
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the GFZ German Research Centre for Geosciences
doi: 10.1016/j.egypro.2015.07.868 

 Energy Procedia   76  ( 2015 )  311 – 320 

ScienceDirect

European Geosciences Union General Assembly 2015, EGU

Division Energy, Resources & the Environment, ERE

Numerical investigation of thermoelastic effects on fault slip

tendency during injection and production of geothermal fluids

Antoine B. Jacqueya,b,c,∗, Mauro Cacacea, Guido Blöchera,
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Abstract

This study deals with numerical analysis of fault slip behaviour within deep faulted geothermal reservoirs during injection and pro-

duction of fluid. A coupled approach for thermo-hydro-mechanical process modelling is used to describe and quantify the effects

of thermoelastic stress on the slip tendency. The results show that the slip tendency of a fault can increase when the cold fluid front

reaches the fault due to thermal stress enhancement. Magnitudes of increase in slip tendency depend on the injection temperature

and the dip angle of the fault, and under specific configurations, may lead to a reactivation of the fault.

c© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction

Understanding processes controlling slip behaviour of faults as induced by man-made activities is of interest for

several geo-energy related studies such as geothermal power production, energy storage and enhanced oil and gas

recovery. Injection-induced reactivation of faults or fracturing can indeed lead to notable micro-earthquakes [1,2,3,4].

Correlations between pore pressure changes as those induced by injection and production of fluid and the in-situ stress

field within a reservoir play a major role in coupled hydraulic and deformation processes [5,6,7]. These poroelastic

effects have been identified as part of the processes controlling faults slip behaviour [8,9,3,4]. Furthermore, changes

in temperature can also affect the in-situ stress-field [10,11,12,13]. Although the ratio between thermoelastic and

poroelastic stresses (σThermo/σPoro = KβΔT/αΔp f ) has been reported to increase with rock stiffness and therefore

depth [14], thermoelastic effects are often not considered when analysing slip tendency and possible reactivation of

faults in geothermal reservoirs.
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Nomenclature

c f ,s,b fluid, solid or bulk heat capacity

E Young’s modulus

g gravitational force

G shear modulus

I identity matrix

k permeability tensor

K bulk modulus

L first Lamé parameter

nx,y,z direction cosines

p f pore pressure field

qf specific discharge or Darcy’s velocity

Qf ,T fluid (subscript f ) or thermal (subscript T ) source term

S s specific storage

t time

T temperature field

T0 initial temperature

Ts slip tendency

v f fluid velocity

α Biot’s elastic coefficient

β thermal expansion coefficient

γ dip angle

δi j Kronecker-delta

ε strain tensor

λb,s bulk or solid thermal conductivity

μ f fluid dynamic viscosity

μs solid frictional coefficient

ν Poisson’s ratio

ρ f ,s,b fluid, solid or bulk density

σ Cauchy’s stress tensor

σ′ effective stress tensor

σN normal stress

τ shear stress

C elastic material tensor

This contribution presents a numerical evaluation of the impacts of thermoelastic stresses on the slip behaviour of

faults within deep geothermal reservoirs as based on a frictional sliding resistance formulation. A coupled approach

for thermo-hydro-mechanical process modelling has been integrated in the open-source finite element method based

simulator OpenGeoSys [15] following theory of coupled thermo- and poroelasticity.

The reactivation potential of a fault is evaluated during injection and production of geothermal fluid as a function

of the ratio of shear to normal stress on the fault plane. First, a simple geometry model is considered with different

configurations, by changing the dip angle of the fault. Thermoelastic stress enhancement comes from the temperature

anomaly of the cold injected geothermal fluid propagating within the relative warmer fluid-bearing reservoir. This

simple model serves as an introduction to a real-case application of the Groß Schönebeck geothermal research site,

which is discuss further in the manuscript.
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2. Approach

2.1. Governing equations for thermo-hydro-mechanical process modelling

Governing equations for fluid-flow, heat transport and elastic deformation as required to solve coupled thermo-

hydro-mechanical (THM) processes are derived from balance equations of mass, heat and momentum. In this section,

the governing equations as they are implemented in OpenGeoSys [15] are presented.

Governing equation for fluid flow results from conservation of mass in a fully saturated porous medium:

S s

ρ f g
∂p f

∂t
+ ∇qf = Qf (1)

The discharge qf can be expressed via the Darcys law resulting from conservation of momentum:

qf = − k
μ f

(
∇p f − ρ f g

)
(2)

Heat transport governing equation is derived from heat balance considering conductive and advective heat transport

processes. Thermal equilibrium between fluid and solid is assumed.

(ρc)b
∂T
∂t
+ φ (ρc) f v f∇T − ∇. (λb∇T ) = QT (3)

The product ρc is often called the heat storage. Subscript b refers to the bulk, subscript s to the solid phase and

subscript f to the fluid phase. The relation between the heat storage of each phase (mean algebraic mixing rule) is:

(ρc)b = φ (ρc) f + (1 − φ) (ρc)s.

Deformation of the porous medium in a context of poro-and thermoelasticity [12,13] is governed by the momentum

balance equation in terms of stress:

∇.
(
σ′ − αp f I − Kβ (T − T0) I

)
+ ρs g = 0 (4)

Where σ′ is the effective stress tensor defined after [6]:

σ′ = σ + αp f I (5)

With σ the total Cauchy’s stress tensor. Effective stress tensor is related to strain via the generalized Hooke’s law

extended for non-isothermal deformation:

Δσ′ = C

(
Δε − 1

3
βΔT I

)
(6)

Where C is the elastic material tensor, expressed as:

C = Lδi jδkl + 2Gδikδ jl (7)

Inverting Eq. 6 leads to the strains:

εxx =
1

E

(
σ′xx − ν(σ′yy + σ

′
zz)
)
+

1

3
βΔT (8)

εyy =
1

E

(
σ′yy − ν(σ′xx + σ

′
zz)
)
+

1

3
βΔT (9)

εzz =
1

E

(
σ′zz − ν(σ′xx + σ

′
yy)
)
+

1

3
βΔT (10)

It is worth noticing that the approach presented here does not describe undrained effects such as mechanical and

thermal pressurization (increase of pore pressure due to stress and temperature changes).
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2.2. Slip tendency

Slip tendency is the ratio of resolved shear stress to normal stress acting on the fault plane [16,17]. If the shear

stress exceeds the frictional sliding resistance (here parametrized in terms of a sliding coefficient μs after [18]), slip is

likely to occur on the fault plane, which can be described as:

Ts =
τ

σ′N
≤ μs (11)

Here, it is assumed a sliding coefficient μs of 0.85 which better defines shear failure at shallow crustal depth (from 1

to 5 km) [18]. Eq. 11 is only valid for normal stress smaller than 200 MPa [8]. Orientation of the plane can be defined

by means of the three angles between the planes normal and each of the principal stress axes. In all simulations

presented, principle stress axes match coordinate axes. The direction cosines of these angles (nx, ny and nz) are related

with the following relation (Pythagoras theorem):

n2
x + n2

y + n2
z = 1 (12)

Shear and normal stresses acting on a plane the orientation of which is defined by the three previous direction

cosines can be calculated after [19,8,1] as:

σ′N = n2
xσ
′
xx + n2

yσ
′
yy + n2

zσ
′
zz (13)

τ =

√
n2

xn2
y

(
σxx − σyy

)2
+ n2

yn2
z

(
σyy − σzz

)2
+ n2

xn2
z (σxx − σzz)

2 (14)

2.3. Model setup

The approach presented in the previous sections is applied on a simple geometry model. The model consists of a

homogeneous reservoir (target depth 4000 meters below sea level) with a fault discretized in 3 dimensions (20 meters

width) with a dip angle noted γ (γ = π/4 = 45◦). Two hydraulically induced fractures from each side of the fault are

integrated in the model where injection and production of the geofluid occur. The model is 1 km large in horizontal

direction and 200 m high in vertical direction. The geometry of this model is schematically illustrated in Fig. 1.

Fig. 1. Geometry of the 3-dimensional model used for the simulations. Here, a vertical cross-section is shown for a constant plane at Y = 0. Model

is 1 km large in horizontal direction (X and Y directions) and 200 meters height in vertical direction (Z). The geometry of the fault plane (in green)

is characterized by its dip angle (γ). Injection and production fractures (in blue and red respectively) are orthogonal to the X direction and are 100

meters large squares. Distance between the injection and the production fractures is 300 meters.

Geometrical discretization of the model has been done using an in house open-source meshing software MeshIt

[20], allowing the transfer of the geometrical configuration of the model to the Finite-Element solver. A normal

faulting stress regime is considered (σ1 = σzz, σ2 = σyy and σ3 = σxx) characterized by the following stress

magnitudes:

• σ1 = −95 MPa
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• σ2 = −75 MPa

• σ3 = −70 MPa

Initial conditions for pore pressure, temperature and stress distributions are obtained from a steady-state simula-

tion, for which a hydrostatic distribution of pore pressure (43.5 MPa at 4 km depth) and a geothermal gradient of

(33◦C km−1) are assumed (Fig. 2).

Fig. 2. Initial pore pressure and temperature distributions within the reservoir.

Water is injected with a temperature of 70◦C at 75 m3 h−1 at the injection fracture (in blue in Fig. 1 and 2).

Symmetrically, 75 m3 h−1 of warm water (in-situ temperature) is produced at the production fracture (in red in Fig. 1

and 2). Physical properties of the reservoir and the fault are listed in Table 1.

Table 1. Properties of the homogeneous reservoir and the fault (density ρ, porosity φ, permeability k, solid thermal capacity cs, solid thermal

conductivity λs, thermal expansion coefficient β, bulk modulus K, solid bulk modulus Ks and Poisson’s ratio ν).

ρ [kg m−3] φ [%] k [m2] cs [W kg−1 K−1] λs [W m−1 K−1] β [K−1] K [GPa] Ks [GPa] ν [-]

Reservoir 2650 12.5 1.28 × 10−14 920 3.1 1.0 × 10−5 60 70 0.31

Fault 2650 43 1.28 × 10−14 1000 3.0 1.0 × 10−5 20 41.5 0.1

3. Results

3.1. Initial slip tendency

Initial slip tendency can be evaluated using Eq. 11, 12, 13 and 14 and as a function of the dip angle γ. Analytically,

the initial slip tendency is evaluated as 0.28. However, this value is obtained by assuming a homogeneous stress

distribution within the reservoir, conditions that are not met within the model domain which is characterized by a fault

having different mechanical properties than the hosting reservoir (Table 1). Initial mean effective stress distribution

(negative for compression) and vertical displacement computed from the steady-state simulation are illustrated on

Fig.3. Highest values of the mean effective stress are localized at the interface between the fault and the reservoir

while lowest values are within the fault, where also the lowest values for the vertical displacement localize.

Under the given stress distribution as initial condition, the slip tendency is calculated to be in average 0.3. This

higher value than the analytical one comes from stress localization at the reservoir/fault interface. The fault acts as a

heterogeneity in terms of mechanical properties. This leads to build up of stresses along the contact surface area with

the reservoir thus explaining the higher slip tendency observed within this domain.
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(a) (b)

Fig. 3. Initial mean effective stress distribution (a) and vertical displacement (b) computed from the steady-state simulation using the regional stress

field. Negative effective stress relates compressive regime

3.2. Dynamic evolution of slip tendency

Injection of cold fluid induce poroelastic and thermoelastic stresses within the reservoir. Unlike the temperature

distribution which is governed by conduction and advection (Eq. 3), the pressure distribution is only governed by

diffusion (Eq.1 and 2). Therefore pore pressure changes are mostly localized at the injection and production frac-

tures. No significant pore pressure changes are noticeable on the fault plane. Only thermoelastic stress changes have

therefore an impact on the slip behaviour of the fault.

When the cold water front reaches the fault, normal and shear stress acting on the fault plane are enhanced by

thermal effects. In this section, dynamic evolution of the slip tendency is analysed, as a function of temperatures

changes modelled during geothermal operations.

Fig. 4 shows the obtained results after 15 years of injection, including the 3-D model and the 130◦C isotherm

reaching the fault (Fig. 4.a), the slip tendency Ts on the fault plane (Fig. 4.b), the temperature difference dT from the

initial state (Fig. 4.c) and the slip tendency difference dTs from the initial state (Fig. 4.d).

As seen on Fig. 4(c) and Fig. 4(d), a 30◦C decrease in temperature lead to an increase of about 0.6 in slip tendency

due to a thermally induced increase in shear stress and decrease in normal stress. This results in a total slip tendency

reaching almost 1 at the hitting point of the cold fluid. Assuming a frictional coefficient of μs = 0.85 [18], it follows

from Eq. 11 that under these conditions the fault is likely to be reactivated. However, this high slip value is localized

and not homogeneously distributed within the entire fault plane.

It is worth noticing that the small increase of slip tendency (+0.2 in light blue) localized in the upper part of the

fault is due to poroelastic effects. Indeed, a slight pore pressure increase (+0.1 MPa) is predicted at this location on

the fault plane.

3.3. Influence of the fault dip angle

Changing the dip angle of the fault influences the initial slip tendency, as well as its dynamic evolution. Under

a normal faulting regime as specified in the previous section, decreasing the dip angle of the fault decreases the slip

tendency (σ1 = σzz).

To quantify these effects, two additional scenarios are investigated as shown in Fig. 4. These two scenarios corre-

sponds to two different values of the dip angle of the fault γ (see Fig. 5.):

• Reference dip angle: γ = π/4 = 45◦ (results presented on Fig. 4).

• Low dip angle: γ = π/8 = 22.5◦.
• High dip angle: γ = 3π/8 = 67.5◦.

Calculated initial slip tendency is 0.2 for the low dip angle case (Fig. 5(a)) and 0.4 for the high dip angle case

(Fig. 5(b)). After 15 years of injection, these two additional fault configurations give interesting insights on the
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(a) (b)

(c) (d)

Fig. 4. Results after 15 years of injection. (a) The 3-D model with the 130◦C isotherm (in blue). (b) 2-D view of a cross-section on the fault place

showing the slip tendency distribution. (c) On the same cross-section, distribution of the temperature difference with initial conditions. (d) On the

same cross-section, distribution of the slip tendency difference with initial conditions.

(a) Low dip angle case (b) High dip angle case

Fig. 5. Two additional scenarios in terms of dip angle of the fault. (a) Low dip angle model with γ = π8. (b) High dip angle model with γ = 3π8.

thermoelastic response of the slip tendency. For the low dip angle case, a 60◦C decrease in temperature is observable

on the fault plane with a similar distribution as for the reference case (see Fig. 4(c)). However the observed 60◦C
decrease in temperature leads to a +0.3 increase in slip tendency. Furthermore, for the high dip angle case, a 20◦C
decrease in temperature leads to a +1 increase in slip tendency. These results are summarized in Fig. 6. Differences

in the temperature distribution for the two cases result from differences in the geometry of the model. As seen on

Fig. 5, if the dip angle is lowered, the cold water front will hit the fault at earlier stages and coldest temperatures will

be observed in the lower part of the fault.

For a given in-situ stress field (here normal faulting), the dip angle of the fault has a significant influence on the

increase in slip tendency resulting from thermoelastic effects (from +0.3 to +1 increase in slip tendency).

4. Discussion: real-case application of the Groß Schönebeck geothermal reservoir

The approach presented in this contribution has been applied on a real-case application: the geothermal research

site of Groß Schönebeck (40 km north of Berlin, Germany). This site consists in a geothermal doublet (target depth

of −4100 m) drilled with a faulted reservoir. Geological context of this reservoir, stimulation treatments as well as

dynamic modelling of thermo-hydraulic processes are well described in the literature [21,1,22,23,24]. An approach

for coupled thermo-hydro-mechanical processes similar to the one presented in section 2 with transport properties
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(a) Low dip angle case (b) Low dip angle case

(c) High dip angle case (d) High dip angle case

Fig. 6. Results after 15 years of injection. (a) Distribution of the temperature difference with initial conditions on the fault plane for the low dip

angle case. (b) Distribution of the slip tendency difference with initial conditions on the fault plane for the low dip angle case. (c) Distribution of

the temperature difference with initial conditions on the fault plane for the high dip angle case. (d) Distribution of the slip tendency difference with

initial conditions on the fault plane for the high dip angle case.

evolution models has been applied to a 3-dimensional discretized model of the Groß Schönebeck reservoir [20]. 70◦C
fluid is injected in the reservoir with a rate of 30 m3 h−1. The in-situ temperature within the reservoir ranges from 145

to 150◦C. The in-situ stress-field is transitional regime between normal faulting and strike-slip faulting [21].

(a) (b)

Fig. 7. Results of fully coupled THM process modelling for the Groß Schönebeck geothermal reservoir. Here only the faults in the reservoir are

shown after 100 years of injection of cold fluid (70◦C) at 30 m3 h−1. (a) Temperature distribution. (b) Slip tendency. The blue line represent the

path of the injection well and the red one the path of the production well.
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Fig. 7 shows the temperature distribution (Fig. 7(a)) and the slip tendency (Fig 7(b)) distribution along the major

faults within the reservoir after 100 years of simulated operation time. A temperature decrease of about 70◦C leads

to an increase in slip tendency of about +0.6 on two different faults. This increase in slip tendency is localized on

the faults around the injection well (blue line on Fig. 7) as well behind the production well (red line on Fig. 7).

The magnitude of slip tendency could lead to alteration of the slip behaviour of the fault and in extreme case, to

reactivation of the fault (if Ts ≥ μs) and therefore to the generation of seismic events. Microseismicity activity has

been recorded during water frac treatment of the production well drilled in 2007 [25]. These microseismic events have

been related to pressure diffusion effects (rapid injection of fluid) and have shown that the faults around the well have

a high reactivation potential. The present study supports the idea that these faults are initially critically stressed (in

accordance with [1]) and that they also present high reactivation potential, here caused by thermal stress enhancement.

However, whether such a dynamic relation between these processes exists and what implications it imports in terms

of reservoir sustainability remains only speculative at this stage.

As reported by several studies, formulations of the theory of thermoelasticity show strong similarities to formu-

lations adopted to describe poroelastic phenomena [10,11,12,13]. Where an effective stress law has been introduced

in the theory of poroelasticity [5,6] to correct the effect of pore pressure on deformation, the results presented in the

present study suggest the need of an extended effective stress law correcting also for temperature changes effects,

taking the form:

σ′ = σ + αp f I + Kβ (T − T0) I (15)

This new formulation for the effective stress tensor would also induce an increase in normal stress acting on the

fault plane (Eq. 13) which could contribute to correct the increase of slip tendency due to temperature decrease.

Validation of the new formulation is part of ongoing work.

In this approach, a one way coupling for thermo-mechanical processes has been discussed, that is, the temperature

distribution has an impact on the deformation (thermal strain and stress) but deformation has no influence on the

temperature field. This assumption, though valid in most materials may not be considered realistic for coupled thermo-

hydro-mechanical processes modelling in such applications. Indeed, in the case of faulted reservoir, processes such

as shear heating can occur and influence the temperature distribution along a fault plane. This contribution therefore

raises the need of a stronger coupling between thermal, hydraulic and mechanical processes taking into account all

dynamic feedbacks to better describe changes in the in-situ stress field acting on faults which are of relevance for the

studying of their potential reactivation during man-made activities.

5. Conclusion

For deep geothermal reservoirs, thermoelastic stress often exceeds poroelastic stress (by a factor of 10 for the

given configuration). Changes in temperature induced by injection of cold fluid control therefore the in-situ stress

field. Such phenomenon has a direct impact on slip tendency of major fault zones. In the present study, it has been

shown that injection temperature and geometry of the fault (dip angle) play an important role in evaluating the fault

reactivation potential. In general, slip is more likely to occur when the cold fluid front hit the fault plane. Similar

conclusions have been derived for a real-case study based on the geothermal facility of Groß Schönebeck. These

preliminary studies elucidate the importance of thermal effects on the mechanical stability of major fault zones during

geothermal reservoir activities and raises the importance of deepening the coupling among thermo-hydro-mechanical

processes affecting the reservoir.
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