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Pore pressure/stress coupling is the change in the smaller horizontal stress
associated with chang‐
es in pore pressure , and has been measured in numerous reservoirs worldwide. These measure‐
ments suggest that the change in minimum horizontal stress ∆ is on average ca. 64% of the change
in the reservoir pore pressure ∆ , but can be as low as 34% and as high as 118%. Conventionally it is
assumed that the total vertical stress , given by the overburden, is not affected by changes in pore
pressure, in contrast to the horizontal stresses
and . We investigate analytically and numerically
the spatio‐temporal pore pressure and stress evolution in poroelastic media for continuous fluid
injection at a point source, and calculate from the numerical modelling results the ratio ∆ /∆ . Analyt‐
ically, we show that the measured average of ∆ /∆ can mathematically be deduced from the long‐
term limit of the spatio‐temporal evolution of pore pressure and horizontal stress caused by fluid
injection at a point source. We compare our numerical results to the analytical solution for continuous
point injection into homogeneous poroelastic media as well as to ∆ /∆ values measured in the field,
and show that all stress components change with a variation in . We use the concept of poroelasticity
to explain the observed coupling between pore pressure and stress in reservoirs, and we consider
different measurement locations and measurement times as one possible reason for the measured
variation in ∆ /∆ in different oil fields worldwide.
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1. Introduction
Pore pressure changes in reservoirs cause deformation
processes and changes in the total stress within the reser‐
voir and in its surroundings due to the coupling between
pore pressure and stress [1]. Hillis [1] and Addis [2] differ‐
entiate between overpressure‐related basin‐scale and deple‐
tion‐related field‐scale coupling of pore pressure and stress.
The relation between virgin stress and pore pressure data
for the Gulf Coast region, Venezuela, Brunei, etc., has been
reviewed in [3], and regional relationships between horizon‐
tal stress and pore pressure have been derived for normally
and abnormally pressured formations. The measurements
indicate that the minimum horizontal stress increases from
shallow normally pressured reservoirs to deeper overpres‐
sured sequences of sedimentary basins over geological time‐
scales. During fluid injection into reservoirs or depletion
from reservoirs pressure perturbations occur. Repeated
measurements of stress and pore pressure during the deple‐
tion of oil fields show that changes in pore pressure and
minimum horizontal stress
are coupled, e.g. for Texas [4]
or the North Sea [5,6].
In this paper we consider the field‐scale coupling be‐
tween pore pressure and stresses, which is deple‐
tion/injection related. Santarelli et al. [7] point out the im‐
portance of changes in pressure during depletion known as
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the reservoir stress path, which is essential for sand produc‐
tion, mud losses, hydraulic fracturing or wellbore stability in
overpressured sequences with a narrow window between
fracturing gradient and formation pressure. Hillis [8] or
Tingay et al. [9] call the phenomenon of depletion‐induced
reduction of in hydrocarbon reservoirs leading to a de‐
crease in
‘‘pore pressure/stress coupling’’, abbreviated in
the following as PSC, and also known as stress depletion
response of the reservoir [2,4]. The strength of the PSC can
be expressed by the ratio ∆ /∆ , which describes the
change in total minimum horizontal stress caused by a
change in pore pressure. Worldwide stress and pore pres‐
sure measurements indicate that the ratio ∆ /∆ is not a
constant value, but can vary between 0.34 and 1.18, with an
average of 0.64 (Table 1). One might argue that ∆ /∆
values range from one reservoir to another, but the ratio
varies also inside the reservoirs, e.g. the Valhall reservoir in
the North Sea [5,6,10]. Zoback and Zinke [10] investigated
the pore pressure drawdown at the Tor formation of the
Valhall field. They differentiate between well locations in the
crest and in the flank of the reservoir. In this case ∆ /∆
increases from 0.70 (crest) to 0.84 (flank).
Numerical models with uniform prescribed depletion of
pore pressure show that part of the weight of the overbur‐
den is transferred to the formations at the sides of the reser‐
voir (stress arching), leading to higher risk for failure
[14,15]. The deformation associated with the coupled
changes of and stress affect rock properties such as acous‐
tic wave velocity, bulk density, porosity and permeability
that may lead to modifications of reservoir fluid flow, reacti‐
vation of reservoir‐sealing faults, failure of the caprock or
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Table 1
Basin‐scale and field‐scale values for ∆ /∆ , based on [8]. Hillis [8] differentiates between basin‐scale PSC, demonstrated in the Scotian Shelf [11,12] or Brunei
[9], and field‐scale PSC, found in reservoirs in Texas [13], Venezuela [3] or the Ekofisk field in the North Sea [5]. Field‐scale data, where PSC is measured to occur
over a time scale of years during reservoir depletion, are obtained from approximately the same reservoir depth, whereas basin‐scale date are collected over a
range of depths and reflect the increase of pore pressure and stresses with depth. Therefore, the basin‐scale data are depth‐normalized in order to compare them
with field‐scale data. ∆ /∆ varies between 0.34 and 1.18 with an average of 0.64.
Area

Scale

Scotian shelf, Canada
North West shelf, Australia
Gannet and Guillemot fields, North Sea
Vicksburg formation, South Texa
Travis Peak formation, East Texas
Alberta basin, Western Canada
Ekofisk field, North Sea
US Gulf Coast
Lake Maracaibo, Venezuela
Baram Delta Province, Brunei
Magnus field, North Sea
West Sole field, North Sea
Wytch Farm field, UK
Venture field, Canada
Nile Delta, Egypt

Overpressure‐related basin‐scale
Overpressure‐related basin‐scale
Overpressure‐related basin‐scale
Depletion‐related field‐scale
Depletion‐related field‐scale
Depletion‐related field‐scale
Depletion‐related field‐scale
Depletion‐related field‐scale and overpressure‐related basin‐scale
Depletion‐related field‐scale
Depletion‐related field‐scale and overpressure‐related basin‐scale
Depletion‐related field‐scale
Depletion‐related field‐scale
Depletion‐related field‐scale
Overpressure‐related basin‐scale
Overpressure‐related basin‐scale

∆

induced microseismicity, phenomena that have profound
impact on reservoir management [10,16]. Therefore, predic‐
tive geomechanical modelling of the reservoir’s response to
depletion or injection processes is an essential tool to fore‐
cast fluid flow and stress change within the reservoir and its
surroundings [17].
Analytically, Engelder and Fischer [18] derive a space‐
and time‐independent expression for the ratio ∆ /∆ un‐
der the assumptions of (a) a horizontal infinitely large reser‐
voir, (b) constant vertical stress , which is given by the
overburden’s weight and which does neither change lateral‐
ly nor with changing pore pressure, (c) uniaxial strain condi‐
tion with horizontal strains equal to zero and (d) equal
changes in the maximum and the minimum horizontal
stresses, ∆
∆ . They obtain
∆
∆

1 2
1

(1)

with the Biot–Willis coefficient and the Poisson’s ratio .
Numerical model computations, such as those reported
in [19], show that the effective vertical stress changes quite
significantly, and ascribe it to effects of the free‐moving
surface. Pore pressure drawdown during reservoir depletion
results in reduced horizontal stresses within the reservoir.
Conventionally this is ascribed to three different mecha‐
nisms: normal compaction, normal faulting and poroelastici‐
ty [20]. During sedimentation as well as during depletion
sediments undergo normal compaction when the mean
effective stress increases. The relationship between mean
effective stress and porosity defines the so‐called normal
compaction curve. The normal faulting mechanism is based
on the assumption that in a normal faulting regime there are
critically stressed faults, which are optimally oriented for
failure, and based on the Coulomb failure criterion the ratio
of effective horizontal stress to effective vertical stress leads
to a coupling coefficient [10,20], which depends on the coef‐
ficient of friction of the fault. This mechanism requires active
faulting, which does not occur in sediments undergoing
passive subsidence.
We focus on the poroelastic mechanism and thereby pre‐
sent the analytical solutions for the spatio‐temporal pore
pressure and stress evolution caused by continuous fluid
injection/depletion at one point in homogeneous poroelastic
infinite medium, derived by Rudnicki [21]. We use those
analytical solutions to derive a space‐ and time‐dependent
ratio ∆ /∆
, . In Section 3 we show that the ratio

/∆
0.76
0.75
0.60
0.48
0.57
0.34
~0.80
0.46
0.56
0.59
0.68
1.18
0.65
0.56
0.65

, results in Eq. (1), under consideration of the
∆ /∆
limit of infinite injection/depletion time. As Eq. (1) results
from Rudnicki’s equations [21] for → ∞, and thus repre‐
sent a time‐independent solution, we call it ‘‘long‐term limit’’
in the following. This approach leads to an improvement in
comparison to the conventional approaches, which are
based on assumptions such as an infinite flat reservoir, con‐
stant vertical stress and zero horizontal strain [18].
As Rudnicki [21] describes the spatio‐temporal distribu‐
tion of the entire stress tensor, we are able to analytically
investigate not only the coupling between
and
, but
between and all stress components. Here, we concentrate
on the coupling between and the three normal stress com‐
ponents
(
1, 2, 3). In particular, we analyse PSC ratios
depending on the location with respect to the injec‐
tion/depletion point, and on duration of injection/depletion.
Using the finite element method, we numerically model the
spatio‐temporal evolution of pore pressure and stresses in
poroelastic media induced by point injection into homoge‐
neous three‐dimensional space, and compare our modelling
results to the analytical solutions [21,22] as well as to meas‐
ured ∆ /∆ data (Table 1). Furthermore, we analyse nu‐
merically the consequences of a higher permeable reservoir,
which is embedded in surroundings with lower permeability
on the spatio‐temporal pore pressure and stress evolution,
and thus on the PSC.
2. Poroelasticity equations
To derive the analytical stress and pore pressure solu‐
tions for continuous fluid injection into an infinite homoge‐
neous poroelastic medium [21], we follow Wang [22]. The
solutions are based on the Beltrami‐Michell equations [(22),
Eq. 4.27]
1

2

1
1

1
1

P
(2)

∙

and on a pore pressure‐mean stress equation [(22), eq. 4.63]
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where the source term
stands for the fluid source and
describes the volume of fluid per unit bulk volume per unit
time [22]. Eq. (2) stands for six coupled governing equations
for the stress tensor
, which can be derived from the
is the mean stress, the Pois‐
equations of equilibrium.
son’s ratio and the poroelastic stress coefficient, which can
be expressed by and the Biot‐Willis coefficient a given by
1

(4)

1 2
2 1

(5)

as

The undrained bulk modulus
Gassmann [23] as
/
1

3
1

2

1
4

,
(6)

.

The parameter
is denoted as drained bulk modulus,
as bulk modulus of the solid grains of the rock matrix and
is the undrained Poisson’s ratio. Eq. (3) is based on Dar‐
cy’s law
(7)
which describes fluid flow through a porous medium. The
fluid discharge crossing a unit area per unit time [m/s] is
related to the pressure gradient that is causing the fluid flow,
the permeability, the viscosity,
the fluid density and
the gravitational acceleration. Together with the continuity
equation

,
2

(9)

for the increment of fluid content , Eq. (7) results in Eq. (3),
which represents an inhomogeneous diffusion equation for
the pore pressure. Solving Eq. (9) for
and substituting
into Eqs. (2) and (3), and adding the two obtaining equa‐
tions, one gets the diffusion equation
ξ

2

,

,

(10)

with the drained and undrained Lamé parameters and
and the shear modulus . The term , is defined as
,

≡

.

,

(13)

2

erfc

1
2

erfc

1
2

1
2

6

,

(14)

(15)
,

where represents a constant‐rate fluid mass source and
the fluid density,
/√ is the Boltzmann variable and
the diffusivity. The Lamé parameters under drained condi‐
tions are and , whereas the undrained Lamé parameter is
. erfc( ) represents the complementary error function of
variable ; erfc( ) is connected to the error function erf( )
by erfc
1– erf , and the distance between pressure
source (for injection
40, for depletion
0) and obser‐
vation point is |x|. In Eq. (15), we use the function
1

exp

2√

1
2

1
√

1
4

(16)

1
4

exp

From Eqs. (14) and (15), it is obvious that the pore pres‐
sure and stress changes are functions of the location with
respect to the injection point and of the duration of injection,
and depend on injection rate and permeability.
In the following the normal stress components
,
are analysed along the axes of a Cartesian coordinate
and
system with its origin located at the injection point. Then,
along the x‐axis, for instance,
is radial stress and
and
are tangential stresses. Fig. 1 shows the possible combi‐
nations of radial and tangential stresses that occur along
coordinate axes of a Cartesian coordinate system with the
injection point at the origin of the coordinate system. Con‐
sidering observation points along the horizontal x‐axis, Eq.
(15) yields for injection/depletion‐induced radial and tan‐
gential stresses
,

,

2

4

2erfc

4

1
2

,

(17)

(11)
,

The Lamé parameters and
can be expressed by
and the drained and undrained bulk moduli
and , re‐
spectively
2
,
3
2
.
3

2

erfc

(8)

3

2

4

erf

and the constitutive equation

,

/

where is the porosity and
the bulk modulus of the wet‐
ting fluid.
Rudnicki [21] solves the differential equation of poroe‐
lasticity (Eq. (10)) and obtains for the spatio‐temporal pore
pressure and stress changes caused by continuous fluid
injection at a point into infinite homogeneous poroelastic
medium

and Skempton’s coefficient

1

1

/

can be written after

(12a)
(12b)

,

,
4

2

erfc

1
2

2

.

(18)

The results for the spatio‐temporal normal stress distribu‐
tion as given in Eqs. (17) and (18) are valid for points on the
horizontal x‐axis with the injection point as origin of the
coordinate system. However, considering a point located, for
example, on the y‐axis, the results for
and
exchange.
In general, Eq. (17) describes the spatio‐temporal changes in
radial stress in radial direction, Eq. (18) describes the spa‐
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second summand of Eq. (20). It can be shown using
l’Hôpital’s rule that for → 0, which represents either a zero
distance to the origin, or an infinite injection time
2
(22)
lim
0.
→
erfc ⁄2
Therefore, the PSC for infinite injection/depletion time is
calculated, with usage of Eq. (21), as long‐term limit
lim
→

Figure 2. Pore pressure and stress changes are observed along the axes of a
Cartesian coordinate system with its origin at the injection point. Then, the
normal stress
along the ‐axis (
, , ) is radial stress, and the normal
, , ;
) is tangential stress.
stress aii along the ‐axis ( ,

→

3. Pore pressure/stress coupling for long injection times
Based on Eqs. (14) and (15) the spatio‐temporal evolu‐
tion of PSC follows as
∆
∆

erfc 1⁄2

,

2⁄

,

⁄
2

/

erfc 1⁄2

6⁄

erfc 1⁄2

(19)
This equation is valid in case of injection and depletion. ∆
is the change in pore pressure in comparison to an initial pore
pressure . The total pore pressure is
∆ . In case
of injection, ∆ is positive; in case of production, ∆ is nega‐
tive. The stress change ∆ in comparison to the initial stress
state
is associated with the change in pore pressure ∆
and derived directly from the formulae of Rudnicki [21].
Eq. (19) enables to calculate the spatio‐temporal evolu‐
tion of PSC for all stress components. In the following we
consider the coupling between and the normal stresses
,
,
along the axes of a Cartesian coordinate system
with the origin at the injection/depletion point. According to
radial and tangential stresses (Fig. 1), radial and tangential
PSCs are calculated. For any radial stress component
(for i‐j), and hence also the horizontal stress component ,
Eq. (19) simplifies to
,

∆
∆

2

,

2

1

2/
erfc /2

.

,
∆

,

1 2
.
1

(23)

This demonstrates that the PSC based on the poroelastic
relationships of Rudnicki [21] degenerates to Eq. (1) if time
tends to infinity. As Engelder and Fischer [18] describe with
Eq. (1) the coupling between pore pressure and minimum
horizontal stress
in reservoirs, Eqs. (1) and (23) are the
same only if
is radial stress. However, in comparison to
the approach of [18], the boundary condition of zero hori‐
zontal strain has not to be used to derive Eq. (23). Analo‐
gously, the expression for the coupling between pore pres‐
sure and tangential stress is derived as
lim

tio‐temporal changes in tangential stress, and Eq. (15) ena‐
bles us to calculate stress states for arbitrary locations and
times.

∆

∆
∆

,
,

1 1 2
2 1

1∆
2 ∆

,
,

,

(24)

which is exactly half the value of the coupling of radial stress
and pore pressure. In the following, the spatio‐temporal PSC
is investigated analytically. According to Eq. (19), PSC coeffi‐
cients for both radial stress and tangential stress is calculat‐
ed for different injection times and plotted versus distance
to the injection point (Fig. 2), where the results are com‐
pared to measured field data. At the injection point both PSC
ratios are identical with their long‐term limit values. With
increase in distance they diverge. For longer injection times,
this divergence becomes smaller, and the PSC ratios are
close to their long‐term limits even for larger distances from
the point source. For all injection times, a part of the radial
PSC ratios is in the range of the measured field data, depend‐
ing on location and duration of injection. Thus, the variabil‐
ity of the field data could be interpreted as a consequence of
the different distances of the measurement location to the
production wells and of different times since the beginning

(20)

According to [24]
2
2

1 2
,
1

(21)

and so the difference between the time‐dependent PSC ratio
for radial stresses, Eq. (20), and the long‐term limit solution,
Eq. (1), depends on the spatio‐temporal contribution of the

Figure 1. Spatio‐temporal distribution of radial and tangential pore pres‐
sure/stress coupling ratios. Both, with duration of injection and with less
distance to the injection point, radial and tangential PSC ratios approach their
long‐term limits. Directly at the injection point, the ratios are identical with
their long‐term limits, independent of injection time. The grey shaded area
shows the range of measured field data (Table 1).
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of production.
4. Numerical modelling of pore pressure and stress
distribution
As Eqs. (14) and (15) are valid for a homogeneous iso‐
tropic poroelastic medium, which in general does describe
neither the geological structure nor the material contrast
between a reservoir and its surroundings, we use the finite
element (FE) approach to model numerically the effect of
fluid injection/depletion on the state of stress and the pore
pressure distribution. From these results, we calculate with
Eq. (19) the spatio‐temporal evolution of PSC. First, we built
a homogeneous 2D axis‐symmetric FE‐model with poroelas‐
tic material in order to verify our modelling results by com‐
parison to the analytical solutions, Eqs. (14) and (15). This
we can do as long as the pore pressure front has not reached
the model boundary and no boundary effects have occurred
to influence the result. To investigate the influence of an
inhomogeneous permeability distribution we model in a
second step an ellipsoidal reservoir with increased permea‐
bility, which is embedded in surroundings with lower per‐
meability. For this approach we again use a 2D axis‐
symmetric FE‐model. The partial pore pressure‐stress dif‐
ferential equations are solved using the commercial soft‐
ware package ABAQUS/ StandardTM [25].
4.1. Model setup
Fig. 3 shows the setup of the 2D axis‐symmetric FE‐model.
For both the homogeneous and the inhomogeneous ap‐
proaches, we use the same model geometry. In the first case
we assigned homogeneous material properties throughout
the model. In the inhomogeneous case, we increased the
permeability of an ellipsoid in 5 km depth, which should
represent a reservoir. In Table 2 all input parameters re‐
quired for the computation are listed. For both models the
same material values are used, except of the permeability,
which is increased by a factor of ten in the reservoir com‐
pared to the value of its surroundings, which is equivalent to
the value of the homogeneous model. Those input parame‐
ters we also converted into parameters used by Rudnicki
[21] in Eqs. (14) and (15), given in Table 3. The boundary
conditions applied to the model are the same in both models.
They are described by (a) a drained free surface at the top of
the model, (b) undrained and in normal direction fixed mod‐
el sides and model bottom, (c) an injection point located on

the symmetry axis in a depth of 5 km, which in the case of
the inhomogeneous model is located in the centre of the
ellipsoid. The models consist of 46,477 continuum pore
pressure quad elements with a maximal resolution of 7 m
around the injection point, which decreases up to 900 m at
the model boundaries. This enables us to model the spatio‐
temporal pore pressure and stress distributions generated
by continuous fluid injection at one point over a large range,
close to the injection point as well as in the far field.
4.2. Results, homogeneous model
Fig. 4 shows a comparison between modelled and analytical‐
ly calculated pore pressure, normal stresses and PSC ratio
distributions along the horizontal x‐axis after 164 days of
continuous fluid injection. Numerically calculated pore pres‐
sure and stress distributions (Fig. 4a) as well as PSC ratios
(Fig. 4b) fit the analytical solutions. Close to the injection
point pore pressure change ∆ is larger than the stress
changes. With distance to the injection point ∆ decreases
more strongly than the stress changes. This leads to an in‐
tersection point of the ∆ ‐profile with the ∆
‐profile. The
location of this intersection point depends on the duration of
injection. The tangential stress changes, i.e. ∆
and ∆
along the x‐axis, even become slightly negative before con‐
verging towards zero with distance, this means that the
induced stress change is tensile, which reduces the initial
tangential stress. Despite of fluid injection and increase in
pore pressure, it is possible that stresses also decrease. The

Table 2
is the
Input parameters required for poroelastic modelling with ABAQUS.
injected volume per time, the Poisson’s ratio, the void ratio, , is the
hydraulic conductivity of the homogeneous model and of the surroundings of
the inhomogeneous model, , is the hydraulic conductivity of the inner part
of the inhomogeneous model.
(l/s)

,

[10‐6 m/s]
20

0.3 0.2 0.1

(GPa)

(GPa)

,

(GPa)

[10‐6 m/s]
1.0

40

2

12

Table 3
Material properties of the FE‐model converted into values used in the analyti‐
cal description, Eqs. (14) and (15) of [21]. The conversion itself and the
formulae used for this process are shown in the Appendix.
(kg/s)
20

(kg/m3)
1.000

[1]
0.167

(m2/s)
0.082

(GPa)
13.4

(GPa)
8.3

(GPa)
5.5

0.7

Figure 3. 2D axis‐symmetric finite element model setup and boundary conditions used for the modelling of the spatio‐temporal pore pressure and stress distri‐
butions caused by continuous fluid injection at one point. We applied poroelastic material properties to the model (Tables 2 and 3). In case of the inhomogeneous
model, the permeability of the ellipsoidal reservoir is increased by a factor of ten. The injection point is located on the symmetry axis in 5 km depth.
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Figure 4. Results of the homogeneous modelling (solid curves) are shown here, which are compared to the analytical solutions (dashed curves). (a) the spatial
distribution of pore pressure and normal stress changes along the x‐axis. (b) the PSC ratios, both after 164 days of fluid injection. In both sub‐figures modelled
and analytical results are compared to one another. In subfigure (b) the theoretical values of radial and tangential PSC long‐term limits are drawn as horizontally
dotted lines.

analytical long‐term limits of 0.4 for the radial PSC ratio and
of 0.2 for the tangential one, according to Eq. (1), are mod‐
elled with our numerical approach. The numerical results fit
those values at the injection point, and diverge with increase
in distance from the point source. The radial PSC ratio in‐
creases, whereas the tangential PSC ratios decrease. This
diverging behaviour of both PSC ratios is due to the fact that
∆ converges more strongly towards zero than the stress
changes do. Therefore, the ratio ∆ /∆ goes to ∞ (radial
component) and ∞ (tangential components), with increase
in distance to the injection point. The tangential PSC ratios
∆ /∆ and ∆ /∆ along the x‐axis differ between each
other. This is due to a boundary effect. In the analytical ap‐
proach, a point injection into infinite poroelastic medium is
considered, whereas in our modelling approach, the infinite

medium is realized by model boundaries far away from the
injection point to avoid boundary effects. The drained free
top surface is the model boundary with the least distance to
the injection point. Therefore, it influences the pore pressure
and stress distribution for longer injection times, when pore
pressure has diffused to the model boundary. As the free
surface will move mainly in vertical direction during fluid
injection, it mostly will affect the vertical stress change ∆ ,
and thus the PSC ratio ∆ /∆ .
4.3. Results, inhomogeneous model
The higher permeable inner part of the inhomogeneous
model causes pore pressure to diffuse faster inside the res‐
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ervoir, so that pore pressure is not able to build up that
much than in the homogeneous case. This leads to decreased
pore pressure and stress changes inside the ellipsoidal res‐
ervoir compared to the results of the homogeneous model.
Fig. 5a and b shows the spatio‐temporal evolution of and
stress changes along the x‐axis. Comparing to the homoge‐
neous modelling results (Fig. 4), it clearly can be seen that
pore pressure and stress changes are smaller inside the
ellipsoidal reservoir. The decreased permeability outside the
reservoir (
4000 m) retards the pore pressure to diffuse
as fast as inside the reservoir. This leads to a stronger de‐
crease of ∆ inside the surroundings (Fig. 5a). For longer
injection times (Fig. 5b), ∆ is diffused wider, so that ∆
decreases less strong at the reservoir‐surroundings bounda‐
ry.
In general, the stress distribution is not influenced by the
permeability contrast like the pore pressure distribution,
because the stresses are transferred via the rock frame, and
permeability describes the ability of fluid diffusion through
the pore spaces. Thus, in the surroundings stress decreases
less strong than . The different diffusion character of stress
and leads to an increase (radial component) or decrease
(tangential components) of PSC values inside the surround‐
ings. With duration of injection ∆ also spreads out in the
surroundings, so that the effect of strong increasing PSC
ratios at the reservoir‐surroundings boundary diminishes.
The tangential stresses ∆
and ∆
are different, because
of the effect of the free surface. As the model surface is not
constrained, it can move with the pore pressure and the
stresses building up due to fluid injection. As the movement
mainly occurs in vertical direction, the vertical stress change

∆
is affected most by the free surface, and thus also the
PSC ratio ∆ /∆ . As the free surface is moving upward
during fluid injection, stresses increase less than in the cases
of an infinite medium or a model with the surface con‐
strained to move. Therefore, ∆
and ∆ /∆ are smaller
than the other tangential stress ∆
and PSC ratio ∆ /∆
(Fig. 5).
The shape of the ellipsoidal reservoir also influences the
pore pressure and the PSC ratio distribution. Close to the
reservoir‐surroundings boundary, the ellipsoidal reservoir is
narrowing and in all directions surrounded by less permea‐
ble material. In this part of the reservoir, fluid diffusion is
retarded, and thus pore fluid is retained inside the reservoir
close to the surroundings. Additional fluid leads to less de‐
creasing ∆ values (Fig. 5a) with distance to the injection
point or even to a slightly increasing ∆ (Fig. 5b) for
3500
4000 m. Less decreased or increased ∆ , re‐
spectively, leads to decreased PSC values in this area (Fig. 5c
and d).
4.4. Comparison with measured field‐data
In the following, we compare our modelling results with
the measured field data. Fig. 6 shows that our modelled PSC
ratios are in the range of the measured field data, for short
as well as for long injection times, and close to the injection
point as well as in the far field. As our modelling results
show, the variation in the measured field data could be
caused by different time periods between start of injection
and measurement, by different distances between meas‐

Figure 5. (a–d) show results derived from the pore pressure and stress modelling using the inhomogeneous model setup. Displayed are the spatial distributions of
pore pressure and stress along the x‐axis after injection times of 184 days (a) and 2676 days (b) ∆ . /∆ , ∆ /∆ and ∆ /∆ distributions along the x‐axis are
provided in (c) for 184 days and (d) for 2676 days of injection. Due to the faster diffusion of pore pressure inside the reservoir, already after short injection times a
kind of steady state for pore pressure and stress is reached with only less increasing values inside the reservoir area.
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urement location and injection source and by the measure‐
ment location with respect to the injection source and the
stress field. The latter point means that at one location the
measured minimum horizontal stress is the radial stress, at
another location the tangential stress, which both differ
clearly (Figs. 4 and 5).
5. Discussion
The pore pressure induced change of radial stress for in‐
jection and depletion are different in comparison to the
tangential stresses. For example along the x‐axis,
is twice
and
. This leads to different PSC ratios for
the value of
vertical and horizontal stresses. The consequences of the
tensor character of pore pressure/stress coupling based on
the analytical computations are discussed in detail [26].
Here we consider the effects of pore pressure/stress cou‐
pling in numerical reservoir models. We first compare for
simple geometries the analytical solution with the numerical
results of a fully coupled poroelastic finite element model
and obtain identical graphs for
and
(Fig. 4a), for both
the analytical and numerical results. Pore pressure and
stress changes depend on injection rate and material prop‐
erties of our model. But, pore pressure and stresses vary
also as a function of locality and time for constant injection
rate and material properties.
We interpret the increase in the PSC ratio with distance
to the injection point to results from the fact that the stress
change is transferred through the granular structure where‐
as the pore pressure change is diffusing. Thus, the stress
change increases faster with distance than the pore pressure
change. Since the pore pressure change is higher at the injec‐
tion point than the stress change, there is an intersection
point of pore pressure and stress changes at a certain dis‐
tance from the injection point, which depends on the injec‐
tion time (Fig. 4a). In the homogeneous model, there are
minor deviations between numerical results and analytical
solutions (Fig. 4), which we interpret to be attributed to the
finite model size, the undrained and in normal direction
fixed model side and model bottom and the drained and free
model top surface.

Figure 6. Comparison of numerical modelling results for three injection times
in homogeneous and inhomogeneous poroelastic medium with the analytical
long‐term limit (horizontally dotted line) of the radial PSC and the range of
measured field‐data (grey shaded area). At the injection source, all numerical
values are identical with the long‐term limit value. For longer injection times
and in the case of a higher permeable reservoir, PSC values are closer to the
long‐term limit also at larger distances to the injection point.

In the inhomogeneous model within the high‐perme‐
ability zone fluid flows fast towards the surroundings, which
leads to a smaller build‐up of pore pressure and via coupling
stress changes inside the higher permeable part in compari‐
son to the homogenous model. The spatio‐temporal PSC
ratio is shown in Fig. 5c and d. There is a reduction in PSC
within the inner part in comparison to the values of the
homogeneous model and an increase in PSC at the boundary
between inner and outer parts. The reason for this increase
is that in the less permeable surroundings the pore pressure
cannot diffuse as fast as inside the higher permeable inner
part, and converges in the surroundings much faster to‐
wards zero than the stress does. Since the PSC at the ‘‘reser‐
voir’’ boundary can reach values of 0.6 even for longer injec‐
tion/production times, this means, that stress changes in the
order of 60% of pore pressure change within a reservoir
occur at the reservoir boundaries, which might, for example,
affect the stability of reservoir bounding faults. Close to the
injection point the PSC ratios are close to the long‐term limit
solution, independent of the injection time. With distance to
the injection point the radial stress ratio ∆ /∆ increases
strongly with distance. However this increase diminishes for
longer injection times, i.e. for infinite injection time – equiva‐
lent to the long‐term solution – the modelled ∆ /∆ distri‐
bution would fit the long/term solution.
Depending on injection time and distance to the injection
point, the modelled values are in the range of the measured
field‐data. With the concept of poroelasticity it is possible to
explain the measured (Table 1) PSC ratios. Different values
of this ratio would result from different locations with re‐
spect to the injection point and/or different injection times.
Only for long injection times the PSC values approach the
long‐term limit solution. Otherwise this value is reached
only in the vicinity of the injection point. The variation in the
measured PSC ratios in different oil fields can be explained
by the distance to the injection point and the time since start
of injection.
6. Conclusions, outlook
We conclude that pore pressure/stress coupling is not a
constant value throughout the lifetime of a reservoir and
varies within the reservoir as a function of distance to the
producing/injecting wells and of time since begin of produc‐
tion/injection. We show analytically that the uniaxial strain
approach [18] can be deduced as long‐term limit of the po‐
roelastic equations. We also showed that the normal stress
components differ in their PSC ratios. Both, the analytical
and our modelling results indicate that the pore pres‐
sure/stress coupling deviates at reservoir scale from the
long‐term limit in particular during the first months of injec‐
tion or depletion, or for larger distances from the injection
point. Only for distances close to the injection point and for
long injection times the long‐term limit for the pore pres‐
sure/stress coupling is obtained. Therefore we conclude that
the measured variations in PSC ratios can be explained, e.g.,
by the variation in depletion rates, time since depletion
started and well position within the reservoir.
Our modelling studies have shown the importance of the
reservoir shape and the permeability changes at the reser‐
voir boundaries. The results of the inhomogeneous model
indicate that reservoir shape as well as the contrast of mate‐
rial properties between the reservoir and the surroundings
may control the distribution of pore pressure and stress, and
thus pore pressure/stress coupling. Stress changes in the
order of 60% of the pore pressure changes are to be ex‐
pected at reservoir boundaries. For short injection/produc‐
tion times the values could be much higher. The poroelastic
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finite element modelling enables us to calculate pore pres‐
sure, the normal stress
and the shear stress as a func‐
tion of time for any location. As a perspective, these fields
can be included in a failure criterion for shear and tensile
failure to predict the spatio‐temporal distribution of failure
planes either for fracturing or for reactivation of pre‐existing
fractures [27].
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Appendix
Calculation of material parameters used in Eqs. (14) and
(15) from variables required and specified for the numerical
modelling with ABAQUS. Those input parameters are (varia‐
ble set A) the injection rate , Poisson’s ratio , void ratio ,
hydraulic conductivity , bulk moduli
of solid grains and
of the wetting fluid and the drained bulk modulus .
The variables specified in Eqs. (14) and (15) for the cal‐
culation of the spatio‐temporal
and stress distributions
after continuous point injection, are (variable set B): the
injected fluid mass per time , the fluid density , the po‐
rosity , the Biot–Willis coefficient , the undrained Lamé
parameter , and the drained Lamé parameters , G and the
diffusivity, .
The variable set B can be calculated by means of variable
set A as follows:
(A1)
(A2)

1
1
2

3

2
2

(A3)

The coefficient and the Lamé parameters are calculat‐
ed using Eqs. (4), (12a), (12b) and (13), after which the
diffusivity can be calculated by
2
2

(A4)

with
,
where

(A5)
is the gravitational acceleration.
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