscoplastic embedded model
Dilatancy

Induced microseismicity

The goal of EGS is the exploitation of regions with relatively high
geothermal gradients through the creation (hydrofracturing) or reac-

1. Introduction

A global trend towards CO, and nuclear-free technologies has pro-
moted interest in deep geothermal energy as an alternative renewable
source, free from seasonal fluctuations and, thus, with a potential for
continuous energy output."’? Geothermal energy production has been
successful in locations with favorable geological conditions such as
volcanic fields, hydrothermally active areas, or sedimentary basins with
deep-seated permeable rock formations. Enhanced (or Engineered)
Geothermal Systems (EGS), previously referred to as Hot Dry Rock or
Petrothermal Systems, are envisioned as a way to tap heat from any
place in the territory.>*

tivation (hydroshearing) of a fracture network of sufficient permeability
to enable fluid circulation.”® The temperature necessary to produce
electricity, i.e., >150 °C, is found at depths greater than 4-6 km, which
is typically within the crystalline basement. The crystalline basement is
assumed to be critically stressed.’ Therefore, fluid injection concerns not
only rock mass permeability, but also crustal strength and deformability,
and ultimately fault instability and induced seismicity.'? 2

To enhance permeability, injection-induced shear slip and dilation of
preexisting fractures have been recognized as the most promising
approach for extracting geothermal energy from hot ultralow-
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permeability rocks at depth.'>'* Shear reactivation of fractures/faults
caused by pressurized fluid injection is of utmost importance in many
subsurface engineering problems and reservoir stimulation,'® !’
particularly with regard to induced microseismicity.'® " It is referred to
as shear stimulation or hydroshearing in EGS in which, contrary to the
hydrofracturing process (which involves short-duration high-pressure
injection and proppant usage), the injection pressure aims at causing
shear slip and dilation of existing rough fractures.”>?° This fracture
self-propping by asperities is considered an effective means of perma-
nently enhancing permeability.”’ 2° Furthermore, new cracks can be
created because shear slip increases the stress intensity at the tips of
preexisting fractures, potentially leading to fracture propagation and/or
generating fracture networks.'®>° 32 The main challenge is to develop
adequate permeability in the reservoir while retaining sufficient heat
transfer area and keeping the magnitude of induced seismicity as low as
possible during reservoir stimulation.?>**** Understanding the gov-
erning processes is of utmost importance to improve, and ultimately
standardize, the applicability of EGS shear stimulation.>”

Although the process of shear stimulation is theoretically well un-
derstood and routinely modeled, fundamental investigations through
laboratory tests and field measurements have been limited. Laboratory-
scale experiments can provide an understanding of coupled processes
pertinent to the shear stimulation but suffer from test conditions as well
as scalability that might lead to oversimplified fracture flow that is not
representative of a heterogeneous rock mass. Guglielmi et al. (2015a,
2015b) completed two mesoscale reactivation tests by injecting high-
pressure fluid into carbonate and shale faults. One of the insights ach-
ieved from these in situ reactivation tests is that aseismic/seismic shear
slip by fluid injection enhanced the conductivity of the faults.?%>°
Another intermediate-scale hydro-shearing experiment was executed in
the naturally fractured and faulted crystalline rock mass at the Grimsel
Test Site (Switzerland) in 2017.°”°° One of the key findings of this
experiment is that initially low-transmissivity structures were stimu-
lated more productively compared with structures of higher initial
transmissivity. However, these field tests were conducted on faults and
fractured zones at a relatively shallow depth (<600 m), i.e., in rocks
with relatively low confinement and low enthalpy potential.

Considering the necessity of an experiment with more similar con-
ditions to intermediate and high enthalpy geothermal systems, the
Bedretto Underground Laboratory for Geosciences and Geoenergies
(BULGG) hosts medium to large-scale in-situ experiments with a focus
on hydraulic stimulation and fault reactivation and associated induced
seismicity (Fig. 1). These experiments aim at developing effective and
safe hydraulic stimulation protocols to enhance permeability at a
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controlled risk of induced seismicity for creating an EGS. The over-
burden directly above the laboratory is approximately 1500 m,
providing conditions that start to resemble realistic EGS systems (scale
1:3 approximately).*>*! To characterize the rock mass, several bore-
holes were drilled perpendicular to the tunnel axis with lengths ranging
from 100 m to 400 m MD (Measured Depth). An additional set of short
30-40 m-long vertical boreholes were drilled, for conducting mini-frac
tests aimed at quantifying the local state of stress.*? A suite of hydrau-
lic stimulation tests has been performed at the BULGG to stimulate the
fractures intersected by the long boreholes MB1, ST1 and ST2 (Fig. 1).
Stress measurements by hydraulic fracturing technique indicate that the
BULGG is in a normal faulting - strike-slip stress regime and that the rock
mass is close to critically-stressed.*> 4°

This paper aims at numerically modeling and analyzing the hy-
draulic stimulation performed in borehole MB1 (in blue in Fig. 1c) at the
BULGG in February 2020. Numerical simulation is an essential method
to investigate coupled hydromechanical processes and to better under-
stand the fundamental mechanisms and feedbacks that occur in
geothermal reservoirs. This understanding is particularly important due
to the coupling of permeability and fracture aperture.’® We present
three numerical models with increasing complexity (in terms of material
constitutive law and coupling of permeability and fracture aperture),
which we find to get progressively closer to the conceptual model rep-
resenting the behavior of the system. Then, we compare numerical re-
sults with field experiment data and discuss the implications. Based on
the best model, we extend our analysis to poromechanical processes
occurring during the stimulation and discuss our findings. Simulation
results reveal the extent of the stimulated fracture and permanent
permeability enhancement and show that hydroshearing in the stimu-
lated fracture has a non-negligible impact on the stability of adjacent
joints due to stress redistribution, which may affect their subsequent
stimulation.

2. Methodology
2.1. Numerical models

The numerical model is a 2D hydromechanical plane-strain inclined
plane that contains the boreholes that, on average, dip 42° downwards
to the southwest (Fig. 1). Thermal effects have been neglected because of
the long term ventilation of the gallery, which causes a local “cold” area
driven by thermal drainage to the tunnel. Consequently, temperatures
are relatively homogeneous in the zone of interest and the temperature
of the water injected in the system is that of the gallery (and therefore,
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Fig. 1. a) Top view of the Bedretto gallery and the hosting Rotondo granite; b) SE to NW cross-sectional view of the Bedretto lab; ¢) 3D view of the longest boreholes.

Adapted from*>*7.
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very similar to the temperature at its surroundings). The model is refined
at its center, which represents the BULGG and its vicinity, and grows to a
large extension (75 km?; Fig. 2), beyond the whole Bedretto gallery (top
center of the model) to avoid spurious boundary effects. For similar
reasons, the bottom boundary is at a true vertical depth of 5000 m (y =
—7472.4 m in the inclined plane). Both sides and the bottom of the
model are fixed against lateral and vertical displacements, respectively.
A linear distributed fluid pressure and initial stresses are applied to the
model from top to bottom (Fig. 2a). The major fractures and shear zones
identified through borehole logging and geological structural analysis
are included in the model.*>*> The fractures have been modeled as
upscaled elastic continuum media with different hydromechanical
properties but homogeneous in their space. The mesh also includes the
main boreholes (MB1 to MB4, ST1, and ST2 with 20 cm thickness) and is
highly refined at the closest vicinity of the modeled fractures and the
boreholes. Overall, the mesh consists of 27,248 quadrilateral elements
with corresponding 27,420 nodes (Fig. 2d).

Three models were built upon this common set-up. In the first model
(termed here model EP, for “Elastic Prescribed transmissivity”) the
permeability of the main fracture crossing the injection interval (in red
in Fig. 2¢) has been assigned (homogeneous all along the fracture, but
variable in time) to achieve a reasonable fit of the measured pressure
evolution at the injection interval. However, changes in fracture aper-
ture occur mainly in the vicinity of the injection interval as a result of
injection-induced overpressures. Hence, the second model (model EE,
“Elastic Embedded”) incorporates the “embedded model”, in which
permeability is a function of volumetric strain described in section 2.4.
In this second model, fracture permeability varies with distance from the
injection interval and remains constant and equal to the initial value far
away from it, where pressurization has not dilated the fracture. While
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this approach allows obtaining a good reproduction of the measured
injection pressure at early stages, it fails to provide a good fit once the
fracture reactivates and inelastic strains occur. Thus, to account for
permeability enhancement induced by dilatancy due to the shear slip of
the fracture, the third model (model VE) incorporates a viscoplastic
constitutive law that includes dilatancy and strength softening. Table 1
summarizes the main input values for these models and the host rock.
Notably, each fracture has different hydraulic and mechanical proper-
ties inferred from well logging and hydraulic tests. However, variable
permeability is considered only in the stimulated fracture because the
main impact at the surrounding fractures is mainly poroelastic but not

Table 1
Hydromechanical properties of the rock matrix (granite) and the stimulated
fracture for different tested models.

Granite Stimulated fracture
EP EE VE
Mechanical constitutive Elastic Elastic Viscoplastic
behavior

Permeability (k) 2.5x107'®  Prescribed Embedded model

m2
Young’s modulus (E) 46 GPa 23 GPa
Poisson ratio (¥) 0.37 0.37
Porosity (¢) 0.005 0.005
Viscosity (1) - - - 2.5GPas
Peak friction angle (@) - - - 23°
Residual friction angle (g,,,) 20°
Cohesion (c) - - - 0.01 MPa
Dilatancy angle (y) - - - 20°
Critical value of the softening - - - 0.001

parameter (%)

(d)

Injection
iterval

0 25'm

Fig. 2. a) Model geometry and boundary conditions; b) Configuration of boreholes, identified fractures and fault zones; c) Detailed view around the stimulated
fracture (in red); d) Mesh configuration from global to detailed view around the stimulated fracture zone.
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hydraulic. The hydraulic and mechanical parameters of the surrounding
fractures are not relevant to changes in the stimulated fracture induced
by injection, which are mainly local and driven by the parameters of the
stimulated fracture and surrounding matrix. The fully coupled hydro-
mechanical numerical models are implemented using the software
CODE _BRIGHT.***°

The models are initialized by simulating the drainage effect of the
tunnel on porewater pressure by imposing atmospheric pressure at the
top boundary, and the subsequent consolidation, which tends to close
fractures. The drainage period spans from the end of the excavation in
1976 until now. As such, the initial decompression of the system caused
by excavation is not considered because its transient effects are small, as
shown in a prior sensitivity analysis. In the same line of arguments, the
drilling of boreholes is not modeled explicitly. Subsequently, the stim-
ulation test (in February 2020, being the first one in a series of many at
the BULGG) is modeled by injecting water through an isolated section of
borehole MB1, at a measured depth of 267 m (true vertical depth 188.8
m), into the fracture (in red in Fig. 2c). Isolation was achieved by a
double packer, also included in the model as a very stiff and low-
permeability section of the borehole (E = 4600 MPa, k = 2.5 x 10718
m?, after inflation). The permeability of the boreholes, also modeled
explicitly, is k = 2.5 x 107'* m2. The numerical simulations cover the
first 3.4 h of the field experiment, during which we compare the out-
comes of the three models with the experimental results. Results of
model VE are extended in time up to the first 8 h of the experiment.

2.2. Governing equations

The mechanical problem is solved by satisfying the momentum
balance. Neglecting inertial terms, the momentum balance reduces to
the equilibrium of stresses,

V6 +b=0 (€Y)

where ¢ [ML’IT’Z] is the total stress tensor and b [ML’zT’Z] is the
vector of body forces.

In linear elasticity theory for continuous media, the relationship
between stress, strain, and fluid pressure for isotropic materials is given
by Hooke’s law,

A :Ks‘.I+2G<efiI+i

R Tenid I) ’ @

where ¢, [—] is volumetric strain, I [—] is the identity matrix, € [—] is the
strain tensor, K = ﬁ [ML~'T~2] is the bulk modulus, G = )
[ML~YT~2] is the shear modulus, E ML~ 2] is Young’s modulus, v [—]
is the Poisson ratio, ps [ML’lT’Z] is fluid pressure, and a [—] is the Biot
effective stress coefficient. In this work, we assume @ = 1,* which leads
to the strongest hydromechanical coupling.”

Equation (2) is coupled with the flow equation through fluid pres-
sure. Assuming that there is no external loading and neglecting the
compressibility of the solid phase, fluid mass conservation can be
written as
b dpy  d

where @ [-] is porosity, Ky [ML™'T~?] is water bulk modulus, t [T] is
time, u [L] is the displacement vector, q [L3T~1] is the water flux, given
by Darcy’s law, and d/dt denotes material derivative. Note that the flow
(Eq. (3)) and mechanical (Eq. (2)) equations can be also coupled through
the volumetric strain (second term in the left-hand side of Eq. (3)),
which can be expressed as the divergence of the displacement vector.

2.3. Fracture constitutive model

Fracture reactivation is modeled by a viscoplastic constitutive law in
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which fracture failure is given by the Mohr-Coulomb criterion and in-
cludes dilatancy and strain softening.’>°> The yield function (F) and the
flow rule (G) are defined as

F =psing(n) + {cos 0— %sin 0.sin (p(f’]):| /s — c(n)-cos p(n), 4)

G =¢&psiny + (cos 0— %sin 6-sin 1//) V2 — c(i)-cos p(n), 5)

where p [ML’lez] is the mean stress, J [ML’lT’z] is the second
invariant of the deviatoric stress tensor, # [—] is the softening parameter,
& [—1 is a parameter for the plastic potential, ¢ [°] is the friction angle, c
[ML’lT’Z] is cohesion, and y [°] is the dilatancy angle. The invariant 6
[°] is defined as

3V3 s

. o o
Hfgsm (—TE)—Z’O <6 <30°, 6)

where J3 [ML~YT~2] is the third invariant of the deviatoric stress tensor.
The stress function T(F) is>?

T(F) = F" for F > 0,T(F) = 0 for F < 0, %)
where m [—] is a constant power, chosen equal to 3 here.®*"° Both the

cohesion and the friction angle can depend on the softening parameter
@) as

Apeuk n S 0

Jres _ peak

S ) o< ®)

qres rlx S n

Aln) = <+ <

where 1 represents either cohesion (c) or friction angle (¢), and JPetk and
A" are user defined peak and residual values, respectively (see Table 1).
As shown in Table 1, cohesion is low and we assume a constant value
equal to 0.01 MPa. * is the value of the softening parameter controlling
the transition between the softening and residual stages. The softening
parameter depends on plastic strain as

-2 (6"—8")2+(8‘”—5p>2+(5”—8”)2+ LY (LY (L)
'77 2 x m y m z m zyx)‘ 2 Yz z}lzx ?

where &, = 1 (& +¢&) +¢8) [—] is the mean plastic strain, and ¢ and y are
the diagonal and off-diagonal terms of the plastic strain tensor.

The quantification of shear slip tendency and proximity to shear
failure conditions can be calculated with the mobilized friction angle.
Shear failure occurs when the mobilized friction angle equals the actual
friction angle. An alternative means of representing mobilized friction
resistance, without implying a specific spatial orientation, involves
expressing it in terms of invariants of the effective stress tensor.
Considering the mean effective stress p and deviatoric stress g, the
mobilized friction angle can be expressed as

M
oo =50 (257) 10)

where M = 1% is the slope of the stress path curve in the p’-q diagram.

2.4. The embedded model

The modeled fracture was identified in the lithological and image
logs and in cores retrieved during the drilling of borehole MB1. This
zone is a composite of several smaller fractures embedded in a matrix
material. The permeability of the stimulated fractured zone is computed
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using the cubic law,”® which makes fracture transmissivity proportional
to b® (b being the aperture). Since CODE_BRIGHT adopts a small dis-
placements approach, the geometrical grid aperture is fixed. Therefore,
actual aperture changes, which are proportional to volumetric strain,
are modeled by changing permeability as

(bo -+ aAe)3 a1

k = kn ;
+ 12a

where k;, [L?] is the intrinsic permeability of the matrix within the
fracture zone (in red in Fig. 2c¢), a [L] is the spacing between the frac-
tures within the fracture zone, by [L] is the initial fracture aperture, Ae
[—] is the volumetric strain change (Ae = ¢— &), and & [-] is a
threshold value. For the stimulated fracture zone, the following pa-
rameters are considered: k,, = 5-1077 m?, i.e., 20 times larger than that
of surrounding granite, by = 2.25-10®m, a = 0.01 m, and by =
1.34.10~* m, which is the maximum aperture (upper bound of aper-
ture), above which fracture permeability stops increasing.

3. Results
3.1. Reproduction of measured injection pressures

In the EP model, the temporal evolution of the permeability of the
stimulated fracture is manually adjusted as constant during each injec-
tion interval so as to reproduce the observed injection pressure each
interval. Although the overall model fit is good up to 2.5 h of injection
(green dotted line in Fig. 3a), it fails to reproduce the shape of the
pressure curve in each injection step, in which pressure sharply in-
creases at the beginning and the subsequent pressure build-up di-
minishes smoothly with time under constant flow rate (note that the first
steps, until t~1.3 h were intended to be constant pressure head tests). In
short, the EP model fits well the beginning and end pressures for each
step, but not the intermediate evolution. As discussed below, this
discrepancy reflects that permeability changes are imposed for the
whole fracture and not just for the actually stimulated region, which
results in an unrealistic rapid pressure propagation along the whole
fracture (Fig. 4a).

The EE model (Eq. (10)) accounts for both the spatial and temporal
evolutions of fracture transmissivity in response to deformation. The
brown curve in Fig. 3a depicts the temporal evolution of generated
overpressure at the injection interval predicted by the model with var-
iable permeability as a function of fracture aperture (EE model). This

60 100
—— Field data —— Flow rate P (a) L 50
----- Model EP - / \
© 401 —.- Model EE // N / ~.. leo =
= A . i ety
= === Model VE N ~od oo Lo =
< 20 A <
r 20
0 — 0
107134 —
Microseismic events N PO
10-14] Model EP v
<~ —.- Model EE
S - M
= -15 | odel VE
<10
10—16_

Fig. 3. a) Temporal evolution of calculated and measured overpressure (i.e.,
above formation pressure) at the injection borehole; b) Temporal evolution of
fracture permeability in models with prescribed and variable permeability near
the injection interval (point 1 in Fig. 6¢) and timestamps of observed induced
microseismicity events.
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Fig. 4. Profiles along the stimulated fracture of a) pressure build-up, b) fracture
permeability, ¢) fracture aperture change (by = 2.25-107° m), and d) volu-
metric strain (and volumetric plastic strain (g,p) at t = 1.75 h for model VE).
Results are displayed at two moments for all models. The injection interval is
located at d = 0 and is positive upwards. Note the intersection with well ST2
around d = —12 m (Fig. 2c¢).

model can accurately reproduce the field test results until 0.7 h. We
attribute subsequent discrepancies to fracture dilatancy caused by slip,
which leads to an additional, and irreversible, permeability enhance-
ment. The elastic nature of this model cannot reflect this irreversible
hydromechanical response. Consequently, the generated strain is
smaller than the actual one, and the embedded model EE yields less
permeability enhancement than the actual one. As a result, the calcu-
lated overpressure is higher than the measured one at late times, when
slip has become significant. This limitation is overcome by the VE
model.

Fig. 3b displays the temporal evolution of permeability prescribed
(model EP) or calculated (models EE and VE). As observed in Fig. 3a, all
models render more or less a good fit with the generated overpressure
until around 0.7 h, when the jacking pressure is achieved and the
initially tight fracture gets opened, which leads to (1) the first sudden
pressure drop (Fig. 3a), and (2) the corresponding sudden permeability
increase (Fig. 3b). The sudden increases in storage capacity and
permeability hindered the control of pressure, which tended to drop.
Therefore, the injection protocol was changed to constant flow rate in-
jection at 1.3 h. A first shut-in at t = 1.5 h led to a sudden drop of fracture
permeability. Notably, the permeability drop required by the EP model
to still reproduce the measured injection pressure is way larger than
those calculated by the EE and VE models, what confirms the need to
accommodate spatial variability in permeability enhancement. During
the two additional shut-in episodes until t = 3.4 h, the EE model shows a
severe permeability reduction compared to the VE model, which reveals
the need to accommodate permanent enhancement of fracture
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permeability.

The VE model reproduces the temporal evolution of injection over-
pressure better than previous models, especially during the last injection
phase (t > 2.5 h). The VE model allows to simulate fracture reactivation
and yields an additional and permanent permeability enhancement
when compared with the elastic models EP and EE. In this case,
permeability enhancement is given by both elastic and plastic strains as
slip accumulates. Plastic strain further enhances fracture permeability,
leading to smaller pressure build-ups and thus, to a better approximation
of field data. Permeability enhancement is one order of magnitude larger
for the viscoplastic model than for the elastic model. Obviously,
permeability decreases during shut-in periods (associated to closure of
the elastic portion of strain), but a significant fraction of the perme-
ability enhancement is permanent, thus contributing to improved
borehole injectivity. This behavior has been observed, e.g., in Basel, by
comparing data acquired during the stimulation carried out in 2006
with that of hydrotests carried out years later, in 2009°”°° (Alcolea and
Meier, personal communication). Note that the timestamps of located
microseismic events (Fig. 3b) correspond approximately to the times of
maximum permeability enhancement. This observation will be further
discussed later.

The main limitation of the EP model, beyond the arbitrariness in
manually modifying permeability, is that fracture permeability is ho-
mogeneous at any given time (Fig. 4b). Using an embedded model (in
which permeability is a function of volumetric strain) shows that
permeability increases locally near the injection borehole and that the
enhancement is lower away from the well. The longitudinal profile of
fracture permeability displays an increase (around 3 orders of

v,

cum
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magnitude at maximum, Fig. 4b) in fracture permeability due to the
increase in fracture aperture (Fig. 4c). Note that permeability
enhancement occurs within the pressurized region of the fracture
(Fig. 4a). However, the permeability enhancement is moderate, with
permeability remaining below 10~** m? in EP and EE models, and thus,
the predicted pressure build-up becomes excessively high compared to
field measurements at late times (Fig. 3). Considering shear failure and
dilatancy yields an additional increase in fracture permeability of one
order of magnitude that permits reproducing the measured pore pres-
sure evolution at the injection borehole.

The pore pressure build-up along the stimulated fracture (Fig. 4a)
mainly occurs within the reactivated region with irreversible strain
(highlighted in green; Fig. 4d). Fig. 4a displays the fact that even though
the EP model can reproduce measured pressures as good as the VE model
at the injection borehole, pressure profiles along the fracture are
significantly different. The EP model underestimates the pressure
buildup within the reactivated region and overestimates it away from
the reactivated region. Until 1.75 h of injection, fracture aperture has
already dilated and opened around 10 pm in the reactivated fracture
patch (VE model, solid red line in Fig. 4c). Model VE gives insights of the
actual pore pressure distribution within the fracture.

3.2. Fracture reactivation

The contour plots of pore pressure at several stages of the stimulation
(Fig. 5) reveal that adjacent fractures and wellbores start to be pres-
surized after 2.6 h of stimulation. The pressurization becomes significant
outside the stimulated fracture during the last phase of stimulation (t =

Pressure

v,

cum

=10401
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Fig. 5. a) Contour plots of pore pressure at four stages of the stimulation (indicated with green stars in b) with the corresponding cumulative injected fluid volume
Veum using the VE model. b) Observed and simulated pressure evolution and injection flow rate at the injection borehole.
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Fig. 6. a) Temporal evolution of the deviatoric plastic strain at five points in the fracture (indicated in panel c); b) Profiles of deviatoric and volumetric plastic strains
(eqp and &,;, respectively) along the fracture at four times of the simulation (color coded with respect to time), the location of the monitoring points are indicated on
the x axis; ¢) Contour plot of deviatoric plastic strain in the stimulated fracture at t = 3.4 h. The five observation points are indicated on the x axis in panel b.

3 h in Fig. 5), when shearing has become relevant. This overpressure
includes the low-permeability rock matrix and becomes marked after
shearing, which indicates that it is largely driven by poroelastic effects
(analytical solutions are available to gain insight into these effects®®).
These effects overlap with hydraulic connectivity (pressure diffusion)
along fractures, apparent from the reduced pressure gradient along
fractures in Fig. 5. Hydraulic connection causes a non-negligible leak--
off, which may be responsible for water back-flow into the injection
wellbore outside the isolated interval. Bypass (back-flow to the section
above the upper packer) was measured in the field during most stimu-
lation experiments in BULGG. Leak-off can also be detected in the
diagnostic plots of such stimulations (Alcolea and Meier, personal
communication) by observing the derivative of injection pressure with
respect to log-time as a function of time, which correlates well with the
flow dimension n.°>°! The flow dimensions are, in most cases, initially
linear to bilinear (n = 1 to 1.5), followed by an infinite acting radial flow
period (n~2) during which flow occurs mainly along the fracture, and
finally by a spherical flow period (n=2 to 3), which reveals the pres-
surization of the surrounding area and flow the overall medium via
nearby fractures and boreholes.

Realism of the VE model is further supported by the antisymmetric
changes in pressure at the edges of the shearing region. Extension occurs
away from the shearing tip at the side displacing towards the injection
point (left side of the fracture at the top and right at the bottom in
Fig. 5a). Vilarrasa et al. (2021, 2022)'7°°? argue that this effect is one of
the causes of delayed seismicity (aftershocks occurring some time after
the main event). These extension zones would tend to fail, but become
temporarily stabilized by the pressure drop. This mechanism may
contribute to enhanced stimulation beyond the initial fracture and to
broad block connectivity. Pressure increases on the other side of the
fracture near the tip, thus yielding an antisymmetric poroelastic effect
(See Figs. 12 and 13 in the supplementary materials for the contour plots
of the effective mean stress and deviatoric stress in the same panel view
as the pressure field in Fig. 5a).

Further insight into the microseismicity mechanisms can be gained
from the evolution of the deviatoric plastic strain during injection
(shown for five fracture points in Fig. 6¢). The strain sharply rises after

failure, coinciding with jacking of the fracture at that location, in all
points (Fig. 6a). Once jacking occurs, irreversible strain accumulates at a
very low rate. The reactivation front, which coincides with the sharp
increase in plastic strain, progressively advances away from the injec-
tion borehole. Plastic strain propagates by the end of the simulation (t =
3.4 h) along 45 m of the fracture, i.e., some 20 m away to each side of the
injection borehole. Fracture reactivation propagates further upwards
than downwards (Fig. 6b). Even though it is common that seismic clouds
develop predominantly upwards,®® in this case, downwards propagation
is limited by the presence of borehole ST2, which causes a local reduc-
tion in pore pressure because of its high permeability and inhibits
further reactivation.

The stress paths of points 1-3 (location shown in Fig. 6¢) in the g-p’
plane, i.e., deviatoric versus mean effective stress, display trajectories
that move towards the failure surface until failure conditions are
reached and then, the stress paths move along the failure surface
(Fig. 7). Note that the initial stress state is stable in all cases because the
drainage of the tunnel increases the effective mean stress. Close to the
injection borehole (point 1), the effective mean stress is reduced as
liquid pressure increases with a progressive deviatoric stress increase.
Further away (points 2 and 3), the deviatoric stress increases more
pronouncedly at the beginning of injection because of stress transfer
caused by slip of the portion of the fracture located closer to the injection
borehole and because the further away a point is located from the in-
jection borehole, the longer it takes to the pressure front to reach that
point. Failure occurs under compression in all cases (p'>0). A detailed
look on the stress path at point 1 reveals a relation between timestamps
of the stress path direction and those of measured induced microseismic
events (Fig. 3b). After the activation, the first time when the stress path
goes downward left, t;.;=1.64 h, corresponds approximately to the
timestamp of the first recorded microseismic event (t=1.704 h). Note
that not all recorded microseismic events are plotted in Fig. 3, but only
the ones that could be located, i.e., some smaller magnitude events,
below the magnitude of completeness of the seismic monitoring work,
may have occurred before. Going downward-left lasts until t; ;=1.89 h,
which approximately corresponds to the arrest of microseismicity
(t=1.875 h). The second one starts at t,.1=2.63 h and lasts until t5.
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(see Fig. 3b).

2=3.04 h. The second onset of microseismicity (t=2.625 h) happens
when the stress path is near the Mohr-Coulomb failure line. The last
located event (t=3.093 h) occurs slightly after t5.5, during the shut-in
phase. Similar qualitative conclusions are attained by observing the
stress path of point 2, located 4.2 m away from the injection interval. In
a nutshell, microseismicity develops since the stress path approaches the
failure surface until it starts to go away from it. In the field, located
seismic events aligned well with the simulated fracture fingerprint and
developed (subject to the accuracy of the monitoring network) some 10
m downwards and 40 m upwards. The detailed spatio-temporal corre-
lation between stress paths and timestamps of the located microseismic
events is out of the scope of this work.

3.3. Response at nearby fractures

Pressurization of the stimulated fracture causes a poromechanical
response of the rock matrix (Fig. 8a) inducing changes in shear stresses
that affect nearby fractures (Fig. 8c). Initially, under low injection
pressures, the induced shear stresses are reversible and would even
vanish shortly after an eventual shut-in. However, once the stimulated
fracture is reactivated, an irreversible shear stress drop®* ®° occurs
within the slipped fracture patch and the bulbs of positive shear stress
are displaced towards its tips. As slip accumulates, the region with shear
stress changes extends (see points I and J, at 20 m and 1 m from the
stimulated fracture), affecting nearby fractures. Thus, the stimulation of
a single fracture may modify also the stability of nearby fractures.®”

Fig. 8c displays the stress path at eight points located in four nearby
fractures. For comparison purposes, all the axes have the same range of
values. The failure surface is not plotted because it is placed far away to
the left of the displayed paths, i.e., all points are stable during the whole
stimulation. Some areas are barely affected by stimulation (points A and
B, located far away from the stimulated fracture). In contrast, others
experience significant stress changes (up to 3 MPa both in deviatoric and
effective mean stress), e.g., points D to F, in the fractures right above and
below the stimulated one. Some points approach shear failure condi-
tions, either because of an increase in the deviatoric stress (point A), a
decrease in the effective mean stress (point G), or a combination of both
(point D). The trajectories are diverse, which highlights the complexity
of pore pressure variations and stress changes that occur not only within

the stimulated fracture, but also in its surroundings.

Shear failure conditions are also approached by a decrease in the
effective mean stress and a slight decrease in the deviatoric stress (point
E after 1.5 h of stimulation), which is usually the case when elastic
poromechanical stress changes occur as a result of pore pressure in-
crease.’* Yet, the trajectory at point E is more complex, showing an
initial increase in deviatoric stress at constant effective mean stress,
followed by a decrease in the deviatoric stress and effective mean stress,
which could have been caused by shear-slip stress transfer and subse-
quent slip-driven pore pressure changes.!” Other sharp changes in the
deviatoric stress are also induced by reactivation of the stimulated
fracture (see points D and F). Other areas, affected by the stress shadow,
move away from the failure surface by either increasing mean effective
stress under constant deviatoric stress (point H) or by decreasing
deviatoric stress under constant mean effective stress (point C).

3.4. Including more injection cycles in the viscoplastic model

The parameters of the model VE (Table 1) have been manually
adjusted to render a good reproduction of the early stages of the stim-
ulation (up to t=3.4 h, Fig. 3a). We validate the model by adding more
injection cycles. The numerical model reproduces pore pressure evolu-
tion at the injection borehole fairly well during the validation period
(from t=3.4 h to t=8 h; Fig. 9). Thus, we conclude that the VE model
reproduces the progressive hydraulic stimulation of the fracture, which
enhances permeability away from the injection well as the number of
injection cycles accumulates (Fig. 10).

Field measurements display a sharper pressure response at the
borehole, both at the onset of injection and after shut-in, which may
indicate that jacking of the fracture only occurs after exceeding a certain
pressure threshold, which is not fully captured by the numerical model
(Fig. 9). It must be acknowledged, however, that compliance effects
(response of packers and monitoring devices to the high and fast changes
in pressure) also affect data, so we are not overly concerned by sharp
responses. The relevant issue is that a number of microseismic events
could be located during the field experiment. They coincide with the
injection periods as the fracture undergoes slip. However, some occur
after shut-in (Fig. 9), as is often the case in practice.68’69 Microseismic
events occur in every injection cycle, when permeability surpasses the
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the background.

previously achieved maximum value (see the permeability evolutions
for 8 points located within the stimulated fracture in Fig. 10a), a few
examples are indicated with dotted arrows in Fig. 10a and a zoom is
provided in Fig. 10b, meaning that the previously reactivated fault patch
is reached and the new reactivation is accompanied by microseismic
events. This observation is related to the Kaiser effect; materials retain a
“memory” of previously applied stresses.”® In the course of successive
hydraulic stimulations, induced seismicity is found to be triggered solely
upon surpassing the previous maximum of Coulomb stress changes’*
corroborating our findings. The nucleation process is delayed if the
stress decreases and it resumes only upon the return of stress to its
previous peak level. In our simulation, permeability enhancement is
observed 50 m away from the injection well after t~8 h of injection,
coinciding with a final swarm of microseismic events (Fig. 10a). The
timestamps of microseismic events correspond well with the times of

maximum mobilized friction angle (Fig. 10c). The continuation of the
stress path at point 1 (Fig. 7) including more injection cycles in Fig. 11
displays a repetitive recurrence where the periodicity of the fracture
reactivation shows the microseismic threshold is concomitant to
plasticity.

4. Discussion

The comparison between pore pressure evolution calculated by three
models highlights that a viscoplastic model with strength weakening
and dilatancy and computing fracture permeability changes as a func-
tion of volumetric strain assuming the cubic law (model VE) is needed,
to reproduce field observations of hydraulic stimulation of crystalline
rock. The elastic (EP and EE) models forecast significantly larger over-
pressures compared to the measured ones at the timestamps of
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injection-induced fracture aperture changes (Embedded models; EE and
VE), pore pressure diffusion occurs slowly away from the stimulated
fracture patch because of the low initial fracture permeability. Fracture
opens up where pore pressure increases, and an additional dilation oc-
curs in model VE when shear failure conditions are reached, yielding a
progressively fracture stimulation in which permeability is
enhanced.'*”%”* The effect of the additional permeability enhancement
caused by slip is evident when comparing the pore pressure profiles of
models EE and VE, i.e., pressure build-up is lower in the viscoplastic
model than in the elastic one.

Reducing the effective normal stress causes shear displacement,
dilation and permeability enhancement of the natural fracture. Almost
90% of the slip displacement and dilation is estimated to occur after
fracture shear failure.”* After fracture activation, stress trajectories in
the stimulated fracture follow a similar pattern in each injection cycle, i.
e. decreasing both effective normal and deviatoric stress during injection
and increasing again to a similar state developing fracture reactivation
(Fig. 7). This pattern would be observed in points far away from the
injection borehole after enough time for the reactivation front to reach
distant points. These reactivation cycles are matched with the time-
stamps of seismic events.

When stimulating a fracture, the perturbation is not restricted to the
fracture itself because (1) pore pressure diffuses, mainly through frac-
tures, (2) induced poromechanical strain-stress changes extend further
away than the stimulated fracture, and (3) shear stress transfer modifies
the state of stress around the slipped patch of the fracture (Fig. 8c),
which may either promote shear failure of nearby fractures or inhibit it
(stress shadow).”® When shear slip occurs along a fracture, the stress
drop is right-lateral (blue colors in Fig. 8c). The induced right-lateral
shear stress is not restricted to the slipped patch and forms two lobes
at the tips of the slipped area that affect portions of nearby fractures,
creating the so-called stress shadow,’”® which inhibits shear slip of these
regions. The phenomenon of stress shadow refers to the development of
a localized area exhibiting high compressive stresses that are oriented
perpendicular to the fracture face in the vicinity of the fracture center.
This results in the reorientation of the direction of maximum stress
within the region of the stress shadow.”® Thus, if subsequent hydraulic
stimulations are performed in nearby fractures, the portions affected by
the stress shadow may not be reactivated and permeability enhancement
would be limited. On the contrary, the areas affected by the
yellow-reddish colors in Fig. 8c experience left-lateral shear stress that
favors subsequent fracture reactivation if these fractures are stimulated.
Note that the fractures placed close to the stimulated fracture contain
both areas where shear slip is either promoted or inhibited.

The primary mechanism behind the manifestation of microseismic
events is explicable by means of hydroshearing of pre-existing natural
fractures that reach failure conditions.”” Induced microseismicity is a
phenomenon naturally accompanying plastic, i. e, irreversible, de-
formations. The involved hydromechanical processes including pressure
increase, fracture dilation, permeability enhancement, and consequent
microseismicity are well captured by our fully coupled viscoplastic
model. The similar timestamps of plastic dilation (and pertinent
permeability enhancement) and microseismic events (Fig. 10) further
support the model. Minakov and Yarushina’® have developed a
poro-elastoplastic model to clarify the connection between the compo-
nents of the seismic moment tensor and the failure process through the
analysis of the acoustic emission during rock deformation. The model
connects the localized failure pattern, plastic dilation (sin y), and cor-
responding seismic response. Plasticity can explain induced micro-
seismic source mechanisms. Further studies should focus on finding
correlations between the spatiotemporal development of microseis-
micity (subject to the accuracy of the monitoring network) and the
extent of the zone suffering from viscoplastic instability.

In induced seismicity, a hysteresis phenomenon known as the Kaiser
effect,’” is frequently observed.”®%" This effect is characterized by the
gradual failure of a material subjected to a series of increasing amplitude
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loading cycles, wherein subsequent failures typically occur at stress
levels exceeding those reached in prior cycles. This effect elucidates the
observation that acoustic emissions during rock failure cease when
stress levels decrease and only resume once the medium is reloaded to its
previous maximum.’® It is anticipated that the Kaiser effect exhibits
significant impact within a singular injection stage but displays lesser
relevance between successive stages (multi-stage injection).

Modeling hydraulic stimulation presents challenges due to the
involvement of complex physical processes, such as rock deformation,
fluid flow, and fracture initiation and propagation.®:*> The complexity
of hydraulic stimulation arises from several factors, such as the coupling
of fluid flow inside fractures with rock and fracture deformation; the
involvement of multiscale and multi-physics processes like the interac-
tion between natural and hydraulic fractures, leak-off, and rock het-
erogeneity; and the difficulty in accurately modeling geological and
operational conditions due to limited data availability and high costs.
The challenge remains in scaling up numerical simulation capabilities
from single fracture stimulation in a laboratory setting to multiple
fractures at the field scale in industrial projects. This upscaling neces-
sitates the development of more efficient numerical methods that can
effectively manage the increased demand for computational resources.
In order to make the study of hydraulic stimulation more tractable, some
aspects of the problem need to be simplified or ignored in numerical
simulations, leading to the development of multiple modeling ap-
proaches with varying applicability and limitations. Though a 3D model
is more attributable to a specific geological condition (such a case in this
study), it involves huge computational cost. A 2D model gives useful
insights and information elaborating our understanding of the involved
processes and helping us to improve hydraulic stimulation designs. We
show that a viscoplastic model that accounts for strength weakening,
dilatancy, and fracture permeability evolution as a function of volu-
metric strain enables numerical models to accurately reproduce hy-
draulic stimulation in crystalline rocks, thereby enhancing the
understanding of the underlying processes and improving the capability
to forecast hydraulic stimulation outcomes.

5. Conclusions

We have modeled one of the hydraulic stimulations performed at the
BULGG using three different approaches. Despite reproducing a well-
fitted pressure evolution curve, the model with manually calibrated
permeability lacks the ability to capture the pore pressure distribution
along the fracture, and consequently the poromechanical response at the
rock matrix and nearby fractures, because permeability is assumed ho-
mogeneous along the fracture. Considering the embedded model to
simulate permeability enhancement following the cubic law as a func-
tion of the volumetric strain improves the estimation of the spatio-
temporal distribution of pressure. Yet, pressure is overestimated after
the onset of fracture slips when assuming elastic behavior. To satisfac-
torily reproduce field measurements, an additional permeability
enhancement is required in the post-failure stage, which is achieved
with a viscoplastic model with strain weakening and dilatancy. This
viscoplastic model, whose parameters have been manually adjusted to
render a good fit of the early stages of stimulation, has been validated by
extending the simulation to further injection cycles. Microseismic events
in each cycle occur once plastic strain and, thus, permeability surpass
the maximum value achieved in previous injection cycles. Furthermore,
post-injection microseismicity becomes more perceptible as injection
cycles accumulate. The timestamps of monitored microseismic events
are well predicted by the viscoplastic model, which predicts unstable
conditions at the time of the seismic clouds showing that the induced
microseismic threshold is concomitant to plasticity. The correlation
between plasticity and induced microseismic events is illustrated by
stress trajectories, which show that the timestamps of monitored
microseismicity at the field laboratory coincide with the periods at
which the fracture undergoes shear failure conditions. Furthermore, the
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viscoplastic model reproduces the coupled processes in a natural way,
thus avoiding the tedious, subjective and prone-to-error manual cali-
bration of the spatio-temporal evolution of permeability.

In summary, the proposed VE model accounts for fracture reac-
tivation and dilatancy and allows good reproduction of observed pres-
sure evolution, three orders of magnitude irreversible increases in
permeability and the timing of microseismic events. We conclude that
the insights yielded by this model are supported by observations. We
conjecture that they can be extended beyond the processes and extent of
the hydraulic stimulation, into a comprehensive understanding of the
hydromechanical response of the subsurface to fluid injection and
associated (micro) seismicity.
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