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Figure 10. Damage, Vp, and pore pressure after 7.1 hr of injection.

Figure 11. Damage, Vp, and pore pressure after 17 hr of injection.

imagine a direct association between the wellbore pressure change
and generation of damage. However, when damage is also prop-
agating parallel to the injection well (vertically), damage waves
generated at the well may be delayed and diffused.

The fluid flux at the large injection that has been conducted at
Soultz-sous-Forêts in 2000 was increased twice during stimulation
(Fig. 12). The size of the stimulated open hole was about 600 m
from 4400 to 5000 m depth. The two flux increases were performed
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Figure 12. Wellbore pressure, flux and frequency at an injection stimulation at Soultz-sous-Forêts.

when the length of the seismic cloud (l) was ∼500 m and ∼1000 m,
resulting with h/l < 1 only for the first flux increase. The event
rate (occurrence every 1/2 hr) for both the whole located seismicity
and for the events with magnitude greater than 0.7 is correlated
to wellbore flux and pressure only until the second flux increase
(Fig. 12). After this point in time, h/l is ∼1, and damage waves
are not directly controlled only by wellbore pressure and event rate
changes when the injected flow rate is maintained constant.

The temporal evolution of the Vp observed at Soultz is in board
agreement with the model simulated here. Low Vp characterized
the region around the well during most of the stimulation period
and increased to the initial values after the injection flow rate was
increased. After some time, Vp decreased again in a much larger
region. Unfortunately, the localized high Vp anomalies near to the
injection well were not observed. This is probably due to the lack of
temporal and spatial resolution allowed by experimental data. The
spatial resolution of the models calculated by Calò et al. (2011)
is estimated of 250–500 m and the temporal one ranges between 8
and 12 hr. Therefore, it is possible that some details of the velocity
models are smoothed in the space and in the time.

6 C O N C LU S I O N S

The interaction between injected flux and pressure, damage and
healing, seismic magnitude and frequency and changes in seismic
velocities during hydraulic stimulation are shown to produce three
main interactions:

(1) For a given injected flux, the pressure depends on the sur-
rounding permeability. Typically, after a flux increase, the wellbore
pressure also rises to satisfy the flux conditions. Thereafter, the
elevated pore pressure triggers damage accumulation and failure
that is accompanied by permeability increase. As a result, wellbore
pressure decreases retaining the target injected flux.

(2) Damage processes create an elongated damage zone in the
direction close to the main principal stress. The rocks within the
damage zone goes through partial healing and remain in a medium
damage state. Damage waves, that origin around the injection well,
propagate within the damage zone away from the well, raising the
damage, and are followed by compaction and fast partial healing

back to a medium damage state. These waves are associated with
injected flux changes only during early stages while fracture height
(h) is larger than its length (l). The ratio h/l controls the deformation
process that is responsible for several key features of the damage
zone.

(3) Vp is affected by the damage and stress states of the rock. Vp

gradually decreases as damage is accumulated and increases after
rock failure as the shear stress is released and post-failure healing
and compaction are dominant. Typically, Vp decreases within the
damage zone and increases in most regions outside the damage
zone. After a damage wave that is originated at the well, Vp increases
and exceeds its original value.

Similar processes were observed during a hydraulic stimulation
performed at Soultz-sous-Forêts in regions where no large drain-
ing faults are noticed. Although the numerical modelling does not
simulate the exact experimental conditions and size of the geother-
mal site, the strong similarity of the spatial and temporal evolution
and the seismological observables (seismicity occurrence, temporal
evolution of the seismic velocities and their absolute values) suggest
that the model presented here is valid and can explain the trends in
the field data.
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deep massive water injections, Geophys. J. Int., 177, 653–675.

Dorbath, L., Evans, K., Cuenot, N., Valley, B., Charléty, J. & Frogneux, M.,
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A P P E N D I X A : G OV E R N I N G E Q UAT I O N S
O F T H E P O RO - E L A S T I C DA M A G E
R H E O L O G Y M O D E L

The damage rheology model accounts for the following four general
aspects of brittle rock deformation:

(1) A mechanical aspect: the effective elastic moduli of the frac-
tured solid depend on a scalar variable, termed material damage
representing a local microfracture density;

(2) A kinetic aspect: the damage evolves as a function of the
ongoing deformation leading to degradation and recovery of the
effective elastic moduli and gradual accumulation of inelastic strain;

(3) A dynamic aspect: macroscopic instability occurs at a critical
level of damage;

(4) A hydrological aspect: pore pressure is diffused thereby
changing the effective stress.

Mechanical aspect: modelled the mechanical effects of an exist-
ing fracture population (damage) by generalizing the elastic strain
energy function of a solid to the form

F = 1

ρs

(
λ

2
I 2

1 + μI2 − γ I1

√
I2 + 1

2
M · [αB I1 − (ζ − φ)]2

)
,

(A1)

where ρs is density, I1 = εkk and I2 = εi jεi j are the first and second
invariants of the elastic strain tensor εkk , λ and μ are the Lamé
parameters of linear Hookean elasticity, γ is a third modulus for a
damaged solid, M and αB are the Biot’s modulus and coefficient for
porous media, ζ is the volume fluid content and φ is the porosity
(constant in the presented model). The potential (A1) leads to the

nonlinear stress–strain relations

σi j = ∂ F

∂εi j
=

(
λI1 − γ

√
I2

)
δi j +

(
2μ − γ

I1√
I2

)
εi j − αB pδi j ,

p = ∂ F

∂ζ
= M [−αB I1 + (ζ − φ)] , (A2)

where σi j is the stress tensor (positive for tension) and p is the pore
pressure. Kinetic aspect of the damage rheology model is accounted
for by making the moduli λ, μ and γ functions of an evolving
damage state variable 0 ≤ αD ≤1. Using the balance equations of
energy and entropy, the local entropy production and adopting the
Onsager principle, the equation of damage evolution has the form

dαD

dt
= −C

∂U

∂αD
, (A3)

where the positive kinetic function of state variables C leads to a
non-negative local entropy production related to damage evolution
during both material degradation and recovery. The transition from
damage accumulation to healing is controlled by the value of the
strain invariants ratio ξ = I1

/√
I2. The value ξ = ξ0 controls the

transition from healing to damage accumulation. The recovery of
elastic moduli at ξ < ξ0 is associated with healing of microfrac-
tures and is favoured by high confining pressure, low shear stress
and high temperature. Based on previous study, the kinetic function
is constant for damage increase at ξ > ξ0, but exponentially de-
pends on the level of damage for the kinetics of healing at ξ > ξ0.
Accounting for this form of the kinetic coefficients and assuming
λ = const. and linear relations between μ, γ and α, the equation for
damage evolution (A3) becomes

dαD

dt
=

⎧⎨
⎩

Cd I2 (ξ − ξ0) for ξ > ξ0,

C1exp
(

αD
C2

)
I2 (ξ − ξ0) for ξ < ξ0,

(A4)

where the coefficient Cd is the rate of positive damage evolution
(material degradation) and is constrained by laboratory experiments
(Lyakhovsky et al. 1997; Hamiel et al. 2004b, 2009). The rate of
damage recovery (material healing) is assumed to depend exponen-
tially on αD and produces logarithmic healing with time in agree-
ment with the behaviour observed in laboratory experiments with
rocks and other materials (e.g. Dieterich & Kilgore 1996; Scholz
2002; Johnson & Jia 2005). Lyakhovsky et al. (2005) showed that the
damage model with exponential healing (3) reproduces the main ob-
served features of rate- and state-dependent friction and constrained
the coefficients C1, C2 by comparing model calculations with lab-
oratory frictional data. The evolving damage state variable αD is
calculated by the integration of dαD/dt in time. We assume that the
elastic moduli depend linearly on damage (Agnon & Lyakhovsky
1995):

λ = const.,

μ = μ0 + γrξ0αD,

γ = γrαD. (A5)

Comparisons between theoretical predictions and observed defor-
mation and acoustic emission from laboratory experiments in gran-
ites and sandstones led Hamiel et al. (2004b) to incorporate a grad-
ual accumulation of a damage-related irreversible deformation, εi

i j ,
which starts to accumulate with the onset of material weakening.
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The rate of this inelastic strain accumulation is assumed to be pro-
portional to the rate of damage increase

dεi
i j

dt
=

{
Cv

dαD
dt τi j for dαD

dt > 0

0 for dαD
dt ≤ 0

, (A6)

where Cv is a material constant and τi j = σi j − σkkδi j/3 is the
deviatoric stress tensor. The compliance or inverse of viscosity
(Cv dαD/dt) relates the deviatoric stress to the rate of irreversible
strain accumulation. Dynamic aspect: as the damage variable α in-
creases, the modulus γ increases from 0 for a damage-free Hookean
solid (αD = 0) to a maximum value γ m, defined by normalization of
the damage variable. The damage increase also leads to decreasing
shear modulus, increasing Poisson ratio and amplification of the
non-linearity of the effective rock elasticity. The process of damage
increase becomes unstable with the loss of convexity of the poten-
tial (A1), leading to macroscopic brittle instability at a critical level
of damage, which is mathematically expressed by two conditions.
One condition is realized under moderate damage values and high
values of the strain invariants ratio corresponding to tensile stresses.
The second condition is realized at higher damage values, but under
more compressive loading. In the first case the mode-I macroscopic
failure leads to complete stress drop keeping fluid pressure inside
a failed element (hydrofracturing). This periodically occurs within
already developed fracture that has very low stiffness in the dam-
aged rock. As a result, the stress is also low within the fracture and
the pore pressure may exceed the least principal stress. The second
mode-II failure condition is modelled by assuming the existence of
slipping surfaces within the failed elements, equivalent to a planar
fault along which the failing material undergoes frictional sliding
(hydroshearing). The dynamic stress drop during the brittle insta-

bility produces a rapid conversion of elastic strain to permanent
plastic strain. Lyakhovsky & Ben-Zion (2008) developed a proce-
dure for the local stress drop that utilizes the Drucker–Prager model
(Drucker 1949; Drucker & Prager 1952; Prager 1959), which gen-
eralizes the classical Coulomb yield condition for a cohesionless
material (e.g. Collins & Houlsby 1997; Hill 1998). The parameters
of the yielding function are connected with the dynamic friction
of simpler models with planar faults (e.g. Ben-Zion & Rice 1993).
A parameter-space study of the damage rheology parameters for a
model with a single strike-slip fault (Lyakhovsky & Ben-Zion 2008)
demonstrates a good agreement between the scaling of rupture area
and seismic potency values in simulated events and the theoretical
relation of Kanamori & Anderson (1975). Most of the simulated
events fall within the area bounded by theoretical lines correspond-
ing to stress drops of 1 and 10 MPa (10 and 100 bar). The slope
of these lines is equal to 2/3 in log–log scale. Hydrological aspect:
the fluid mass conservation equation for saturated isothermal flow
is (e.g. Wang 2000)

∇ ·
(

k (αD)

μf
(∇ p + ρgz)

)
= Sε

∂p

∂t
+ αB

∂εkk

∂t
, (A7)

where k is the intrinsic permeability tensor of the medium, μf is the
fluid viscosity, ρ is the fluid density, g is the gravitational accelera-
tion, z is a unit vector, and Sε = M−1 is the constant strain storage or
reciprocal of Biot modulus (e.g. Wang 2000). We assume that the
permeability depends exponentially on damage (e.g. Picandet et al.
2001)

k (αD) = k
0
× exp (bαD) , (A8)

where k
0

is the initial permeability tensor and b is a constant.
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