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The South German Molasse Basin provides favourable conditions for geothermal plants. Neverthe-
less, micro-seismic events occur in the vicinity of the geothermal Unterhaching Gt2 well and seem to be caused
by the geothermal plant.

The injection and production are located in an existing fault system. The majority of seismic events takes place
at a horizontal distance of 500 m or less of the borehole. However, none of the seismic events are located in the
injection reservoir but in fact at a significantly greater depth. A deeper process understanding of the interacting
thermal—-hydraulic—mechanical effects in the vicinity of the well is desired.

This article presents a significantly simplified 2-D model, investigating interactions of the stress field in the
vicinity of the geothermal well and movements in the fault system. This might be of special interest, as the
operation of the geothermal plant might lead to changes in the material and fracture properties on the one hand
and in the equilibrium state on the other. A detailed description of the model, as well as various parameter studies,
is presented. It can be seen that boundary conditions such as direction of the stress field in relation to the fault
system, geometry of the fault system and parameters of the fractures have a significant influence on stresses in
the proximity of the geothermal well. A variation in the spatial stress field in some parts of the fault system is to
be expected. For the chosen assumptions the dimension of this variation is about 25 % of the assumed stresses.
Future work on this model might focus on the characteristics of the fault system, as well as on the influence of
the coupled thermal-hydraulic—mechanical effects.

Generally, geophysical use of the underground, e.g. deep

geothermal energy use, storage of radioactive waste, or the
The South German Molasse Basin provides favourable constorage of C@is characterized by various interacting phys-
ditions for geothermal plantsBStWIVT, 2010. Conse- cal processes. Numerical simulations are a good tool to
quently, about a dozen successfully working geothermalprovide an insight into the thermal-hydraulic-mechanical
power plants are located in the greater Munich a@angz  (THM) coupled processes in the subsurface. General infor-
et al, 2013. However, micro-seismic events are observed inmation on the related topics can be found in, for example,
the proximity of the geothermal well Unterhaching Gk2g- Pollard and Fletchef2005, Zoback(2007), Fossen(2010),
gies and WassermanR014. The reason for these events — and Gudmundssor(2011). Concerning geothermal plants,
appearing at significantly greater depth than the well — is nothe injection and production of the water and the variations
yetknown. A deeper understanding of the physical processegf temperature have an impact on the mechanical system in
in this area is of great interest. the target horizon of the geothermal wells. Taking into ac-

count the mechanical and fracture-mechanical effects in the
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Figure 2. Schematic view of the geological situation in the near
field of the Unterhaching geothermal well. Presented are the Malm
(multicoloured) and the crystalline layer (in grey) in a vertical slice
(afterSchumacher2013.

Figure 1. Seismic measurement in the area of the Unterhaching : . : o
N . s characterized by several layers with different permeabili-
well. Here, the coherence (the similarity between two profiles) is y Y P

presented. The Unterhaching Gt2 well (left) and the Kirchstockachtlhes' Thei.we" Iﬂterse,CtS,the fault Zonel’ which is mdpate;fd by
well (right) are shown in red. The top of the Malm is shown by the the red line. The seismic events are located at a significant

blue line, and the bottom by the green line, accordingitschen et distance beneath the well in the crystalline.
al. (2011 andLischen et al(2014).

2 Stress field analysis in the area of the geothermal
well Unterhaching

deep underground, the existing structures and faults need to
be mentioned. Complex, coupled THM problems have to be™

investigated, aiming for a better process understanding of therhe presented geophysical situation implies a three-
evolution of fault zones and their potential impact on seis-dimensional model with thermal, hydraulic, mechanical and
mic events. Utilizing numerical simulation tools to get a bet- chemical effects. The following investigations concentrate on
ter understanding of the relevant effects is a demanding bughe mechanical processes and the interaction with some hy-
promising challenge. However, on the one hand, there is graulic effects, which are to be expected in this area. The
significant lack of information about the system and the spe+ocus is laid on the stress field in the vicinity of the fault
cific properties and, on the other hand, the numerical simusystem, which is influenced by elemental movements of the
lation of such complex systems on a large scale is a majofracture zones. The following investigations give an idea of
challenge even today. In the following, a simplified model the impact of these movements — depending on the assumed
approach is presented, focusing on the mechanical effect§arameters — on the stress field.
and the impact of the hydraulic properties in the surround- |n context of mechanical processes, data describing the
ings of the Unterhaching Gt2 well. fracture-mechanical parameters, as well as information on

The geological situation of the Unterhaching Gt2 well is the stress field and the mechanical parameters in the area of
given in Fig.1 based on seismic results. The figure presentshe micro-seismic events, are quite rare. Moreover, the nu-
the Coherence, which indicates fracture or fault zones. ThQnericaJ simulation of a three-dimensional geophysica' prob_
Malm (Upper Jurassic) and the crystalline layer are given agem incorporating fracture-mechanical processes is not yet
3-D structures. The Malm is characterized by highly fissured,possible. However, it is important to get a better understand-
karstic material. This area is the target horizon of the geothering of the mechanical processes in and near the fault; there-
mal wells and is bordered here by the top and bottom linesfore, a strictly simplified model is presented in the following
The layers above are only indicated by the vertical slice. Theggction.
Unterhaching and the Kirchstockach wells are shown by red The simplification of the model is mainly characterized by
lines. A fault system is located in the near field of the Gt2 the following steps:
well, and will be the focus of the following sections.

Both the well and the seismic events are located close to 1. 2-D instead of 3-D
the fault system, which is presented in F2gas a schematic Naturally, the effects in the system are three-
view of a vertical slice. The target horizon, namely the Malm, dimensional. However, today few numerical codes exist

1 Simplification of the model
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enabling a 3-D numerical simulation of a fully coupled

THM problem incorporating fracture mechanics on the
required scale. In addition, it is questionable whether
such a numerical model would be meaningful due to the
lack of input data. Nevertheless, in the simplified two-

dimensional approach, it is not possible to picture all
effects realistically. This simplification is based on the
assumption that the main effects can be pictured by the
two-dimensional approach and that this model results in
a better understanding of the interacting effects.

2. Downscaling
A downscaling from the large-scale system to a signif-
icantly downscaled model is carried out. The mechanic

IaV\(/joSf_S|m|Iarg{ as, fortixalinplte_, pre_:sgnltte_ :rtPo;f_ and depth of the top Malm horizon (colour coding from red to dark
and Sieme¢2012 must be keptin mind. Itis applied in blue indicates from minimum to maximum depth; maximum depth

the modelling and by interpreting the results. The scalégjterence ~ 400 m) Liischen et al.2014. Grid line interval is
between model and reality is chosen to be 1:400. 1km.

Simplified fault zones (blue lines), injection well (red)

3. Singular faults instead of fissured areas

In reality, no singular faults are to be expected, as faultyyo-dimensional fracture initiation and propagation code is
zones are characterized by fissured areas with a latergjresented irShen and Stephanss¢t993l). Further infor-
extent of metres to tens of metres. To model this SyS-mation on this topic is given iByerlee(1978, Ferrill and
tem it is necessary to reduce the fissured areas to sinyorris (2003, Rinne (2008 and Shen et al(2014. FRA-

gle fracture surfaces due to restrictions of the bound-cop ytilizes the displacement discontinuity method (DDM)
ary element (BEM) code FRACOI3{1en 2002, which i combination with the Mohr—Coulomb failure criterion and
is used for this investigation. This simplification has a 5 new fracture criterion (G criterion) proposed $en and
significant influence on the quantitative results, espe-giephansso(t9933. FRACOD is designed to capture fun-

cially in the proximity of the fault zones. However, the gamental features of the fully coupled hydro-mechanical be-
present study focuses on identifying and understanding, ayiour of elastic and isotropic rocks.

the dominant mechanical effects — a quantitative state-

ment, though desirable, is beyond the scope of this pa-

per. Nevertheless, even with a qualitative analysis of the

results, prmqpal effects can be p|c_tured, futiire researc aking into account the seismic results given in Fig.a
can be specified and an increase in process understan

ing can be generated. ignificantly simplified model of the geometry of the fault

zones is developed. FiguBedepicts the depth to the top of

The model presented here enables investigations concerd?€ Malm and the simplified geometry of the fault zones in
ing various material parameters of the rock and the fault sys{he simplified model. _
tem. Furthermore, simplification strategies of the fault sys- The area given in Fig3 has an extension of about
tem, as well as boundary conditions such as stress field anfl-0km>x 5.5km. The zone of interest lies in the centre of the
direction of stresses in relation to the fault system, variousPresented aréa and consists of the main fault (presenting the
borehole locations or injection pressures, can be investigatedult zone with an angle of about #5the minor fault (repre-
The varying boundary conditions can describe various phasegenting the fault zone with an angle of aboutand the en
of the system’s evolution and various depths or loading casesgchelon fault system. The geometry of the downscaled model
The aim of this model is to increase process understandind® depicted in Figd. Due to the downscaling process (a factor
and statements regarding the relevance of various input paf 1/400), the model area has an extension of 2282 m

rameters and requirements in further investigations. and depicts the zone of interest in the vicinity of the fault
system.

The geometry of the fault zones in the vicinity of the geother-

mal well Unterhaching Gt2 has a significant influence onThe material parameters can be split into material proper-
mechanical and fracture-mechanical effects. To get a betteties of rock and water and properties of the fractures. These
idea of the impact of various properties, the mechanical ef-are summarized in Table 1 for a so-called standard mode],
fects were investigated with FRACOD. A manual for this which will be the basis for all parameter studies. Some of
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Significantly simplified geometry of the downscaled model of the fault zones in the area of the Unterhaching Gt2 geothermal well.

these parameters will be varied later for the purpose of pathe values vary between 2 and 22 cm, with lower values in
rameter studies. The material parameters are calibrated basélte en echelon system and maximums in the main fault.
on information taken fronGehle(2002), Mattle et al.(2003, Lastly, there exists a relative displacement along the main
Rinne et al(2003 andMoeck and Backer@011). The cali-  fault. While the area located in the NW of the main fault
bration is carried out under the assumption that the system afnoves in the south-western direction, the area located in the
fault zones is nearly under equilibrium conditions. Finally, it SE of the main fault moves in the NE direction. The fault dis-
can be pointed out that the model is very sensitive to numerplacements in the minor fault and in the system of en echelon
ous parameters. faults are significantly smaller than in the main fault.

Figure5 (right) presents the deformations of the rock. The
scale used is equal to that of the displacements along the
faults given in Fig.5 (left). The induced stresses result in

The model area is loaded by a complex stress field consistdeformations of the order of decimetres. Due to the dynamic

ing of compressive and shear stresses. Simplifying this, then the system, some areas experience lower (blue) or higher
boundary conditions in the model are related to the major(red) deformations.

and minor horizontal stresses, which results in an anisotropic The resu|ting mean stresses are given in Ejgfhe green

compressive stress field. The direction of stresses in this aregreas correspond to the initial compressive stress of 120 MPa.
is taken fromReinecker et a2010. Based on results taken |n the red areas a decrease in the initial compressive stress

from Gehle(2003, they are assumed to be 120 MPa in the takes place. Here, the compressive stresses are reduced due
north—south direction and 60 MPa in the east—west directionto a redistribution of stresses in the model area. The area

As the model is oriented north, the mean stresses are parallglose to the en echelon system in particular is character-
to they axis. ized by a decrease in the compressive stresses. In contrast
The resulting elastic displacements along the fault zonesgo that, the blue areas mark regions with an increased com-
are shown in Fig5 (left). Converted to realistic values ac- pressive stress. As might be expected, stress peaks arise at

cording to the scaling assumption presented in SBdi.  the ends of the singular faults. Here, fracture processes are
these values are in the range of centimetres. More precisely,
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Table 1. Material parameters of the standard case necessary for the FRACOD model

Parameter Symbol  Unit Value
Rock

Young’s modulus E GPa 50
Poisson’s ratio v - 0.35
Friction angle ¢ ° 30
Cohesion c MPa 0.25
Tensile strength oy MPa 12.1
Mode | fracture toughness Kic MPanf-5 1.3
Mode Il fracture toughness Kic MPanf-> 5.29
Fractures

Shear stiffness Ks GPantl 20
Normal stiffness Kn GPam! 40
Friction angle ¢ °© 20
Cohesion c MPa 1
Cut-off level of fracture propagation f - 0.995
Check-up level for elastic fracture growthe - 0.0
Tolerance factor t - 1.0
Hydraulic parameter

Bulk modulus of the fluid Kw GPa 2.0
Permeability k m? 1x 10719
Viscosity m Pas 1x 1073
X Axis (m) 3 2 S

0.55

0.3

Y Axis (m)
Y Axis (m)
o

Y Axis (m)

displacement u [mm]

0.05

X Axis (m) X Axis (m)

Figure 5. Displacements in the standard model due to the stress field applied (left: in the faults; right: in the rock). Converted to realistic
values according to the assumptions in S2cthe values are in the range of a few centimetres.

to be expected. However, these extreme changes in the stressFinally, it can be stated that a movement along the mair
field at the end of the faults do not fit well with reality —in ac- fault can be observed due to the assumed boundary cond
tual fact they will be smaller because the existence of fissuredions and material parameters. This results in an area of re
areas instead of singular faults will dampen the changes. duced compressive stresses in the vicinity of the en eche

lon faults. This assumption coincides with the interpretation

www.geoth-energ-sci.net/2/39/2014/ Geoth. Energ. Sci., 2, 39-48, 2014
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Figure 6. Variation in the major (left) and minor (right) stresses. In some areas of the fault system, variations of about 25 % can be observed
in the large-scale stress field .
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Figure 7. The variation in stresses in the near field of the fault system ranges by about 25 %. This relation is independent of the magnitude
of the stress field.

based on the seismic measurements, which indicate areas 6f2.4 Influence of the stress field

higher (in the vicinity of the minor fault) and lower (in the

vicinity of the en echelon system) compressive stresses.  The stress field in the Molasse Basin is discusseRéi

However, the presented stress field strongly depends ORecker et al(2010. It is assumed to be oriented in a N-S

the boundary conditions of the system. Consequently, the ingjrection. Quantitative data are given Bgithel(2013. This

fluence of the stress field, as well as the material propertiesinformation results from the investigation of borehole break-

will be investigated in the following sections. Some investi- gyts.

gations concerning the influence of the borehole location are | this section the standard model, loaded with a stress

presented irZiefle (2013. Depending on the depth, the lo- field of 120 MPa in the N-S direction and 60 MPa in E-W

cation of the well changes with regard to the fault system.girection, is compared with a similar model, loaded only by

This might be of significant interest and could be a focus for2g MPa in the N=S direction and 10 MPa in E=W direction.

further numerical investigations. The results are given in Fid. The initial mean stress and the
variation in the stress up to a level of 25 % are presented. It
becomes clear that the initial value of 120 or 20 MPa remains
constant in the far field (shown in green) while changes can
be observed in the vicinity of the fault system. As expected,

Geoth. Energ. Sci., 2, 39-48, 2014 www.geoth-energ-sci.net/2/39/2014/
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Figure 8. The variation in the cohesion has a moderate influence on the stress field. Pictured here is the safety factor depending
relation of shear stress and shear stiffness.

the compressive stresses increase at the end points of the as-The stresses which result from a variation in the friction
sumed singular faults (shown in blue). Moreover, a trend ofangle of the rock are given in Fi§. A friction angle of 18
a decreased compression field in the vicinity of the en ech-does not lead to a significant change in the results compare
elon system is detected (shown in red). The variation in thewith the initial value of 30.
stress reaches a level of about 25 %. Due to the difference in Regarding the presented model set-up without any injec
the initial stress, this variation has a value of 30 MPa in thetion, production or changes of boundary conditions, there
standard case and a value of 5 MPa in the second case. is no difference between a pure mechanical and a couple
Finally, it can be stated that the variation in stresses forhydraulic-mechanical approach. This is also presented i
both cases remains, as a percentage, of the same order Big. 9. Here, the simulation results on the left-hand side arise
magnitude. In the vicinity of the faults, variations of about from a pure mechanical calculation while the results on the

25 % related to the initial stress field have to be expected. right side arise from a coupled hydraulic—mechanical simular

tion. The coupled simulation is characterized by faults, which
2.2.5 Influence of the material properties are filled with water.

The fault is characterized by various parameters given in

The material properties consist of properties of the rock andraple 1. A variation in the friction angle of the fault has a
the faults. Due to the significant simplification of the fissured sjgnificant influence on the stress field. A shift of the initial
areas as singular faults, the definition of fault properties isyalue of 20 to a value of 10 leads to the results presented
problematic. Parameter studies indicate a strong influence gf, Fig. 10. Due to the dynamic effects in the system, the re
fault properties on the results, while the influence of the Ma-gylting stress field varies enormously.
terial properties is comparatively low. In this section, the im-  Another significant parameter of the faults is their stiff-
pact of some properties is summarized. ness. Considering the behaviour of fault systems in contex
Figure8 presents a comparison of two models with vary- with geothermal applications, this parameter is of special in
ing properties for the cohesion of the rock. While the as-terest. Due to the injection or production of a fluid, the char-
sumed cohesion in the standard case remains 0.25 MPa, thg-teristics of the fault zones and the stress and fluid pressu
comparative case is characterized by a cohesion of 25 MP&gnditions in the fault may change (eMorris et al, 1996
Presented in the Fig. 8 is the safety factor, which dependsyjliis, 200q Legarth et al.2005. By analysing the stiffness

on the relation of shear stress and shear stiffness. The resulgg faults and how the system reacts to variations of this par

indicate a moderate influence of the cohesion. rameter, a first insight into this complex interaction can be
gained.

www.geoth-energ-sci.net/2/39/2014/ Geoth. Energ. Sci., 2, 39-48, 2014
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Figure 9. Stress field in the vicinity of the fault system. The variation of the friction angle of the rock has essentially no influence on the
stress field.
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Figure 10. Due to the variation in the friction angle of the fault zones, the remaining stress field varies significantly. The area with a
significant change in the stress field compared to the initial one is considerably higher due to the lower friction arfgle of 10

Starting with an assumed shear stiffness of 20 GPa andulting stress field is presented in combination with the seis-
normal stiffness of 40 GPa, a decrease in both values by 75 %nic data. Future work might incorporate coupled hydraulic—
is assumed to occur only in the main fault. This change al-mechanical effects more precisely. For example, the consid-
ready has a significant influence on the stress field. This caeration of the pore pressure in the faults and changes in fault
be seen by comparing Fig.(right) with Fig. 11 (left). Addi- properties such as the aperture of the fault might be of spe-
tionally, with the assumption of the same decrease in stiffnessgial interest. Furthermore, a detailed investigation of local pa-
for the minor fault, the resulting stresses are shown in Fig. rameter variations could yield new insights into interactions
(right). The impact of these changes can be seen immediatelgetween faults.

— the area which is characterized by a significant decrease in
the compressive stresses becomes larger. As a consequence,
the equilibrium of forces in the vicinity of the fault system
may change. _ o A significantly simplified 2-D model depicting the fault sys-

Nevertheless, these investigations are only a very roughem in the vicinity of the geothermal well Unterhaching Gt2
approach to examine the effects within the fault system anqg presented. Calibration is carried out in order to achieve
their influence on the overall stres_s fie_ld. The key findings 5 mechanical situation which is very close to the equilib-
of the presented work are shown in FIR. Here, the re-  (jym state, as this corresponds best to the current state of

Conclusions

Geoth. Energ. Sci., 2, 39-48, 2014 www.geoth-energ-sci.net/2/39/2014/
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Stresses due to the assumption of a decrease in stiffness by 75 % for the main fault only (left) and for the main and the minor
fault (right).

ther investigations focus on the impact of various boundary
conditions and material parameters. It is necessary to point
out that the material properties of the assumed fractures have
a significant influence on the movements in the system and
consequently on the resulting stress field. In contrast, the ma-
terial properties of the rock have only a moderate influence.
Testing the influence of the initial stress field indicates only,
a quantitative influence. Higher initially assumed stresses re-
sult in higher stresses in the fault system, but the qualitative
arrangement remains the same.

Further investigations may focus on the impact of coupled
hydraulic-mechanical processes. The influence of the injec-
tion on the properties of the fault system will be of special
interest. Furthermore, 3-D investigations can incorporate the
influence of the non-vertical well and the injection and pro-
duction of the fluid.

Seismic data in the area of the Unterhaching well (as’“<"° g I would like to express my thanks to the
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changes in the stress field compared to the spacial stresses. .
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