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G W N e

Abstract: Deep un-mineable coal deposits are viable reservoirs for permanent and safe storage
of carbon dioxide (CO,) due to their ability to adsorb large amounts of CO; in the microporous
coal structure. A reduced amount of CO; released into the atmosphere contributes in turn to the
mitigation of climate change. However, there are a number of geomechanical risks associated with
the commercial-scale storage of CO;, such as potential fault or fracture reactivation, microseismic
events, cap rock integrity or ground surface uplift. The present study assesses potential site-specific
hydromechanical impacts for a coal deposit of the Upper Silesian Coal Basin by means of numerical
simulations. For that purpose, a near-field model is developed to simulate the injection and migra-
tion of CO,, as well as the coal-CO, interactions in the vicinity of horizontal wells along with the
corresponding changes in permeability and stresses. The resulting effective stress changes are then in-
tegrated as boundary condition into a far-field numerical model to study the geomechanical response
at site-scale. An extensive scenario analysis is carried out, consisting of 52 simulation runs, whereby
the impacts of injection pressures, well arrangement within two target coal seams as well as the effect
of different geological uncertainties (e.g., regional stress regime and rock properties) is examined for
operational and post-operational scenarios. The injection-induced vertical displacements amount in
maximum to 3.59 cm and 1.07 cm directly above the coal seam and at the ground surface, respectively.
The results further demonstrate that neither fault slip nor dilation, as a potential consequence of
slip, are to be expected during the investigated scenarios. Nevertheless, even if fault integrity is not
compromised, dilation tendencies indicate that faults may be hydraulically conductive and could
represent local pathways for upward fluid migration. Therefore, the site-specific stress regime has
to be determined as accurately as possible by in-situ stress measurements, and also fault properties
need to be accounted for an extensive risk assessment. The present study obtained a quantitative
understanding of the geomechanical processes taking place at the operational and post-operational
states, supporting the assessment and mitigation of environmental risks associated with CO, storage
in coal seams.

Keywords: CO, storage; horizontal well; coal swelling; regional stress regime; fault reactivation;
hydromechanical simulation; environmental risk assessment

1. Introduction

An essential key technology to reduce the amount of carbon dioxide (CO;) released
into the atmosphere and mitigate the effects of climate change is the safe and permanent
storage of CO, in the deep geologic subsurface [1]. Anthropogenic CO; can be injected in
porous formations, e.g., deep saline aquifers, depleted oil and gas reservoirs, but also coal
beds. Deep un-mineable coal deposits are viable reservoirs for geological time periods, due
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to their high adsorption potential and large pore volumes [2], related to their characteristic
internal structure [3]. Coal beds are naturally fractured sedimentary rocks, which generally
consist of a well-defined fracture network (cleats), separating distinct blocks of the coal
matrix, which comprises large amounts of macro- and micropores (Figure 1b). Moreover,
coal seams are located in areas that are close to major CO; emissions sources [4,5], what
would reduce costs of CO, transport from the source to the storage site. Whether there are
also economic incentives to use coal seams as storage formations remains a topic of future
research, as previous studies have only considered CO, storage in coal beds in combination
with ECBM (Enhanced Coal Bed Methane Recovery) [6,7].
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Figure 1. (a) Schematic illustration of the characteristic lithological sequence including the two selected
target coal seams. (b) Typical coal microstructure consisting of a cleat network and a matrix, whereby
both are considered in the near-field model by a dual porosity approach. (¢) Dimensions of the near-field
model domain simulating CO, injection and coal-CO, interactions in the borehole vicinity.

Under subsurface conditions, the injected CO; is partly present as a free phase
and partly immobilised by adsorption to the coal matrix, what causes coal swelling.
The adsorption-induced swelling of the coal matrix constricts the fluid flow pathways,
leading to a reduction in permeability, and can result in a considerable loss of injectivity
in the well bore vicinity [8-10]. Coal swelling constitutes a major challenge, as experi-
enced in several demonstration projects related to CO; injection into coal beds [11-13].
Fang et al. [14] developed a dynamic matrix- and fracture-permeability model to simulate
the CO,-ECBM process, which takes into account the effects of pressure relief, CO, pressure
injection, matrix shrinkage, and swelling on permeability changes. In general, coal swelling
is almost proportional to the amount of CO, adsorbed in its matrix [3]. The capacity for
CO; storage depends on the coal rank and operational conditions [15], such as temperature,
pressure and coal moisture content [16,17]. Using horizontal wells could substantially
enlarge the coal-CO, contact area, and establish a good connection to the cleats as dominant
flow pathways [18]. Many numerical simulation studies investigated the potential of using
horizontal wells in the context of ECBM [19-23], whereas their field applications are rarely
reported [24]. Hence, in order to deliver sustained rates of CO; injection and overcome the
challenge posed by coal swelling, this study investigates a horizontal well configuration.
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A number of hydromechanical risks is associated with the storage of CO,, such as fault
or fracture reactivation, cap rock integrity and ground surface movement. An injection of
CO;, into the geological subsurface always induces a pressure build-up, whereby also small
changes in reservoir pressure alter the pre-injection stress state and result in geomechanical
effects. Even small pore pressure changes may result in microseismic events due to rock
heterogeneities, and represent a risk of generating new fractures, what could in turn
affect caprock integrity. Larger changes of the recent stress field may reactive critically
stressed faults, which then may act as preferential leakage pathways for a buoyancy-
driven migration of CO, into shallower aquifers. To address these geomechanical risks,
numerical models can be used to predict the mechanical response related to an injection of
CO, [25-27].

In the present study, the hydromechanical impact of a prospective commercial-scale
CO; storage is assessed for a coal deposit. Therefore, a near-field model is used to simulate
the injection and migration of CO; as well as the coal-CO, interactions for the vicinity
of horizontal wells, along with the corresponding changes in permeability and stress.
The resulting effective stress changes are then integrated as a boundary condition into a far-
field numerical model to study the geomechanical response at site-scale. The far-field model
comprises all relevant lithostratigraphic units as well as the exact geometries of the local
fault system. This serves as basis for an extensive scenario analysis investigating the effect of
different geological uncertainties (e.g., regional stress regime and rock properties). The main
aim of the present work is to obtain a quantitative understanding of the geomechanical
processes taking place at the operational and post-operational states to assess and mitigate
environmental risks, such as ground surface uplift and a fault reactivation.

2. Materials and Methods
2.1. Geology of the Study Site

The prospective commercial-scale storage site is located in the central part of the
Upper Silesian Coal Basin. The lithostratigraphy in the study area includes Quaternary
(Pleistocene) and Neogene (Miocene) sediments, lying unconformable on top of Triassic
deposits and the Upper Carboniferous. The productive coal-bearing Carboniferous strata
consist of the Cracow sandstone series, the Mudstone series as well as the Upper Silesian
sandstone series [28].

Two coal seams are found to be suitable for CO; storage: coal seams 308 and 510
(Figure 1a). Coal seam 308 is situated in the Mudstone series and represents a well studied
seam, which has been exploited for decades. It is located at an average depth of 405 m and
gently dips towards ESE, whereby its mean thickness is about 2 m. Coal seam 510 is part
of the Upper Silesian sandstone series and lies at a considerably greater depth of 1250 m
below the ground surface. It gently dips towards SSW and exhibits, with in average 9 m,
the highest thickness of all seams in this area [29].

Several steep dipping major faults separate the study area into individual tectonic
blocks, whereby each block exhibits a relatively homogeneous internal structure. The tec-
tonic block of interest forms a trench structure, whereby its lateral extent considerably
decreases with depth. The dominant strike directions for the four major faults limiting
the considered fault block are SW-NE and SE-NW. Moreover, there is a network of minor
faults with offsets of up to several meters, which have to be considered for the assessment
of fault reactivation and as potential CO, leakage pathways.

2.2. Near-Field Model Simulating COy Injection and Adsorption-Induced Coal Swelling

For the near-field model domain, a coupled hydromechanical model is developed
to assess CO, flow within the target coal seams and coal-CO; interaction along with the
corresponding changes in permeability and stress. Numerical simulations are performed
using the parallel finite element-based simulator COMPASS (COde for Modelling PArtially
Saturated Soils), which has been developed by Thomas et al. (e.g., [30,31]). The govern-
ing equations of flow, deformation and the adsorption/desorption kinetics are included
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with appropriate couplings to simulate fluid flow through an elastically deformable frac-
tured rock.

The characteristic internal structure of coal is conceptualised using a dual continuum
model. The cleat network constitutes the primary flow path, whereas the coal matrix
provides available adsorption sites for CO, (Figure 1b). The fracture system and porous
matrix are treated as distinct continua, and flow interactions between both continua are
integrated using mass exchange. The following general assumptions are made: (i) CO,
adsorption occurs in the matrix continuum only, (ii) coal is a dry, homogeneous, isotropic
and dual poroelastic medium, (iii) strain is small, (iv) coal is isothermal, and (v) Darcy’s
law is applied for gas flow in fractures. The reliability of the proposed model has been
extensively evaluated by numerous validation studies. The reader is kindly referred
to [18,31,32] for all details on the mathematical model implementation and verification
benchmarks. These studies demonstrated that simulated gas transport and coal-CO,
interactions are consistent with the respective experimental results.

Two models are set up for the coal seams 308 and 510 at the study site, whereby model
dimensions vary accordingly. For both coal seams, the total model length is 800 m, of which
500 m corresponds to the length of the horizontal well (Figure 1c). The model height relates
to the respective average thickness of the coal seams and amounts to 2 m and 9 m for
seam 308 and 510, respectively. The model width is based on the anticipated maximal
CO, migration distances, and amounts to 200 m and 400 m for coal seams 308 and 510,
respectively. Due to the underlying symmetry, only one quarter of the domain is simulated.
The model domain is discretised using tetrahedral elements. A zero-flux boundary for
gas flow is applied at the external domain boundaries. For coal deformation, a constant
volume condition is applied. It is assumed that there is no CO, present in the model
domain prior to the injection. Figure 2 exhibits the adsorption isotherm and adsorption-
induced swelling strain based on van Wageningen et al. [33], which are considered for the
numerical simulations. Further model parameters and the corresponding references are
listed in Table 1.
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Figure 2. CO; adsorption isotherm (blue line) and adsorption-induced swelling strain (orange line)
used in the simulations [33].

Three injection scenarios are simulated for respective coal seam, whereby different
constant injection pressures are assigned to the horizontal well. These pressures are related
to the hydrostatic pressures at the respective seam depths, assuming that the maximum
pressure increase is below the 1.5-fold of the hydrostatic pressure. Consequently, constant
injection pressures of 0.5 MPa, 1.0 MPa and 1.5 MPa are assumed for coal seam 308.
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The scenarios for the deeper coal seam 510 are oriented on the hypothetical hydrostatic
pressure increase of the scenarios for seam 308 to maintain comparability between the
results. Thus, constant injection pressures of 1.5 MPa, 3.0 MPa and 4.5 MPa used at the
horizontal well in coal seam 510. The resulting total amounts of injected CO, for the
respective scenarios are listed in Table 2. The injection operation is simulated for a time
period of one year (operational state), afterwards CO, injection is stopped. To evaluate
the effectiveness of long-term storage as well as CO, migration and the evolution of
adsorption-induced coal swelling, the total simulation time is extended to 15 years (post-
operational state).

Table 1. Hydrochemical parameters of the near-field model.

Parameter Value Reference
. - Seam 308 1.0 [34]
Intrinsic permeability (mD) Seam 510 03 [35]
.\ . Seam 308 0.015 [34]
Initial fracture porosity (-) Seam 510 0.006 [35]
Matrix porosity (-) 0.04 [36]
Gas viscosity (Pa-s) 1.84 x 1075 [37]
Unstressed fracture compressibility (MPa_l) 0.029 [38]
Matrix elastic modulus (GPa) 115 [39]
Langmuir pressure constant (MPa) 2.6 [33]
Langmuir volume constant (mol/kg) 0.76 [33]

Table 2. Injection and effective pressures as well as the amount of injected CO, per single well for the
six near-field scenarios.

Constant Pressure Increase in Amount of Maximum Effective
Coal Seam Injection Relation to Respective Iniected CO» (t) Pressure Change (MPa)
Pressure (MPa) Hydrostatic Pressure (-) ) 2 1year 15 years
1.5 1.36 2018 15.5 7.3
308 1.0 1.24 1239 11.8 6.3
0.5 1.12 560 7.2 44
4.5 1.37 22,139 20.9 9.4
510 3.0 1.29 12,551 17.1 7.6
1.5 1.12 5002 11.2 52

2.3. Far-Field Model Assessing the Commercial-Scale Hydromechanical Impact

A hydromechanical model is implemented by means of the numerical simulator
FLAC?P [40], aiming at capturing the geomechanical response and evaluating risks of
a prospective CO; injection at field-scale. The model consists of five individual strati-
graphic units and two coal seams, which are simplified using the average dipping angle,
azimuth, and mean depth for each geological layer. The thickness of all units varies within
the model, except for the coal seams, which have a constant thickness of 2 m and 9 m,
respectively (Figure 3).

The local fault system, consisting of four major and five minor faults, is implemented
using their entire complex geometry. In order to localise zones of potentially reduced
mechanical integrity, and thus potential fluid migration pathways at reactivated fault seg-
ments, fault zones are implemented into the hydromechanical model as 67,655 ubiquitous
joint elements. Ubiquitous joints resemble weak zones within a geomechanical model,
whereby dip angles and directions of faults may be individually assigned to each model
element at the fault plane. The faults cut the entire Carboniferous strata, while Neogene,
Triassic and Quaternary units remain unaffected. Fault displacements are incorporated to
consider the effect of rock property changes along the faults. A linear-elastic constitute law
is assigned to all lithological layers in the numerical model, whereas the Mohr-Coulomb
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Local grid refinement
around faults

failure model is used for the ubiquitous joint elements. Fault properties are assigned with
zero cohesion, a friction angle of 20° and a dilation angle of 10° to maintain conservative
assumptions but not to underestimate potential shear and tensile failure [41]. The resulting
numerical model, with the applied simplifications, accurately captures the characteristic
geometry of the lithological units and especially the complex fault system (Figure 4).

Entire model domain

18,000 m

12,000 m
Lithological units

Quaternary
Neogene & Triassic
Cracow sandstone series

Mudstone series

Seam 510

Upper Silesian sandstone series

Stiff basement

— Faults

Figure 3. Numerical model of the potential storage site. The entire model domain has the three-fold
size of the tectonic block to avoid mechanical impacts on the lateral model boundary conditions.
The thickness of all layers, aside from the coal seams, varies within the model as a result of the
varying dip directions and angles of the lithostratigraphic top surfaces.

The model has an extent of 4000 m x 6000 m and is discretised with a lateral resolution
of 200 m. The size of the entire model domain (12,000 m x 18,000 m) corresponds to the
three-fold of the area of interest to avoid impacts of the applied mechanical boundary
conditions on the simulation results as discussed in [42]. Local grid refinements by a factor
of three are applied to the elements in the near-field model domain and fault vicinity
to accurately account for local hydromechanical effects (Figure 3). Fixed velocities per-
pendicular to the model bottom and the lateral boundaries are applied, while the model
top is defined to remain unconstrained. The model is discretised by 500,000 elements,
with grid element sizes decreasing towards the target coal seams and increasing towards
the model boundaries.
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Quaternary
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Figure 4. Comparisons of WNW-ESE (above) and NNE-SSW (bottom) cross sections of the numerical
model with the respective cross-sections of the structural geologic model (illustrated cut-outs on
the right).

In order to analyse potential site-specific hydromechanical impacts of the prospective
CO, storage operation, rock parameter uncertainties as well as the regional stress regime are
assessed as geological uncertainties. The effect of mechanical rock properties is investigated
in two scenarios: a soft and a stiff one (Table 3). The stiffer parameter for the Carboniferous
strata refer to averaged data from the Wieczorek mine [41,43], whereas the soft parame-
ters are derived from average values of a few dozen borehole samples from a local coal
deposit [44]. Geomechanical parameters of the Quaternary, Neogene, Triassic and the stiff
basement are assumed based on their lithologies. Elastic properties of the two coal seams
are assigned according to the near-field model with Young’s moduli of 1.8 GPa [36] and
2.2 GPa [44] for coal seam 308 and 510, respectively. These values are maintained constant,
since changing elastic moduli of the coal would result in different simulated effective stress
changes within the near-field model, what would require dedicated near-field simulations
to incorporate the effect of coal property changes.
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Table 3. Geomechanical parameters used for the undertaken scenario analysis.

Neogene Cracow Upper .

Property Quaternary ar%d Sandstone Mudstone  Coal Sil}::sian Coal Stiff
.. . Series (308) (510) Basement

Triassic Series Sandstone
Young’s modulus  Soft 2 2 3.3 3.6 1.8 59 22 80
(GPa) Stiff 5 5 7.5 8.1 1.8 8.4 2.2 80
Poisson’s ratio (-) 0.4 0.25 0.21 0.26 0.3 0.23 0.3 0.27
Tensile strength (MPa) 0.0 1.0 2.0 2.6 0.6 2.6 0.6 3.8
Cohesion (MPa) 0.0 2.0 14.9 18.1 3.8 14.0 3.8 10.9
Friction angle (°) 35 31 31 31 31 31 31 31
Density (kg/m®) 2100 2200 2115 2418 1388 2378 1388 2465

Additionally, the effect of the regional stress regime is assessed. For the Upper Sile-
sian Coal Basin in Poland, most of hydraulic fracturing tests and focal mechanism data
indicate the predominance of a strike-slip stress regime with a maximum horizontal stress
orientation in NW-SE direction and a Symax azimuth of 167° [45], whereby Spmax was
reported to be 1.22 Sy. By contrast, the analysis of local focal mechanisms around the local
coal deposit indicates a predominant normal faulting regime, whereby the azimuth of the
maximum horizontal stress orientation is 79° [44]. Both stress regimes are investigated,
whereby the vertical stress gradient results from the gravitational load of the overburden.
The equilibrated mechanical state of the numerical model serves as starting data set for the
respective scenario analysis.

2.4. Workflow to Couple Near- and Far-Field Simulations

Since so far not one numerical simulator is able to assess the complex processes
of mechanics, adsorption and multiphase flow across several spatial scales, numerical
simulations are performed at both scales separately. The effects of interactions between
fluid flow, stress, and gas adsorption in the near-field domain are then implemented
within the far-field model to study hydromechanical effects due to adsorption-induced coal
swelling and pore pressure increase.

Therefore, a robust and adaptive coupling workflow is developed, which is able to
flexibly transfer data between different simulation programs and model grids. Near-field
simulations are performed with the numerical modelling code COMPASS, which employs
tetrahedral grids for model discretisation. The hydromechanical far-field model is gener-
ated with the geomechanical simulator FLAC®P and uses hexahedral elements. Effective
stress changes have been chosen as coupling parameter. Due to fixed displacement bound-
ary conditions in the near-field models, effective stresses considerably increase, mainly
due to the high surface stresses resulting from the CO, adsorption. Thus, transferring and
implementing effective stress changes enables to investigate hydromechanical effects of the
CO; storage operation in the far-field.

At first, the FLAC®P mesh of the near-field model domain is refined by a factor of three
to accurately transfer the near-field simulation results. A Python-based workflow extracts
and calculates effective stress changes for the operational and post-operational time step
in the near-field and interpolates them to the refined far-field mesh, where effective stress
changes are assigned as internal boundary condition. Thus, results for each near-field
injection domain are replicate within the target coal seams for several injection wells in the
far-field model.

2.5. Injection Well Arrangement

In order to store a preferably high amount of CO,, as many horizontal wells as possible
are placed within target coal seams, whereby the total number of panels is an important
factor regarding previous economic considerations. An essential criterion to minimise the
risk of fault reactivation is the safety distance to the known geological fault zones. It must
be chosen carefully in order to not negatively affect the operation and become a concern
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for health, saftey and the environment. Based on the calculated migration distance of the
CO; from the near-field simulations, a minimum distance of at least 200 m between the
horizontal injection blocks (marked in blue in Figure 5) and all nine faults is considered.

Thus, regarding the predefined well length of 500 m, 10 and 12 horizontal wells can be
placed within the upper and lower seams, respectively. For coal seam 308, an additional
limiting factor exists, since most of the Eastern parts of the coal seam are already mined.
Thus, only the Western part of coal seam 308 is taken into consideration for CO, storage
by the present study. Figure 5 shows the resulting injection well arrangement investigated
in the numerical simulations: 10 panels can be applied, considering a near-field model
domain of 200 m x 800 m. The horizontal extent of coal seam 510 within the tectonic block
is smaller and comprises an area of about 2400 m x 4000 m. Due to the respective dip
direction, only three of the five minor faults cut the coal seam and must be considered in
the well design. Thus, 12 panels can be realised for the investigated near-field domain of
400 m x 800 m lateral size.

Coal seam 308 Coal seam 510
Max. 10 injection wells

Max. 12 injection wells

Near-field
model domain

f/ Faults

Figure 5. Injection well arrangement for coal seams 308 and 510 with 10 and 12 panels, respectively.
The near-field model domain (blue) has an extent of 200 m x 800 m and 400 m x 800 m for seams 308
and 510, respectively.

3. Results
3.1. Effective Stress Changes in Near-Field Simulations

Two representative simulations were selected from the near-field simulations to assess
the hydromechanical impact of CO; injection for certain stress states: (i) an operational
state (1 year), which corresponds to the time of the injection stop, and thus the maximum
pressure increase, and (ii) a post-operational state (15 years). Especially changes in effective
stress are evaluated, since it has been defined as coupling parameter between the near-
and far-field simulations. The changes in effective stress partly result from pore pressure
changes due to the injection, and partly from adsorption-induced coal swelling.

For the upper coal seam 308, the highest effective stress change of up to 15.5 MPa
occurs for the scenario simulating a constant injection pressure of 1.5 MPa at a simulation
time of 1 year. After 15 years of simulation, stresses are relieved and distributed in the near
surroundings of the coal seam, since CO, further migrates after the injection stop. The max-
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imum effective stress increase within the near-field model is still about 7.3 MPa (Figure 6).
In this scenario, 2018 t of CO, are injected per panel (Table 2).

Coal seam 510 is located at a considerably greater depth, resulting in significantly
higher injection pressures. The highest effective stress increase amounts to 20.9 MPa for the
scenario with a constant injection pressure of 4.5 MPa. After 15 years, the observed maxi-
mum effective stress increase within the near-field model is still about 9.4 MPa (Figure 6).
The amount of injected CO; is with 22,139 t per panel, more than ten times higher than that
for coal seam 308. This is related to the higher density of CO, at the given depths, as well
as the higher thickness (factor of 4.5) of coal seam 510. The maximum effective stress and
the spatial expansion of the pressure increase is considerably lower for scenarios assuming
lower injection pressures, as shown in Figure 6.

Time: 1 year Time: 15 years

a)

Coal seam 308

b)

Coal seam 510

Effective stress change (MPa)
I @ h

0 5 10 15 20

Figure 6. Effective stress changes in coal seams (a) 308 and (b) 510 for the investigated scenarios at
simulation times of 1 year (operational state) and 15 years (post-operational state).
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3.2. Vertical Displacements in the Far-Field Simulations

An extensive scenario analysis, consisting of 52 simulations, is conducted to obtain a
quantitative understanding of the mechanical processes taking place during the operational
and post-operational states. Moreover, the impact of different geological uncertainties, such
as the regional stress regime and rock parameter uncertainties are assessed. The elaborated
injection well arrangement enables to assess the maximum effect of a CO; storage operation
at the potential commercial-scale site for the 10 and 12 injection panels in coal seam 308
and 510, respectively. A direct hydromechanical effect of CO; storage is the occurrence
of vertical displacements in the rock mass due to considerable changes in the stress field.
The results discussed in the following refer to the scenarios considering soft rock properties
to present the maximum hydromechanical effects, whereby the impact of rock properties is
separately analysed in Section 3.3.

3.2.1. CO; Injection into Seam 510

Maximum effective pressure changes, and thus vertical displacements occur for a
constant injection pressure of 4.5 MPa at a simulation time of 1 year. At this time, the effec-
tive pressure change amounts to 20.9 MPa, leading to a maximal vertical displacement of
3.59 cm directly above the coal seam. Due to effective stress changes and the swelling of the
coal seam, the rock mass is displaced both, above and below the coal seam, whereby the
displacements below the seam are lower due to the higher overburden stresses, and limited
ability to displace rock mass into that direction (Figure 7). The dip of the coal seam of
3.1° towards the South is visible within the lateral distribution of vertical displacements,
whereby the displacements are slightly higher for the shallower panels. The high displace-
ments directly above the injection well strongly decrease in vertical direction due to the
distribution of the stresses, so that the displacements are less localised and occur over a
broader area. As Figure 8b,c illustrate, high displacements are also laterally limited to the
close vicinity of the injection wells, and strongly decrease within a distance of decametre.
Within the Mudstone series, the vertical displacement amounts to circa 1 cm in maximum
(Figure 7), and the effect of each single well is not any more recognisable. At the ground
surface, the simulated maximum displacement amounts to 0.99 cm. It occurs in the central
part of the investigated fault block and slightly decreases towards its boundaries, whereby
an area within a distance of 3500 m x 2400 m exhibits a ground surface uplift of more than
0.5 cm. The symmetric structure of the surface displacement is related to the relatively even
distribution of horizontal injection wells within coal seam 510.

At the simulation time of 15 years, the maximal vertical displacements directly above
the seam are considerably lower, since the CO, is migrated away from the wells and
effective stress distribution in the near-field model domain is less localised (Figure 8).
The maximum displacements amount to 1.97 cm and 0.89 cm above coal seam 510 and at
the ground surface, respectively. In this scenario, 265,674 t of CO, are stored within the
12 panels in coal seam 510.

Lower injection pressures of 3.0 MPa and 1.5 MPa result in lower vertical displace-
ments of in maximum 2.64 cm and 1.47 cm above the coal seam, respectively. Moreover,
the lower the injection pressure, the lower the difference in vertical displacements be-
tween the investigated operational (1 year) and post-operational states (15 years) at the
ground surface (Figure 7). The maximum displacements as well as the amounts of injected
CO;, depending on the injection pressure for all scenarios, can be found in the Appendix
A (Table A1).
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3.2.2. CO; Injection into Seam 308

For all scenarios considering an injection into coal seam 308, the vertical displacements
are relatively low compared to those dedicated to seam 510. Maximum effective stress
changes occur for the operational state simulating 1.5 MPa constant injection pressure in
each of the 10 horizontal wells. Hence, the resulting maximum effective pressure change
of 15.5 MPa leads to a vertical displacement of 0.77 cm, which occurs in the centre of each
near-field injection panel (Figure 8). At the model top, the ground surface uplift is in
maximum 0.34 cm.

At the post-operational state (15 years), the maximal vertical displacements are con-
siderably lower, since the CO, is migrated away from the wells and the effective stress
distribution in the near-field model domain is less localised. In this phase, the maximum
displacements are 0.42 cm and 0.25 cm above the coal seam and at the ground surface,
respectively. In this scenario, 20,185 t CO; are stored within the 10 panels in coal seam 308.

3.2.3. CO; Injection into Both Seams Simultaneously

In order to evaluate the maximum hydromechanical effects of the CO, storage op-
eration at the selected site, four scenarios are simulated, considering CO, injection into
both coal seams simultaneously. Therefore, the maximum elaborated injection pressures of
1.5 MPa and 4.5 MPa for coal seam 308 and 510 are applied, respectively. Figure 8 illustrates
that a CO; injection into both seams leads to the highest vertical displacements of up to
1.55 cm compared to 0.77 cm and 1.08 cm for the injection operation solely targeting seams
308 and 510, respectively. The maximum ground surface uplift for an injection operation
using both seams is 8% higher, with 1.07 cm, compared to the scenario simulating an
injection into coal seam 510, only. Moreover, the area exhibiting vertical displacements of
more than 0.5 cm is slightly larger with 2500 m x 3000 m, especially in the Western part of
the model, where CO; is injected into seam 308 (Figure 9).

Regarding the changes in rock mass uplift between the operational and post-operational
scenario, a clear tendency can be observed: the lower the injection pressure, the lower the
difference in ground surface uplift between the operational (1 year) and post-operational
states (15 years). For a simultaneous injection into both coal seams, the difference between
the operational and post-operational scenarios reduces from 45% above the deeper seam
510 to 23.9% at the shallower seam 308, and 12.1% at the model top. Thus, the hydrome-
chanical impact of CO, injection is the highest within the immediate surrounding of the
injection well, where large and localised effective stress changes occur.

For the simulated storage operation in both coal seams, the injected amount of CO,
is the highest with 285,858 t, whereas the major part of 93% or 265,673 t is injected into
coal seam 510, while only 7% or 20,185 t can be stored in coal seam 308. This is related to
the higher seam thickness and depth below ground surface, and consequently the higher
volume of coal seam 510 and higher density of CO, .

3.3. Effects of Rock Parameter Uncertainties

Elastic rock properties of the main lithological units are varied to assess the effects
of parameter uncertainties based on the data available for the study area [43,44]. In the
soft rock scenario, the elastic moduli are about half as high as the moduli of the stiff rock
scenario (Table 3). Only the properties of the two coal seams are maintained constant,
consistent with the near-field simulations.
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Figure 9. Simulated vertical displacements in (a) map view above coal seam 510, (b) at the ground
surface and (c) along a NNE-SSW trending cross section as for an injection in both coal seams with
the respective maximum injection pressures for the operational state (1 year).

The vertical displacements are slightly lower in all scenarios, where stiff rock properties
are applied (Figure 10). Nevertheless, the differences in vertical displacements amount to
6.4% and 7.3% in maximum above the coal seams 510 and 308, respectively, and are thus
relatively small. At the ground surface, the differences are even lower and range between
1.5% and 6.3% for coal seams 510 and 308, respectively. The difference in percentage terms
for the vertical displacement above the respective seam decrease with increasing injection
pressures and simulation times (Table 4).

Since the integrated effective stress changes lead to coal swelling in the respective
target seam, the properties of the surrounding rock mass affect the vertical displacements
marginally, only. Nevertheless, elastic properties of the coal seam itself can considerably
influence the coal swelling behaviour, and thus the vertical displacements. Due to the
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previously undertaken extensive field and laboratory investigations, mechanical properties
of the coals in the target area are well known, and thus not constitute a systemic uncertainty.
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Figure 10. Maximum vertical displacements (a) above the respective coal seams as well as (b) the ground
surface compared for the scenarios with soft and stiff rock properties for the operational state (1 year).

Table 4. Percentage deviation in maximum displacements between the soft and stiff rock property scenarios.

Max. Displacements for the Stiff Property Scenario (%)

Constant Injection

A 1 A f
Pressure (MPa) bove Coal Seam t Ground Surface
1year 15 years 1year 15 years

1.5 -25 -1.7 —6.1 -5.5

Coal seam 308 1.0 —-34 -25 —6.2 —-5.9
0.5 -7.3 —4.6 —6.3 —6.3

45 -39 -39 -15 —-1.4

Coal seam 510 3.0 —4.6 —-3.7 -15 -1.5
1.5 —6.4 —49 -1.5 -1.5

3.4. Stress Field and Fault Reactivation Potential

Besides ground surface uplift, a potential risk of CO; injection includes the potential
reactivation of pre-existing geologic faults due to spatial and temporal changes in the
recent stress field. Reactivated faults may then act as preferential leakage pathways for a
buoyancy-driven upward migration of CO,. If a pore pressure increase accompanying fluid
injection reactivates faults or fault segments, essentially depends on the initial stress state.
Therefore, two different stress regimes are assessed as geological uncertainty for the storage
site: (i) a normal faulting regime, which has been reported for the local coal deposit, and
(ii) a strike-slip regime, which is characteristic for the Upper Silesian Coal Basin. The nine
implemented faults present in the study area are examined in the scope of a comprehensive
fault slip and dilation tendency analysis. Fault slip tendency is the ratio of resolved shear
stress to resolved normal stress at a surface [46], whereby fault dilation tendency is defined
by the stress acting normal to a given surface [47]. They describe the likelihood of a plane
to slip and to dilate at a certain applied stress state [48]. Both parameters range between
0 and 1, whereby higher values indicate a higher tendency for mechanical failure.

Initial slip and dilation tendencies of the fault system considering a normal faulting
regime (Sy > SHmax > Shmin) are shown in Figure 11a,b. In this scenario, slip tendencies
are generally very low and do not exceed 0.05 in most parts of the fault system. Only
the deeper parts of the W-E trending minor faults, as well as the SE fault exhibit slightly
higher slip tendencies of up to 0.08. Regarding the dilation tendency, several faults of the
system are initially nearly-critically or critically stressed for dilation. Especially the NE and
SW faults, and parts of the NW fault exhibit high values of more than 0.85 (Figure 11b).
The high dilation tendencies for the assessed normal faulting regime are an indicator for
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the presence of a conduit behaviour at the respective faults, potentially enabling fluid flow
along the fault planes.

Normal faulting regime

SHmax

Slip tendency (-) Xg Dilation tendency (-)
[ S| « | S S |
0 0.2 ) o 1

Figure 11. (a) Simulated slip and (b) dilation tendencies for the fault system of the study area for
a normal faulting regime, as well as (c) slip and (d) dilation tendencies for a predominant strike-
slip regime.
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Initial slip and dilation tendencies of the fault system considerably vary for a strike-
slip regime (SHmax > Sv > Shmin) and are displayed in Figure 11c,d. In this scenario, slip
tendencies are more than twice the slip tendencies of those of a normal faulting regime,
but still relatively low with maximum values of 0.18. There are local variations due to the
undulating nature of the faults and the orientation of their fault surfaces, with higher slip
tendencies in the deeper parts of the SE and NW faults as well as fault segments striking
NW-SE. The dilation tendencies in the strike-slip regime are considerably lower than those
in the normal faulting regime. The maximum dilation tendency of 0.92 is only archived in
some parts of the NE-SW-trending minor fault in the Southern part of the tectonic block.
The SE and NW faults as well as fault segments trending NW-SE show medium dilation
tendencies of around 0.5, whereas the NE fault and the W-E-trending minor faults show
low dilation tendencies, indicating the presence of a sealing behaviour which prevents

fluid migration along the respective fault planes.

Mechanical failure of the ubiquitous joint elements occurs in none of the 52 assessed
scenarios. Thus, only the scenarios exhibiting the highest effective stress changes (simul-
taneous injection into coal seams 308 and 510) are discussed in the following. For the
considered normal faulting regime, slip tendency is changing slightly for the operational
state. Most of the faults exhibit a minor decrease in slip tendency, especially in the shallower
parts, with up to 9% in maximum (Figure 12a). Only along the NW-SE trending parts of
the minor faults as well as along the SW fault, a slight increase in slip tendency by 13.5%
in maximum is observed. Changes in fault dilation tendencies are even lower, whereby
the highest deviations occur in the shallower parts of the faults (Figure 12b). In most parts
of the faults, the dilation tendency is slightly reduced by 6.8% in maximum. Only in the
NE-SE trending parts of the minor faults, dilation tendency increases by 5.8% in maximum.

Normal faulting regime
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Figure 12. Simulated changes in (a) slip and (b) dilation tendencies at the operational state (1 year)
for a normal faulting regime and a CO; storage within both coal seams. (c) Slip and (d) dilation

tendencies for a strike-slip regime.

For the considered strike-slip regime, slip and dilation tendencies mainly change in the
shallower parts of the faults, which located above the coal seam 308 (Figure 12c). The impact
of the simulated CO, injection on the stress regime is still relatively low, with slight changes
in slip and dilation tendencies, only. The values for slip tendency in the fault segments in
the NE and SW parts of the fault block are reduced by up to 33.4%, whereas values for the
fault segments in the SE and NW parts increase by 7.8% in maximum. Nevertheless, even
if the initial slip tendencies are higher for the considered strike-slip regime, absolute values
are still relatively low. Fault dilation tendencies decrease mostly in the shallower parts of
the faults, with 12.2% in maximum (Figure 12d). Some segments of the minor faults in
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the Southern part of the fault block show an increase in dilation tendency by up to 21.5%.
However, the initial values in these areas are relatively low.

Neither fault slip nor dilation, as a potential consequence of slip, arise in the extensive
scenario analysis. Consequently, fault reactivation is not expected at any time of CO,
injection in the study area considering the applied injection well arrangement, injection
pressures and the given model parametrisation.

4. Discussion

In this study, hydromechanical impacts of a potential CO, storage in coal beds have
been assessed for a commercial-scale operation in the Upper Silesian Coal Basin. Specifi-
cally, bandwidths of vertical displacements and fault reactivation depending on the local
stress field were investigated as part of a sensitivity analysis, consisting of 52 scenarios.
The undertaken analysis allows for obtaining a quantitative understanding of the mechan-
ical processes taking place during the operational and post-operational states. Thereby,
these predictive numerical models can increase the safety and sustainability of CO, storage
in coal seams.

The near-field model was employed to simulate CO, flow within coal seams and
coal-CO; interactions, along with the corresponding changes in permeability and stress.
Therefore, a dual porosity modelling approach was applied to represent fluid flow and coal-
CO; interactions within the characteristic microstructure of coal. Although this approach
is in general able to express different characteristics of fractures and the rock matrix,
conventional dual porosity models are particularly appropriate for reservoirs with highly
connected small-scale fractures. For large-scale fractures, hydraulic fractures and highly-
localised anisotropy, the dual porosity modelling approach may lead to inaccuracies [23,49].
More attempts are required for an accurate representation of multiscale fractures in fluid
flow. In this study, the coal deformation was assumed to be linearly elastic, however, recent
work by Chen et al. [50] indicates that nonlinear deformation of fractured coal can also
affect the stress field of coal seams. Thus, the nonlinearity of coal deformation should be
taken into account in future studies.

The injected amount of CO, per single panel of 22,139 t in maximum for one year of
operation is low compared to the annual emissions of power plants, which are in the range
of several Millions of tons CO,. Nevertheless, an injection of CO, in deep unmineable coal
seams can be used to increase the efficiency of coal bed methane recovery [51,52], due to the
higher adsorption affinity of CO, compared to methane [53]. Checko et al. [51] simulated a
CO; injection into a coal seam of the Upper Silesian Coal Basin combined with enhanced
coal bed methane (ECBM) recovery at a depth comparable to that in this study. During a
time period of one year, 1,954,213 sm? (equivalent to 3547 t) of CO, have been injected via
one single horizontal well. When additionally shrinking and swelling of the coal matrix
was considered within their model, the aggregate amount of injected CO, decreased to
625,000 sm? (equivalent to 1134 t). Taking into account that respective coal seam 405 has a
significantly lower thickness of 3 m compared to 9 m for seam 510, the injected amount
for one year is in a comparable range to the value reported in this paper. Checko et al. [51]
further showed that a simultaneous injection of CO, can result in a 50% increase in coal bed
methane extraction. Nevertheless, due to the observed reduction in coal permeability, they
concluded that hydraulic fracturing is required increase the methane recovery efficiency.

Due to the comparable low aggregate amount of 285,858 t CO, in maximum, which has
been injected via the 22 panels, also the geomechanical impact was limited. The maximum
vertical displacements amounted to 3.59 cm and 1.07 cm at the coal seam top and the
ground surface, respectively, and no reactivation of the faults zones was to be expected
under the given conditions. Nevertheless, the main system-controlling parameters were
identified. As expected, the strain increment was proportional to the pressure increase,
and thus the injection rate. Magnitude and spatial distribution of displacements further
depended on site-specific characteristics, such as seam geometry (e.g., thickness and dip).
The simulation results further demonstrated that even considerably lower mechanical
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properties of the surrounding rock mass exhibited a marginal effect on ground surface uplift,
only. Nevertheless, elastic properties of the coal seam itself could considerably influence
the coal swelling behaviour, and thus the vertical displacements. Due to the previously
undertaken extensive field and laboratory investigations, mechanical properties of the
respective coals itself are well known, and thus do not constitute a systemic uncertainty.

The extensive slip and dilation tendency analysis of the fault system in the study area
exhibited a fluid conduit behaviour in case of a normal faulting regime for two major faults.
Nevertheless, this tendency could not be observed for a strike-slip regime (Section 3.4).
Hence, a major uncertainty at potential storage sites is the local stress field, since even if
fault integrity is not compromised, faults might be initially hydraulically conductive and
could represent local pathways for upward fluid migration. This illustrates the importance
in determining the local stress regime as accurately as possible, e.g., via in-situ stress
measurements, such as borehole logging, leak-off tests and the recognition of high energy
tremors via local focal mechanisms. The results of such analyses can be used to identify the
areas and individually known faults of highest reactivation potentials, and thereby guide
the operational monitoring at field scale.

Moreover, site-specific modelling assessments of prospective storage sites need to
include the entire fault system, whereby especially detailed fault geometries should be
integrated. Nevertheless, especially larger faults generally represent highly complex zones,
as demonstrated by tectonic field-work studies, e.g., [54-56]. Thus, faults zones are com-
posed of various fault segments, Riedel shears, multiple fault strands, dilatational jogs
or relay ramps [57]. Parts of these particular fault elements can be sub-seismic, and thus
not considered in initial modelling studies. However, they can become extremely relevant
within the context of subsurface utilisation, since they represent potential fluid migration
pathways in case of reactivation. In this context, also fault properties and their spatial
and temporal variability are one of the major unknowns in field-scale hydromechanical
simulations. Therefore, the complexity of the fault system and fault parametrisation need
to be assessed as part of the extensive risk assessment.

5. Summary and Conclusions

The presented work evaluated the potential hydromechanical effects of CO, storage in
coal seams at a prospective storage site in the Upper Silesian Coal Basin in Poland. In order
to examine the complex interacting processes of mechanics, adsorption and multiphase flow
with the required accuracy, numerical simulations were performed at near-field and far-
field scale. While near-field models of the well bore vicinity have been applied to simulate
CO; injection, adsorption and resulting permeability and stress evolution, the far-field
model assessed commercial-scale hydromechanical impacts. Especially, ground surface
uplift and the potential reactivation of fault zones were investigated, since faults could
act as preferential leakage pathways for the buoyancy-driven upward migration of CO,.
In order to flexibly integrate near-field simulation results as internal boundary conditions
within the far-field model, a workflow was developed using the effective stress changes as
coupling parameter.

The numerical model of the study site, with a spatial extent of 4000 m x 6000 m,
comprises five main lithostratigraphic units, two target coal seams as well as the exact
geometries of the four major and five minor faults. Two coal seams have been selected
as potential storage formations, due to their lateral abundance and sufficient thickness:
(i) coal seam 308 has a average thickness of 2 m and is located at an average depth of 405 m,
(ii) coal seam 510 is situated at an average depth of 1250 m below the ground surface and
has an average thickness of 9 m. A horizontal well configuration, considering a well length
of 500 m was examined for injection aiming to enlarged coal-CO, contact area.

In order to assess the impacts of the injection pressures, well arrangement as well as the
effect of different geological uncertainties (regional stress regime and rock properties) for the
operational and post-operational states, a comprehensive scenario analysis was conducted,
consisting of 52 hydromechanically coupled simulation runs. The highest impact was
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observed for a simultaneous CO; injection in both coal seams at constant injection pressures
of 1.5 MPa and 4.5 MPa for coal seams 308 and 510, respectively. The resulting maximum
vertical displacements amounted to 3.59 cm, 1.27 cm and 1.07 cm directly above the
coal seams 510, 308 and at the ground surface, respectively, whereby an area of circa
2500 m x 3000 m exhibited surface uplift of more than 0.5 cm. Hydromechanical impacts of
CO, injection in coal were highest in the immediate surrounding of the injection area, where
large and localised effective stress changes occured. Moreover, the larger the distance to the
injection location, the smaller the differences between the operational and post-operational
states, whereby the differences in ground surface uplift amounted to 10.1%. The storage
of 285,858 t of CO, in maximum was simulated at the prospective commercial-scale site,
whereby the major part of 93% or 265,673 t was stored into the deeper coal seam 510,
and only 7% or 20,185 t into the shallower seam 308. These differences are related to the
considerably higher CO; density at the depth of coal seam 510, as well as the storage
formation volume.

Soft and stiff rock property scenarios were examined, whereby elastic moduli in the
soft rock scenario are about 50% of those used in the stiff one. Nevertheless, the differences
in vertical displacements above the seams were relatively small with 6.4% and 7.3% in
maximum for coal seams 510 and 308 in the operational state, respectively. Hence, the prop-
erties of the surrounding rock mass marginally affected the vertical displacements resulting
from the pore pressure increase experienced due to CO; injection.

Moreover, the local fault system present in the study area was examined by means of
a comprehensive fault slip and dilation tendency analysis, considering two different stress
regimes as geological uncertainty: (i) a strike-slip regime, which is characteristic for the
Upper Silesian Coal Basin, as well as (ii) a normal faulting regime, which is reported for
the local coal deposit. For the investigated normal faulting regime, slip tendencies were
generally very low and did not exceed 0.05 and 0.18 for the normal faulting and strike-slip
regime, respectively. Nevertheless, the dilation tendency exhibited high values over 0.85
for the normal faulting regime, indicating potential fluid conduit characteristics of the
respective faults, likely enabling CO; leakage. By contrast, the dilation tendencies were
considerably lower in case of a strike-slip regime. Failure of the ubiquitous joint elements
representing the fault plane did not occur at any time of CO; injection considering the
applied well design, injection pressures and given parametrisation. Hence, neither fault slip
nor dilation, as a potential consequence of the pore pressure increase, were to be expected
during the operational or post-operational states, and fault integrity was not compromised
at any time of the simulated CO, storage operation.

Even if fault integrity was not affected, faults may be initially hydraulically conductive
and could represent local pathways for upward migration of CO, or displaced brine.
Hence, the local stress regime has to be determined as accurately as possible by in-situ
stress measurements. Thereby, regions with the highest fault reactivation potentials or
conductive fault segments can be identified to guide the geophysical monitoring during the
operational and post-operational phases of the project. The conducted sensitivity analysis
enabled to obtain a quantitative understanding of the important mechanical processes
during the operational and post-operational phases.

In conclusion, application of numerical models led to specific new insights into hy-
dromechanical processes at a potential CO; storage site. The coupling of CO, flow near-
and geomechanical far-field modeling approach were proven appropriate for determining
hydromechanical impacts at commercial-scale operation. Further, elaborated simulation
concept is suitable to identify and quantitatively assess and mitigate these impacts to
ensure operational safety. Thereby, the predictive numerical models can contribute to
increasing the safety and sustainability of CO; storage in coal seams. Based on the results
presented in this study, assuming that a certain injection pressure (below the 1.5-fold of the
hydrostatic pressure) is not exceeded during site operation at the investigated area, it can
be concluded that:
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*  Vertical surface displacements occur at a tolerable extent with no structural damage of
surface infrastructure expected.

*  Parameter variations of rock strength have no significant influence on the hydrome-
chanical impacts of the CO, storage operation, if conservative rock properties are
taken into consideration.

¢  Fault reactivation is unlikely and can be further reduced by increasing the amount of
in-situ stress measurements to identify regions with high fault reactivation potentials
and conductive fault segments.

*  Post-operational impact are unlikely due to the degrading pressure in the reservoir formation.

The presented site-specific findings will contribute to the assessment of potential
environmental risks at other CO, storage sites in coal deposits if CO, storage in coal seams
becomes economically competitive. The proposed methodology for model coupling across
different scales and hydromechanical impact assessment is directly applicable to any coal
deposit worldwide.
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Appendix A

Table Al. All scenarios of the investigated sensitivity analysis regarding initial conditions, maximum
displacements and the respective maximum amount of stored CO,.

Injection

Coal Seam Stress Rock Pressure Time Max. Displacement above Seam Max. Displacement at Surface Amount of

Regime Properties (MPa) (years) (1072 m) (10-2 m) CO; (B
510 SS soft 4.5 1 3.59 0.99 265,674
510 SS soft 4.5 15 1.97 0.89 265,674
510 SS soft 3 1 2.64 0.53 150,613
510 SS soft 3 15 1.43 0.50 150,613
510 SS soft 15 1 147 0.19 60,026
510 SS soft 15 15 0.82 0.18 60,026
510 SS stiff 4.5 1 3.45 0.97 265,674
510 SS stiff 4.5 15 1.89 0.88 265,674
510 SS stiff 3 1 2.52 0.52 150,613
510 SS stiff 3 15 137 0.49 150,613
510 SS stiff 15 1 1.37 0.19 60,026
510 SS stiff 15 15 0.78 0.18 60,026
510 NF soft 4.5 1 3.59 0.99 265,674
510 NF soft 45 15 1.97 0.89 265,674
510 NF soft 3 1 2.64 0.53 150,613
510 NF soft 3 15 143 0.50 150,613
510 NF soft 15 1 1.47 0.19 60,026
510 NF soft 15 15 0.82 0.18 60,026
510 NF stiff 45 1 3.45 0.97 265,674
510 NF stiff 4.5 15 1.89 0.88 265,674
510 NF stiff 3 1 2.52 0.52 150,613
510 NF stiff 3 15 1.37 0.49 150,613
510 NF stiff 15 1 1.37 0.19 60,026
510 NF stiff 15 15 0.78 0.18 60,026
308 SS soft 15 1 0.77 0.34 20,185
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Table Al. Cont.

Injection

Coal S Stress Rock P Time Max. Displacement above Seam Max. Displacement at Surface Amount of
oal Seam Regime Properties (r;;ls)ure (years) (1072 m) (1072 m) CO, ()
a)
308 SS soft 1.5 15 0.42 0.25 20,185
308 ss soft 1 1 0.55 0.19 12,392
308 ss soft 1 15 0.34 0.17 12,392
308 SS soft 0.5 1 0.31 0.07 5599
308 SS soft 0.5 15 0.21 0.08 5599
308 ss stiff 15 1 0.76 0.36 20,185
308 ss stiff 15 15 0.41 0.26 20,185
308 ss stiff 1 1 0.53 0.21 12,392
308 SS stiff 1 15 0.33 0.18 12,392
308 SS stiff 0.5 1 0.29 0.08 5599
308 ss stiff 0.5 15 0.20 0.08 5599
308 NF soft 15 1 0.77 0.34 20,185
308 NF soft 15 15 0.42 0.25 20,185
308 NF soft 1 1 0.55 0.19 12,392
308 NF soft 1 15 0.34 0.17 12,392
308 NF soft 05 1 0.31 0.07 5599
308 NF soft 0.5 15 0.21 0.08 5599
308 NF stiff 1.5 1 0.76 0.36 20,185
308 NF stiff 1.5 15 041 0.26 20,185
308 NF stiff 1 1 0.53 0.21 12,392
308 NF stiff 1 15 0.33 0.18 12,392
308 NF stiff 0.5 1 0.29 0.08 5599
308 NF stiff 0.5 15 0.20 0.08 5599
308 and ss soft 15and 45 1 3.59 107 285,858
308 and ss soft 15and 45 15 197 0.94 285,858
3021%“"1 NF soft 15and 4.5 1 3.59 1.07 285,858
3021%“‘1 NE soft 15and 45 15 197 0.94 285,858
SS—Strike-slip regime, NF—Normal faulting regime.
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