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Figure 5. Results of the weak damage–permeability coupling scenario after 200 hr of injection. (a) Damage parameter (αD), showing the formation of two
damage zones. (b) Pore pressure within the damage zones increases due to fluid transport from the injection well and decreases closer to the tip of the damage
zone because of dilatancy. Outside the damage zones, the pore pressure changes poro-elastically similar to the pattern of the mean stress. (c) Shear stress
expressed as the second invariant of the stress tensor (J2) and seismic events locations. (d) Mean stress. (e) r-t diagram of seismicity where the slope represent
the velocity of damage propagation. Four stages are observed: (1) no seismicity, (2) damage acceleration, (3) constant velocity and (4) damage deceleration.
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Processes controlling damage zone propagation 215

Figure 6. Results of the weak damage–permeability coupling scenario after 200 hr of injection close to the injection well. (a) Damage parameter (αD), showing
the formation of additional damage zones. (b) Pore pressure increases mainly within the damage zones by fluid transport from the injection well. (c) Shear
stress within the damage zones is small because of softening of the damaged rocks. Seismic events occur only within the damage zones. (d) Mean stress within
the damage zones is small because of softening of the damaged rocks.

are 10−19m2 and 10−14m2, respectively (five orders of magnitude),
but only at high damage the permeability is high (Table 1). In this
case, the two damage zones are the conjugate set with different
orientations (Fig. 5). The choice of which conjugate system will
progress and which will decay depends on random numerical noise.
Seismicity starts about 7 hr after injection and damage acceleration
stops after 30 hr. The different orientation of the two damage zones
creates an angle at the injection well that concentrates stress. As a
result, secondary damage zones develop at later stages around the
well (Fig. 6). The mean and shear stresses within the damage zone
is small because the damaged rock lost most of its stiffness and is
too weak to hold large stress (Fig. 6). Outside the damage zone,
the rock is undamaged and the stress reflects the elastic response
to the deformation of the damage zone (Figs 6c and d). The pore
pressure within the damage zone is high because their high per-
meability allows high pressure diffusion with the well. Outside the
damage zone, the pore pressure changes only due to poro-elastic
effects and has the same pattern as the mean stress. If, for the
same conditions, the injection is shut down, the system re-stabilizes
rapidly (Fig. 7). The seismicity rate decreases significantly, and
damage progression decreases and finally stops after 170 hr
(Fig. 7).

In the uncoupled scenario, permeability does not depend on dam-
age and remains 10−14 m2 (Fig. 8). Poro-elastic coupling (eqs 2

Figure 7. r-t diagram of seismicity of the weak damage–permeability cou-
pling scenario when injection is stopped after 42 hr.
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Figure 8. Results of the uncoupled damage/permeability scenario after 200 hr of injection. (a) Damage parameter (αD), showing the formation of two damage
zones. (b) Pore pressure increases radially. (c) Shear stress and seismic events locations. (d) Mean stress. (e) r-t diagram of seismicity. Four stages are observed:
(1) no seismicity, (2) damage acceleration, (3) constant velocity and (4) damage deceleration.

and 5) during the injection creates damage that is coupled into the
poro-elastic solution but without altering the permeability. Even
this simplified scenario results in complicated damage propagation
with acceleration until 100 hr of injection (Fig. 8e).

The evolution of the pore pressure within the damage zone de-
pends on the permeability–damage relation (Fig. 9). In all cases
dilatancy suction takes place as damage is advancing, but in most
cases the enhanced permeability associated with the dilatancy
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Figure 9. Normalized pore pressure along the damage zones, where P is the pore pressure, Pi is the initial pore pressure, Ps is the pore pressure at the injection
well, L is the distance from the well within the damage zone, and Lf is the length of the damage zone (changes with time). In the strong damage–permeability
coupling scenario pore pressure at the tip of the damage zone is 90 per cent of the source pressure after 100 hr. In the weak damage–permeability coupling
scenario, pore pressure drops below the initial pore pressure after 250 hr because of dilatancy. In the uncoupled scenario, pore pressure within the damage zone
drops rapidly to 80 per cent after 10 hr.

allows fast pressure diffusion from the injection well that increases
the pore pressure. The weak damage–permeability coupling sce-
nario is the only case where pore pressure diffusion could not com-
pensate for the suction pressure reduction and after 250 hr the pore
pressure at the tip of the damage zone is below the initial pore pres-
sure (Fig. 9b). In the strong damage–permeability coupling scenario
the pore pressure along the damage zone is never smaller than half
of the injection pressure due to the high permeability maintained
during injection (Fig. 9a).

High pore pressure preserved at the tip of the damage zone leads
to an increase in the velocity of damage propagation proportional
to the damage zone length (Fig. 10). Decrease of the pore pressure
at the tip of the damage zone at the later stages leads to damage
deceleration. Rapid drop of the pore pressure at the tip of the damage
zone in the uncoupled scenario (Fig. 9c) leads to significantly slower
acceleration of the propagating damage (Fig. 10). In the next section
these results will be compared with predictions of the classical
fracture mechanics models.

4 D I S C U S S I O N

Under constant remote loading, the stress intensity factor KI in-
creases proportionally to the square root of the fracture length,

√
L,

leading to a power-law scaling relation between fracture velocity
and its length, that is Charles (1958) or Paris & Erdogan (1963)
law:

d L

dt
= ALm/2, (7)

where A is a material parameter multiplied by the remote stress
and the power-law index m is a material parameter. For m = 2,
the growth law d ln(L) = Adt is completely scale-independent or
‘complete similarity’, is reached in the words of Barenblatt (1996).
Experimental observations (e.g. Meredith & Atkinson 1985; Collins
1993) and microseismic data (Main et al. 1992, 1993) indicate

Figure 10. Log (velocity) versus the log (fracture’s length) of the quasi-
statically propagating damage.

that fracture propagation rate can be divided into three regimes.
Propagation starts with m = 2–5 in the slow fracture corrosion
regime I. In rocks, the exponent m decreases in regime II (m < 2),
where fracture behavior is controlled by the rate of fluid transport
to the fracture tip. The rupture in regime III is largely independent
of environment and m increases steeply. Our numerical results fall
into regimes I and II.

The duration of each regime depends on the ability of the dam-
age zone to efficiently transport fluids to its tip. In the strong
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damage–permeability coupling scenario, damage accelerates for the
first 110 hr and gets to a distance of 10 m from the well (Fig. 2e).
This acceleration has a slope of 1 (m = 2) in log (velocity) over the
log (length) plot of eq. 7 (Fig. 10). During this time the pressure
at the tip of the damage zone is at least 90 per cent of the pressure
at the injection well (Fig. 9a) and the propagation rate is damage-
controlled (limited) according to predictions of fracture mechanics
(eq. 7). After 110 hr, fluid transport is not efficient enough to pre-
serve high pore pressure along the entire damage zone up to its tip
in the long (>10 m) and narrow damage zone. Because the pore
pressure at the tip of the damage zone is not high anymore, the
propagation of damage decelerates. Power-law index m decreases
and even becomes negative. During this stage the propagation rate
is fluid transport controlled (limited).

In the weak damage–permeability coupling scenario the dura-
tion of regime I is shorter than in the strong damage–permeability
coupling because the damage zone does not have the ability to effi-
ciently transfer fluids from the injection well to the tip of the damage
zone at relatively early stages. Damage accelerates for only the first
25 hr to a distance of 2.5 m from the well (Fig. 4e). Here also, the
slope of the log (velocity) over the log (length) of the damage zone
is one (Fig. 10). The pore pressure at the tip of the damage zone
after 30 hr is less than 70 per cent of the pressure at the injection
well (Fig. 9b). The damage zone propagation becomes fluid-limited
at earlier stages compared to the strong damage–permeability cou-
pling (Fig. 10). At later stages, that is after 250 hr, when the damage
zones are longer than 30 m, the fluid transfer from the well to the
tips of the damage zones could not keep up with dilation, and the
pore pressure drops below the initial value (Fig. 9b). The slope of
the log (velocity) over the log (length) becomes negative at this
stage (Fig. 10).

With the lack of the damage–permeability coupling, the damage
zone is propagating faster than the pore pressure. The pore pressure
at the tip of the damage zone gradually decreases from the very
initial stage (Fig. 9c). Therefore, the damage-controlled regime is
so short that it cannot be recognized and the fluid transport is the
major limiting factor controlling the growth rate; the power-law
index is low; m < 2 (Fig. 10).

The value of the power-law index for the fluid-limited growth
regime could be estimated using one-dimensional approximation
for the fluid flow within the damage zone. Mass transport eq.
(5) may be viewed as pressure-diffusion with diffusion coeffi-
cient D = k/ se. The diffusion transport predicts that the distance
that the pore pressure reaches during the time t is proportional to
L ∼ √

Dt . Differentiation with respect to time gives the propa-

gation velocity d L
/

dt ∼ 2
√

D
/

t ∼ L−1. This estimation predicts

that the power-law index in the complete fluid-limited regime should
be m = −1 (Fig. 10). Such deceleration was observed during injec-
tion experiment in Soultz-sous-Forêts (Shapiro et al. 1999; their
fig. 1) and in Fenton-hill (Langenbruch & Shapiro 2010; their
fig. 9a).

5 C O N C LU S I O N S

All simulations show that the creation and propagation of damage
zones could be divided into four stages. The duration of each stage
depends on the hydrological and mechanical parameters.

(1) Fluid flow into the rock with no seismic events (5 to 20 hr).
At this stage damage is initiated and two sets of conjugate damage
zones are nucleated (four damage zones).

(2) Seismic events begin and accelerate for the next 20 to
70 hr. At the initial part of this stage, two of the damage zones
create stress shadows on the other two damage zones that stop pro-
gressing. Pore pressure at the tip of the damage zone is >90 per cent
of the pressure in the injection well. The velocity of the advancing
damage is limited only by the rate of damage accumulation.

(3) Damage acceleration decreases. This stage lasts for the next
20 to 30 hr. Fluid transport becomes a limiting factor as the damage
zones are too long to efficiently transfer the pressure from the well
to their tip.

(4) Damage deceleration. In some cases the propagation stops.
The propagation is controlled and limited by fluid transport from
the injection well to the tip of the damage zone. Fluid transport does
not keep up with the dilatancy of the damage zone.

The time and distance of propagation depend on the damage–
permeability coupling (eq. 6) and the remote shear stress. Higher
remote shear stresses cause shorter initial periods of no seismicity.
Strong damage–permeability coupling causes longer acceleration
stages. Some of this behavior was observed in Soultz-sous-Forêts
and in Fenton Hill.
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