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SUMMARY
We model microseismicity triggered by fluid injection on the basis of the theory of poroelasticity accounting for the external stress field. Consideration of the fully coupled poroelastic
field equations enables us to apply a Coulomb failure criterion using pore fluid pressure and
stress tensor as well as the coefficient of friction. The poroelastic fields are calculated with
the finite-element method simulating fluid injection with constant injection rate into a 2-D
domain. The influence of diffusivity, injection rate and stress field on the occurrence of microseismicity is analysed and compared to simulations based on pore fluid pressure diffusion
only. We show that an anisotropic initial stress field causes elongated microseismic clouds.
These clouds are indistinguishable from those generated in poroelastic solids under isotropic
stress but exhibiting anisotropic hydraulic diffusivity. This similarity shows that microseismicity distributions dependent on both, the hydraulic properties and the coupling of pore fluid
pressure to the stress field. In particular, neglecting the influence of the external stress field
may lead to overestimation of the anisotropy of diffusivity tensor components. Furthermore,
the results of our numerical simulations are strongly sensitive to changes of fluid injection
rate.

1 I N T RO D U C T I O N
The occurrence of microseismicity is a phenomenon often observed
during or after fluid injection in a well bore. Injection experiments
are performed by the oil industry to increase the hydraulic connectivity between the well bore and reservoir formation (Fokker 2006),
in geothermal reservoir exploration for fluid flow stimulation (Dyer
et al. 1994), and in scientific boreholes such as the KTB borehole to
investigate the state of stress (Zoback & Harjes 1997). Fig. 1 shows
a map view of the recorded and localized microseismic events of the
1993 injection experiment at the GPK2 bore hole in Soultz (Dyer
et al. 1994) and the event sequence in a distance-to-injection-point
versus time-of-occurrence plot (in the following called r–t plot).
Fig. 1(a) indicates that the microseismic events are distributed preferentially along an orientation which approximately coincides with
the orientation of maximum horizontal stress, that is about N170◦
(Cornet et al. 2007). This alignment produces an elliptical shape of
the microseismicity cloud interpreted as fracture opening along this
direction (Baria et al. 1995).
∗ Now at: Institute of Soil Mechanics and Rock Mechanics, Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany.
†Now at: Helmholtz Centre Potsdam, GFZ German Research Centre for
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The interpretation and modelling of induced microseismicity has
attracted considerable interest as it may reveal information about
subsurface fluid transport properties (e.g. Talwani et al. 2007). According to the current understanding microseismicity results from a
decrease in effective normal stresses on fractures optimally oriented
for reactivation as a consequence of elevated pore fluid pressure
(Fehler 1989).
Shapiro et al. (1999) assume that the elliptical shape of the microseismic cloud is a result of anisotropic diffusivity. They hypothesise
that a pore fluid pressure perturbation caused by a point injection
behaves like a low-frequency second-type compressional Biot wave
and can therefore be described by the equation of diffusion (Biot
1962). Further assuming that the Earth’s crust is in a subcritical
stress state such that even small changes of pore fluid pressure may
induce rock failure Shapiro et al. (1999) retrieve the relation in time
and space for the first events triggered by injection of fluid with
constant pressure at the source point:
√
(1)
r = 4π Dt,
where r is distance from injection source, D is the fluid pressure
diffusivity and t is time from beginning of injection. This approach,
the so-called seismicity based reservoir characterization (SBRC),
was applied to the hot dry rock (HDR) test sites of Fenton Hill
and Soultz-sous-Forêts (Shapiro et al. 2002) to obtain field-scale

813

GJI Seismology

Key words: Geomechanics; Permeability and porosity; Plasticity; diffusion; and creep;
Fracture and flow; Fractures and faults; Mechanics; theory; and modelling.

814

M. Schoenball et al.

Figure 1. (a) Microseismicity cloud observed during the 1993 injection test in GPK2 bore hole (Dyer 1994) with orientation of maximum horizontal stress,
S H,max . The colours denote the occurrence time after beginning of injection. (b) r–t plot with field-scale estimate of diffusivity after Shapiro et al. (1999).

estimates of the diffusivity and diffusivity tensors (see also the
parabola in Fig. 1b).
A modelling approach based on the SBRC assumptions was developed by Rothert (2004). First, the migration of a pore fluid pressure perturbation induced by the injection is modelled by solving
the partial differential equation of pressure diffusion. Second, a
so-called random criticality field of rock strength is created that
represents the critically stressed crust. Third, a microseismic event
is then triggered when the local fluid pressure exceeds the criticality
(rock strength) value, that is, the condition for failure is reached. Using this modelling approach Rothert (2004) was able to reproduce
the spatio-temporal evolution of observed microseismic events. In
Hummel & Müller (2009) this approach was extended to non-linear
pore fluid pressure diffusion.
Bruel (2007) investigates the SBRC approach by means of a
geomechanical model. Following the SBRC assumptions he implements an a priori anisotropic diffusivity using a large set of
preferentially aligned fractures. The randomness of the criticality
field of rock strength in the approach of Rothert (2004) is replaced
by a given configuration of fractures. In this fracture network fluid
flow is calculated according to an analytical solution for fluid flow
between parallel surfaces. The opening of fractures due to fluid
flow induces stress changes in the purely elastically assumed volume. As a result Bruel (2007) obtains microseismicity distributions
similar to those of Rothert (2004) and the observed ones (Baria
et al. 1995). A similar numerical procedure has been suggested by
Guglielmi et al. (2008) and was applied to a known distribution of
fracture planes.
In the aforementioned works the shapes of induced microseismicity ‘clouds’ are exclusively attributed to the tensorial character of
the diffusivity, that is, to an intrinsic property of the fluid-saturated
rock. According to this interpretation the probability for triggering
microseismic events at larger distances from the injection point increases for directions with higher pressure diffusivity as the induced
pressure perturbation migrates faster (Baria et al. 1995). This point
of view is conform with the interpretation that flow diffusivity is
largest in the fracture plane and therefore an aligned set of fractures
results in an effective anisotropic diffusivity (Barton 2007).
However, these approaches do not consider the feedback process
between fluid flow through the porous rock volume and its interaction with the stress tensor. This would require the solution of the
poroelastic field equations. One intrinsic characteristic of poroelasticity is the coupling between pore fluid pressure and the stress field.
The effect of the so-called pore fluid pressure–stress coupling has a
significant impact on rock failure (e.g. Hillis 2000). Through ‘pore
fluid pressure–stress coupling’ the principle stresses are changed

differently, thus leading to a change of the Mohr circles radius,
whereas according to Terzaghis principle of effective stresses the
pore fluid pressure affects the principle stresses equally. At a given
location this coupling effect might change the criticality of a stress
state crucially. Furthermore, the coupling becomes important when
describing the stress state and its spatio-temporal evolution in compacting reservoirs during depletion (Rudnicki 1986; Engelder &
Fischer 1994; Hillis 2000).
In this paper, we investigate systematically to what extent the
external (present-day tectonic) stress field controls a spatial microseismicity distribution. For this purpose we follow a new modelling
concept that uses the quasi-static poroelastic field equations. Rock
failure, and hence the creation of a microseismic event, is modelled
using the Coulomb failure criterion. By solving the poroelastic
field equations with a constant-injection-rate source term we compute stresses and pore fluid pressure and ‘create’ a microseismic
event provided that the Coulomb failure criterion in an fictitious
failure plane is satisfied. We do not aim at explaining any particular
observation but to investigate the principal influence of poroelastic
interaction on the spatio-temporal evolution of microseismicity. We
discuss the sensitivity of microseismic clouds to constant-injectionrate sources compared to constant-pressure sources. Our results
show that the elongated shape of microseismic clouds can also be
explained by anisotropic in situ stress distributions and that the
injection rate has a significant influence on the spatio-temporal evolution of microseismicity.

2 MODEL CONCEPT
Our aim is to investigate the link between pore fluid pressure–stress
coupling and microseismicity. Therefore, our model setup and
model parameters are chosen to represent a general setting rather
than rock properties from specific sites. The following sections describe the geometrical setup, the parameters chosen and the equations, which are solved in the numerical modelling.

2.1 Setup of numerical experiments
We perform our 2-D numerical experiment simulating fluid injection
from a source into a rock volume with homogeneous rock properties
(Table 1). The model of the poroelastic solid consists of a circular
region of 1000 m radius with the injection source in the centre
(Fig. 2).
A point injection is simulated by a source region of 5 mm diameter. According to the Kirsch equations (Jaeger et al. 2007) the
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Table 1. Material properties of the modelled rock.

Table 2. Summary of the parameters used in the numerical experiments.

Material properties

Exp.

Bulk modulus of solid grains, K g
Bulk modulus of fluid, K f
Poisson’s ratio, ν
Elastic tensile limit, ptel
Drained bulk modulus, K d
Porosity, φ
Fluid density, ρ 0

40 GPa
2 GPa
0.25
150 MPa
30 GPa
0.2
1000 kg m−3

1
2
3
4
5

Diffusivity
(m2 s−1 )
Dxx
Dxx
Dxx
Dxx
Dxx

= 0.01,
= 0.02,
= 0.01,
= 0.02,
= 0.01,

Dyy
Dyy
Dyy
Dyy
Dyy

= 0.01
= 0.02
= 0.01
= 0.01
= 0.01

σ xx
σ xx
σ xx
σ xx
σ xx

Stress field
(MPa)

Inj. rate
(l s−1 m−1 )

= 1, σ yy
= 1, σ yy
= 1, σ yy
= 1, σ yy
= 1, σ yy

q = 0.15
q = 0.15
q = 0.075
q = 0.15
q = 0.15

=1
=1
=1
=1
= 0.6

Here isotropic and anisotropic stress conditions denote initial stress
conditions with equal and unequal principal stresses, respectively.
2.2 Equations of quasi-static poroelasticity
The poroelastic field equations solved in our numerical experiments
are represented by the Beltrami–Michell equations (Wang 2000,
eq. 4.27)


1 ∂ 2 σkk
1 − 2ν
1 − ν ∂2 p
2
2
+
+ δi j ∇ p
α
∇ σi j +
1 + ν ∂ xi ∂ x j
1−ν
1 + ν ∂ xi ∂ x j
=−

∂ Fi
∂ Fj
1
δi j ∇F −
−
1+ν
∂xj
∂ xi

(2)

Figure 2. Mesh of the model. The model consists of 17 280 plane strain
elements. Each element is a 3◦ section of a ring around the injection source,
thus the element size increases with increasing distance from the injection yielding a high resolution at the centre where high pore fluid pressure
gradients are expected.

and a pore fluid pressure–mean stress equation including the fluid
source Q, the injected volume of fluid per bulk volume per time
(Wang 2000, eq. 4.63):


B ∂σkk
∂p
k
α
+
− ∇ 2 p = Q.
(3)
K d B 3 ∂t
∂t
η

influence by such a small hole on the stress field decays within few
tens of millimetres. This influence can be neglected as we investigate microseismicity on the metre scale. The 3-D representation
of this source geometry is an infinite line source, which is a good
first approximation of a well bore with an open section of several
metres. Boundary conditions of the model are: (1) A fluid injection
with a constant injection rate, (2) the displacements at the boundary are zero and (3) no fluid can flow out of the model, that is,
undrained boundary conditions are applied. In order to prevent any
influence on the poroelastic fields caused by the finite size of the
modelling domain and the undrained boundary condition, only the
innermost region with radius of 100 m is used for subsequent data
analysis. In order to investigate the influence of the external stress
field we add initial stress conditions to the stress field. We solve the
coupled differential equations numerically with the finite element
method using the commercial software package AbaqusTM , version
6.6-1 (Dassault Systèmes Simulia Corp.). The solution scheme implemented in Abaqus has been validated by Altmann et al. (2008)
against the analytical solution for a point injection in a 3-D space
by Rudnicki (1986). In general, Abaqus is capable of simulating
non-linear poroelasticity where the drained bulk modulus K d is dependent on the pore fluid pressure. This non-linear behaviour can
be controlled via the elastic tensile limit etel . In our approach, we
did not want to study the influence of a variable bulk modulus and
thus have chosen the bulk modulus to be constant. This is achieved
under the assumption of a large value for the elastic tensile limit.
This approach is justified since our stress conditions are non-tensile
stress conditions for which the actual tensile strength of the rock is
not to be considered when assessing rock failure.
We performed five numerical experiments with different initial
stress conditions (isotropic and anisotropic), diffusivity (isotropic
and anisotropic) and injection rates, as summarized in Table 2.

Here σij are the total stress tensor components and σkk is the total mean stress, xi and xj are the coordinates. The body force F
usually is gravity and can be neglected in our scenario. ν is Poisson’s ratio, p is pore fluid pressure, α is the Biot–Willis coefficient, K d is the drained bulk modulus of the rock mass, δ ij is the
Kronecker symbol, B is Skempton’s coefficient (Wang 2000), k is
fluid permeability and η is the fluid viscosity. The relation between
permeability k and diffusivity D is given by D = N k/η, where N
is a poroelastic modulus (Dutta & Odé 1979). The poroelastic field
eqs (2) and (3) enable us to model the coupled process of pore fluid
pressure and stress diffusion in a deformable porous solid. This set
of partial differential equations is a natural extension of the pressure
diffusion equation when the coupling to stresses in the rock matrix
is accounted for.
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2.3 Analysis of microseismicity
Whereas the equation of diffusion only describes the pore fluid
pressure, eqs (2) and (3) yield the pore fluid pressure and the full
stress tensor. These quantities enables us to apply the Coulomb
failure criterion on deciding whether an event is triggered or not.
We replace the random criticality field used in the SBRC approach
(Rothert & Shapiro 2007) by a failure envelope characterized by
the rock parameters, coefficient of friction and cohesion (cf. Fig. 3).
Bruel (2007) also used a Coulomb failure criterion to generate
microseismicity. However he neglected poroelastic effects for the
calculation of the stress state.
By solving eqs (2) and (3) we retrieve the pore fluid pressure and
the stress tensor components from which we calculate the effective
stresses
σi,eff = σi − p.

(4)
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Figure 3. (a) Profile of calculated pore fluid pressure for an injection source at the origin with fixed pore fluid pressure of 1 Pa and a diffusivity of the material
of 1 m2 s−1 and randomly chosen criticality through a 2-D model domain. Dots represent locations where an event is triggered. (b) The Coulomb failure criterion
used in our approach. The principal stresses are connected by the Mohr circle, if it touches the failure envelope an event is triggered.

The Coulomb failure criterion is used to generate microseismic
events from these effective stresses. In order to do so the effective
principal stresses are used to calculate maximum shear stresses
τmax = 12 (σ1,eff − σ2,eff ) and mean stresses σmean = 12 (σ1,eff + σ2,eff ).
Maximum shear and mean stresses are used in the failure criterion
(Jaeger et al. 2007)
τmax ≥ S0 cos ϕ + σmean sin ϕ.

(5)

S 0 is cohesion and ϕ is the friction angle, which is related to the
friction coefficient μ by tan ϕ = μ. Using eq. (5) we assume optimally oriented failure planes at every point, which are most likely
to rupture. While this will not produce randomly distributed events
as observed, it delivers the information contained in the triggering
front of the first possible events. The rupture process has no influence on the transport properties, that is, fractures are not opened
and diffusivity is not increased due to rupture. Furthermore, every failure plane is only allowed to rupture once. These conditions
imply the assumption that microseismicity is a ‘passive tracker’
of fluid pressure rather than a process that affects fluid pressure
propagation.
3 P O RO E L A S T I C E F F E C T S
O N M I C RO S E I S M I C I T Y
In the following section, five numerical experiments are described
and discussed. The first numerical experiment conducted with
isotropic diffusivity and initial stress field serves as reference for
further numerical experiments. In the second and third numerical experiment we changed the magnitude of diffusivity and injection rate, respectively. The fourth experiment investigates the
influence of anisotropic diffusivity and the fifth experiment that of
an anisotropic initial stress field. In all experiments cohesion was set
to zero in the Coulomb criterion. The parameters used for each numerical experiment are summarized in Table 2 and are also printed
on the plots.
All r–t plots generated with our model have a parabolic triggering
front similar to the results of Shapiro et al. (1999) but now derived
by a failure criterion approach applied to a poroelastic medium.
3.1 Isotropic initial stress field and diffusivity
Applying an isotropic stress state and isotropic diffusivity results
in an isotropic seismicity cloud (Fig. 4a). Due to our deterministic

failure criterion we obtain a sharp triggering front. Note that the
discrete spatio-temporal evolution of the failure curves originates
in the discrete time steps of the numerical solution. After each step
failure is reached for a certain range of radii.
The influence of the coefficient of friction on the triggering front
can be studied from the r–t plot where the triggering fronts for
μ = 0.4, 0.6 and 0.8 are shown. For the case of lower friction the
triggering front propagates faster compared to the case with a higher
coefficient of friction, that is, the rock is less stable and thus more
likely to rupture.

3.2 Influence of diffusivity and injection rate
The second and third experiments were performed to study the
influence of the magnitudes of diffusivity and injection rate (Figs 4b
and c). These two numerical experiments show that there is almost
no response to a change in diffusivity, but that the microseismic
event distribution is very sensitive to a change in injection rate. In
the SBRC approach the migration velocity of the pore fluid pressure
perturbation and the triggering front is proportional to the square
root of diffusivity. The poroelastic results differ from that of the
SBRC approach: the migration velocity of the triggering front shows
only a slight increase with increasing diffusivity. The reasons are
twofold, first a higher diffusivity corresponds to a faster propagation
of the pore fluid pressure perturbation. But this is counteracted by
the constant injection rate. In our approach the pore fluid pressure
perturbation is calculated from the input parameters, one is the
injection rate q which corresponds to the work applied at the source
and is kept constant. To reach failure at a given location a sufficient
pore fluid pressure build-up is necessary. In a rock with a high
diffusivity a lower pore fluid pressure will develop compared to a
rock with low diffusivity when the same rate of fluid injection is
applied. Thus, it will take longer to reach the pore fluid pressure
threshold to generate events. The SBRC approach on the other hand
does not consider the injection rate but it is always assumed large
enough to maintain the pore fluid pressure perturbation constant at
the injection point independent of diffusivity. Thus work applied to
the source must increase with increased diffusivity.
The fourth experiment was performed to study the effect of an
anisotropic diffusivity. This results in an elongated shape of the synthetic seismicity cloud in direction of the larger diffusivity (Fig. 4d),
which is in agreement with the SBRC approach. The broadened r–t
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Figure 4. Synthetic microseismic clouds and r–t plots for the numerical experiments 1–5 (Table 2). The cloud plots are for a coefficient of friction of μ =
0.6, the occurrence times of the synthetic microseismic events are colour coded. The r–t plots for experiments are for three different coefficients of frictions:
crosses μ = 0.4, triangles μ = 0.6 and circles μ = 0.8. The red curves denote the triggering front according to eq. (1).

plot is caused by simultaneous failures at different azimuths and
thus at different radii from the injection source.
3.3 Anisotropic initial stress field
In the fifth experiment we study the effect of an anisotropic initial
stress field (Fig. 4e). This results in an elongated seismicity cloud,
strongly resembling that for anisotropic diffusivity but isotropic
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initial stresses depicted in Fig. 4(d). Applied to experiments and
real data it will be impossible to distinguish between these two
kinds of anisotropy alone from the microseismic data.
The stress state can be described by means of Mohr circles. Prior
to injection the Mohr circles are identical throughout the model because the external stresses are the same at every point of the model.
To obtain the effective stresses we subtract the pore fluid pressure
from the normal components of the total stress tensor. According
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with respect to the injection point, the stress change in tangential
direction may even be negative (Fig. 5a).
If we assume anisotropic far-field tectonic stresses to S H,max in
x-direction and superimpose this field with the Rudnicki stress field
for an injection we see the following phenomena: at point A in
Fig. 5(b) the contribution of the now radially oriented σxx to S H,max
is larger than that of σyy , which is in tangential direction, to S h,min
(eq. 7)—the Mohr circle becomes larger (Fig. 5c) and little shifted
to the right-hand side. If we look at point B, the effect will be
vice versa. Now σyy is oriented radially and thus larger than σxx .
S H,max is increased by a smaller magnitude than S h,min and the Mohr
circle gets smaller and more shifted to the right-hand side—thus it
represents a more stable condition and will break later compared
to point A. Along the y-axis the rock is more stable than along the
x-axis which leads to an elongated microseismicity cloud.

4 DISCUSSION

Figure 5. (a) Plot of principal stresses and pore fluid pressure according to
eqs (6) and (7) along the x-direction. Note that σxx is always larger than σyy .
(b) Location of the points A and B in an anisotropic stress field with the
orientation of the maximum horizontal stress S H,max along the x-direction.
(c) Mohr circles for points A and B in (b) with total stresses. The dashed
circle represents the stress state prior to injection. The red circle represents
the stress state at point A after injection, the blue that at point B. To obtain
the effective stresses both circles must be shifted to the left-hand side by the
same amount of pore fluid pressure p.

to the traditional effective stress principle the total stresses do not
change with pore fluid pressure. Therefore, after injection, the pore
fluid pressure distribution is radially symmetric and thus, the position of the Mohr circle along the axis of effective normal stress
is varying according to the radial distance of the considered location with respect to the injection point, but not as a function of the
azimuthal position. This approach would fail to explain modelled
asymmetry of the microseismicity cloud.
If we consider poroelasticity the total stresses (σ i,tot = σ i,eff +
p) are not only changed by pore fluid pressure but due to pore fluid
pressure–stress coupling also by a magnitude of additional stress
induced by the injection as derived by Rudnicki (1986)
 2 
R
qη
(6)
E1
p=
4π kρ0
4Dt
σi j =

qαηG


4πρ0 k K d + 43 G



 2 

R
2xi x j 4Dt
R2
− 4Dt
1
−
e
−
δ
E
· δi j −
ij 1
R2
R2
4Dt
(7)

with the exponential integral
∞

E1 =
z

e−s
ds.
s

(8)

Here we have the injection rate q in fluid mass per time and per
unit length, mass density of the fluid ρ 0 , the shear modulus G, the
distance from injection point R and the coordinates of the point of
observation xi and xj . According to eqs (6) and (7), the stress change
along the radial direction is larger than that in tangential direction

Our synthetic microseismicity clouds show two principal deviations compared to the ones by Rothert (2004). First, our triggering
front does not coincide with that expected from the SBRC approach
(Fig. 4). In the SBRC approach the only parameters that control
the triggering front are diffusivity and the a priori given criticality
field. In contrast, in our numerical model setup the spatio-temporal
evolution of the triggering front is dependent on the applied stress
state, injection rate, diffusivity and the coefficient of friction. This
principal disparity in obtaining synthetic microseismic clouds results in different triggering fronts. However, these differences have
no impact on our general findings that anisotropic stress contributes
to the spatio-temporal evolution of the triggering front.
In contrast to observed microseismic clouds and also those generated by Rothert (2004), our numerical model does not produce
events behind the triggering front because we only consider one
rupture event per gridpoint and do not consider the processes of
local stress build-up after a first rupture event which may lead to
subsequent events. A second reason is that we did not include any
randomness in our model. This may be done at the point of the failure criterion in giving every gridpoint a different cohesion and/or
different coefficient of friction. However, the lack of events behind
the triggering front has no influence on the actual triggering front
that is used to derive the hydraulic in situ properties of a reservoir.
The neglect of a dynamically increased diffusivity after rupture
and the assumption of optimally oriented failure planes is a rough
oversimplification but yields reasonable results for the triggering
front which is used by the SBRC method to characterize diffusivity
and represented by only the first triggered events in an otherwise
undisturbed rock.
An important observation from our results is the influence of
the fluid injection rate on the triggering front. This sensitivity to
injection rate is related to the implementation of the fluid source. In
this work, it is realized as a constant-injection-rate source, whereas
Rothert (2004) implements the fluid source as a constant-pressure
source. Our results indicate that the implementation of the fluid
source may be a critical issue and needs further investigations. Our
implementation probably overestimates the effect of the injection
rate on the pressure on the bore hole wall since Baisch & Harjes
(2003) observed that an increase of injection rate may result only
in a slight increase of injection pressure. From similar observations
Hillis (2000) concludes that rock failure acts as a valve limiting
the maximum pore fluid pressure that can develop. Nevertheless,
assuming that the injection rate increases the injection pressure it
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