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a b s t r a c t
Throughout the 700-yearlong coal exploration period in the Ruhr region, an abundance of geological,
geophysical, seismic, and in situ stress data was obtained from the Carboniferous strata. In this study,
we take advantage of this unique dataset to develop a static 3D geomechanical model to predict the
spatially continuous distribution of undisturbed in situ stress state and evaluate the reactivation risk
of major fault zones. Compared to the point-wise stress information, the spatially continuous in situ
stress state provides an effective tool for planning subsurface operations and assessing seismic hazards
in areas where no stress information is available. The developed model was validated against a comprehensive calibration dataset including results from geophysical logging, borehole deformation, and
fault-slip analysis, in situ hydrofracturing measurements, distribution of subsidence, microseismicity,
and observations from coal mining activities. Consequently, interpretation and assessment of the model
results including their uncertainties, reliability, limitations, and perspectives are discussed. The possible
applications of the model approach for seismic hazard prediction and utilization of deep geothermal
energy in the Ruhr region are outlined.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Geothermal systems rely either on fluid-filled and permeable rock formations and faults (i.e., hydrothermal systems), or
impermeable rock formations, which, under a concept of an engineered geothermal system (EGS), are stimulated prior to the
heat extraction. The development of both systems, by altering
initial pore pressure, will change the stress state of the host
rock and may induce seismic activity. The quantification of the
critical stress state is of importance for identifying suitable and
safe areas for the efficient utilization of geothermal energy resources. To investigate the stress state, three elements have to be
∗ Corresponding author at: Fraunhofer Research Institution for Energy Infrastructures and Geothermal Systems IEG, Am Hochschulcampus 1 IEG, 44801
Bochum, Germany.
E-mail address: michal.kruszewski@ieg.fraunhofer.de (M. Kruszewski).

addressed: (i) undisturbed initial in situ stress state, (ii) rock’s and
fault’s failure criteria, and (iii) man-made spatio-temporal pore
pressure changes due to during drilling, fluid injection, or production operations.1 The two latter elements are a focus of many
scientific studies (e.g., Refs. 2–4), whereas the quantification of
the undisturbed in situ stress state remains most often highly
uncertain.
3D geomechanical models, providing critical a priori in situ
stress tensor information, are used for safe and sustainable exploration and exploitation of geothermal and hydrocarbon resources (e.g., Refs. 5–9). Examples include applications for (i)
predicting borehole stability (e.g., Refs. 10–12), (ii) selecting drill
paths and drilling targets (e.g., Refs. 13, 14), (iii) designing reservoir stimulation operations (e.g., Refs. 15, 16), (iv) assessing
reactivation potential of fractures and faults (e.g., Refs. 3, 17),
(v) addressing reservoir depletion (e.g., Refs. 18, 19, (vi) evaluating compaction, subsidence, and casing shear issues (e.g.,
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of the NW-SE acting sub-horizontal compression (Fig. 2c, d, e),
and overprints the ENE-WSW-striking fault network (Fig. 2a).

Refs. 20–22), and (vii) investigating hazards related to induced
seismicity (e.g., Ref. 23).
Throughout the 700-yearlong coal exploration period in the
Ruhr region, an abundance of geological, geophysical, and in situ
stress data has been obtained from the Carboniferous strata up
to depths crucial for the coal mining industry. In this study,
we take advantage of this unique dataset for development of a
static 3D geomechanical model to predict the spatially continuous
distribution of in situ stress state and evaluate the reactivation
risk of major fault zones. The model, with a total area of 827 km2
is located in the central part of the Ruhr region and reaches
vertical depths of 6 km. For the calibration of the numerical model
developed with COMSOL Multiphysics software,24 we use a comprehensive model-independent dataset including (i) geophysical
logging results, (ii) in situ measurements of horizontal stress
magnitudes, and (iii) borehole deformation analyses. Additionally,
results from the fault-slip analysis, distribution of microseismicity, subsidence, and localized permeability indicators from coal
mining were utilized to confirm model robustness.

2.2. Past geomechanical studies
The in situ stress state of the Ruhr region was investigated in a
few surveys, performed predominantly in its northern parts with
hydrofracturing and overcoring methods (Fig. 3). Measurements
were carried out from the 1970s to the 2000s to optimize the
design of crosscuts and mine layouts and, later on, to evaluate
stress state in coal bed methane wells (i.e., Refs. 38–44). Most
of the in situ measurements in the Ruhr region were limited to
depths of interest for the coal mining industry (i.e., ∼1.5 km).
In the last 40 years more than 1000 modern exploration boreholes were drilled in the northern part of the Ruhr region.45
This immense database allowed for detailed analysis of borehole
elongations and interpretation of the maximum horizontal stress
azimuth, θ SHmax . A total length of 761 m of borehole breakouts
from 3.95 km of analysed four-arm caliper logs in 40 boreholes
spread across the Ruhr region were analysed by Ref. 39. The mean
θ SHmax from his study is 149 ± 36◦ . Reinecker et al. 46 discriminated borehole breakouts in 51 boreholes in the Ruhr region with
a total breakout length of 3.01 km. The length-weighted θ SHmax
amounted to 168 ± 48◦ . The great majority of θ SHmax data in
the Ruhr region is of low quality (i.e., D and E quality category
of stress indicator based on World Stress Map stress quality
ranking) and, thus, less reliable.47 Only a few measurements of
higher quality (i.e., B and C quality category of stress indicator)
were registered in the region. Few measurements, from which
the majority being of low quality, indicate NE-SW orientation of
θ SHmax , and being, thus, perpendicular to the regional θ SHmax .48
Based on the existing data, the Ruhr region can be separated
into two main stress units in terms of θ SHmax with the boundary
being located at the General Blumenthal mine (Fig. 3). The eastern
stress unit is characterized by θ SHmax transition from the NNWSSE direction in its most eastern parts (i.e., mine Westfalen) to
NW-SE direction at the location of Haus Aden and HeinrichRobert mines. These θ SHmax are likely to be the result of regional
faulting of the coal-bearing strata.43 The western stress unit is
characterized by θ SHmax ranging from N-S direction at the location
of Lohberg and General Blumenthal mines, and then reorientation
from NNW-SSE to NW-SE direction at the location of Friedrich
Heinrich and Niederberg mines. These θ SHmax are supposedly
influenced by the graben structure of the Lower Rhine Bay.43
Based on results from in situ stress testing by Refs. 39–44 it
can be stated that the Ruhr region is dominated by a strikeslip regime with magnitude of minimum horizontal stress, S hmin ,
being smaller than the vertical stress magnitude, S v . No natural
seismicity has been recorded in the Ruhr region to derive the
stress regime from focal mechanisms.49,50

2. Study area
2.1. Geological setting and paleostress
The Ruhr region (North Rhine-Westphalia, Germany), located
to the north of the Rhenohercynian Massif, is a result of the
Hercynian orogeny and a classical foreland basin (e.g., Ref. 25).
It consists mainly of interbedded sequences of sand, clay, silt,
and coal layers (i.e., cyclothemes) of Upper Carboniferous age.
The coal-bearing Upper Carboniferous strata in the Ruhr region is
divided into the stratigraphic units of Namurian C to Westphalian
A–C (e.g., Ref. 26). The folded layers of the Upper Carboniferous
are overlain by a weakly north-dipping, angular unconformity
from the Upper Cretaceous. The southern limit of the Cretaceous
layers is along the line of the cities Essen, Bochum, and Dortmund.
Towards the north, the layers of Cretaceous age increase continuously in thickness until finally reaching about 1.8 km thickness in the Münsterland Cretaceous Basin (e.g., Ref. 27). In total,
the thickness of the coal-bearing strata is about 2.9 km. In the
South of the Ruhr region, at the margin of the Rhenohercynian
Massif, Devonian carbonates are assumed to be present below
the coal-bearing Upper Carboniferous strata at a depth of about
5 km.28
The Ruhr region is dominated by two sets of regional fault
zones oriented (i) NW-SE to NNW-SSE with dip angles ≥ 80◦ and
(ii) NE-SW with dip angles between 60 and 80◦ (e.g., Refs. 25,
29). Highly complex fold structures with a mean ENE-WSW strike
direction are also observed in the region (e.g., Ref. 30).
Outcrop studies in the south Ruhr region have shown that in
the Devonian carbonates similar discontinuity orientations as in
the coal-bearing Upper Carboniferous strata can be expected.34 As
an example, in the outcrops of the Steltenberg quarry (Fig. 1a),
mesoscale fault zones encompass several bed-perpendicular and
sub-parallel faults. The shear displacement is observed from the
offset of bed boundaries and/or slickensides. The first fault network comprises of large sub-horizontal ENE-WSW-striking thrust
fault, which dips approximately 20 to 35◦ to the bedding and is 3
to 5 m wide. Intensely fractured rocks with cores defined by highstrain fault rocks, including non-cohesive and cohesive crush
breccia, characterize the narrow-range damage zones of this fault
zone (Fig. 2f, g, h), which is expected to be a subsidiary of the
Ennepe thrust developed during the Hercynian orogeny.35,36 The
second fault network is NNW-SSE-striking, has a high dip (from
60 to 75◦ ), and is six times wider (40 m) than the ENE-WSWstriking network, locally reaching 50 m (Fig. 2a, b). The inner core
contains 5 m thick clay gouge and/or cohesive crush breccias. The
NNW-SSE fault network forms in a conjugate pattern as a result

3. Simulation approach
To simulate the 3D state of the in situ stress a two-step
approach following the methodology developed in Refs. 6, 51 was
utilized. As a first step, the initial stress state, in the absence of
tectonic loading, was established. This procedure, which ensures
an appropriate ratio of horizontal-to-vertical effective stresses,
was performed assuming no lateral tectonic loading with vertical
and lateral stresses being controlled by gravitational forces only.
Effective horizontal stresses, σh , being represented by a function of body forces of the cumulative weight of the overlying
model layers and their Poisson’s ratios, ν , which, according to the
principles of linear elasticity amount to

σh = σv ·
2

ν
(1 − ν )

.

(1)
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Fig. 1. The workflow of a static 3D geomechanical model: (a) simplified geological map of the Rhine-Ruhr area (after Ref. 31 and Ref. 32); (b) 3D structural-geological
model; (c) discretization of the model geometry in the FEM environment.

where, σv is the effective vertical stress. During gravity generation, undesirable gravity-induced settlement occurs within the
model volume. To remove these displacements, the stress state
with the gravity-induced settlement was implemented into an
undeformed model, and with two equilibration iteration steps
(with results from a first iteration being used as a starting point

in the second iteration), gravitational displacements were removed. In the last iteration, displacements were minimized to
a few centimetres with maximum displacements reaching few
metres.
Once the initial stress state was equilibrated with gravitational
forces and gravity-driven subsidence removed, in a second step,
3

M. Kruszewski, G. Montegrossi, M. Balcewicz et al.

Geomechanics for Energy and the Environment 32 (2022) 100386

Fig. 2. Fault networks architecture in the Steltenberg quarry: (a) high-resolution 2D outcrop orthorectified photograph with NE-SW view into the quarry with two
dominant fault zones i.e., high angle NNW-SSE normal faults (red) and low-angle ENE-WSW reverse faults (blue); (b) stereonet of the measured fault networks with
bedding; (c) a close-up of (a), showing the conjugate normal fault where the NNW-SSE sub-horizontal σ1 was derived; (d) and (e) stereonet and the inversion analysis
of the measured conjugate normal faults with the PBT axes method; (f) photograph with E–W view of a typical ENE-WSW low-angle reverse fault with damage
zone and core, which often occurs in conjugate pattern; (g) and (h) stereonet and the inversion analysis of the measured conjugate low-angle reverse faults with
the P-B-T axes method; (i), (j) faults slip surfaces with an evidence of internal shear and mineral precipitation (mainly quartz and calcite); (k) stereoplot indicating
sense of movement of the hanging wall block. Inversion calculations were performed with Win-Tensor software.33

kinematic boundary conditions were applied onto the model
boundaries to reproduce the effect of tectonic forces. Kinematic
boundary conditions were applied in a form of pre-described
displacements with an assumption of drained loading and with
fault zones being represented as 2D planes of weakness with
lower stiffness properties in respect to the rock mass.
To discretize the numerical solution, the high complexity of
the heavily faulted and folded structures of the region and inhomogeneous rock mass properties was resolved with the finite element method (FEM). The 3D geomechanical model was described
using a partial differential equation of the force equilibrium.

After an initial model was solved, numerical results had to be
calibrated prior to their interpretation and application. As proven
by Ref. 5, the quality of 3D geomechanical models depends not
necessarily on the simulation technique but the amount and
quality of calibration data. Therefore, the concept developed in
this study uses a comprehensive calibration dataset, independent
of input data, and validates it against the numerical results.
The calibration data points were adjusted in reasonable limits
until discrepancies with numerical results were minimized and
a best-fit model was achieved. The input data includes basic
model assumptions, model geometry, rock mass and fault zone
properties, initial stress, and boundary conditions, whereas the
4
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Fig. 3. The stress map of the Ruhr region with coal mines, distribution of subsidence,37 and fault zones included in the numerical model (increasing length of the
borehole breakout line marker indicates higher stress indicator quality); model area outlined with a black rectangle.

4. Model setup

calibration dataset includes magnitudes of S v , S hmin , S Hmax , and
θ SHmax acquired from in situ measurements. This first step concerns calibrating the orientation of the applied boundary stresses
by comparing θ SHmax obtained from in situ measurements. In
the second step, S v magnitudes obtained from geophysical logging are calibrated against simulated S v values. The third step
assumes, calibrating magnitudes of both S hmin and S Hmax acquired
from in situ measurement by varying pre-described kinematic
displacement conditions. As the variety of displacement boundary conditions exist for calibration of a single S hmin value, there
is only one pair of displacement boundary conditions that fits
both horizontal stress magnitudes.1 The mean error, ∆S, between
simulated and calibration value was computed as

∆S =

l
1∑

l

| Si − Ŝi | ,

4.1. 3D structural-geological model
The base of any subsurface numerical modelling is a 3D
structural-geological model. For this purpose, eight stratigraphic
units, based on the CICM (Coal Inventory Calculation Model)
model (e.g., Refs. 59, 60), were acquired from the Geological
Survey of the North Rhine-Westphalia (Germany) in the MOVE
software.61 The stratigraphic units are Quaternary, Cretaceous,
Westphalian C1, B1, A2, and A1, Namurian CB, Namurian AB,
Lower Carboniferous, and Devonian. 20 major fault zones were
implemented in the 3D structural-geological model. The architecture of fault zones was extracted from geological maps, geological
cross-sections, and geometries of stratigraphic units. Considering
results from the deep seismic reflection and the implications from
studies in Devonian quarries in the south of the Ruhr region, a
continuous fault direction (i.e., NW-SE, NNW-SSE, and NE-SW)
down to the bottom of the model was assumed.28,34,62
For data handling purposes and computational efficiency,
simplifications to the model geometry were made accepting
resolution losses. This resulted in merged stratigraphic units
of Quaternary, Cretaceous, and Westphalian layers called later
Westphalian and geometry simplification of the stratigraphic
horizons. This was due to (i) degenerating or intersecting layer
elements, (ii) layer thickness being too small to accommodate
effective model discretization, or iii) layers having relatively similar mechanical properties. In addition, few of the imported fault
zones were shortened, mainly at fault intersections and model
boundaries, due to discretization issues and/or degenerate elements. The 3D structural-geological model and its implementation into the FEM environment is presented in Fig. 1.

(2)

i=1

where, l is the number of data points, S i is the calibration value
and Sˆi is the simulated value.
Once the numerical simulation was successfully calibrated,
several scalar values, besides the direct results of the simulation,
including (i) θ SHmax , (ii) regime stress ratio (RSR),52 and faultspecific parameters such as (iii) shear, τ , and (iv) normal effective
stresses, σn ,53 (v) slip tendency, T s ,54 (vi) dilatation tendency,
T d ,55 and (vii) Coulomb failure function, CFF,56 were computed.
In addition to the model calibration with acquired in situ data,
results from fault-slip analysis, distribution of subsidence,37 induced seismicity (Ref. 49; Fischer, K.D. pers. comm.), and indications of fault permeability from coal mining activities57,58 in the
Ruhr region were used to confirm the reliability of the numerical
results.
5

M. Kruszewski, G. Montegrossi, M. Balcewicz et al.

Geomechanics for Energy and the Environment 32 (2022) 100386

Table 1
Rock mass properties of the lithostratigraphic units in the 3D geomechanical model of the Ruhr region with data from A Ref. 27, B Ref. 63, C Ref. 64, D Ref. 66, E Ref. 34,
and F Ref. 65 (Shl: shale, Sst: sandstone, Slt: siltstone, C: coal, Lst: limestone, D: dolomite).
No

Lithostratigraphic unit

A

1
2
3
4
5

Westphalian C-A
Namurian C
Namurian B-A
Lower Carboniferous
Devonian

50%
42%
36%
62%
45%

Composition
Shl,
Shl,
Shl,
Shl,
Lst,

27%
34%
36%
33%
32%

Sst, 26% Slt, 12% C
Sst, 16% Slt, 8% C
Slt, 28% Sst
Lst, 5% Slt
Slt, 14% Sst, 4% Shl, 3% D

4.2. Rock mass properties

ρ B (kg m−3 )

E s (GPa)

ν

A, B

A, C

D

2.459 ± 151
A, B
2.529 ± 142
A, B
2.697 ± 155
A, B
2.815 ± 116
E
2.640 ± 88

A,
A,
A,
E,

11.7 ± 7.4
C
15.7 ± 10.2
C
35.0 ± 31.5
C
68.3 ± 51.2
F
49.9 ± 10.2

0.28
0.28
0.28
E
0.33 ± 0.05
E
0.33 ± 0.05
D

D

layer decouples displacements between the two sides of the
boundary. The two sides are then connected by elastic forces with
equal size but opposite directions, proportional to the relative
displacements and velocities

Bulk density, ρ B , static Young’s modulus, E s , and Poisson’s ratio, ν , were selected to define the rock mass properties (Table 1).
Static properties of the Carboniferous rock mass were derived
from geophysical logging results (i.e., P-wave velocity log) from
the Münsterland-1 borehole.27 Gardner’s relation63 was applied
to acquire ρ B values of specific lithostratigraphic units. E s values
were obtained from correlation of P-wave velocity results from
the Münsterland-1 borehole and destructive laboratory tests on
a range of Upper Carboniferous rocks (i.e., sandstones, siltstones,
and shales) from the Ruhr region.64 Poisson’s ratio values were
recomputed based on the P- to S-wave ratio acquired from geophysical logging results from a middle-deep exploration borehole
in the south-eastern part of the model area. For the Devonian
unit, results from laboratory studies by Ref. 34 were utilized with
static values recomputed from correlations by Ref. 65.

σ ′ · n⃗ = k⃗A · u⃗ ,

(3)

⃗ is a normal vector of the
where σ is the effective stress tensor, n
⃗A is the spring constant in a normal and
boundary of the model, k
⃗ is the displacement vector composed
tangential direction, and u
of the displacement on each side of the fault zone.
Studies by Ref. 85 on fractured Opalinus Clay formations indicated that Young’s modulus of a fault zone can vary by several
orders of magnitude between fault core and host rock and can
approach values as low as 0.1 GPa for clay-filled faults. The faultspecific properties cannot be measured and are rarely investigated under laboratory conditions. As a consequence, there is a
lack of fault-specific properties to populate 3D geomechanical
models. The fault-specific properties will also change from fault
to fault and along a trace of one particular fault. In the light of
the above arguments, fault stiffness properties, estimated from
an assumption of constant fault thickness and elastic properties
of a clay gouge, were assumed constant across the model and
amounted to a normal stiffness of 0.17 MPa mm−1 , and shear
stiffness of 0.06 MPa mm−1 . For an assessment of fault reactivation risk, all faults were deemed cohesionless. The coefficient
of sliding friction, µ, ranging between 0.5, as a lower bound,
and 0.7, as an upper bound, was assumed for the Carboniferous
layers.4,86–89 For Devonian layer µ between 0.6, as a lower bound,
and 0.8, as an upper bound90,91 was assumed.
′

4.3. Boundary conditions and fault zone implementation
The model volume is 36.9 km × 22.4 km × 6.0 km. The model
coordinate system is aligned with the mean θ SHmax of the central
part of the Ruhr region. To reproduce the effects of plate tectonics
pre-described displacements were applied orthogonally onto the
model, assuming the main tectonic compression from the Alpine
Front.67 The southern model boundary was displaced (i.e., shortened) by 66 m while the eastern and western boundaries were
displaced (i.e., elongated) by 2 m each. No displacements were
allowed in the direction perpendicular to the northern model
boundary, however, a movement in a tangential direction of this
boundary was allowed. The bottom of the model was fixed in zdirection allowing for horizontal displacements. The top of the
model remained free of constraints.
For the computation of effective stress values, constant Biot’s
coefficient of 0.6568 and a P p gradient of 10.8 MPa km−1 , recomputed from density of mine waters sampled across the Ruhr
region69 and drilling fluid densities applied in boreholes,56 analysed in this study (Fig. 4), were assumed.
Fault zones control the mechanical and fluid-flow properties
of the Earth’s upper crust (e.g., Refs. 70–72). There, semi-brittle
shear zones or pre-existing or early formed brittle structures
locally perturb the stress state and dominate the process of fault
development.73–75 As fault zones grow, progressive shearing and
interaction of the inherited structures control slip zones and slip
surfaces, which are accommodated in the fault cores and damage
zones, and, in return, affect the near-fault host rock properties
and generate stress perturbations.76–79 In 3D geomechanical modelling, the term fault zone is often used to refer to a 2D plane
along which concentration of deformation with a known shear
sense of movement. Fault zones were incorporated into the model
volume as distinct 2D planes of weakness with specific stiffness
properties. This was performed by deeming fault zones as thin
elastic layers, which is a common assumption in modelling of
thin or high aspect-ratio structures sandwiched between other
relatively low aspect-ratio structures in FEM environments, and
a common consideration in many geomechanical modelling studies (e.g., Refs. 3, 80–84). On interior boundaries, a thin elastic

4.4. Model discretization and calibration
The numerical model volume was discretized with a minimum and maximum element size of 130 and 800 m, respectively.
Tetrahedron elements were selected due to their flexibility to
describe complex 3D geometries. The model is discretized into
1.7 million tetrahedral elements. The average element quality
amounts to 0.65, where 0.0 represents a degenerated element and
1.0 represents a completely symmetric element. Fault zones were
discretized by 81000 triangles with an average element quality of
0.87.
The calibration of θ SHmax was performed with four borehole
breakout measurements from Ref. 46, five borehole breakout
measurements from this study, and one measurement from hydrofracturing measurements.44 Collected θ SHmax measurements
represent stress indicator quality between C and E47 (Fig. 4). The
A to C stress indicator quality measurements only amounted to
∆θ Hmax of 6.2 ±7.0◦ . As discussed before, few θ SHmax measurements, located in the modelled area, are oriented perpendicular
to the regional θ SHmax .48 These measurements were deemed to
be misinterpretations of analysed borehole breakouts and, by
rotating them 90◦ , were added to the calibration dataset. The
overall ∆θ Hmax , based on A to E stress indicator quality measurements, amounted to 16.2 ±16.5◦ . For the calibration of S v
magnitude, results of rock bulk density from geophysical logging
in ten boreholes with depths between 0.4 to 1.8 km within the
6
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Fig. 4. Calibration of the numerical model: (a) calibration of S hmin and S Hmax magnitudes represented with k-value; (b) calibration of S v magnitude; (c) calibration
of θ SHmax ; (d) location of calibration points within the model box (some of the locations included measurements of both S v magnitude, marked red, and θ SHmax ,
marked green).

Carboniferous layers were utilized (Fig. 4). The match between
calibration and modelled values amounted to ∆S v 1.04± 0.8 MPa.
One pair of S hmin and S Hmax measurement was available within
the model volume.44 This hydrofracturing measurement was performed at depth of 975 m in the area of the former General
Blumenthal mine. The measurement indicated a strike-slip stress
regime with S hmin < S v < S Hmax and k-value of 1.53. Overall, a
satisfactory agreement between modelled and calibration data for
measurement was achieved (Fig. 4).

differential stress concentration is visible in the proximity of fault
zones, especially around their curves and tips. This proves that
the state of stress could be dominated by the fault architecture
and is an important observation for the interpretation of faultadjacent in situ stress measurements in a more regional context.
A generalization can be made, that synclines represent areas
of increased differential stresses, whereas anticlines present the
opposite, which has been extensively observed and discussed in
the literature (e.g., Refs. 92, 93). θ SHmax in the modelled area
ranges between NW-SE and NNE-SSW direction. In the vicinity
of NW-SE striking fault zones θ SHmax reorients counterclockwise
(from the N–S direction) and in the vicinity of NE-SW fault
zones, it reorients clockwise (from the N–S direction). The rotation of θ SHmax with depth is observed especially in the vicinity
of faults and along anticlines (clockwise) and synclines (counterclockwise). Similar phenomena have been observed in the
literature (e.g., Ref. 94).
As an example, in Fig. 5 (a), (d), and (g) numerical results of in
situ stress state for the reservoir depth of 5 km were presented.
Based on these figures, it can observed that the S Hmax /S hmin ratio
at this depth varies between approximately 1.7 and 2.1. The
differential stresses at 5 km depth vary on average between 80
and 130 MPa, with some localized increases up to 180 MPa. θ SHmax
at 5 km depth is relatively homogeneous and varies between 170
and 180◦ .

5. Results
5.1. 3D in situ Stress Tensor
Results of the calibrated 3D geomechanical model are presented in Figs. 5 and 6. The regime stress ratio (RSR) varies
depending on the lithostratigraphic units horizontally and laterally (Fig. 6). A strike-slip to transpressive regime dominates
at the surface, predominantly in the Westphalian layer (1.51
±0.45), and changes with depth to a more transtensional regime
(Namurian C, B and Devonian layers with RSR of 1.13 ±0.22,
1.12 ±0.18, and 1.27 ±0.40, respectively), that prevails at greater
depths. Local changes from transtension to transpression were
observed mainly in the Lower Carboniferous layer with RSR of
1.90 ±0.32. The modelled RSR values do not exceed, on average,
2.2. Furthermore, an increase of RSR value in the vicinity of fault
zones is observed.
Higher S Hmax /S hmin ratios and differential stresses are observed
at greater depths in comparison with the upper-most Westphalian and Namurian layers, as well as for the central (i.e., the
vicinity of Bottrop and Oberhausen) and north-western (i.e., area
of the Prosper-Haniel mine) parts of the model where the Devonian units are deeper than in the southern sections. Such
a pattern highlights a potential trend of increased differential
stress towards the north-western Ruhr region. Areas with lowest
differential stresses and S Hmax /S hmin ratios are observed in the
south-east of the model area, close to the city of Bochum. Higher

5.2. Fault-specific parameters
Comparison of the reactivation potential pattern in 3D with
the frictional resistance of a fault zone can provide a useful
constraint on the probability of its reactivation. Faults or fault
segments, where the calculated ratio of shear to effective normal stress overcomes the frictional resistance are considered as
potential locations of reactivation. The high dependence of T s , T d
and CFF on the fault architecture and prevailing in situ stress state
is displayed in Fig. 6, where colder colours present lower values
and hotter colours presenting the opposite.
7
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Fig. 5. Results of the numerical model with fault zones marked with solid black lines: (a) S Hmax /S hmin ratio at 5000 m depth; (b) S Hmax /S hmin ratio across the N–S cross
section; (c) S Hmax /S hmin ratio across the W–E cross section; (d) differential stress at 5000 m depth, (e) differential stress across the N–S cross section; (f) differential
stresses across the W–E cross section; (g) θ SHmax at 5000 m depth; (h) θ SHmax across the N–S cross section; (i) θ SHmax across the W–E cross section.

It would be incorrect to expect that one value of µ will accurately represent frictional properties of all faults confined within
the numerical model of such a great extent. The methodology
applied in this study compares numerical results against a range
of possible frictional coefficients, expected in a given lithostratigraphic unit. For a case of T s being higher than the upper limit
on the slip threshold, that particular fault zone can be considered as reactivation prone. Statistical distribution of T s , T d , and
CFF grouped into NW-SE to NNW-SSE (left) and NE-SW (right)
striking fault zones is presented in Fig. 7. One can observe that the
great majority of the NW-SE to NNW-SSE striking fault zones can
be considered as being close to the critical state (with T s median
of 0.40) and open (with T d median of 0.67) in the prevailing in
situ stress configuration (Fig. 7). The NE-SW striking faults, on the
other hand, could be considered as ‘‘locked’’ under prevailing in
situ stress state and impermeable (with T s median of 0.32 and
T d median of 0.31). Based on the lower limit of µ (i.e., 0.5–0.6)
around 16% of all NW-SE to NNW-SSE striking fault segments can

be considered active (i.e., with CFF ≥ 0), in comparison to 5% for
the NE-SW striking fault segments. Assuming an upper limit on
µ (i.e., 0.7–0.8), 2% of all NW-SE to NNW-SSE and only 0.2% of
NE-SW striking fault segments can be considered as active.
6. Discussion
6.1. Stress rotation
A few ‘‘unexpected’’ θ SHmax re-orientations, striking approximately 90◦ from the regional θ SHmax , were observed from borehole breakout analysis within the modelled area. These θ SHmax
rotations, which by adding 90◦ were eventually added to the
calibration dataset, could not be explained with the results of
this model. It is, thus, expected that such θ SHmax re-orientations
could be related to either (i) wrongly reported reading from the
caliper tool, (ii) mistakenly picked borehole breakouts (i.e., extended drilling-induced tensile fractures in weak layers, collapsed
8
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Fig. 6. Results of the numerical model: (a) slip potential, T s ; (b) dilatation potential, T d ; (c) Coulomb failure function CFF ; (d) regime stress ratio RSR.

preexisting open fractures or filter cake along caved zones picked
instead of borehole breakouts), or (iii) a near-isotropic horizontal
stress state which would cause significant rotations of stress due
to small local stress sources.6,95 As the latter hypothesis based on
the available in situ stress data from the region (i.e., Refs. 38–
44) and being supported by the results from the numerical model
presented in this study, can be excluded only (i) and (ii) are to be
expected as potential reasons for 90◦ rotation of θ SHmax .

validated with 3D seismic surveys and results from deep exploration drilling campaigns in the region. Additionally, shortening
of the fault zones at fault intersections, as carried out in this
study, could have a significant effect on the state of stress. The
quantification of this effect was limited by the FEM software in
use and should be investigated in future studies.
Simplifications to the model geometry were performed primarily for maintaining model practicability and for accommodating limitations of the FEM software. Implemented formation
horizons represent lithostratigraphic units and not specific rock
types, which is due to the highly complex geology of the Carboniferous units composed of cyclothems. These highly complex
stratigraphic sequences pose significant challenges during discretization, solving, and population of the numerical model with
properties. As a consequence, to analyse the in situ stress state in
a more regional context, some degree of homogenization of rock
strata based on e.g., stiffness contrasts, as performed in this study,
will always have to be applied in the Ruhr region.
An assumption of constant Poisson’s ratio for the Upper Carboniferous layers, based on geophysical logging results, should be
considered as a big simplification of the subsurface conditions. In
reality, elastic properties of the Upper Carboniferous layers will
vary significantly, due to the strong interbedding of rocks with
much different elastic properties (i.e., cyclothems). Additionally,
an assumption of constant Biot’s coefficient throughout the whole
model should be also considered as a big simplification. For the
mitigation of uncertainties in the future geomechanical modelling
efforts, it is advised to prioritize the above-mentioned properties,
desirably in reservoir-specific conditions.
More than 700 years of hard coal extraction superimposed a
significantly different secondary stress field in the Ruhr region.
This is due to e.g., S v decrease from a significant amount of rock
withdrawal, P p fluctuations due to mine water pumping, or slip
on preexisting and/or newly created faults and/or fractures. The
influence of coal mining is difficult to assess. This is mainly due
to the vast extend the mining industry was present in the region
and the requirement of detailed information on the location of the
subsurface infrastructure and its current state (i.e., if mine is left
empty, flooded, or cemented). This goes much beyond the scope
of this study.

6.2. Model reliability
Uncertainties introduced by the input data constitute of (i)
basic model assumptions, (ii) rock mass and (iii) fault zone properties, (iv) the geometry of fault zones and lithostratigraphic
horizons, (v) initial stress, and (vi) boundary conditions. The
developed model suffers from simplifications, which may pose
limitations to its applicability. This can be attributed to the fact
that the majority of used data, being it input or validation, comes
exclusively from the Upper Carboniferous strata, which was of
primary interest to the coal mining industry in the region. Deeper
formations were, until now, of no interest and, as a result, no data
is available from these layers. The model reliability can be, thus,
considered much higher in Upper Carboniferous units than in the
Lower Carboniferous and Devonian units.
One of the core model unknowns remains the uncertainty of
the existence of Devonian layers underlying the Carboniferous
strata across the Ruhr region. The only indication of such comes
from interpretations of the DEKORP 2-N seismic line.28,62,96 Besides, fault zone geometry at greater depths remains uncertain.
Except for a few seismic events in the north-western part of the
model area located below 3 km aligning with the fault surface
traces49 and an outcrop study by Ref. 34, which proved similar
orientation of discontinuities in the Devonian and Carboniferous units, there are no clear proof of the fault zones existence
below Carboniferous layers. The presence and architecture of
implemented fault zones may, in reality, differ from the ones
constructed in the model, which is especially the case for the
deeper subsurface. The assumptions made in this study shall be
9
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Fig. 7. The reactivation potential of modelled fault zones: (a) slip potential, T s , of the NW-SE to NNW-SSE oriented fault zones (T s median, mTs , equals to 0.40); (b)
T s of the NE-SW oriented fault zones (mTs equals to 0.32); (c) dilatation potential, T d , of the NW-SE to NNW-SSE oriented fault zones (T d median, mTd , equals to
0.67); (d) T d of the NE-SW oriented fault zones (mTd equals to 0.31); (e) Coulomb failure function, CFF, of the NW-SE to NNW-SSE oriented fault zones; (f) CFF of
the NE-SW oriented fault zones.

Due to the ongoing mine water pumping activates in the Ruhr
region, water table levels in the subsurface have been significantly reduced. Currently average water table level in coal mines
amounts to approximately 600 m,97,98 where in some cases water
level reduced to 1.2 km were observed (www.bid.rag.de). Such
significant differences in mine water table levels will cause pore
pressure changes and result in a decrease in reactivation potential
of major fault zones. As a consequence, the effect of P p changes
on the in situ stress state in the Ruhr region cannot be regarded
as marginal and shall be investigated prior to the development
of a deep geothermal system therein. This is especially true for
locations in the vicinity of the former coal mines or mine water
pumping stations. It remains, also, not clear if or to what extend
stress magnitudes used for the model calibration were affected
by coal mining activates.
It shall be emphasized, that the assumption of a homogeneous fluid pressure gradient should be considered a significant
simplification of the pore pressure field in the study area. In
large and faulted domains like the one represented in our model,
significant fluid pressure differences (due to the influence of
e.g., topography, fault zones, and/or rock mass heterogeneities)
are expected. Such differences will undoubtedly affect the stability of the fault planes and, therefore, provide different results
from the ones presented with our model. The simplified approach
used in our study can be reasoned by the lack of reliable hydraulic
properties of the rock layers and fault zones at depth which
would introduce a set of uncertainties as well as a relatively
minor influence of topography. As a result, a homogeneous pore
pressure field, although being apriori incorrect, in our case is the
best approximation.

mean T s value for all modelled fault zones, for which variability
was introduced by the uncertainties of the rock mass, fault zone
properties, and calibration data, was recomputed. For the sake
of simplicity, the basic model assumptions, boundary conditions,
model geometry (i.e., the architecture of horizons and faults),
and initial stress conditions were deemed as invariable. T s was
computed for several model scenarios in which the extreme
values of the range of uncertainties of the input and calibration parameters were used. This allowed deriving the individual
impact of specific model parameters and quantify ones that are
the most crucial. The results of T s for each model scenario were
subsequently compared to the mean T s from the best-fit model.
Across the Ruhr region, fault zones will have much different
stiffness properties depending on their filling type, which can
range from carbonate material (e.g., calcite), being much stiffer
than the host rock, to sulfides or clay minerals, being significantly
more elastic.34,99 To represent the most extreme case of fault
filling material stiffness in the Ruhr region, a case of a fault filled
with carbonate material with a normal and tangential stiffness
of 7.39 MPa mm−1 and 1.88 MPa mm−1 , respectively, were assumed. As proven by Refs. 1, 100, 101, uncertainties related to
the model calibration with multiple available S hmin and S Hmax
pairs may be significant. Unfortunately, due to only one pair
of horizontal stresses with the detailed location being available
within the modelled area, uncertainties related to the model calibration could not be properly assessed. To showcase the impact
of the calibration process on the model results, the S Hmax magnitude (property ever-burdened with a high uncertainty)16 was
recalculated based on the frictional faulting theory53 assuming
a strike-slip faulting regime, S hmin magnitude from Ref. 44 and
an upper bound on µ of 0.7 for Upper Carboniferous units.4,86–88
Computations with these assumptions amounted to a k-value and
S Hmax values of 57.3 MPa and 1.68, respectively. The calibration
of the numerical model was then initiated with the new data

6.3. Uncertainty quantification
To be able to quantify the reliability of the numerical model, a
method developed in Ref. 5 was applied. Using this approach, the
10
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detailed study on the correlation between specific longwall mining faces and seismic events recorded between 2016 and 2018
within the Prosper-Haniel mine, also point in this direction. They
proved that some of the analysed seismic events with M L > 2.5
were located at a distance of 2 to 5 km from specific longwalls and
have relatively uniform waveforms with a frequency in the range
between 5 and 8 Hz. Additionally, recomputed stress drops from
these events were significantly higher than those assigned to
the specific longwalls. These phenomena prove that the analysed
events were a mixture of the ones related to the reactivation of
preexisting faults (i.e., frictional earthquakes) and directly mining
associated fractures.
To investigate, if seismic events below the active mining
depths in the Prosper-Haniel mine were related to the fault
reactivation, acquired seismic events with M L > 1.5 were projected onto the model volume. 15 seismic events with M L >
1.5 (with 3 events with M L between 2.7 and 2.9) were located
either directly on or in close proximity to the major NW-striking
Hünxer and Krudenburg faults. These events correlate with the
fault segments with high T s and CFF values computed based
on the numerical results from the 3D geomechanical model,
indicating their high reactivation potential (Fig. 8). Such observation could prove that the stress changes related to the mining
operations induced movement on the major NW-SE striking fault
zones in that area and resulted in induced seismicity. Taking into
account the error connected to the seismic event location and
simplification of model geometry, the match between sections
with high reactivation potential and seismic events is more than
satisfactory.
To look at the seismicity within the Prosper-Haniel coal mine
in greater detail, registered seismic events at depths were compared to CFF and its x, y, and z derivatives from two major
fault zones (i.e., NW-striking Hünxer and Krudenburg faults) confined within the coal mine. It was observed that the majority
of seismic events were confined within the Upper Carboniferous
layers. As discussed before, one could deem events recorded up
to ∼2.0 km depth as being directly related to the rock excavation
processes (i.e., rockfall) due to their proximity to the active coal
mining depths. Events located >2.0 km depth, could have been,
instead, related to the significant stress change transfer caused
by coal mining, which leads to the reactivation of preexisting
faults. It is noticed that the stress release is much lower in the
Devonian layer than in the Carboniferous layers, where the transition between these units, at the depth of ∼4.2 km, correlates
with a significant CFF decrease. This could potentially indicate a
transition between Carboniferous and Devonian rock mass and,
simultaneously, prove the accuracy of the model geometry.
Based on the observations above, it can be stated that the
modelled in situ stress state in combination with assumed friction
criteria is in agreement with the observed induced seismicity in
the region and could potentially predict the boundary between
Carboniferous and Devonian units. Even with the potentially high
uncertainties of input and calibration data, and simplification
of model geometry and rock mass properties, much beneficial
information have been obtained. This should also suggest the high
importance of further research directed towards the quantification of uncertainty sources, especially to the ones introduced by
the variability of the model input parameters.

and T s uncertainty evaluated. The variations introduced by the
independent model parameters were added together and led
to a combined T s variability of ±0.1 with the main source of
variability resulting from the rock mass properties.
6.4. Model validation
6.4.1. Validation against fault-slip data
Two similar striation sets were observed on analysed fault
surfaces in the Steltenberg quarry (Fig. 2i, j, k). One of them
displays a horizontal component of the movement in the same
direction as that of the fault zone’s hanging wall, having an
approximate NNW-SSE orientation. Conversely, the second set
of striae lacks a visible sense of movement but generally trends
N–S to NE-SW. The NE-SW direction of the fault movement, as
presented in Fig. 2k, agrees with the direction of fault movement
computed from the model results, which proves its reliability. To
reconstruct the stress field that has affected Devonian carbonates,
paleostress regimes from the generated stress tensors from the
Steltenberg quarry (Fig. 2d, e, g, h) were analysed using the stress
ratio, φ , and, following the stress index, R’.33 All over the study
area, results consistently indicate both reverse and strike-slip
faulting regimes. For the reverse faulting regime, the ENE-WSW
thrust faults show sub-horizontal NNW-SSE oriented σ1 (Fig. 2g,
h) and having an R’ value of 2.5, which is associated with pure
compression. In contrast, the NNW-SSE striking normal conjugate
faults indicate a strike-slip regime with the R’ of 1.5 and an
approximately NW-SE sub-horizontal σ1 (Fig. 2d, e). From the
kinematic analysis in places within the quarry, it was determined
that more than one stress state has successively occurred due to
varied principal stress axis directions. Although located around
12 km away from the model area, results of the fault-slip analysis
in the Steltenberg quarry agree with the simulated RSR values.
6.4.2. Validation against subsidence data
The distribution of subsidence in the Ruhr region37 was used
to validate numerical results based on visual comparison. By comparing the modelled RSR values at depths below the coal mining
levels (i.e., 1.9 km), a good correlation between subsidence and
extensional areas (RSR < 1) was observed. This phenomenon confirms the correlation between stress regime and vertical motion
of the rock mass. Plateaued regions correlate with more compressional areas (RSR > 1), which was observed in the southern parts
of the model. Furthermore, major NW-SE striking faults confine
the amount of subsidence37 potentially proving their recent activity in the prevailing in situ stress state (Fig. 3). It can be, thus,
stated that the results of the numerical model are in agreement
with the distribution of subsidence in the Ruhr region.
6.4.3. Validation against microseismic data
More than 5100 seismic events were recorded between 2014
and 2018 at the location of the former, but at that time active, Prosper-Haniel coal mine in the north-western part of the
model49 (Fig. 3). The majority of seismic events were located
at depths of active coal mining and are expected to be directly
related to coal mining activities.50 Around 140 seismic events
with M L > 1.5, were located at depths greater than the maximum
mining depth in the Prosper-Haniel mine between 2014 and 2018
with the deepest seismic event being located at approximately
9 km (following the trace of the NW-SE striking Hünxer fault).
These events, responding to the stress changes on the scale of an
entire mine, could have been related to the tectonic response, resulting from coal mining, and possible reactivation of preexisting
faults.102 Such occurrences were observed in e.g., the Saar coal
district103 in SW Germany. Conclusions by Ref. 104 based on a

6.4.4. Validation against mining observations
It is widely assumed, that critically stressed fractures and
faults are the main fluid pathways in the subsurface (e.g.,
Refs. 70–72). An indication of fault permeability in the Ruhr region arises from a study by Ref. 57 on the NW-SE striking Krudenburg fault located within the Prosper-Haniel mine (Fig. 3). Two
major water inflows with volumes between 0.3 and 18 m3 h−1
11
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Fig. 8. Results of the numerical model for the Krudenburg and Hünxer faults (location in Fig. 3) constrained within the Prosper-Haniel mine with registered
microseismic events with maximum mining depth marked with black dashed line: (a) slip potential, T s , of the Krudenburg fault; (b) dilatation potential, T d , of the
Krudenburg fault; (c) Coulomb failure function, CFF, of the Krudenburg fault; (d) T s of the Hünxer fault; (e) T d of the Hünxer fault; (f) CFF of the Hünxer fault.

were observed during fault penetration between mine shaft number 9 and 10 causing major disruptions during mining operations.
A successful attempt of sealing the highly permeable fault was
made by removing > 75 000 m3 of water using 2.5 km of relief
boreholes and injecting 5500 m3 of grout. Based on results from
the numerical model for the Krudenburg fault, the mean T d and
T s values amount to 0.80 and 0.33, respectively. Increased T s values are especially visible in southern and northern fault segments
(Fig. 8). This agrees with the field observations by Ref. 57. Surface
methane emissions studies by Ref. 58 prove that the majority
of the emitted gas at the surface, in the vicinity of the city
of Bochum, was emitted alongside an NNW-SSE direction. Both
studies confirm the high stress criticality of the NW-SE to NNWSSE oriented discontinuities, the stress-dependent direction of
permeability within the Ruhr region, and a good agreement with
the results of the numerical model.

location A and C, the transpressive stress regime is limited to
a depth of around 1.0 km with a strike-slip regime below. The
planned wellbore could be drilled towards the NE-SW direction
for achieving higher productivity outputs. Once drilling in the NESW direction will be connected to the penetration of one of the
major NW-SE or NNW-SSE striking fault zones, their reactivation
could be considered as relatively likely.
7. Conclusions
In this study, a 3D in situ stress state quantification in the
Ruhr region using numerical modelling was presented. The developed 3D static geomechanical model was validated against
a comprehensive calibration dataset including results from geophysical logging, borehole deformation and fault-slip analysis, in
situ measurements, distribution of subsidence, seismicity, and
observations from coal mining operations. Spatially continuous
3D in situ stress state, as presented in this study, instead of pointwise stress information, provide an effective tool for planning
subsurface operations in areas where no stress information is
available. The wide range of model uncertainties could be mitigated by (i) detailed GPS measurements for constraining the
amount of horizontal motion of tectonic plates, (ii) laboratory
measurements of rock mass properties under reservoir-specific
conditions, (iii) 2D and 3D seismic surveys, (iv) deep exploratory
drilling campaigns for improved constraints on the subsurface
geometry, rock mass, and fault zone properties, and (v) in situ
stress measurements at greater depths and, especially, in the
southern parts of the Ruhr region. Nonetheless, as for the current
state of knowledge and data availability, our approach provides

6.5. Application for geothermal reservoirs
As an example, three different locations within the modelled
area were analysed in terms of the best conditions for establishing a deep geothermal system in the Ruhr region (location in
Fig. 3). From the three preselected locations, location B is deemed
to be the best suited for the establishment of a geothermal
system. This is due to the potential for propagating horizontal
and/or subhorizontal fractures as a result of transpressive stress
regime prevailing up to a depths of approximately 4.0 km, which
is favourable in terms of reservoir permeability (Fig. 9). Additionally, Devonian layers, of improved hydraulic properties, are
at a shallower depth in location B than in the two others. In the
12
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Fig. 9. Principal stresses and pore pressures for three proposed locations for an establishment of a deep geothermal system within the Ruhr region: (a) in the vicinity
of the city of Bochum; (b) in the vicinity of city of Müllheim; (c) in the vicinity of city of Bottrop (detailed locations marked with yellow stars in Fig. 3).
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