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General Introduction

Several geomechanical studies investigating the induced seismicity in the Groningen field have been
initiated. This includes development of geomechanics-based seismological models (Ref. 1 to 4) and
geomechanical studies to fundamentally better understand the destabilization of the faults as a result of
reservoir depletion and the dynamics of the fault rupture process (Ref. 5 to 6).

The current report describes the progress of the studies into the earthquake initiation and development
since 2015 (Ref. 5 and 6), which has the objective to develop an understanding of:

=  the potential conditions under which fault slip and seismic rupture occurs.

=  the impact of reservoir depletion, reservoir offset and reservoir thickness on the occurrence of fault
instability and the magnitude of the simulated seismic rupture.

=  the mechanical response imposed by assuming a linear fault slip-weakening relationship. This
includes the sensitivity of the various fault modelling parameters on the simulated seismic rupture.

Furthermore, it is the aim

=  to develop hypotheses that may explain the spatial differences between the observed and predicted
activity rate using alternative models for the Groningen field (Ref. 7).

The current status of this research is further presented in reference 8.
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Executive summary

This study is part of NAM's Study and Data Acquisition plan, which addresses the
production induced-seismicity in the Groningen gas field (NAM, 2016b), and extends
the work of Van den Bogert (2015) and Buijze (2015) with the objective to develop an
understanding of

m the potential conditions under which fault slip and seismic rupture occurs, with the
ambition to develop a fault-based seismological model for the Groningen field.

m the impact of reservoir depletion, reservoir offset and reservoir thickness on the
occurrence of fault instability and the magnitude of the simulated seismic rupture.

m the mechanical response imposed by assuming a linear fault slip-weakening
relationship. This includes the sensitivity of the various fault modelling parameters
on the simulated seismic rupture.

Furthermore, it is the aim

m fo develop hypotheses that may explain the spatial differences between the
observed and predicted activity rate using alternative models for the Groningen
field (Bourne and Oates, 2017).

In-house technology and expertise has been developed to simulate the nucleation
and arresting of seismic events in the subsurface. The dynamic rupture modelling
capability developed as part of this study enables simulation of seismic events along
existing natural faults in 2D, including their wave forms and source-time function, with
moment magnitude in the range that is observed in the Groningen field. More than
250 dynamic rupture simulations have been conducted to systematically explore the
influence of reservoir offset, reservoir thickness and the parameters of the linear slip-
weakening relationship on the occurrence of fault instability and seismic rupture.

For seismic events to occur, the shear stress along a fault plane should have reached
the shear strength and the fault shear strength should reduce with increasing slip
displacement (slip-weakening). Fault slip is a-seismic as long as incremental reservoir
depletion is required to increase the slip displacement and propagate the slip patch.
A seismic event occurs (with seismic slip) if no incremental reservoir depletion is
required anymore. A seismic event nucleates if the size of an a-seismic slip patch
exceeds a critical length Lc when using a linear fault slip-weakening relationship. The
critical length adheres to the analytical expression derived by Uenishi and Rice (2003)
and is dependent on the slope of the descending branch in the linear slip-weakening
relationship. Another root cause of fault instability and seismic rupture is the merging
of two (stable) a-seismic slip patches. The occurrence and location of two slip patches
is influenced by the reservoir offset. So, both fault friction parameters and reservoir
offset strongly influences the depletion level at which seismic events occur.

Three distinctly different rupture mechanisms have been found: one associated with
instability of a single slip patch, one associated with merging of two slip patches, and
the third associated with merging of the two slip patches after one of the slip patches
has become instable. The source-time function is distinctly different for each rupture
mechanism, and may provide an opportunity to associate observed seismic events
with any of the three rupture mechanisms.

All three rupture mechanisms can generate seismic events with a moment magnitude
Mw between 0.5 and 4 in the Groningen field, albeit that seismic rupture of a single slip
patch tends to yield a smaller moment magnitude. Also, all three rupture mechanisms
can occur on any reservoir thickness and offset by selecting appropriate fault strength
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parameters. Recognition of the rupture mechanism of observed seismic events in the
Groningen field would substantially constrain the fault friction parameters for locations
with known reservoir thickness, reservoir offset and fault orientation. This may facilitate
a better understanding of the actual stability condition of the Groningen faults and to
characterise potential future seismicity.

The following recommendations are made based on the insight and quantified
relationships developed in this study:

UNRESTRICTED - SR.18.01927

Develop a fault-based seismological model using the fault location and moment
magnitude of historical seismic events in the Groningen field. If possible, use the
analytical solution provided by Nowacki (1986) to represent the findings of this
study and to develop a probabilistic approach similar to Dempsey and Suckale
(2017) to forecast seismic events in the Groningen field.

Investigate if the three different rupture mechanisms can be identified from
recorded wave forms of actual seismic events in the Groningen field. This would
provide the opportunity to assess the mechanical condition of faults after seismic
events and develop hypotheses of future seismicity.

Investigate if the slope Wu in the linear slip-weakening relationship can be
constrained from recorded seismic wave forms. This would provide an
independent source for calibrating one of the fault friction parameters and also
increases the reliability of the values estimated for the other friction parameter.
This work can be done as part of the investigations mentioned under the previous
point.

Extend the dynamic rupture simulation capability to 3D to facilitate potential
recognition of the rupture mechanisms from observed seismic events and to
support research into the relationship between the character of seismic sources
and recorded wave forms.
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1. Introduction

1.1. Business context

The Groningen field in The Netherlands is the largest onshore gas field in Western
Europe with an initial recoverable volume of about 2800 billion m3 (NAM, 2018). About
75% of the original volume has been produced since 1963, while supplying
international customers and virtually all households in The Netherlands. Gas
production has reduced reservoir pressure from about 350 bar (35 MPa) at the Gas-
Water contact initially to less than 100 bar (10 MPa) at some parts of the field today.
Compaction and subsidence has always been a main concern for the NAM, the
regulator and other stakeholders (e.g. Geertsma, 1973; Pruiksma, 2015; NAM, 20160a).
The first earthquake was felt in 1986 (van Eck et al., 2004) in a period when the field
was used as swing producer to accommodate fluctuating gas demand, and yearly
production was about halve of the peak production of more than 80 billion m3 (bcm)
per year in the mid 1970-ies (NAM, 2016a). Between 2000 and 2010, the production
increased again from about 21 bcm to around 50 bcm per year and caused a
marked increase in seismicity in the field (Dost et al., 2012), leading to the Huizinge
Mw=3.6 earthquake on 16 August 2012. Besides the increasing damage to houses, this
earthquake caused unrest under the Groningen population and concerns if the
estimated maximum magnitude of 3.9 (van Eck et al., 2004) would be exceeded.

The Huizinge earthquake led to the start of an extensive study program at the end of
2012 to better understand the relationship between gas production and the
occurrence of seismic events in the Groningen field, their magnitude, frequency,
duration, peak ground velocity and acceleration, and damage to buildings. This plan
was updated and extended for the Groningen Winningsplan 2016 (NAM, 2016b) and
included among others a densification of the monitoring network and a wide range
of studies into the root cause of seismicity, the transmission of seismic waves to the
ground surface and damage to buildings. Bourne and Oates (Bourne et al., 2014,
2015, 2017) developed a seismological model that describes the probability
distribution of possible future earthquake locations and their magnitude based on
reservoir compaction. The results culminated in a Probabilistic Seismic Hazard
Assessment (PSHA) for alternative production scenario of the Groningen field (van Elk
et al., 2017). The Geomechanical studies are part of the Study and Data Acquisition
plan for the Groningen field since 2013, with the aim to gain a better understanding
of the geomechanical conditions under which seismic events occur. This report
documents the latest results and insights from these geomechanical studies.

1.2. Technical problem description

Earthquakes are characterised by the acceleration and subsequent deceleration of
rock mass (e.g Dost et al., 2012). This is direct evidence of temporarily loss of equilibrium
of forces (Newton’s laws) and motivates the evaluation of the stress condition in the
subsurface. The Groningen earthquakes are classified as “induced seismicity” (van
Eck et al., 2004), which implies that seismicity is caused for a large part by stress
changes in the subsurface induced by human activity. Other human activity related
sources of seismicity are for instance water dams and injection of water in subsurface
formations (Klose, 2012). This in contrast to so-called “triggered seismicity” in which
human-activity-induced stress changes are relatively small, and crifical stress
conditions are developed predominantly by natural causes, such as tectonic plate
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movements. The induced-seismicity in the Groningen field therefore calls for an
evaluation of the depletion-induced stress changes in the subsurface.

Earlier work by Segall et al. (1989, 1994) and Grasso (1992) have shown that reservoir
depletion by oil and gas production causes stress changes in the reservoir as well as
in the overburden. Geological faults are generally regarded as planes of weakness in
the subsurface that are vulnerable to re-activation if the shear stress condition reaches
a crificallevel. An evaluation of more than 100 producing gas fields in The Netherlands
(Van Eijs et al., 2006) has revealed that fault density (fault length per km?) and reservoir
depletion pressure are parameters that discriminate gas fields with and without
seismic events. Van Eijs et al. (2006) have shown that a reduction of reservoir pressure
of 100 bar (10 MPa) or more is required to induce earthquakes in Dutch gas fields. The
required reservoir depletion implies that the subsurface is not under a critical stress
condition initially, and that seismicity is induced by gas production. This is the reason
why previous studies by Roest and Kuiimans (1994), Glab and Van Eijs (2001), Mulders
(2003) and Cappa and Rutqvist (2012) have focused on the development of critical
shear stress conditions along fault planes in the reservoir and overburden and the use
of stress-based failure criteria to forecast fault slip. Also, in the Groningen field seismic
events are located with increasing confidence on known faults, due to improved
monitoring and interpretation techniques (Willacy et al., 2018). In this study, therefore,
aftention is given to the loss of equilibrium by evaluating the impact of reservoir
depletion on the stress distribution along fault planes that have been formed during
the geological history of the field (Visser, 2012).

Forecasting future seismicity using deterministic geomechanical models is not
possible, because of the uncertainty of known and unknown physical processes as
well as their variability across the Groningen field. This is also the reason why stochastic
approaches as followed by Bourne and Oates (Bourne et al., 2014, 2015, 2017) are
more appropriate and useful to forecast seismicity. Nevertheless, understanding of the
underlying physics that lead to seismicity is needed to improve the stochastic
assessments. However, the complexity of the problem and the lack of field data
makes it hard to formulate and test alternative modelling hypotheses. The complexity
of induced seismicity covers the four categories that all geomechanical models have
in common:

1. Geomelry:
In principle, the stress changes in the subsurface induced by reservoir depletion
are influenced by geometrical aspects on different scales. Reservoir shape and
reservoir dimensions disturb the subsurface stress condition on the 1 — 10 km scale,
while reservoir offset and fault intersections are influential on a scale proportional
to the reservoir thickness (10 — 100 m). Formation property contrasts also act on this
scale, while small scale inhomogeneities, also referred to as asperities, can have a
sphere of influence in the order of 1 m. The scale of interest in this study is 10 — 100
m, because earthquakes with a moment magnitude Mw between 0.5 and 2.5
have a rupture area in this order of magnitude (as demonstrated in this study; e.qg.
Madariaga and Olsen, 2012). Therefore, geometrical features that are larger than
about 10 m, such as reservoir thickness and reservoir offset which have a
demonstrated influence on the stress distribution along fault plane, are
considered. The element size in numerical models need to be substantially smaller
than 10 m in order to capture stress concentrations caused by these geometrical
features (Buijze et al., 2015). However, evaluation of geometrical features in the
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range between 10 m and 10 km in a single 3D finite-element model is fechnically
challenging and very costly, and does not allow evaluation of a large number of
options in a reasonable timeframe. A two-dimensional modelling approach is an
acceptable compromise and has been followed by various studies in the past
(Roest and Kuilmans, 1994; Cappa and Rutqvist, 2012; Orlic and Wassing, 2012).
The influence of reservoir depletion on field scale is limited to uniaxial deformation
and stress conditions, while priority is given to geometrical features that are
relevant to simulate fault slip and seismicity, such as reservoir thickness and offset
(van den Bogert, 2015). It also facilitates conducting sensitivity studies into these
parameters. This is relevant because the accuracy of these geometrical
parameters, which are derived from seismic interpretation, is also in the order 10 —
100 m.

2. Constitutive behaviour:
The largest uncertainty is probably caused by non-linear and time-dependent
behaviour of the subsurface due to reservoir depletion (Templeton and Rice, 2008;
Sanz et al., 2015; Pijnenburg et al., 2018). The presence of salt in the Groningen
overburden may cause time-dependency of induced stress changes on a
production time scale. Fault slip behaviour is largely unknown, although recent
results (Spiers at al., 2017) provide the first Groningen specific results. An important
aspect is the loss of frictional strength after the onset of fault slip, which is an
essential requirement to explain the occurrence of earthquakes (e.g. Scholz,
1998). Thermal aspects and (un)drained behaviour of the fault zone and adjacent
formations may play a role during fast seismic deformations (Zbinden et. al., 2017).

3. Inifial stress and reservoir depletion:
The initial stress condition in the Groningen field is rather poorly constrained (Van
Eijs, 2015). Vertical stress is relatively well known from integrated density log data,
but is influenced by the variable thickness of the Zechstein salt formation in the
overburden. Reliable minimum horizontal stress data and its orientation is very
limited considering the size of the field, and available data suggests differences
across the field. Similarly, field data on the orientation of the maximum horizontal
stress is limited. On the other hand, experimental and field data consistently
suggest a maximum to horizontal total stress ratio between 1.05 and 1.10.

4. Equilibrium condition:
As mentioned before, seismic events are characterised by mass acceleration and
subsequent deceleration. This implies that the dynamic equations of motion need
to be considered to gain insight into the nucleation and arrest of seismic ruptures
(Hughes, 1987; Madariaga and Olsen, 2002; Verruijt, 2010):
Mii + Cu+ku = f, (1.1)
with u the displacement vector, and u and ii the velocity and acceleration vector
respectively. In most geomechanical evaluations in petfroleum engineering,
velocity and acceleration are ignored, reducing (1.1) to the equation of static
equilibrium, with k the stiffness matrix and an external force vector f. Newton's
second law is retrieved by considering point mass (M is the mass matrix) and
ignoring internal deformations (u =u = 0). The damping matrix € accounts for
internal friction. Evaluation of the dynamic equation of motion in (1.1) requires
additional degrees-of-freedom in every node of a finite-element model and
significantly increased computational effort. This is enhanced by the fact that the
initial boundary value problem needs to be solved, rather than the harmonious
solution.
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In principle, the technology is available to evaluate three-dimensional, non-linear,
time-dependent and dynamic problems. Appropriate tools are available to develop
realistic 3D models of the Groningen field including the fault structure (APPENDIX 1;
Sanz et al., 2015). A wide range of plasticity and creep models are available to
describe non-linear and time-dependent formation behaviour (e.g. Aki and Richards,
2002). Also, slip- and velocity-weakening relationships are available to simulate fault
behaviour (e.g. Scholz, 2002; Madariaga and Olsen, 2002). Furthermore, the
availability of sophisticated solution algorithms to solve large non-linear sets of
equations is equally important (de Borst, 1987). However, concessions are essential to
arrive at a model that can be evaluated within a reasonable timeframe and with
acceptable costs.

1.3. Approach

The challenge is to understand and model the main physical processes induced by
gas production that cause earthquakes, while acknowledging the variability and
uncertainty of the subsurface properties at different scales. The complexity of the
problem of induced seismicity calls for a modelling approach that starts simple and
adds complexity in a step-wise fashion, building on previous work. Simple assumptions
can often be verified analytically, while gradually adding complexity helps to develop
an understanding of the impact, behaviour and relevance of individual aspects. A
selection of the modelling complexities for this study was made based on previous
work.

Roest and Kuilmans (1994) conducted 2D evaluations of slip along multiple faults as a
result of depletion in the Eleveld gas reservoir. Fault slip was described by an elastic-
perfect-plastic Mohr-Coulomb friction law. Glab and Van Eijs (2001) and Mulders
(2003) also considered a number of 3D configurations. Hager and Toksdz (2008)
concluded that no maximum magnitude could be estimated using static modelling
approaches in their review of the underground storage facility in Bergermeer. The
influence of reservoir offset was found in a number of these studies (Mulder, 2003; Orlic
and Wassing, 2012), but Van den Bogert (2015) quantified the influence of reservoir
offset normalised for reservoir thickness on the pressure depletion required to cause
onset of fault slip. However, none of these studies actually demonstrated nucleation
of seismic rupture by aloss of equilibrium. Cappa and Rutqvist (2011, 2012) conducted
static and dynamic rupture simulations of fault stability under CO2 injection conditions,
by assuming a linear fault slip-weakening relationship and a linear-elastic subsurface.
Their modelling approach allowed the determination of the injection pressure that
causes onset of seismic rupture.

It was decided to include two modelling aspects that are required to simulate
nucleation and arresting of seismic rupture which are missing in the study by Van den
Bogert (2015), namely

m fthe evaluation of the dynamic equations of motion (1.1). This means that the static
analysis used by Van den Bogert (2015) are replaced by dynamic rupture
simulation as used by Madariaga and Olsen (2002), Cappa and Rutgvist (2012)
and Buijze et al. (2015) in a so-called dynamic rupture simulation, and

m slip-weakening behaviour to account for the loss of fault strength after onset of
slip.
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The FAULT module of the DIANA general purpose finite-element software was
extended with dynamic rupture capabilities. This module has been developed in the
previous study (van den Bogert, 2015). Buijze et al. (2015) investigated requirements
for element and tfime step size with this updated module to obtain reliable and
accurate results. They also benchmarked the 2D DIANA results against case TPV 210-
2D of the Southern California Earthquake Catalogue (SCEC, Harris, 2009) with a
positive result. That is, the dynamic rupture simulation capability of DIANA delivers the
same results as other codes used for the simulation of “friggered seismicity” in natural
earthquakes. Furthermore, Buijze et al. (2015) started exploring the seismic rupture
response along a fault plane that offsets a depleting reservoir using a linear fault slip-
weakening relationship. The current study is a continuation of that work.

The main objective of the present study is to develop an understanding of

m fthe conditions under which fault slip and seismic rupture occurs in a normal faulting
environment, with the ambition to develop a fault-based seismological model for
the Groningen field.

m fthe impact of reservoir depletion, reservoir thickness and reservoir offset (in a
normal faulting environment) on the occurrence of fault instability and on the
magnitude of the simulated seismic rupture.

m the mechanical response of the fault zone imposed by assuming a linear fault slip-
weakening behaviour. This includes the sensitivity of the various parameters of the
linear slip-weakening relationship on the simulated seismic rupture.

Other objectives are:

m fo provide hypotheses that may explain the spatial and temporal differences
between the observed and predicted activity rate using alternative models for the
Groningen field developed by Bourne and Oates (2017).

m fo develop a procedure to conduct dynamic rupture simulations that determine
the onset of seismic rupture. This includes the development of post-processing tools
fo follow and check the simulated rupture process and derive moment
magnitude, source-time function, wave forms and other response parameters

A large number of known aspects are not addressed in this study. The influence of the
fault orientation and the elastic properties (Young's modulus and Poisson’s ratio) has
been addressed in a previous study (van den Bogert, 2015) and can be easily
incorporated in the results of the current study. A 3D modelling approach was
deemed inappropriate, because either the element size would be too large or
computational effort and costs would explode. Furthermore, convergence of the
numerical solution would be more difficult to achieve or even become impossible.
Also, non-linear and time-dependent behaviour of the reservoir and overburden
formations (Sanz et al., 2015; Pijnenburg et al., 2018) have not been taken into
account. The latter may be relevant because of the significant salt body above the
Groningen gas reservoir. Furthermore, thermal aspects and (un)drained behaviour of
the fault zone and adjacent formations (Zbinden et. al., 2017) may play a role during
seismic events in the Groningen field. A 2D modelling environment is preferred for its
computational efficiency, thereby enabling the evaluation of a larger number of
cases and the influence of all slip weakening parameters compared to a 3D
modelling approach. Aforementioned non-linear aspects and in-homogeneities may
be incorporated in subsequent work. This study focusses on the influence of the
parameters of the linear slip-weakening relationship and reservoir offset.

1.4. Structure of the report
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The report describes the main results of the study, while detailed geomechanical
evaluations and evidence of some of the statements is provided in the appendices.
Chapter 2 describes the modelling assumptions and default parameters used
throughout this report, following the approach outlined in the previous section. The
reservoir and fault configuration is representative for the Groningen field (APPENDIX
1), but not tuned to a particular location. The default parameters for the linear slip-
weakening relationship for the fault behaviour are specified, as well as the uniform
linear-elastic properties for the overburden, reservoir and basement formations.
Furthermore, the in-situ stress condition and the procedure for simulating reservoir
depletion and seismic rupture is described. Also, specific finite-element modelling
aspects are explained in this chapter.

Chapter 3 presents the simulation results for a fault dipping under 66 degrees, which
offsets a 200 m thick reservoir by 80 m. The results are shown for a number of cases
with decreasing value for the residual friction coefficient (APPENDIX 2 provides a list of
all cases evaluated as part of this study). The cases reveal three different rupture
mechanisms with characteristic features that might be observable from actual seismic
events in the Groningen field. One case — the Base Case — is discussed in detail in
APPENDIX 3. The reservoir depletion pressure that causes onset of seismic rupture in
the Base Case is evaluated in detail by considering the equilibrium condition of the
entire fault in APPENDIX 4, and by a so-called post-bifurcation analysis in APPENDIX 5.
Detailed results of the other cases in Chapter 3 and their associated rupture
mechanism are presented in APPENDIX 6.

The influence of a number of modelling parameters on the simulated seismic rupture
and rupture mechanism is presented in Chapter 4. Section 4.1 shows that the same
three rupture mechanisms introduced in Chapter 3 are obtained by varying the
reservoir offset. The associated detailed geomechanical evaluations are found in
APPENDIX 7. Section 4.2 shows how the residual friction coefficient influences the
rupture mechanism and moment magnitude as a function of reservoir offset. The
influence of reservoir thickness on the reservoir depletion that causes onset of seismic
rupture and on the moment magnitude is addressed in section 4.3, while the in-depth
geomechanical evaluation of the cases is provided in APPENDIX 8. The influence of
the slope of the descending branch of the linear slip-weakening relationship on the
onset of seismic rupture and the moment magnitude is discussed in section 4.4 and
the associated detailed evaluation in APPENDIX 9. Finally, in section 4.5, scaling
relationships are presented between the moment magnitude on one hand and the
size of the slip patch and the maximum relative slip displacement on the other hand.
The scaling relationships are derived from all dynamic rupture simulations in this study
and provide a quick estimate for these parameters for any (observed) moment
magnitude between 0.5 and 4.0. Some additional relationships are provided in
APPENDIX 11. An interpretation of the results is given in Chapter 5, while the
conclusions are given in Chapter 6, and recommendation in Chapter 7.
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2. Model description

This chapter describes the modelling assumptions and default parameters used
throughout this study. All parameters are representative for the Groningen field, but
not tuned to a particular location. In subsequent chapters, the impact of one or two
modelling parameters on the simulated seismic rupture is evaluated at a time, while
using the default values for all other modelling parameters as presented in this
chapter. The geometrical modelling assumptions are described in section 2.1, the
formation and fault properties in section 2.2, and the initial stress, pore pressure and
reservoir depletion conditions are discussed in section 2.3. Finally, the followed analysis
procedure is described in section 2.4

2.1. Geometrical model

This study uses two-dimensional finite-element (FE) models with a size of 6000 m by
6000 m, and four horizontal layers (Figure 2.1a). The top of the 200 m thick depleting
foot wall reservoir formation is at 2910 m depth (red layer), with an overlying 85 m thick
top-seal. The reservoir thickness is representative for the Groningen field, which varies
from less than 100 m in the South-East to 220 m in the North-West. The thickness of the
top-seal is not relevant in the current study, because elastic properties and initial stress
in the top-seal and overburden layers are assumed the same in all cases evaluated in
this study.

Hanging wall Foot wall
po66 o Hanging | |///8loct
walll []/]) ¢
Overburden o Iy i
o f

v BN
L . 2 200y

Basement
a) | d A
_6000m;. AR .. o
6000 m b)
4 > oA - 7 X I JEEr ) . y 3
Figure 2.1: a) The top of the 6000 m wide model (not to scale) is the stress free earth surface and

the bottom of the model is at 6000 m depth. The foot wall reservoir is at a depth D of
2910 m with a thickness H of 200 m. In this study, the hanging wall reservoir is taken the
same thickness as the foot wall reservoir, while the offset O is variable. The fault dip angle
B is 66°. Reservoir depletion is simulated in the third layer only (red color).
b) Typical finite-element mesh with the four different layers indicated by different colors.
Reservoir offset along the normal fault is modelled by increasing the overburden
thickness of the hanging wall, while reducing the basement thickness proportionally.
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The fault is assumed to be a straight plane dipping under 66 degrees with the
horizontal surface in all analysis of this study. This is at the low-end of the spectrum of
interpreted dip angles in the Groningen field, which is predominantly between 75 and
85 degrees (APPENDIX 1). The small fault dip angle constitutes a conservative
assumption, because steeper faults require a larger reservoir depletion pressure to
cause onset of fault slip for the same fault slip properties (van den Bogert, 2015).

Reservoir offset O in the Groningen field is predominantly between 0 and about 50%
of the reservoir thickness H, although offsets larger than reservoir thickness also occur,
notably in the South-East of the field. In this study, reservoir thickness is varied between
140 and 300 m, and the normalised reservoir offset O, which is defined by the absolute
offset O divided by the reservoir thickness H, is varied between 0 and 2. The reservoir
thickness is varied, while keeping the top of the foot wall reservoir at the same height.
The normalised reservoir offset is varied by adjusting the depth of the hanging wall
reservoir.

The two-dimensional DIANA plane-strain FE models include two types of elements
(Diana FEA, 2016): i) one-dimensional linear interface elements simulate the behaviour
of the fault, and ii) linear continuum elements to simulate the behaviour of the
formations. The length of the interface elements is set to 0.3 m over the reservoir
interval to accurately calculate the development of critical stress conditions for a
normalised reservoir offset between 0 and 2 (Buijze et al., 2015). The size of the linear
continuum elements next to the interface elements are also 0.3 m, but increase
towards the boundaries. Figure 2.1b shows a typical FE mesh, in which the formations
are represented by the different colors. The fault zone is the region with small elements
in the middle of the model. Note that the vertical size of the interface and continuum
elements increase above the foot wall and below the hanging wall reservoir
formation. Dedicated element meshes are generated for cases with different foot wall
reservoir depth D, reservoir height H, offset O and dip angle B, as well as the total
model width and height. In this study, only reservoir thickness H and offset O are varied.

The top surface of the model represents the earth surface and has a zero stress
boundary condition, while the normal displacements of the nodes along the two
vertical sides and at the bottom of the model are prohibited. This means that a
uniaxial deformation and stress condition is prescribed in the model. The zero normal
displacements at three of the four model boundaries also implies that velocity waves
are reflected in the dynamic rupture simulation, and that energy is contained within
the model. The origin of the coordinate system is located in the middle of the top
surface of the model, with the positive X-axis in horizontal direction to the right, and
the positive Y-axis in vertical direction upwards. Hence, subsurface depth is negative.
Furthermore, positive stress and strain correspond with elongation. Thus, compressive
stress is negative in this report, unless stated otherwise.

2.2. Formation and fault properties

One of the study objectives is fo gain insight into the impact of reservoir depletion on
the fault slip behaviour and seismic rupture. Uniform and linear-elastic behaviour is
assumed for all formations so that results are not impacted by any property contrasts
across the faultin cases with reservoir offset (van den Bogert, 2015). Therefore, Young's
modulus E is 10 GPa and Poisson’s ratio v is 0.25 (shear modulus G=6.67 GPa) for all
formations, and the Biot-Willis coefficient a is assumed to be 1. The presence of salt in
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the Groningen subsurface is ignored in the current study. This means that the
subsurface is represented by a homogenous linear-elastic half-space. This simplifies
the interpretation of the dynamic rupture analyses and facilitates evaluating the
impact of reservoir offset separately.
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| v ) | DC )
Normal effective stress o;, [MPa] Relative Slip Displacement RSD [m]
Figure 2.2: a) Mohr-Coulomb shear failure criterion, specified by Cohesion stress Cand friction angle

¢, is used to determine onset of irecoverable slip (plasticity), b) linear slip-weakening
relationship expresses the reducing friction coefficient u as a function of the plastic
relative slip displacement.

The fault slip behaviour is described by a Mohr-Coulomb friction law (Figure 2.2a) with
linear slip-weakening relationship in the interface elements of the model (Figure 2.2b;
Madariaga and Olsen, 2002). A material point on the fault plane will start slipping if
the local shear stress T is equal to the local shear strength tmax Which is defined by a
Mohr-Coulomb frictional slip criterion:

Tmax = C + o, tan @. 2.1)

Herein, C is the cohesion stress, ¢ is the angle of internal friction, and on is the normal
effective stress in the material point on the fault plane (Figure 2.2a). Furthermore, the
Shear Capacity Utilisation SCU is defined as a dimensionless metric that indicates the
onset of fault slip:

SCU = —. 2.2)
Relative displacement across the fault interface are recoverable (elastic) if SCU < 1.
Irecoverable slip displacement along the fault interface is accumulated if SCU=1,
whereas a value larger than 1 is not possible. Furthermore, it is assumed that the friction
coefficient y of each point along the fault plane reduces from an initial value pi at the
onset of fault slip to a residual value ur when the relative slip displacement in that point
reaches the crifical slip displacement Dc (Figure 2.2b). The slope W, expresses the
reduction of the friction coefficient per millimetre of relative slip displacement across
the fault. A (linear) slip-weakening relationship may be combined or replaced with a
slip rate friction law as outlined by Madariaga and Olsen (2002).
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Figure 2.3: Linear slip-weakening diagram for an initial friction coefficient is 0.55 and a residual
friction coefficient between 0.50 and 0.25, and a default slope W, = 0.010 mm' (solid
lines). Alternative slopes with W,=0.020 mm-' (long-dashed lines) and W,=0.050 mm-!
(short- dashed lines) are evaluated in Chapter APPENDIX 8.

Again, the objectives of this study is to develop a qualitative understanding of the
impact of the fault slip parameters on the simulated a-seismic and seismic slip
behaviour along normal faults. The challenge of quantifying fault friction is well
described by Spiers et. al. (2017) who are executing an extensive NAM funded
experimental program into the behaviour of rock and faults in the Groningen gas field.
The cohesion stress C is assumed to be negligible (C = 0 MPa) in accordance with
previous experimental and modelling studies (Byerlee, 1978; Streit and Hillis, 2004;
Zoback, 2007). The initial friction coefficient yi=tan ¢i is assumed to be 0.55 (¢p=28.8°),
which is in the range measured by Hunfeld et al. (2017) in direct shear experiments
conducted on gouges of different mixtures of the members in the stratigraphic
column in the Groningen field. The residual friction coefficient has been varied
between 0.50 and 0.25 (Di Torro et al., 2011, Rutqvist et al., 2013). However, no
appropriate literature data is available to constrain the slope W, of the descending
branch of the linear slip-weakening relationship. Madariaga and Olsen (2002) quote
values for Dc in the order of 10 cm for natural earthquakes with a moment magnitude
as large as Mw = 8. The smaller earthquakes in the Groningen field are expected to
have a smaller reduction of the friction coefficient (ui - ur) and smaller value for Dc to
arrive at the same slope W,. In this study, the default value W, = 0.01 mm ! is taken
similar as in the study by Buijze et al. (2015), which leads to Dc = 0.03 m if yi = 0.55 and
Mr = 0.25 (Figure 2.3). The slope W, is varied in section 4.4. All three fault friction
parameters, the initial and residual friction coefficient yi- yr and , are subject to Finally,
the fault slip model incorporates a so-called dilatancy angle vy, which expresses the
ratio of the normal over the slip displacement after the onset of slip (Diana FEA, 2016).
The dilatancy angle is set to 0° for all simulations in this study.

2.3. Initial stress and depletion conditions

The initial total vertical stress is determined by the density of the subsurface formations
(Table 2.1). The ratio of the total minimum horizontal stress to the total vertical stress
komin is set to 0.748 and the ratio of the total maximum horizontal stress to the total
vertical stress komax is 0.798. The maximum horizontal stress azimuth is assumed 160
degrees East of North (Van den Bogert, 2015). These values are summarised in Table
2.1. The update of the initial stress condition of Groningen field by Van Eijs (2015) is not
incorporated, because it became available after the start of this study and the
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difference with the data used here is rather small. Incorporating the updated initial
stress model would require re-evaluating numerous cases to ensure that all cases have
the same initial stress condition. Also, this study is not intended to calibrate any model
parameter to observed seismic events in the Groningen field.

The initial pore pressure in the overburden and top seal is taken hydrostatically with a
pressure gradient of 10 kPa/m (1.0 bar/10m). The pressure gradient in the basement is
somewhat larger at 11.66 kPa/m due to the saline aquifer. In the reservoir formation,
a gas density of 1.8 g/cm3 (1.8 kPa/m, 0.18 bar/10m) is taken. Furthermore, the initial
pressure at the Gas-Water Contact at 2995 m TVD is 35.2 MPa (352 bar). This pressure
point is used to construct the pressure-depth relationship for the reservoir and
basement formations. The initial stress condition in the reservoir at 2875 m TVD is
summarised in Table 2.2.

Table 2.1: Data used fo determine the initial stress condition.
Densify Komax Komin
Formation [kg/m3] [-] [-]
Overburden 2172 0.795 0.748
Top seal 2450 0.795 0.748
Reservoir 2450 0.795 0.748
Basement 2700 0.795 0.748
Table 2.2: Initial pore pressure and stress condition in the reservoir at 2875 m TVD

Gradient | Pressure

Parameter [bar/10m] | [bar]
Pore. pressure gradient (gas 0.18 350
density)

Vertical stress gradient 2.14 615
Min. Horizontal stress gradient 1.60 460
Max. Horizontal stress gradient 1.71 491
Max./Min. horizontal stress rafio [- 107

] .

Max. horizontal stress azimuth 160

[deg]

The initial stress condition is applied to the models in an initialisation step (Diana FEA,
2016), in which model equilibrium is established in an iterative manner if necessary,
while adhering to the boundary conditions. The stress condition after the inifialisation
step is used as reference configuration in the remainder of the analysis. The
displacements infroduced by the stress initialisation are ignored.

Uniform reservoir depletion is simulated by lowering the pore pressure in layer 3 (red
color in Figure 2.1) on both sides of the fault by an equal amount. No pressure
depletion is simulated in the other formation layers. The pore pressure in the fault is
assumed to follow the pore pressure in the adjacent formations. That is, pore pressure
in an interface element is reduced in conjunction with the reservoir pressure if it is in
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contact with the foot wall or hanging wall reservoir formation. The pore pressure is not
changed if it is not exposed to reservoir depletion on either side of the fault.

24. Analysis procedure

The finite-element simulations in this study evaluate the dynamic equations of motion,
which read (Hughes, 1987; Verruijt, 2010; Diana, 2016):

Mii + Cit+ ku = f, 2.3)

with u the displacement vector, and u and i the velocity and acceleration vector
respectively. Furthermore, M is the mass matrix, € is the damping matrix, kis the stiffness
matrix, and f is the external force vector. The equation of static equilibrium is obtained
if the velocity and acceleration vectors are very small and can be ignored:

ku = f. 2.4)

The subsurface stress and strain distribution due to reservoir depletion is virtually always
evaluated in a static analysis considering equation (2.4), despite the time-dependent
character of the reservoir depletion process (hence, the term ‘quasi-static analysis’ is
sometimes used). This is acceptable, because the inertia force Mii and internal friction
force c€u remain very small compared to the internal forces ku, even if time-
dependent processes, such as salt creep, are included. This approach is also followed
in the first stage of the analysis, in which reservoir depletion is simulated until onset of
seismic rupture occurs (Figure 2.4a). In the second stage, seismic rupture is simulated
considering the dynamic equations of motion (2.3). This approach is identical to the
study by Buijze et al. (2015).
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Figure 2.4: a) Convergence of the numerical solution is not achieved if the incremental reservoir

depletion 6P exceeds the maximum in the limit point. The arc-length method (Riks, 1979;
de Borst, 1987; Diana FEA, 2016) is indicated by the green line and seeks an equilibrium
solution by adjusting 6P. The (fangential) stiffness matrix k in equation (2.4) is represented
by the slope of the red curve. Seismic rupture occurs if no incremental reservoir depletion
OP is required to increase the slip displacement. The static analysis in stage 1 is indicated
by the blue background color, whereas the seismic rupture analysis in stage 2 is
indicated in green. Irreversible (plastic) slip displacement occurs affer onset of fault.
b) The arc-length method provides an equilibrium solution that approximates the limit
point within 0.001 MPa. This implies that a maximum incremental reservoir depletion of
0.001 MPa is sufficient to nucleate a seismic rupture in stage 2 of the simulation.
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In the first stage, the initial stress condition is applied as described in the previous
section and reservoir depletion AP is increased in steps 6P of 1 MPa until onset of fault
slip is reached. Onset of fault slip is defined by SCU = 1 in any interface element of 0.3
m along the fault plane as described in section 2.2. The same size of interface
elements has been used throughout this study so that peak stresses along the fault
plane are described with the same accuracy, and onset of fault slip is consistent for
all cases evaluated in this study. The incremental depletion steps 6P are gradually
reduced from 1 MPa in the linear-elastic regime to 0.001 MPa close to the onset of
seismic rupture. The reduction of step size is applied manually for every case in this
study to accurately capture the depletfion pressure AP at which onset of seismic
rupture occurs (the limit point in Figure 2.4).

Seismic rupture constitutes a so-called limit point in the static analysis, because no
incremental reservoir depletion is required to increase the slip displacement along the
fault plane (Figure 2.4a). Determination of the limit point is a general problem in
numerical simulations when considering strain-softening material behaviour, such as
the linear fault slip-weakening relationship in Figure 2.3. Divergence of the numerical
solution occurs if the reservoir depletion AP exceeds the value in the limit point after
increment 6P (Figure 2.4a). Fundamentally, divergence is caused by the occurrence
of one or more zero values on the main diagonal of the tangential stiffness matrix k in
equation (2.4) (Hill, 1959). This means that no unique solution exists for the system of
equations. The so-called arc-length method (Riks, 1979; de Borst, 1987; Rots and de
Borst, 1989; Diana FEA, 2016) seeks an equilibrium solution by adjusting (lowering) the
incremental depletion pressure 8P as indicated by the green line in Figure 2.4a. In this
study, the arc-length method is applied to determine the reservoir depletion that
causes onset of seismic rupture with an accuracy of 0.001 MPa or smaller.

The dynamic rupture analysis of stage 2 covers a period of 2 seconds (2000 steps of
0.001 s), while reservoir depletion is kept the same. The analyses are conducted using
an implicit solution scheme in the DIANA finite-element software (Diana FEA, 2016). A
small unbalance is intfroduced to bring the model out of equilibrium at the start of the
dynamic rupture simulation (Figure 2.4b). This is required because analysis stage 1 ends
at a converged equilibrium solution within 0.001 MPa reservoir depletion of the limit
point. Imposing an incremental reservoir depletion 6P = 0.001 MPa at the start of the
dynamic rupture simulations therefore ensures that the depletion level exceeds the
value at the limit point and that seismic rupture nucleates. This analysis procedure is
developed in collaboration with TNO (Buijze et al., 2015, 2017).
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3.

Influence of the residual friction coefficient

In this chapter, the results of six cases are presented which are fully identical except
for the residual friction coefficient in the linear slip-weakening relationship. The
subsurface is modelled as a homogenous elastic medium with a straight, dipping fault
that intersects a reservoir with offset, and that exhibits linear slip-weakening behaviour
as described in Chapter 2. The main common parameters of the six cases are (Figure

3.10):
m Top foot wall reservoir at D=2910 mTVD.
m  Reservoir thickness H =200 m.
m  Offset hanging wall reservoir O =80 m.
m  Fault dip angle B =66 degree.
m  Fault cohesion C =0 MPa.
m Initial friction coefficient Mi = 0.55.
m Slip-weakening slope Wu=0.01 mm-,
Hanging walll Foot wall 060 -~ e — —— e -
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Figure 3.1: a) The top of the foot wall reservoir is at 2910 m TVD, the reservoir thickness H is 200 m,
the offset O is 80 m and fault dip angle gis 66 degrees for all cases in this chapter. b) The
linear slip-weakening relationship for the cases in Table 3.1.
Table 3.1: The parameters of the linear slip-weakening relationship for the cases discussed in this
chapter. Case mu55-182 (bold print) is considered the Base Case in this sfudy.
Case Initial friction | Residual friction Critical slip
coefficient yi coefficient ur displacement D | Discussed in
Mub5-181 0.55 0.50 0.005 m Section 3.1
Mu55-182 0.55 0.45 0.010 m Section 3.2
Mub55-183 0.55 0.40 0.015m Section 3.3
Mub5-184 0.55 0.35 0.020m Section 3.4
Mub5-185 0.55 0.30 0.025m Section 3.4
Mub5-186 0.55 0.25 0.030 m Section 3.4
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The linear slip-weakening diagram for the six cases is given in Figure 3.1b and the
corresponding parameter values are givenin Table 3.1. The values for the initial friction
coefficient yi and the slope W, of the slip-weakening relationship are based on
preliminary experimental results (Hunfeld et al., 2017). Note that the critical slip
displacement Dc is adjusted to keep slope W, the same in all cases, while reducing
the residual friction coefficient from 0.50 in case mu55-181 to 0.25 in case mu55-186.
The slope W, has the dimension mm and expresses the reduction of the friction
coefficient per milimeter of slip displacement. The influence of the slope W, on the
fault slip behaviour is evaluated in Chapter 4. Depletion is simulated by a step-wise
and equal decrease of the pore pressure in the foot wall and hanging wall reservoir
formations (red areas in Figure 3.1a) up to 30 MPa. This is close to the expected
average reservoir depletion at the end of the Groningen field life. Incremental
reservoir depletion is reduced from 1 MPa at the start of the analysis to 0.001 MPa at
the onset of seismic rupture as described in section 2.4.
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Figure 3.2: a) The pore pressure, b) the effective normal stress, and c) the shear stress distribution

along the fault plane as a function of depth for different levels of reservoir depletion.

scu Relative Slip Displacement 140 po----- r------ r------
2800 Total patch length
—omra ' : b lenth
J— | —o— Patch length 1
2850 L || 120 ¢
R ] T O | il Patch length 2
2500 e i i
—aramea | | ! 100 +------ beomo-- L
T Sippatch1 | |
2950 R - - - - T 1 ]
. 1 1
] I
——————— Fmm————
3000 N AN--------1---1] i N
= i |
E '
§,-mo I i
g interval | f [V C o le AR 0 L | B60 b
! 1
3100 ! i i
i i
....... (RS NS USRI SUp
T T
e ! Onset df fault
| )
200 —T | | L,,,,S"E) 777777
i b
3250 1 -----o------ NV - F o p - SR ST T T ' !
c) A _
e e e e 4 0 5 10 15 20 25 30
‘Shear Capacity Utilisation [-] Depletion [MPa]

UNRESTRICTED - SR.18.01927 22



Depletion-induced fault slip and seismic rupture

Figure 3.3: a) The Shear Capacity Utilisation (SCU), and b) the Relative Slip Displacement along the
fault plane as a function of depth for different reservoir depletion; c) the length of the
two slip patches as a function of reservoir depletion for case mu55-181 (Figure 3.1b).

3.1. Residual friction coefficient yr = 0.50

The first case presented in this chapter has a residual friction coefficient yr of 0.50 (case
mub5-181, Table 3.1). First, the consequences of reservoir depletion on the stress
distribution along the fault plane from the static analysis results of Analysis stage 1 are
discussed.

The pore pressure in the fault (Figure 3.2a, and section 2.3) reduces uniformly due to
reservoir depletion between the top of the foot wall at 2210 m depth and the bottom
of the hanging wall at 3190 m depth. The offset and thickness of the depleting
reservoirs are indicated by the green bars at the left-hand side of the graphs. The
effective normal stress along the fault plane (Figure 3.2b, compressive stress is
negative) increases significantly less over the juxtaposition interval compared to the
intervals that are exposed to reservoir depletion on one side only. The effective normal
stress along the fault plane does not change significantly across the overburden and
basement formations, because the pore pressure in the fault is assumed not to
change. The shear stress induced by reservoir depletion (Figure 3.2c) increases most
over the juxtaposition interval with peak values at the top of the hanging wall and the
bottom of the foot wall reservoir. Negative values indicate a downward directed
shear stress exerted on the foot wall reservoir formation (normal faulting environment).
Note that the (negative) shear stress reduces at the top and bottom of the depletion
interval and becomes positive if the depletion pressure is sufficiently large. This means
that the shear stress on the foot wall formations is reversed and directed upwards (see
also Van den Bogert, 2015).

The Shear Capacity Utilisation (SCU) in Figure 3.3a is derived from the effective normal
and shear stress distribution shown in Figure 3.2 using equations (2.1) and (2.2). The SCU
increases over the juxtaposition interval in accordance with the increase of shear
stress (Figure 3.2c) with peak values at the top of the hanging wall at 2990 m depth
and at the bottom of the foot wall reservoir at 3110 m depth. The SCU along the fault
plane is reduced by reservoir depletion over the top part of the foot wall reservoir and
upwards into the overburden, and over the bottom part of the hanging wall reservoir
and into the basement. This is caused by the reduction of shear stress (Figure 3.2c)
and the increased normal effective stress. The latter implies an increase of the fault
strength Tmax according to the Mohr-Coulomb friction law in equation (2.1). The reverse
(positive) shear stress peak values at the top and bottom of the depletion interval
shown in Figure 3.2c also cause peak values in the SCU (Figure 3.3a). Note that the
SCU is always positive (between 0 and 1). A SCU value smaller than 1 means that the
Mohr-Coulomb shear failure condition is not satisfied (section 2.2) and that the relative
slip displacement along the fault plane is elastic and recoverable (Figure 3.3b).

Onset of fault slip is found at slip patch 1 (top of the hanging wall reservoir) where the
SCU=1 after 12.74 MPa reservoir depletion (Figure 3.3c). The length of the slip patch is
defined by the interval where SCU=1 and increases with increasing reservoir depletion.
The SCU cannot be larger than 1, because the shear stress cannot exceed the shear
strength of the fault. Incremental shear stress caused by incremental depletion is
carried by parts of the fault where SCU<I. This is the reason why slip patch 1
propagates downwards across the juxtaposition interval if reservoir depletion is
increased. Propagation of slip patch 1 above the juxtaposition interval hardly occurs,
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because the SCU is significantly smaller than 1 and even reduces due to reservoir
depletion. For the same reason, slip patch 2, which occurs at the bottom of the foot
wall after almost 15 MPa reservoir depletfion, propagates upwards across the
juxtaposition interval.

The propagation of slip patch 1 and 2 across the juxtaposition interval is also seen from
the Relative Slip Displacement (RSD) in Figure 3.3b. Note that negative values for the
RSD indicate a downward displacement of the hanging wall relative to the foot wall.
The RSD and length of slip patch 1 is larger than of slip patch 2 (Figure 3.3c). The slip
displacement is a-seismic, because incremental reservoir depletion is required to
increase the RSD and the size of the slip patch. Both slip patches grow faster with
incremental depletion until 27.40 MPa reservoir depletion, when no further depletion
is required to increase the length of both slip patches. This is indicative for the onset of
seismic rupture.
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Figure 3.4: a) the Relative Slip Displacement (RSD), b) the Friction Coefficient and Shear Capacity
Utilisation (SCU), and c) the Shear Stress and Shear Strength as a function of depth along
the fault plane at the onset of seismic rupture after 27.40 MPa depletion for the case with
ur = 0.50.

Figure 3.4 shows the condition of the fault after 27.40 MPa reservoir depletion in more
detail. The RSD (red line in Figure 3.4q) is larger than the critical slip displacement D¢ =
0.005 m over almost the entire area of slip patch 1 and 2. The vertical size of the grey
boxes indicate the length of the two slip patches (as shown in Figure 3.3c) and is
based on the interval where SCU=1 (red line in Figure 3.4b). The friction coefficient
reduces (blue line in Figure 3.4b) with increasing slip displacement adhering to the
prescribed slip-weakening relationship for case mu55-181 in Figure 3.1b. This is the
reason why the actual friction angle along the fault plane has reduced to the residual
friction coefficient over the intervals where the RSD is larger than Dc. On those intervals,
no further slip-weakening occurs if the RSD increases upon further reservoir depletion.
The critical slip displacement Dc = 0.005 m is reached on slip patch 1 after 20.45 MPa
reservoir depletion and after a somewhat larger reservoir depletion also on slip patch
2 (Figure 3.3b).

Figure 3.4c shows the shear stress distribution after 27.40 MPa reservoir depletion (red
line) relative to the residual shear strength (light-blue line). The latter is based on the
residual friction coefficient ur = 0.50. The shear stress is equal to the residual strength
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over the intervals where D¢ is exceeded (because the residual strength is reached).
The residual strength is not reached and is smaller than the shear stress after 27.40 MPa
depletion over a small interval between the two slip patches. This constfitutes an
unstable condition as the shear stress cannot be carried over this interval if slip
displacement increases. The fault above and below the juxtaposition interval is stable,
because the SCU < 1 and the residual strength is larger than the shear stress after 27.40
MPa depletion. So, the shear stress can be carried even if slip displacement increases
and frictional strength reduces to the residual value.

Seismic rupture nucleates after 27.40 MPa reservoir depletion, because

m no incremental reservoir depletion is required to propagate the slip patches, and
m ftheresidual fault strength between the slip patches is smaller than the actual shear
stress.
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Figure 3.5: a) The Relative Slip Displacement, and b) the relative slip velocity as a function of depth

along the fault plane at various moments during the seismic rupture process for ur = 0.50
(case mub5-181, Table 3.1)

In Analysis stage 2, the dynamic equations of motion (2.3) are evaluated according
to the procedure outlined in section 2.4. This includes an incremental depletion 6P of
0.001 MPa at the start of the stage 2 analysis to bring the fault out of equilibrium and
allow the rupture to nucleate. The slip patch does not extend and the slip velocity
remains negligible until 0.4 s (Figure 3.5). This confirms that no initial slip velocity is
infroduced by the incremental depletion 8P at the start of the dynamic rupture
simulation. This would constitute an inaccurate representation of the actual fault
condition and would provide an over-estimation of the seismic rupture.

Figure 3.5 shows that seismic rupture occurs by merging of the two slip patches in case
mub55-181. This is demonstrated by the two peak values of the relative slip velocity in
Figure 3.5b at the start of the seismic rupture after 0.4 s: one at the bottom of slip patch
1 and one at the top of slip patch 2. The maximum (absolute) relative slip velocity of
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about 0.83 m/s is reached after 0.423 s and is exactly located between the two slip
patches. Note that the RSD (Figure 3.5a) does not significantly increase over most of
the two initial slip patches until this point in time. Deceleration of the seismic rupture
occurs more gradual, while the slip velocity occurs over the entire area of the two
merged slip patches. The merged slip patch remains confined to the juxtaposition
interval where the fault is exposed to reservoir depletion on both sides. The seismic
rupture stops after a little more than 0.5 s when the slip velocity is negligible again and
the RSD and size of the slip patch do not further increase.
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Figure 3.6: a) Relative Slip Displacement, b) the friction coefficient and Shear Capacity Utilisation

(SCU), and c) the shear stress, shear strength, and change of shear stress as a function
of depth along the fault plane before (orange lines) and after the seismic rupture (red
lines) after 27.40 MPa reservoir depletion for mu55-181.

Figure 3.6a shows the a-seismic slip displacement induced by 27.40 MPa reservoir
depletion (yellow line) and the total slip displacement after the seismic rupture (red
line and covers the entire juxtaposition interval. The incremental seismic slip
displacement along the fault plane is represented by the difference between the two
lines. The friction coefficient is reduced to its residual value over a small interval
between the two original slip patches as a result of the seismic rupture (Figure 3.6b).
The reduction of shear stress or ‘stress drop’ therefore only occurs between the two
slip patches (Figure 3.6c). Note that the initial shear stress as well as the depletion-
induced shear stress is directed downward and is represented by negative values. This
means that ‘stress drop’ is represented by a positive change of shear stress along the
fault plane. The maximum shear stress reduction is about 1.7 MPa, but the average
‘stress drop’ is only 0.31 MPa, because no change of shear stress occurs along a
significant part of the seismic slip patch. The assumption of a linear fault slip-
weakening relationship implies that ‘stress drop’ is limited to intervals where the
residual friction coefficient is not reached prior to the seismic rupture.

The shear stress reduction goes together with a shear stress build-up at the top and
bottom of the seismic slip patch (Figure 3.6c). The integrated shear stress over the
entire fault (the total shear force) is the same before and after the seismic rupture
because the reservoir depletion does not change. So, the shear stress is re-distributed
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to locations where the shear strength is not reached yet (SCU<1) as a results of the
seismic rupture. The steep decline of the SCU at the top and bottom of the reservoir
juxtaposition interval (Figure 3.6b) implies that significant capacity is available to carry
shear stress released from the seismic slip patch. This is also the reason why the seismic
slip patch hardly expands in upward and downward direction along the fault plane.
So, infervals with a small SCU provide a barrier to rupture propagation as
demonstrated in other work (Buijze et al., 2015, 2017).

3.2. Residual friction coefficient yr = 0.45

The second case presented in this chapter has a residual friction coefficient pr of 0.45
(case mubd5-182, Table 3.1) and is considered the Base Case of this study. All
parameters are the same as in the previous case, except for the critical slip
displacement Dc = 0.01 m, which is adjusted to maintain a slope W, = 0.010 mm-' of
the descending branch of the linear slip-weakening relationship (Figure 3.1b). A more
detailed evaluation of the results is provided in APPENDIX 3, whereas the conditions
that causes onset of seismic rupture are presented in APPENDIX 4 by considering the
stress redistribution along the fault plane induced by the stress drop over the slip
patches, and in APPENDIX 5 by a so-called post-failure analysis.
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Figure 3.7: a) The Shear Capacity Utilisation (SCU), and b) the Relative Slip Displacement (RSD)

along the fault plane as a function of depth for different reservoir depletion; c) the length
of the two slip patches as a function of reservoir depletion for the case with ur = 0.45.
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Utilisation (SCU), and c) the shear stress and shear sfrength as a function of depth along
the fault plane at the onset of seismic rupture after 21.05 MPa depletion for the case with
ur = 0.45.

The simulated slip displacement for this case in Analysis stage 1 is identical to the case
with ur = 0.50 up to 20.45 MPa reservoir depletion. Onset of fault slip occurs also after
12.74 MPa reservoir depletion (Figure 3.7) at the top of the hanging wall (slip patch 1),
because the initial friction coefficient uiis the same as in the previous case. The slip
displacement and associated reduction of the friction coefficient is identical,
because the slope Wy =0.010 mm-! is the same. Also slip patch 2 occurs at the same
reservoir depletfion, somewhat below 15 MPa. The deviation starts to occur for a
depletion larger than 20.45 MPa when the maximum slip displacement over slip patch
1 reaches the critical slip displacement Dc of 0.005 m for the case in the previous
section (case mub5-181 with ur = 0.50). This means that the fault strength does not
further reduce with increasing depletion in case mu55-181, whereas it does reduce
further in the current case due to the larger critical slip displacement Dc of 0.010 m
and smaller the residual friction coefficient ur = 0.45.

Onset of seismic rupture occurs after 21.05 MPa reservoir depletion before the critical
slip displacement and residual friction coefficient is reached. The largest slip
displacement of about 0.0075 m is smaller than the critical slip displacement Dc of
0.010 m and occurs over slip patch 1 (Figure 3.8a). The size of slip patch 1is about 19.9
m and slip patch 2 is about 7.3 m at this reservoir depletion. The RSD between the two
slip patches is small, but not zero. This is the elastic, recoverable displacement and is
caused by the shear modulus (6.67 GPa) assigned to the interface elements.

The friction coefficient (blue line in Figure 3.8b) reduces mainly over slip patch 1 due
to the Relative Slip Displacement and adhering to the prescribed slip-weakening
relationship for the fault (Figure 3.1b). The residual friction coefficient of 0.45, which is
represented by the grey dashed line, is not reached yet. The calculated maximum
RSD of about 0.0075 m over slip patch 1 is about 75% of the critical slip displacement
Dc, which implies that the friction coefficient is also about 75% down along the
descending branch of the linear slip-weakening diagram from 0.55 to 0.45. This yields
a minimum value of about 0.475 for the actual friction coefficient over slip patch 1.
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The slip displacement and reduction of the friction coefficient over slip patch 2 is
negligible after 21.05 MPa reservoir depletion.

Instability of slip patch 1 is the root cause of seismic rupture after 21.05 MPa reservoir
depletion, because no incremental depletion is required to propagate slip patch 1
(Figure 3.7c). Furthermore, the reservoir shear stress (red line in Figure 3.8c) is larger
than the residual shear strength (light-blue line) over the juxtaposition interval, which
indicates an instable equilibrium condition. These two condition are also satisfied at
the onset of seismic rupture in the previous case.
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Figure 3.9: a) The Relative Slip Displacement, and b) the relative Slip Velocity as a function of depth

along the fault plane at various moments during the rupture process for case the case
with ur = 0.45. A negative value indicates a downward movement of the hanging wall
relative to the foot wall reservaoir.

The simulated seismic rupture in Analysis stage 2 can be divided into a nucleation
phase and a propagation phase. During the nucleation phase until about 0.24s (dark-
green line in Figure 3.9b), the a-seismic slip patch turns into a seismic slip patch with
increasing relative slip velocity, while the size of the slip patch hardly increases. After
0.24 s, the Relative Slip Displacement reaches the critical slip displacement Dc of 0.010
mm, while the slip patch has marginally extended in downward direction (Figure 3.90).
The slip velocity increases until about 0.26 s and decreases subsequently, until the
seismic rupture is arrested after about 0.35 s (red lines) and equilibrium of the fault
plane is re-established. The propagation phase is characterised by an extension of the
seismic slip patch in downward direction (mainly), while slip patch 2 does not increase
in size (and thus does not slip seismically).

UNRESTRICTED - SR.18.01927 29



Depletion-induced fault slip and seismic rupture

Relative Slip Displacement Friction Coefficient & SCU Shear Stress and Shear Strength
-2800 r T -2800 H = T
i | || =——>P=21.05MPa,0.7 5, SCU H H = AP=21.05MPa, 0.7 5, Shear Stress.
| i AP= 21.05MPa, 0’5, Shear Stress

=—nP= 21.05MPa, 0.7 5, RSD
AP=21.05MPa, 05, RSD

AP=21.05MPa, 0 5, SCU
i B =—shear stress change

| ——fesiduai strengtn
1 [l —=sip patch

2850 § - --1---_ [l ——0P=2105MPa,0.75, Actualp !

| ——ap=2005MPa,05 Actualy !

-2900 for s - -

-3050 i ul’ ;

reached

TV Depth [m]
TV Depth [m]

seismic
rupture

2200 - ! I N s s——
-0.02 0.015 001 -0.005 0 0 02 0.4 06 0.8 1 12 -20 -10 0 10
Displacement [m] Friction Coefficient, SCU [-] Stress [MPa]

Figure 3.10: a) Relative Slip Displacement, b) the friction coefficient and Shear Capacity Utilisation
(SCU), and c) the shear stress, shear strength, and change of shear stress as a function
of depth along the fault plane before (orange lines) and after the seismic rupture (red
lines) after 21.05 MPa reservoir depletion for the case with ur = 0.45.

The size of slip patch 1 increases from 19.9 m to about 49 m, while the maximum
absolute slip displacement increases from about 0.0075 m to about 0.019 m as a result
of seismic rupture (Figure 3.10a). The residual friction coefficient is reached over a
large part of the seismic slip patch, and the SCU is increased between the two slip
patches (Figure 3.10b). The seismic rupture is arrested because the residual friction
coefficient is reached over the seismic slip patch and because the SCU < 1 in the
propagation direction below the seismic slip patch. The first reason means that no
further strength reduction of the fault is simulated, and the second reason means that
the interval below the seismic slip patch can carry incremental shear stress without
slipping. The average stress drop over slip patch 1 is 0.98 MPa with a maximum of 2.9
MPa for this case (Figure 3.10c). The shear stress reduction is compensated by shear
stress build-up at the top and bottom of the seismic slip patch.

For this case, seismic rupture nucleates after 21.05 MPaq, because the residual friction
coefficient is not reached yet, and because the size of the slip patch 1 exceeds a
critical length. Uenishi and Rice (2003) demonstrated analytically that an a-seismic slip
patch becomes instable when its size reaches a critical length Lc when using a linear
slip-weakening relationship:

_ 1158 G
cCT a-vw’

3.1)

with Poisson’s Ratio v, shear modulus G, and the slope W of the descending branch
of the linear slip-weakening diagram in [MPa/m]. In this study, the slope of the
descending branch in the linear slip-weakening diagram is expressed in terms of the
friction coefficient p rather than the shear strength Tmax as done by Uenishi and Rice.
Therefore, the slope of the slip-weakening diagram in Figure 3.1b is referred to as W,
to distinguish it from the slope W defined in terms of shear strength. The value for W is
the product of Wy and the normal effective stress on on the fault plane:

W = W,a,. (3.2)
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In this study, the normal effective stress and therefore also the critical slip length is not
constant along the fault plane. For this reason, the average value of the critical slip
length of all interface elements that are part of the slip patch (for which SCU = 1) is
calculated using (3.2) and (3.1). The analytical average critical slip length Lc in case
mub5-182 with ur = 0.45, using the normal effective stress distribution after 21.05 MPa
reservoir depletfion is 21.1 m. The length of the slip patch 1 after 21.05 MPa reservoir
depletionis 19.9 m, or 94% of the analytical value.

3.3. Residual friction coefficient yr = 0.40

The third case presented in this chapter has a residual friction coefficient yr = 0.40
(case mub55-183, Table 3.1). All other parameters are the same as in the previous two
cases, except for the critical slip displacement Dc = 0.015 m, so that the slope W, of
the descending branch of the linear slip-weakening relationship remains the same at
0.010 mm! (Figure 3.1b).

Also in this case, onset of fault slip occurs at the top of the hanging wall (slip patch 1)
after 12.74 MPa reservoir depletion (Figure 3.7) and slip patch 2 occurs also after
almost 15 MPa reservoir depletion in Analysis stage 1. This is because the initial friction
coefficient ui = 0.55 is the same as in the previous two cases. The expansion of the slip
patch is exactly the same with increasing reservoir depletion, because the slope of
the slip-weakening relationship (W, =0.010 mm-') is the same as in the previous case.
This is the reason why also onset of seismic rupture occurs at the same depletion level
for the cases with ur = 0.45 and pr = 0.40. Actually, seismic rupture nucleates after 21.05
MPa reservoir depletion for all yr < 0.475 provided that the critical slip displacement Dc
is adjusted such that W, = 0.010 mm-'. This threshold value for the residual friction
coefficient is based on the maximum slip displacement — and thus the minimum
friction coefficient reached - over slip patch 1 at the onset of seismic rupture after
21.05 MPa reservoir depletion. In the previous two sections it is demonstrated that
seismic rupture by instability of slip patch 1 is suppressed if the residual friction
coefficient is reached before reaching the critical length of the slip patch. The
maximum slip displacement for the case with ur = 0.45 is 0.0075 m, and the fiction
coefficient is 0.475 according to the assumed linear slip-weakening relationship. This
implies that seismic rupture nucleates under the same conditions for all yr < 0.475 after
21.05 MPa reservoir depletion.
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Figure 3.11: The Relative Slip Displacement (top), and Relative Slip Velocity (bottom) as a function of
depth along the fault plane at various moment in time during the seismic rupture for the
case with ur = 0.40.

In analysis stage 2, initially, the seismic rupture propagates from slip patch 1
downwards along the fault plane in exactly the same way as in the precious case
with ur = 0.45. However, the smaller residual friction coefficient causes the seismic slip
patch to accelerate longer and to merge with slip patch 2. The relative slip
displacement in Figure 3.11a and the slip velocity in Figure 3.11b until 0.31 s confirms
that seismic rupture nucleates aft slip patch 1, while slip patch 2 is stable. Slip patch 1
expands predominantly in downwards direction, while the peak slip velocity is
increasing. After 0.26 s (light blue line in Figure 3.11b), the slip velocity reduces at the
top of the hanging wall at the original location of slip patch 1, because the residual
friction coefficient is reached. Figure 3.11c/d shows the accelerating peak velocity at
the downward propagating rupture front when it merges with slip patch 2. The shallow
rupture front propagates upwards very slowly, while the (downward) slip velocity is
virtually constant. The propagation of the deepest rupture front and peak slip velocity
is decelerating after 0.36 s (Figure 3.11e/f). This is caused by the significant shear stress
capacity left below the juxtaposition interval of the reservoir (see e.g. Figure 3.10b).
The slip displacement increases further after 0.39 s (Figure 3.11g/h), while the seismic
slip patch slowly expands further in downward direction and the slip velocity
significantly reduces. The slip velocity is negligible after about 0.5 s.
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Figure 3.12: a) Relative Slip Displacement, b) the Friction Coefficient and Shear Capacity Utilisation
(SCU), and c) the Shear Stress, Shear Strength, and change of shear stress as a function
of depth along the fault plane before (orange lines) and after the seismic rupture (red
lines) after 21.05 MPa reservoir depletion for the case with ur = 0.40.

Slip patch 1 expands from 19.9 m before the seismic rupture to about 176 m
afterwards, and penetrates into the foot wall and hanging wall intervals of the fault
(red line in Figure 3.12a). The seismic slip patch overlaps with a-seismic slip patch 1
and 2 (orange line). The maximum slip displacement increases from 0.0075 m to 0.087
m due to the seismic rupture and exceeds the critical slip displacement of 0.015 m
over almost the entire slip patch, which is indicated by the grey box. Consequently,
the residual friction coefficient of 0.40 (dark-blue line in Figure 3.12b) is reached over
almost the entire slip patch. The rupture is arrested in the foot wall interval above the
juxtaposition interval and the hanging wall interval below it. This is explained by the
relatively low value of the SCU over these interval, which indicates that these interval
have a significant capacity to carry the shear stress released from the seismic slip
patch. The redistribution of shear stress from the seismic slip patch to the foot wall and
hanging wall intervals is shown by the change of shear stress (dark-blue line in Figure
3.12c). The average stress drop over the seismic slip patch is 1.95 MPa, with a
maximum of 6.0 MPa. The maximum build-up of shear stress is 8.4 MPa.

3.4. Moment magnitude and source-time function

In this section, the influence of the residual friction coefficient on the moment
magnitude (Hanks and Kanamori, 1979) and the source-time function for all six cases
in Table 3.1 are presented and discussed. A source-time function gives the average
relative slip velocity over the seismic slip patch as a function of time (APPENDIX 10)
and represents the rupture as a seismic point source. First, the results of the three cases
with a residual friction coefficient of 0.25, 0.30 and 0.35 are briefly presented (more
detailed results are presented in APPENDIX 6). The critical slip displacement Dc has
been adjusted such that the slope W, of the linear slip-weakening relationship is 0.010
mm-' (Figure 3.1b).
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Figure 3.13: a) Total length of the slip patches as a function of time, and b) the Relative Slip
Displacement as a function of depth along the fault plane after the seismic rupture (0.7
s) for the cases in Table 3.1. All seismic rupture occurs after 21.05 MPa reservoir depletion
except the case with ur = 0.50 (dark blue line), which occurs affer 27.40 MPa reservoir
depletion.

The three cases in Table 3.1 with a residual friction coefficient yr of 0.25, 0.30 and 0.35
show a similar fault slip behaviour as the case with ur = 0.40. That is, onset of fault slip
occurs after 12.74 MPa reservoir depletion and seismic rupture occurs after 21.05 MPa
depletion by instability of slip patch 1. Figure 3.13a shows an identical increase of the
seismic slip patch until about 0.3 s for the cases with ur < 0.45. This is explained by the
identical slope W, of the linear slip-weakening relationship which causes an identical
acceleration of the slip velocity along the fault plane. The slip velocity accelerates
longer (cf. Figure 3.11) and the stress drop over the juxtaposition interval is larger (cf.
Figure 3.12c) with decreasing value for the residual friction coefficient. For this reason,
the length of the slip patch increases faster and becomes larger for smaller value for
the residual friction coefficient (Figure 3.13a). The merging of the two a-seismic slip
patches in the case with ur = 0.50 (section 3.1) causes a much smaller increase of the
slip patch (dank blue line). In this case the slip patch does not expand significantly
outside the juxtaposition interval of about 131 m. Except for the case with ur = 0.45, alll
other cases expand (significantly) outside the juxtaposition interval during the seismic
rupture.

The expansion of the slip patch outside the juxtaposition interval is more clearly seen
in Figure 3.13b, which shows the relative slip displacement after the seismic rupture for
all six cases in Table 3.1. The slip patch propagates further upward into the foot wall
and further downward into the hanging wall intervals with decreasing value for the
residual friction coefficient. These intervals are barriers for seismic slip propagation
because of the low value for the SCU (Figure 3.12b). A larger part of that shear stress
barrier is required to arrest the seismic rupture as the shear stress reduction over the
seismic slip patch is larger with decreasing value for the residual friction coefficient.
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The slip patch propagates out of the hanging wall into the basement for the case with
Mr=0.25'.
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Figure 3.14: a) Slip moment Mo on log-scale as a function of time, and b) moment magnitude Mw as

function of the assumed rupture width in strike direction of the fault for the cases in Table
3.1. Rupture widths of 0.5, 1 and 2 times the seismic patch length in dip slip direction are
indicated.

The seismic moment Mo and the moment magnitude Mw (Hanks and Kanamori, 1979)
are calculated from the relative slip displacement along the fault plane using the
expressions given in APPENDIX 13. The seismic moment Mo is proportional to the area
between the orange and red lines as shown for the case with pr = 0.40 in Figure 3.12a.
The dimension of the seismic moment in Figure 3.14ais J/m due to the two-dimensional
character of the finite-element model. An assumption for the rupture width w in the
strike direction along the fault plane is required to calculate the moment magnitude.
Figure 3.14b shows the calculated moment magnitude as a function of the assumed
rupture width w using the seismic moment Mo after 1 s for the six cases in Figure 3.14a
according to the expression in APPENDIX 13. For instance, the moment magnitude Mw
is 1.56 for the case with ur = 0.45 if the rupture withdraw in strike direction along the
fault is assumed to be equal to the length Ls of the slip patch in dip direction (Figure
3.13a). The moment magnitude Mw increases by about 0.2 each time the aspect ratio
is doubled (w/Ls =2, 4, 8, etc). An aspect ratio w/Ls=1 is used throughout this report,
unless stated otherwise.

! The large, sudden increases of the slip patch size after about 0.7 s in Figure 3.13a is caused by
the increasing size of the interface elements below the hanging wall. This is also reflected by the
slip displacement at the bottom of the slip patch in Figure 3.13b.

UNRESTRICTED - SR.18.01927 35



Depletion-induced fault slip and seismic rupture

400 T-------- | i e [t ettt -~ —-r---"
Seismic rtipture
350 | Ofslippatchl &
merging with
slip patch 2
3.00 f-------- - -
Rupture Mechanism 3
250 f---mm--- R e LT
2 |
=] 1
E 200 f-------- i i
g ! ! Seismic rupture
£ 150 Loommmn- I Lofsipparchl T
é | Rupture Mechanism 2
00 1------- ommeneo- R oo ool
i i i
050 +-------- P el e et R e
i i i
1 1 1
0.00 f f f
0 0.1 0.2 0.3 0.4 0.5 0.6
Residual friction coefficient [-]
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friction coefficient for the cases discussed in APPENDIX 6. The error bars indicate the
moment magnitude if an aspect ratio w/Ls=0.5 and w/Ls=2 is assumed.

Figure 3.15 shows the moment magnitude Mw as a function of the residual friction
coefficient. The moment magnitude represented by the green line is based on an
aspect ratio w/Ls=1 for the seismic slip patch. The error bars indicate a reduction and
an increase of about 0.2 for the moment magnitude if an aspect ratio w/Ls=0.5 and
w/Ls=2 is assumed respectively. Three rupture mechanisms are observed in the
dynamic rupture simulations presented in this chapter:

1. Merging of the two slip patches for 0.475 < ur < 0.50.

2. Instability of the shallow slip patch without merging with the deep
slip patch for 0.45 < pyr < 0.475

3. Instability of the shallow slip patch and merging with the deep
patch for 0.25 <y, < 0.40

The results of the cases mu55-187 through mu55-190 with a residual friction coefficient
0.46 < ur < 0.49 (APPENDIX 2) are included in Figure 3.15 to confirm the fransition
between rupture mechanism 1 and 2 at about ur = 0.475 (see section 3.2). It is seen
that Rupture Mechanism 2 generates significantly smaller seismic events in
comparison with the other cases. This is attributed to the merging of the two slip
patches which releases more kinetic energy than seismic rupture of a single slip patch
(Appendix A.6.5). The moment magnitude shows a linear dependency on the residual
friction coefficient for each rupture mechanism. Rupture Mechanism 1 and 3 also
follow almost the same trendline, albeit that the frendline for Rupture Mechanism 1 is
somewhat below that for Rupture Mechanism 3, as indicated by the dotted line. So,
the moment magnitude is not only influenced by the reduction of the friction
coefficient (ui- Wr), but also by the rupture mechanism.
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values of the residual friction coefficient and an offset of 80 m (0 =0.4).

A source-fime function gives the average relative slip velocity over the seismic slip
patch as a function of time (APPENDIX 10) and represents the rupture as a seismic
point source. Figure 3.16 shows the source-time function for the six cases in Table 3.1.
A source-time function gives the average relative slip velocity over the slip patch as a
function of time (APPENDIX 10) and represents the rupture as a seismic point source.
The source-time function for the case with u=0.50 that exhibits Rupture Mechanism 1
(dark-blue line) shows a much faster acceleration (increase of slip velocity) than the
more gradual velocity increase seen for the other cases that exhibit Rupture
Mechanism 2 or 3 and is caused by instability of slip patch 1. Rupture mechanism 3 is
characterised by a second acceleration phase which is caused by the merging of
the two slip patches. The larger slip velocity also causes that the peak velocity is
reached somewhat earlier with decreasing value for the residual friction coefficient.

The moment magnitude in Figure 3.15 and the source-time functions in Figure 3.16
show that seismic rupture is not only dependent on the residual friction coefficient, but
also on the rupture mechanism. The transition between the three rupture mechanisms
is clearly seen in Figure 3.15 and occurs at about ur = 0.475 between Rupture
Mechanism 1 and 2, and between ur = 0.40 and ur =0.45 for the fransition between
Rupture Mechanism 2 and 3. Additional analysis would be required to determine the
transition between Rupture Mechanism 2 and 3 more accurately.

3.5. Interpretation of the results

In the first three sections of this chapter, the results of three identical cases are
presented, except for the residual friction coefficient which is varied between 0.50
and 0.40 (Table 3.1). The critical slip displacement Dc is adjusted to maintain the slope
in the slip-weakening diagram Wy at 0.010 mm'. In all three cases, onset of fault slip
occurs at the top of the hanging walll reservoir after 12.74 MPa reservoir depletion,
while a second slip patch occurs at the bottom of the foot wall reservoir after almost
15 MPa reservoir depletion. The loss of fault strength caused by the increasing Relative

2 The red line for the case with ur=0.25 is covering all other lines except the dark-blue line for ur=0.50
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Slip Displacement (RSD) is identical, because the slope W, of the descending branch
of the linear slip-weakening relationship is the same in all three cases. Uenishi and Rice
(2003) demonstrated analytically that seismic rupture occurs if the size of an a-seismic
slip patch exceeds a certain critfical length Lc when using a linear slip-weakening
relationship. In the cases with ur = 0.45 (mu55-182) and pr = 0.40 (MuS55-183), onset of
seismic rupture occurs after 21.05 MPa reservoir depletion when the length of slip
patch 1 is very close (94%) to the analytical value obtained from expression (3.1).
Seismic rupture at slip patch 1 is suppressed in the case with pr = 0.50 (mub5-181),
because the residual friction coefficient is reached after 20.45 MPa before the critical
length of slip patch 1 is exceeded. This means that no further slip weakening occurs
on a part of the a-seismic slip patch if the RSD increases upon further reservoir
depletion. Absence of slip weakening means that W, = 0 and L, —» e according to
Uenishi and Rice’s expression (3.1). Therefore, instability of slip patch 1 does not occur
and seismic rupture is suppressed.

Slip patch stabilisation may also occur when the residual friction coefficient pr is
reached during the seismic rupture. This is found in the cases with ur = 0.50 and 0.45. In
the case with pyr = 0.50 (section 3.1), seismic rupture nucleates between the two slip
patches after 27.40 MPa reservoir depletfion (Figure 3.4c) and accelerates over
intervals where the residual friction coefficient is not reached yet (Figure 3.4b). The slip
velocity reduces shortly after the relative slip displacement exceeds Dc and no further
strength reduction occurs (Figure 3.5). The seismic rupture is arrested within the
juxtaposition interval, where the residual friction coefficient is reached during the
depletion stage through a-seismic slip (Figure 3.6b). So, seismic rupture is arrested if no
further slip weakening is present on the seismic slip patch. Also in this case, W, = 0 and

L. - o, which means that the condition for seismic rupture is not satisfied anymore.

Slip patch stabilisation also occurs during the seismic rupture in the case with pr = 0.45
(section 3.2). Deceleration of the seismic rupture is found once the critical slip
displacement is exceeded and the residual friction coefficient is reached (Figure 3.9).
The stabilising effect of the residual friction coefficient is also demonstrated in the post-
failure analysis in APPENDIX 5. The seismic rupture is arrested before merging of the
two slip patches occurs, because the fault shear strength is not reached yet (SCU < 1)
between slip patch 1 and slip patch 2 (Figure 3.8b). Obviously, no slip weakening
occurs over infervals where the shear strength is not reached yet, so that W, = 0 and

L, — oo.

Seismic rupture does not decelerate after reaching the critical slip displacement in
the case with yr = 0.40 and Dc = 0.015 m (Figure 3.11a/b in section 3.3). After
nucleation, the seismic rupture accelerates longer and the seismic slip patch grows
larger before the residual friction coefficient is reached in this case compared to the
case with ur = 0.45. The size of the seismic slip patch where RSD < Dc is still larger than
the critical slip length Lc when the crifical slip displacement Dc is exceeded and the
residual friction coefficient ur=0.40 is reached, so that the condition for seismic rupture
formulated by Uenishi and Rice is still satisfied. The condition for seismic rupture is not
satisfied any longer if the rupture propagates into the foot wall and hanging wall
intervals (Figure 3.12a), because SCU < 1 and thus W, = 0 and L, — oo.

This leads to the following conclusion:

Seismic rupture nucleates or accelerates if an (a-)seismic slip patch
contains an interval that is larger than the critical slip length Lc accordin
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to expression (3.1) formulated by Uenishi and Rice (2003) when using a
linear slip-weakening relationship

This conclusion implies that

i) the condition for fault slip is met (SCU=1),
ii) the residual friction coefficient is not reached yet, and that
iii) the slope W, > 0 over a sufficiently large interval of the slip patch.

All three parameters of the linear slip-weakening relationship (w;, u,, and W,) also
determine the rupture mechanism observed in the dynamic rupture simulation. The
slope W, and the residual friction coefficient ur determine if seismic rupture nucleates
by merging of the two a-seismic slip patches or if it nucleates by instability of a single
slip patch. A single a-seismic slip patch becomes instable if its size reaches a critical
length Le, which corresponds well with the analytical expression (3.1) derived by
Uenishi and Rice (2003). Merging of the two a-seismic slip patches occurs if the residual
friction coefficient is reached before the critical length Lc. In the latter case, a
significantly larger reservoir depletion pressure is required to cause seismic rupture. So,
the three parameters of the linear slip-weakening relationship determine if, and at
what reservoir depletion seismic rupture occurs, and which of the three observed
rupture mechanisms will occur. Other rupture mechanisms may be found when
varying other modelling parameters, or when changing the modelling assumption of
the current study. However, the good correspondence with the analytical expression
by Uenishi and Rice (2003) and the confirmation by the post-failure analysis presented
in APPENDIX 5 provides confidence that the models capture the nucleation of seismic
rupture in a plausible and mechanically correct way.
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4. Influence of Reservoir offset and other modelling
parameters

In the previous chapter, three rupture mechanisms are found by varying the residual
friction coefficient, while keeping all other model parameters the same. In this
chapter, the results of a large number of cases are presented in which also other
parameters are changed. Case mub5-182 (section 3.2) is selected as Base Case for
this study and is characterised by a fault with a dip angle B = 66 degree with the
horizontal, intersecting a reservoir with thickness H = 200 m and an offset O =80 m. The
normalised reservoir offset O is defined by the absolute offset O divided by the
reservoir thickness H and is 0.4 for the Base Case. The initial and residual friction
coefficient are 0.55 and 0.45 respectively, while the slope of the descending branch
of the linear slip-weakening relationship Wy = 0.01 mm-'. Other parameters are as
described in chapter 2. A detailed results description of the Base Case is found in
APPENDIX 3.

In section 4.1, the influence of the reservoir offset on the reservoir depletion that
causes seismic rupture and the rupture mechanism is discussed. In section 4.2, the
same analyses are repeated for a residual friction coefficient between 0.25 and 0.50,
while maintaining a slope W, = 0.01 mm-' in the slip-weakening diagram. For pr< 0.25,
the seismic rupture would continue to propagate downwards and upwards along the
fault plane under the current in-situ stress conditions. This lower bound is in agreement
with experimental values obtained by Di Torro et al. (2011). The influence of reservoir
thickness on the onset of seismic rupture and the moment magnitude are discussed
in section 4.3, while the slope W, is addressed in section 4.4.

4.1. Reservoir offset

This section provides a summary of the results presented in APPENDIX 7 for a number
of cases in which the reservoir offset is varied between 0 and 400 m, while taking all
other parameters identical to the Base Case (section 3.2 and APPENDIX 3). This means
that the normalised reservoir offset is varied between 0 and 2. The normalised reservoir
offset in the Groningen field is predominantly between 0 and 0.5, while the normalised
offset is larger than 2 for less than 1% of the fault length (APPENDIX 1).

Figure 4.1a shows the impact of the normalised reservoir offset on the reservoir
depletion that causes onset of fault slip and the onset of seismic rupture. The onset of
fault slip (green line) is similar to the result found in a previous study (van den Bogert,
2015). A reservoir with an offset about equal to the reservoir thickness is most prone to
fault slip due to reservoir depletion, whereas a reservoir without offset is least prone to
fault slip. The relationship in Figure 4.1a also implies that reservoir depletion on one side
of the fault does not constitute a worst-case scenario, as this condifion is represented
by the case with a very large offset.
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Figure 4.1: a) Reservoir depletion at the onset of fault slip and the onset of seismic rupture, b) the
length of (shallow) slip patch 1 at the onset of seismic rupture as a function of the
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Fault slip is accommodated in an a-seismic fashion in the depletion range between
the onset of fault slip (green line) and the onset of seismic rupture (yellow line). This
depletfion range is smallest for an offset of about the reservoir thickness and it is
increasing for a smaller and larger offset. Seismic rupture does not occur up to 30 MPa
depletion for a small normalised offset. Seismic rupture does also not occurin case of
a normalised offset of 1. In this case, only one slip patch occurs, because the top of
the hanging wall and bofttom of the foot wall reservoir formations coincided. The
single slip patch is stabilised, because the residual friction coefficient yr = 0.45 is
reached before the critical slip length Ls is exceeded, similar as the case discussed in
section 3.1.

A large depletion range with a-seismic fault slip — as found for a normalised offset
smaller than, say, 0.3 — can be regarded as structurally ductile behaviour, whereas a
small depletion range with a-seismic fault slip — with a normalised offset between 0.7
and 1 — can be considered as a brittle response. In this sense, a small (normalised)
reservoir offset demonstrates a more ductile structural response, whereas a
normalised offset of about 1 demonstrates a more brittle response under the same
fault slip-weakening assumptions.

The rupture mechanism that occurs after the onset of seismic rupture is indicated by
the background colour in Figure 4.1. Rupture Mechanism 2, which is indicated by the
blue areas and is characterised by rupture of the shallow slip patch only (see section
3.4), applies if the distance between the two slip patches is relatively large and
instability of the shallow slip patch does not lead to merger with the deep slip patch.
For the assumed slip-weakening behaviour this is found for a normalised offset smaller
than 0.5, or larger than about 1.5. Rupture Mechanism 3 applies (green areas) if the
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distance between the slip patches is sufficiently small to allow the instable shallow slip
patch to merge with the deeper slip patch. Merging of the slip patches is the root
cause of seismic rupture (Rupture Mechanism 1, yellow areaq) if the normalised offset
is close to 1. An exceptionis found in the case with 220 m offset, in which case merging
of the two slip patches occurs in a stable fashion. Rupture Mechanism 2 is assigned to
this case, because fault instability occurs from a single merged slip patch. This case
shows that merging of two slip patches not necessarily leads to fault instability. The
source-time functions associated with all three rupture mechanisms show the same
characteristics as discussed in section 3.4 for different values of the residual friction
coefficient (APPENDIX 10). So, the classification of rupture mechanism is valid for any
(normalised) reservoir offset.

Figure 4.1b shows that the length of the shallow slip patch (slip patch 1) at the onset
of seismic rupture (solid blue line) corresponds well with the critical slip length Lc (red
line) calculated using the analytical expression (3.1) by Uenishi and Rice (2003). The
length of the slip patch at the onset of seismic rupture is between 93% and 96% of the
analytical value of Lc for the cases in APPENDIX 7. The deviation is explained by the
fact that Lc is not constant along the fault plane (see section 3.2). The correspondence
between the numerical and analytical results provides support for the relationship
between normalised offset and onset of seismic rupture in Figure 4.1a, and allows an
estimation of the reservoir depletion at which onset of seismic rupture can be
expected based on the input parameters of the dynamic rupture simulation.

4.2. Residual friction coefficient

The reservoir depletion at onset of seismic rupture and the rupture mechanisms
indicated in Figure 4.1a are valid for the linear slip-weakening parameters as specified
in Figure 3.1 (ui=0.55, u=0.45, W,=0.01 mm-'). Onset of seismic rupture occurs at the
same reservoir depletion for u<0.47 provided that the slope in the slip-weakening
relationship is the same (APPENDIX 6). However, the fransition between Rupture
Mechanism 2 to Rupture Mechanism 3 in Figure 3.1 is dependent on the residual
friction coefficient: Rupture Mechanism 3 occurs at a smaller normalised offset for O
<1 (Figure 3.15) and at a larger normalised offset for O >1 if yr is smaller than 0.45.
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Figure 4.2: The Relative Slip Displacement (RSD) as a function of depth along the fault plane at the

onset of seismic rupture. The residual friction coefficient and the reservoir depletion is
indicated in the legend.
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Figure 4.3: a) Reservoir depletion at the onset of fault slip (green line), and the onset of seismic

rupture for u=0.45 (yellow line, Rupture Mechanism 2 or 3) and ur=0.50 (red line, Rupture
Mechanism 1) as a function of the normalised reservoir  offset.
b) moment magnitude as a function of normalised reservoir offset for different values of
the residual friction coefficient based on a width to length ratio of 1 for the seismic slip
patch.
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For u>0.45, Rupture Mechanism 2 or 3 may not occur in favour of Rupture Mechanism
1 (merging of two slip patches) irrespective of the normalised offset. Instability of the
shallow slip patch occurs if the RSD reaches the critical slip displacement Dec
somewhere on the slip patch. This implies that the residual friction coefficient ur is
reached and that fault instability and seismic rupture is suppressed (APPENDIX 5 and
APPENDIX 6). This also means that fault slip is accommodated a-seismically while
increasing reservoir depletion. Figure 4.2 shows much larger and almost merging slip
patches for cases with u=>0.48. Also, the RSD is much larger, and larger than Dc for
each case. The reservoir depletion at the onset of seismic rupture associated with
these cases (O =0.4) is represented by the crosses in Figure 4.3a. The red line represents
the depletion pressure at the onset of seismic rupture for cases with ur= 0.50, which alll
exhibit Rupture Mechanism 1. The threshold value for the residual friction coefficient
that marks the transition between Rupture Mechanism 2/3 and Rupture Mechanism 1
is provided in Figure A7.17 of APPENDIX 7.

The following observations are made from Figure 4.3b showing the influence of the
normalised reservoir offset and the residual friction coefficient on the moment
magnitude:

a. A relatively small moment magnitude is calculated for cases with u=0.45 and O
<0.5, because the slip patches do not merge (Rupture Mechanism 2).

b. Merging of the slip patches occurs for ur < 0.40 and 0.20 < O < 0.45 (Rupture
Mechanism 3), resulting into a significantly larger moment magnitude.

c. The rupture extends into the overburden and basement for u=0.25 and O < 0.45
(Figure 3.11). Alarger offset implies a larger distance between the overburden and
basement formations that provide a barrier for rupture propagation (APPENDIX 6),
and explains why the moment magnitude is fairly constant for 0.5 < O < 1.0.

d. The single slip patch generated for O =1 becomes unstable at 15.8 MPa depletion
if ur<0.43 (Figure 4.3a). A larger residual friction coefficient does not lead to fault
instability. The moment magnitude increases for smaller values of the residual
friction coefficient. Strictly speaking, these cases exhibit Rupture Mechanism 2.

e. Additional cases are required to establish the transition between rupture
Mechanism 2 and 3 and associated moment magnitude for u=0.45 and O >1.5. A
mirrored trend is expected as described under note a.

4.3. Reservoir thickness

A previous study (van den Bogert, 2015) demonstrated that the onset of fault slip is a
function of the normalised offset, rather than absolute offset. This section addresses
the influence of the normalised offset on the onset of seismic rupture by considering
areservoir thickness of 170 and 230 m. The cases discussed in section 4.1 are repeated
for a normalised offset between 0 and 0.6. All other parameters are identical to the
Base Case (case mub5-182, section 3.2 and APPENDIX 3), including the linear slip-
weakening relationship given in Figure 3.1b (ui=0.55, u=0.45, W,=0.01 mm-!). Detailed
analysis results are provided in APPENDIX 8.
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Figure 4.4: a) Onset of fault slip (green) and onset of seismic rupture (yellow), and b) moment
magnitude as a function of normalised reservoir offset O for a reservoir thickness of 170
m (short-dashed lines), 200 m (solid lines) and 230 m (long-dashed lines).

The green lines in Figure 4.4a confirm that reservoir thickness does not influence the
onset of fault slip for a given normalised offset. The slight difference in depletion
pressure for 170, 200 and 230 m thickness is attributed to the somewhat larger depth
of the hanging wall — where onset of fault slip occurs — for larger reservoir thickness.
The result implies that the shear stress distribution along the fault plane, which is
imposed by the reservoir offset, can be scaled with the reservoir thickness.

Close examination reveals that onset of seismic rupture for 170 m reservoir thickness
(yellow short-dashed line in Figure 4.4a) occurs at slightly larger depletion pressure,
and for 230 m thickness (yellow long-dashed line) at a slightly lower depletion pressure
compared to 200 m reservoir thickness (yellow solid line). This is explained by the fact
that the stress distribution scales with reservoir thickness, but that onset of seismic
rupture occurs if a critical length of the slip patch is reached (Figure 4.1). The scaling
of the stress distribution implies that the critical stress area and the slip patch length
increases with reservoir thickness for the same reservoir depletion, while the crifical
length of the slip patch is the same for all cases. The depletion level at which a certain
critical slip length Lc is reached is therefore reducing with increasing reservoir thickness
(APPENDIX 8).

Moment magnitude increases with reservoir thickness for the same normalised offset
and fault slip properties for Rupture Mechanism 1 and 3 (Figure 4.4b). The moment
magnitude for 170 m reservoir thickness and ur=0.25 (red short-dashed line) is smaller,
and for 230 m reservoir thickness and p=0.25 (red long-dashed red line) is larger than
for 200 m reservoir thickness (red solid line). The same is found for a residual friction
coefficient of 0.30, 0.35 and 0.40, which all exhibit Rupture Mechanism 3 (Appendix
A.7.3.4). Moment magnitude also reduces with reservoir thickness for cases with
ur=0.50 (light-blue dashed and solid lines in Figure 4.4b), which exhibit Rupture
Mechanism 1. However, the moment magnitude is the same for different reservoir
thickness in case of Rupture Mechanism 2, which is characterised by rupture of the
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shallow slip patch only. This is found for cases with ur=0.45 and O < 0.45 (dark-green
lines in Figure 4.4b). In these cases, the size of the slip patch and the RSD are identical
at the onset of seismic rupture and also the moment magnitude is the same, but the
depletion pressure that causes the seismic rupture is reducing with increasing reservoir
thickness (APPENDIX 8).

4.4. Slope of the slip-weakening relationship

In section 4.1 (Figure 4.1), it is demonstrated that onset of seismic rupture occurs if the
size of the shallow slip patch reaches the critical length Le. The analytical expression
for Lc is dependent on the slope W, of the descending branch of the linear slip-
weakening diagram as discussed in section 2.2. In this section, the onset of seismic
rupture and moment magnitude is discussed for a slope W, between 0.01 mm-1, as
used in all cases discussed so far, and 0.1 mm-'. The reservoir thickness (200 m) and
the initial and residual friction coefficient (0.55 and 0.45 respectively) are the same as
in the Base Case (section 3.2). The normalised reservoir offset is varied between 0 and
0.98. This section provides a summary of the detailed evaluations given in APPENDIX
9.

Figure 4.5a shows that the reservoir depletion at the onset of seismic rupture reduces,
and approaches the depletion at the onset of fault slip for an increasing slope W, of
the linear slip-weakening diagram. The grey line, which represents the reservoir
depletion at the onset of fault slip for ui=0.55, and the blue line for Wy, =0.01 mm-' are
the same as the green and yellow lines in Figure 4.1arespectively. The depletion range
between onset of fault slip and onset of seismic rupture is smaller for all values of Wy if
the normalised offset approaches 1. A larger value of Wy implies a steeper slope in the
slip-weakening diagram and allows less a-seismic slip before seismic rupture occurs
and yields a more brittle fault slip response. In the extreme case of an infinitely steep
slope (Dc=0), seismic rupture occurs at the same reservoir depletion as onset of fault

slip.

H=200 m, p=0.55, u1=0.45 H=200 m, 4=0.55, u,=0.45

30 prmmmmmmm b Bl el |m= === === - 1 (0

| —0—slip, p-i=0.55 !

—@— Rupture, Wp = 0.01/mm
| =@=Rupture, Wy = 0.02/mm H

25 He---gg---- R -4
! ©-Rupture, Wy = 0.05/mm !

=@=Rupture, Wy = 0.1/mm

20 |

15 - - NG

Reservoir Depletion [MPa]
Reservoir Depletion [MPa]

10

1 1 1 1 1 1 1
! 1 1 1 1 1 1
. .
1 1 1 1 1 1 1
1 1 1 1 1 1 1
1 1 1 1 1
15 2 b) | | | ! !
1 1 1 1 1
0 1 1 1 1 ]
0 002 0.04 0.06 0.08 0.1

Normalised offset [-] Slope W [1/mm]

UNRESTRICTED - SR.18.01927 46



Depletion-induced fault slip and seismic rupture

Figure 4.5: Reservoir depletion at the onset of seismic rupture as a function of normalised reservoir
offset (a) and as function of the slope W, (b). The background color refers to the
simulated rupture mechanism. The Base Case is discussed in section 3.2.

The influence of Wy on the rupture mechanism is indicated by the background colour
in Figure 4.5b. Rupture Mechanism 2 (blue back ground) is found for O = 0.2 (dark-
blue line) and all considered values for Wy (in combination with pi=0.55 and pr=0.45).
For this relatively small normalised offset, the distance between two slip patches is
sufficiently large and the reduction of the friction coefficient (ui- ur) sufficiently small
to prevent merging of the slip patches during the seismic rupture. Rupture Mechanism
2 is also found for a larger normalised offset provided that the slope in the slip-
weakening diagram is sufficiently steep (i.e. Wy sufficiently large). This corresponds to
relatively brittle fault slip behaviour. For smaller values for W, (more ductile fault slip
behaviour), the shallow slip patch merges with the deep slip patch at larger depletion
pressure (Rupture Mechanism 3) as indicated by the green back ground colour in
Figure 4.5b. Rupture Mechanism 3 is prevailing for a normalised offset approaching 1.
Rupture Mechanism 1 is found for small values of Wy or if the normalised offset is close
to 1. Asmall values of W, corresponds with ductile fault slip behaviour and a very large
crifical slip length Lc that prevents the shallow slip patch to become instable, while a
normalised offset close to 1 implies that the distance between the two slip patches is
so small that merging occurs at a smaller reservoir depletion than instability of the
shallow slip patch. Only very brittle fault slip behaviour with a large value for W, can
cause Rupture Mechanism 2 for 0 ~1.
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Figure 4.6: Moment Magnitude a) as a function of normalised reservoir offset, and b) as function of
the slope W,. Note that b) includes results for W,=0.005/mm that are not in Q).

Figure 4.6 shows the results of the same cases as in Figure 4.5, except that the moment
magnitude is plofted as function of the normalised offset and the slope W,. The light-
blue line in Figure 4.6a for Wy,=0.010/mm is the same as the dark-green line in Figure
4.3b. Figure 4.6a shows that the moment magnitude reduces with increasing slope of
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the slip-weakening diagram. This is primarily caused by the smaller reservoir depletion
at which seismic rupture nucleates for increasing slope W, (Figure 4.5a). A smaller
reservoir depletion means that less (compaction) strain energy is stored in the reservoir
formations, and that less energy is available for seismic rupture (see APPENDIX 12 for
the definition of energy balance equation, and Appendix A.3.2 for a discussion on the
evolution of all energy component during seismic rupture in the Base Case). The
largest moment magnitude for each value of the slope W, is found roughly for 0.5< O
<0.8 and 1.2< O <1.5 and all exhibit Rupture Mechanism 3.

Figure 4.6b shows that the slope W, does not influence the moment magnitude for a
normalised offset 0.8< O <0.98 as much as for O < 0.6. Figure 4.6a/b also shows that
the moment magnitude is smaller for the normalised offset O approaching 1. This is
consistent with the reservoir depletion in Figure 4.5a which is reducing and converging
to the same value for O — 1. All cases exhibit merging of the two slip patches in
Rupture Mechanism 1 or 3 (Figure 4.5b) with the slip patch confined to the
juxtaposition interval, similar as shown in section 3.1 (APPENDIX 9). The moment
magnitude is smaller for O — 1, because i) the juxtaposition interval is smaller, i) the
Relative Slip Displacement after the seismic rupture is smaller, and iii) seismic rupture
occurs after a smaller reservoir depletion.
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Figure 4.7: Average relative slip velocity as a function of time (source-time function) for an offset of
40 m

(O = 0.2) and different values of the slope Wy (H=200m, i =0.55 and ur=0.45). All cases
exhibit Rupture Mechanism 2. Time shifts have been applied to align the peak velocity.

Figure 4.7 shows the source-time function for the cases with an offset of 40 m (O = 0.2)
and 0.01 < Wy < 0.1 mm. The reservoir depletion at which seismic rupture occurs for
the different cases is represented by the dark-blue line Figure 4.5b, and the associated
moment magnitude by the dark-blue line in Figure 4.6b. All cases exhibit Rupture
Mechanism 2 which means that no merging of the slip patches occurs. It is seen that
the slope Wy of the descending branch of the linear slip-weakening diagram
influences the acceleration phase of the seismic rupture. This is reflected by the shorter
period required to reach peak velocity affer the onset of seismic rupture, which is
defined when the average velocity in the source-time function exceeds 0.001 m/s.
Also, the deceleration phase after the peak velocity is shorter for an increasing slope
W,. So, for Rupture Mechanism 2, the duration of the seismic rupture is shorter for
increasing value for the slope Wy. The slope Wy is the only parameter investigated in
this study that influences the duration of the (acceleration phase of the) seismic
rupture (APPENDIX 10).
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4.5. Scaling relationships

The simulation results of all analyses in this study (APPENDIX 2) have been collected to
test relationships between moment magnitude and different response parameters,
such as the length of the seismic slip patch (along the fault dip direction, Figure 4.8a)
and the Relative Slip Displacement (Figure 4.8b). In the calculation of the moment
magnitude (APPENDIX 13) it is assumed that the rupture width w (in the fault strike
direction) is equal to the length Ls of the slip patch in dip direction obtained from the
2D simulation results. So, the aspect ratio w/Ls of the seismic slip patch is assumed to
be 1. The moment magnitude increase with about 0.2 each fime the assumption for
the aspect ratio is doubled (see also section 3.4), while it increases with about 0.5 if
w/Ls = 6 is assumed.

Stock and Smith (2000) conducted a study into the relationship between the length
and width of the seismic slip patch and the moment magnitude of more than 550
events. They found that the aspect ratio of the seismic slip patch was similar for all
earthquakes in a normal and reverse faulting environment (Figure 4.9), irrespective of
their moment magnitude. This was not the case in strike-slip events, as the thickness of
the seismogenic layer seems to limit the height of the rupture area in dip direction
(referred to as Ls in this study). In a normal faulting environment such as the Groningen
field, an aspect ratio w/Ls between 1 and 2 is most common, while w/Ls > 6 is hardly
observed. This means that the moment magnitude reported this study should be
increased by about 0.5 to obtain a realistic upper-bound for the moment magnitude.
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a) The fotal length of the seismic slip patches and b) the maximum Relative Slip

Displacement (RSD) as a function of moment magnitude Mw and rupture mechanism for
all cases in this report (APPENDIX 2). Green markers indicates occurrence of Rupture
Mechanism 1, blue indicates Rupture Mechanism 2 and red indicates Rupture

Mechanism 3.
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Figure 4.9: Distribution of the seismic patch aspect ratio of earthquakes in different faulting
environments
(Stock and Smith, 2000).

Each marker in Figure 4.8 shows the result of a single dynamic rupture simulation. The
marker colour indicates the simulated rupture mechanism as introduced in section
3.4. These case studies include variations of the residual friction coefficient, the slope
W, of the slip-weakening relationship, the reservoir thickness and reservoir offset. Other
parameters, such as the in-situ stress condition, the fault dip and azimuth angle, the
initial friction coefficient, Young's modulus and Poisson's ratio have been addressed
in a previous study (van den Bogert, 2015). So, also the shear modulus G, which
appears in the expression of the moment magnitude, is the same for all analyses in
this study. Different relationships should be expected if parameter values are
considered outside the ranges used in this study, in particular for a different value of
the shear modulus. The correlations presented in this section and in APPENDIX 11 are
valid for the parameter ranges applied in this study.

Moment magnitude, assuming w/Ls = 1, remains smaller than 4.0 for all cases in this
study with ur>0.25 (APPENDIX 2). The largest moment magnitude is found in cases with
a small normalised reservoir offset (cases mub5-36, -146, -156, -336, -356, and -366 in
APPENDIX 2) or with a large normalised offset (of 1.5 and 2.0 for cases mu55-286 and
mub5-296 respectively). A larger moment magnitude is possible for the current fault
dip and azimuth angle if pur < 0.25 (cases mub5-87, -97, 297 and -298). However, this
may result in a progressive seismic rupture (case mub5-298) that does not stop under
the current modelling assumptions. These type of seismic events have not occurred in
the Groningen field so far, which implies that the reduction of friction coefficient (ui -
r) is probably not much larger than (0.55 - 0.25) = 0.30 in most instances. The maximum
reduction of the friction coefficient that generates finite seismic rupture is also
influenced by the fault orientation, in-situ stress condition and shear modulus.

Figure 4.8 shows that the total length of the slip patches and the RSD adhere quite
well fo power-law relationships for the cases in this study. Rupture Mechanism 3 tends
to generate the largest seismic ruptures and Rupture Mechanism 2 the smallest, but
both adhere to the same power-law relationship. The patch size is significantly larger
than the correlation function for some cases that exhibit Rupture Mechanism 1,
indicated as “outliers”. In these cases, seismic rupture occurs over an area where the
residual friction coefficient has been reached due to a-seismic slip. This area has a
reduced strength and is therefore less effective in arresting the seismic rupture
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compared to cases that exhibit Rupture Mechanism 2 or 3, in which the rupture
propagates over a fault area with the larger initial friction coefficient.

All cases with My < 3.0 have a seismic slip patch smaller than about 200 m that remains
within the reservoir depth range. The seismic slip patch propagates outside the
reservoir bounds for an increasing number of cases with increasing moment
magnitude above 3.0. For Mw > 3.7, the seismic slip patch propagates outside the
reservoir bounds in all cases evaluated in this study. In these cases, the seismic slip
patch is larger than about 460 m in dip direction of the fault, and an equal size along
strike of the fault (w/Ls = 1). These moment magnitude bounds should be increased by
0.5 if w/Ls = 6 is assumed. The modelling assumptions and parameter values used in
this study are not calibrated against Groningen field data, so that no conclusions can
be drawn at this stage whether or not the seismic slip patch propagates outside the
reservoir bounds for observed seismic events with Mw > 3.7. In-situ stress contrasts
between reservoir and overburden and basement, which are not incorporated in the
current study, may redirect propagation of the seismic slip patch along the strike
direction of the fault rather than the dip direction considered here. Also, a different
value for the shear modulus is expected to change the resulting moment magnitude
reported in this study. The correlation functions (APPENDIX 11) should therefore be
treated with great care, in particular when parameter values are used outside the
ranges in this study.
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5. Interpretation

In this study, the influence of the normalised reservoir offset (section 4.1), the residual
friction coefficient (section 4.2), the reservoir thickness (section 4.3), and the slope of
the descending branch of the linear slip-weakening diagram (section 4.4) on the
simulated seismic rupture has been investigated. The results can be separated into
two categories: one about the conditions under which seismic rupture occurs, and
one about the characteristics of the simulated seismic rupture. Three findings fall into
the first category:

m  Reservoir offset strongly influences the onset of fault slip and also the onset of
seismic rupture (Figure 4.50). Reservoirs with a normalised offset of about 1 are most
prone to fault slip and seismic rupture, while reservoirs with a small normalised offset
(0 < 0.2) sustain a significantly larger reservoir depletion before onset of seismic
rupture occurs (assuming the same in-situ stress and fault slip properties). Onset of
fault slip is also influenced by the initial friction coefficient yi and the orientation of
the fault (dip and azimuth angle) relative to the assumed in-situ stress condition
(van den Bogert, 2015).

m The slope of the descending branch of the linear slip-weakening diagram W,
strongly influences the onset of seismic rupture (Figure 4.50). A steeply descending
branch (large value for W) causes individual slip patches to become unstable at
a relatively small size, which means that seismic rupture follows onset of fault slip
after a small incremental reservoir depletion. This is referred to as relatively brittle
failure behaviour. Inversely, a gently descending branch requires a larger a-seismic
slip patch and a larger incremental reservoir depletion to cause seismic rupture,
and is referred to as a ductile response. Seismic rupture does not occur if the size
of the a-seismic slip patch is larger than the length of the juxtaposition interval. Also,
seismic rupture cannot occur if the depletion pressure for seismic rupture is larger
than the initial reservoir pressure. This is most relevant for reservoirs with small
normalised offset (0 < 0.2).

m Thesize of the slip patch at the onset of seismic rupture obtained from the dynamic
rupture simulations corresponds well with the analytical expression derived by
Uenishi and Rice (2003). The simulation results are less than 10% smaller than the
analytical values (APPENDIX 7).

Five other findings relate to the character of the simulated seismic rupture, namely

m Al simulated seismic ruptures conducted in this study (APPENDIX 2) can be
classified into three rupture mechanisms:

1. Merging of the two slip patches is the root cause of seismicity if the slip patches
are relatively close (e.g. if reservoir offset is about equal to the reservoir
thickness, Figure 4.1, orin case of arelatively thin depleting reservoir), if the slope
in the slip-weakening diagram is not so steep (e.g. in case of rather ductile fault
gouge material, Appendix A.9.1) orif the reduction in frictional strength is limited
(difference between initial and residual friction coefficient (ui - pr) is small,
Appendix A.6.2).

2. Instability of a single slip patch occurs if the slip patches are sufficiently spatially
separated (e.g. locations with limited reservoir offset, Figure 4.1), if the slope in
the slip-weakening diagram is sufficiently steep (in case of brittle fault gouge
material, Appendix A.9.1) and/or the reduction in frictional strength (ui- ) is
sufficiently large (Appendix A.6.3).
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3. Instability of a single slip patch and merging with an adjacent slip patch occurs
if the two slip patches are not sufficiently separated (because of reservoir offset,
Figure 4.1) or if the reduction in frictional strength is relatively large (Appendix
A.6.4).

This study has demonstrated that any of the three rupture mechanisms can
occur on any fault configuration by selecting appropriate fault slip parameters.
However, fault slip parameters can be significantly constrained if actual seismic
events can be located on known natural faults and if the associated rupture
mechanism can be identified.

m The source-fime function has distinctively different characteristics for each rupture
mechanism, which may provide the opportunity to identify the rupture mechanism
of observed seismic events in the Groningen field. The slope W, of the descending
branch of the linear slip-weakening relationship is the only parameter in this study
that influences the acceleration of the slip velocity in the source-time function
(section 4.4 and APPENDIX 10). Again, this may provide the opportunity to estimate
the slope W, from observed seismic events by comparison of actual and simulated
wave forms.

m A seismic rupture with a moment magnitude in the range between Mw=0.5 and
Mw=4.0 can be generated by any of the rupture mechanisms, albeit that Rupture
Mechanism 2 tends to generate events with a somewhat smaller moment
magnitude, whereas Rupture Mechanism 3 tends to generate the largest seismic
event for similar fault properties (Figure 3.15 and Figure 4.4). Seismic ruptures with
Mw < 3.0 have a rupture length (along fault dip) smaller than 200 m and remain
contained within the reservoir depth range, whereas all ruptures with Mw > 3.7
extend outside the reservoir bounds. The moment magnitude mentioned in this
study, which is based on an aspect ratio of the seismic slip patch w/Ls = 1, should
be increased by 0.5 if a redlistic maximum w/Ls = é is considered.

m  Aslip patchis stabilised if the residual friction coefficient is reached (section 3.5 and
APPENDIX 5). This is found for a-seismic as well as seismic slip patches. Seismic slip
requires a reduction of the friction coefficient, which is not the case if the residual
friction coefficient is reached for RSD > Dc. A seismic rupture is decelerating as soon
as the residual friction coefficient is reached somewhere on the seismic slip patch.
The reduction of the friction coefficient (ui - W) influences the moment magnitude
of the seismic rupture (APPENDIX 11). Seismic rupture is suppressed if the residual
friction coefficient is reached on an a-seismic slip path. Seismic rupture may still
occur by merging of the two slip patches at an elevated depletion pressure
(Appendix A.6.2).

m The size of the seismic slip patch and the maximum relative slip displacement
adhere to a power-law relationship with the moment magnitude for 0.5 < Mw < 4.0
(with w/Ls = 1) irrespective of the rupture mechanism (section 4.5 and APPENDIX
11).
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Hormalised offset []

Figure 5.1: The reservoir depletion AP at the occurrence of every observed seismic event can be
decomposed info a component AP, that is causing reversible, elastic displacement
along the fault plane, and a component AP, that is causing a-seismic slip. The
normalised reservoir offset can be taken from the subsurface model at the interpreted
seismic event fault location.

The parameters in the linear slip-weakening relationship (ui, ur and W,) can be
constrained by seismic events in the Groningen field using these findings. Seismic
events in the Groningen field are located with increasing confidence on known,
natural faults, due to improved monitoring and interpretation techniques (Willacy et
al., 2018), while enhanced geological interpretation is instrumental in providing the
fault orientation and reservoir thickness and offset more accurately. This allows
estimating the normalised reservoir offset at the seismic event location. The dynamic
reservoir model of the field, calibrated against decades of production data, provides
a relatively good estimate of the local reservoir depletion at the time of each seismic
event. So, every observed seismic event that can be located on a known natural fault
provides the normalised reservoir offset O and the depletion pressure AP, at which
seismicity occurs (Figure 5.1). This depletion pressure can be separated into two parts:

AP, = AP, + AP,

with AP, the depletion pressure that accommodates deformation along the fault
plane elastically and leads to onset of fault slip, and AP, the depletion pressure that
induces a-seismic fault slip and leads to seismic rupture. In this study, the slope W, is
found to be the only parameter that influences AP,, while various parameter influence
AP,, such as the initial friction coefficient, Poisson’s ratio of the reservoir formation, the
initial stress condition and the fault orientation. The fault dip and azimuth can be
constrained by the improved geological interpretations, whereas Poisson’s ratio is
available from lab experiments and from reservoir compressibility obtained by
subsidence inversion. The total stress S, at virgin reservoir condition and the inifial
friction coefficient are the main factors influencing AP, at a given fault event location.
So,

AP = AP, (So, i) + AP (W) (5.1)

Herein, S, describes the inifial stress condition, taking into account the total vertical
stress S, the total maximum and minimum horizontal stress Sy and S, respectively, the
maximum horizontal stress azimuth ¢, and the initial reservoir pore pressure B,. Again,

the initial vertical stress and pore pressure are well constrained by field data, but the
magnitude and orientation of the horizontal stress components are considered most
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variable and uncertain across the Groningen field (van Eijs, 2015). Using the current
understanding of the initial stress in the Groningen field (Van Eijs, 2015) in expression
(5.1), a relationship between the initial friction coefficient ui and the slope W, can be
formulated at every seismic event location with known fault orientation and reservoir
offset. Assuming a larger value for the slope W, — for instance — would reduce AP, and
would imply a larger value for the initial friction coefficient to increase AP,. Multiple
seismic events recorded in close vicinity could provide information on the variability
of the fault friction parameters, but could possibly also provide constraints for the initial
stress condition S,.

The absence of seismic events at a particular reservoir depletion pressure also
provides constraints for the slip-weakening parameters. Absence of seismic events
may be explained by:

i)  asufficiently large value for the initial friction coefficient,

i) arelatively small reduction of the friction coefficient (ui- ur), or

i) asmall value for W, so that the critical slip length Lc is larger than the reservoir
thickness.

The fault slip properties vary across the Groningen field and are part of the explanation
why — to date — seismic events are observed in parficular locations and why not in
other locations.

The residual friction coefficient pr in the linear slip-weakening relationship can be
constrained from the moment magnitude of observed seismic events. However,
moment magnitude is not only dependent on geometrical properties such as the
normalised reservoir offset and thickness (Figure 4.4), but also on the fault friction
properties W, (Figure 4.6) and the initial friction coefficient pi. The residual friction
coefficient is therefore best constrained after developing the relationship between pi
and W, as outlined above, and expressed relative to the friction coefficient (ui - wr).
The Rupture Mechanism, which influences the moment magnitude (Figure 4.3), is not
an independent parameter as it is impacted by the fault friction parameters.

Expression (5.1) and the insights developed in this study could be used in a stochastic
approach as followed by Dempsey and Suckale (2017) to forecast future seismicity in
the Groningen field. This should include constraining the parameters in the linear slip-
weakening relationship (ui, ir and W,) based on observed seismic events for different
parts of the field (as field data permits). A fast algorithm that can compute the onset
of seismic rupture for any fault orientation, reservoir offset and thickness, and fault
friction parameters would be an important requirement for such an approach. An
analytical solution would be best suited for this purpose. Possibly, the analytical
solution developed by Nowacki (1986) and employed by Lehner and Leroy (1995)
could be adjusted to calculate the normal and shear stress distribution along an
arbitrarily oriented fault plane. Further work would be required to evaluate this option.

The distinctly different character of the source-time function may provide an
opportunity to associate a particular rupture mechanism to an observed seismic
eventsin the Groningen field. Also, the slope W, of the linear slip-weakening diagram
has a clear impact on the source-time function (Figure 4.7). Determination of the
rupture mechanism and calibration of W, from event data would also reduce
uncertainty of the initial friction coefficient as discussed above. However, the current
two-dimensional modelling approach includes a number of limitations that may
hamper a successful outcome, such as
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i) the size of the seismic slip patch along the strike of the fault is not taken into
account,

i)  only wave forms perpendicular to the fault are simulated,

i) reflections by normal and shear wave velocity contrasts are not taken into
account.

Three-dimensional dynamic rupture simulations can resolve some of these limitations,
but is computationally expensive. The opportunity to constrain or possibly calibrate
the slope W, from recorded wave form data would increase the reliability of all
frictional parameters, because it would be obtained from an independent data
source. Identification of a seismic event’s rupture mechanism would provide insight
into the local stress condition of the fault, and would enable building hypotheses of
future seismic events on the same location or elsewhere in the Groningen field. For
these reasons, it would be worth further investigating the impact of the Rupture
Mechanism and the fault friction properties on the recorded wave forms.
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6. Conclusions

The in-depth evaluation of the large number of dynamic rupture simulations leads to
the following conclusions:

m In-house technology and expertise is developed to simulate depletion-induced seismic
events along fault planes in 2D with realistic duration and moment magnitude under
realistic conditions using commercially available software. The impact of fault slip
parameters on the depletion level at which seismic rupture occurs, as well as the
moment magnitude has been quantified.

m Complex fault slip responses are found even when using relatively simple two-
dimensional geomechanical models:

m The subsurface is a homogenous linear-elastic half-space, incorporating a horizontal
homogenously depleting reservoir with offset.

m The faultis straight and behaves according to a Mohr-Coulomb friction law with linear
slip-weakening relationship.

m Three different rupture mechanisms are found with distinctly different characteristics,
which may be recognisable in actually observed seismic events.

B The complex fault slip responses found in the dynamic rupture simulations provide
support to the strategy of incorporating more realistic modelling assumptions one-by-
one (e.g. non-linear and time-dependent behaviour of formations). This strategy should
be contfinued in potential further work.

m  Seismic rupture may occur by instability of a single slip patch or by merging of two a-
seismic slip patches. In particular,

m seismic rupture nucleates at a single slip patch if its size exceeds a critical length Le
which adheres to the analytical expression derived by Uenishi and Rice (2003)

m seismic rupture may also occur by merging of two slip patches generating seismic
events with larger moment magnitude than events caused by rupture of a single a-
seismic slip patch.

m the size of the seismic slip patch and the maximum relative slip displacement for
seismic events in the Groningen field can be estimated from observed moment
magnitude, because all three rupture mechanisms adhere to the same scaling rules
(for the parameters considered in this study).

B Seismic rupture is preceded by a-seismic slip in all cases evaluated in this study. The slip-
weakening relationship and the reservoir offset influences the incremental depletion
AP, required to bring the fault to seismic rupture. The larger the incremental reservoir
depletion, the more ductile the structural response to reservoir depletion.

m The reservoir depletion at which seismic rupture occurs is strongly influenced by

m the normalised reservoir offset (absolute reservoir offset divided by reservoir thickness),
as well as

m all three parameters of the linear slip-weakening relationship (inifial and residual
friction coefficient yi and urrespectively, and the slope W,).

m A fault- and sfress-based seismological model for the Groningen field can be
developed that

m may explain the spatial differences between observed and predicted seismic activity
rate in the Groningen field by different slip-weakening behaviour along the faults
across the field.
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m derives the parameters of the linear fault slip-weakening relationship from observed
seismic events, which are mapped on interpreted natural faulfs.
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7. Recommendations

Based on the results and insights developed in this study, it is recommended to

m develop a fault-based seismological model using the fault location and moment
magnitude of historical seismic events in the Groningen field. Also, deployment of
the analytical solution provided by Nowacki (1986) for a fast representation of the
relationships provided in Figure 4.4 and Figure 4.5 should be investigated. If so, a
stochastic approach as used by Dempsey and Suckale (2017) could be pursued
providing probabilistic assessment of future seismic events in the Groningen field.

m investigate if the three different rupture mechanisms found in this study can be
identified in recorded wave forms of actual seismic events in the Groningen field.
This includes investigating the impact of various assumptions and limitations
underlying the current dynamic rupture simulations, such as the 2D character of
the current study and the representation of seismic events by a single source-time
function. Three-dimensional analysis should be considered to evaluate wave forms
arriving at an azimuth angle with the fault plane, and multiple source-time
functions should be considered in particular to capture the complexity of the
source found for Rupture Mechanism 3.

m investigate if the slope W, in the linear slip-weakening relationship can be
constrained from recorded seismic wave forms. This would provide anindependent
source for calibrating one of the fault friction parameters and also increases the
reliability of the values estimated for the other friction parameter. This work can be
done as part of the investigations mentioned under the previous point.

m conduct similar dynamic rupture simulations in 3D to evaluate the impact of various
geometrical and property anisofropies along strike direction of a fault. Particular
aftention should be paid to the factors that influence the aspect ratio at the
seismic slip patch.

The results of this study also provide recommendations for projects in which fault slip
stability is evaluated for other purposes than the assessment of the seismic hazard:

m The two-dimensional analysis capability developed as part of this study should be
employed instead of

m a Mohr-circle analysis to advise on the reservoir depletion that causes onset of
fault slip and onset of seismic rupture (see also Van den Bogert, 2015).

m three-dimensional finite-element techniques to assess fault stability in field studies.
It is demonstrated that fault slip and seismic rupture are caused by steep shear
stress gradients at the boundaries of depleting (and inflating) reservoir formations,
which are not captured by the coarse element meshes commonly used in 3D
field studies. The most efficient and reliable approach is to obtain the most
critically stressed locations using a conventional 3D field model, and evaluate
fault slip, and if needed also seismic rupture, using the 2D capability developed
as part of this study, incorporating the required non-linear behaviour and small
element size.
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APPENDIX 1. THE GRONINGEN FAULT MODEL

Seismic events in the Groningen gas field are mapped on known, natural faults with
increasing confidence, while the observed slip direction (the derived moment tensor)
is often well aligned with the local fault orientation (Willacy et al., 2018). Therefore, it is
prudent to consider the fault map of the field to determine the main geometrical
features that may influence the stress changes induced by reservoir depletion. Figure
AError! No text of specified style in document..1 shows the interpreted faults and the
depth of the bottom of the reservoir formations, consisting of the Ten Boer Claystone
(ROCLT) and the Slochteren Sandstone (ROSL) formations (Visser, 2012). The insert on
the right-hand side shows a representative geometrical configuration of a fault
(green) that offsets the depleting formations. Ten Boer and Slochteren formations are
slightly dipping downward from the South-East to the North-West, with the initial Gas-
Water contact at 2995 m depth throughout the field. The combined thickness of the
Ten Boer and Slochteren formations increase from less than 100 m in the South-East to
more than 300 m in the North-West of the field. The gas reservoir is overlain by thick
packages of salt in the Permian Zechstein Group with very stiff anhydrites and
carbonates in the Z1 formation (ZEZ1), directly above the Ten Boer formation (not
shown). In this study, we are interested in the impact of the reservoir offset on fault slip
and seismic rupture. In particular, the reservoir offset normalised for the reservoir
thickness is important for the evaluation of fault slip and seismic rupture (Van den
Bogert, 2015, and section 4.1).

Hanging wall Foot wall

Ten Boer

1S
Slochteren

Figure AError! No text of specified style in document..1:  The interpreted faults intersecting the bottom
of the Groningen gas reservoir formation (Slochteren). Colours indicate depth [m]. The
map covers an area of about 20x30 km?2. The Slochteren formation is overlain by Ten Boer
Claystone (see insert) and Zechstein salt sediments (Visser, 2012).
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Figure AError! No text of specified style in document..2:  The (cumulative) frequency distribution of a)
the average reservoir thickness, and b) the normalised reservoir offset in more than
35,000 cross-sections; c) the Groningen fault map represented by more than 35,000
points (cross-section locations) in which the color indicates the normalised reservoir offset
(offset O divided by the reservoir thickness h). The rectangle indicates the Loppersum
area, where the largest earthquakes have occurred so far, while the two crosses indicate
the location of two wells with down-hole geophones at reservoir depth (about 3000 m).

The Groningen field is located in a normally faulted environment. More than 35,000
cross-sections of Ten Boer and Slochteren formations are generated along the faults
in the Groningen field, similar to the example shown in the insert of Figure AError! No
text of specified style in document..1. For each cross-section, the fault dip and azimuth
angle was determined in conjunction with the depth and thickness of the Ten Boer
and Slochteren formations on both sides of the fault. The normalised reservoir offset
was calculated by dividing the absolute offset of the Slochteren formation by the
average depleting reservoir interval (Ten Boer and Slochteren formations) on both
sides of the fault. The offset is defined positive if the hanging wall is deeper than the
foot wall. The cumulative frequency distribution (Figure AError! No text of specified
style in document..2b) shows that the normalised reservoir offset in almost 0% of the
cross-sections is between 0 and 0.5. This is also reflected in Figure AErrorl No text of
specified style in document..2c, which shows the fault lines in map view with a color
code that represents the normalised offset. It is seen that a normalised reservoir offset
larger than 2 is only found in the South-East of the field (red dofts).
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Figure AError! No text of specified style in document..3:  a) the (cumulative) frequency distribution of
the fault azimuth angle, b) the (cumulative) frequency distribution of the fault dip angle,
and c) a heat map showing the number of cross-sections with a particular combination
for the fault dip angle (vertically, between 50 and 90 degrees) and the normalised
reservoir offset (horizontally, between 0 and 2).
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The azimuth angles were derived from the normal vector of the fault plane in every
cross-section. The azimuth angle was defined as the angle between 0 and 180
degrees in a horizontal plane between the normal vector and the geographic North
(East of North). The frequency distribution of the azimuth angle in Figure AError! No text
of specified style in document..3a shows two dominating fault sets: one with an
azimuth angle between 65 and 95 degrees (East of North), and one between 170 and
185 (5) degrees. The dip angle was defined as the angle between the fault dip
direction and a horizontal plane (Figure 2.1a), and was found mostly between about
75 and 80 degrees (Figure AErrorl No text of specified style in document..3b). The
subsurface model assumes vertical faults in cases where the fault dip angle could not
be determined. This is the case in about 10% of the cross-sections. The heat map in
Figure AError! No text of specified style in document..3c shows a consistent distribution
of the dip angle for the entire range of observed normalised reservoir offsets.
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APPENDIX 2. OVERVIEW OF ANALYSES CONDUCTED IN
THIS STUDY

Table AError! No text of specified style in document..1 below provides an overview of
all analyses conducted in support of the conclusions of this report. A selection of the
analyses relevant for each section in this report is provided when relevant. In total 208
cases have been evaluation: 39 exhibit Rupture Mechanism 1 (black Mw Table AError!
No text of specified style in document..1), 52 exhibit Rupture Mechanism 2 (blue Mw)
and 117 show Rupture Mechanism 3 (red Mw)

Table AError! No text of specified style in document..1: Overview of cases conducted in this study.
The initial friction coefficient is 0.55 and the fault dip angle is 66 degree for all cases.
Onset of fault slip and onset of seismic rupture is only provided if occurring at a reservoir
depletion smaller than 30 MPa. Moment Magnitude is color coded: black = Rupture
Mechanism 1, blue = Rupture Mechanism 2, red = Rupture Mechanism 3.

Case Offset Res. Norm._ Residual | Slope AP at AP at Mw
thick- | offset 0 | friction W, fault seismic
ness H Mr slip rupture
[m] [m] [-] [-] [mm-1] | [MPq] [MPa] [-]
Mu55-2 0 170 0 0.50 0.010 95.66 - -
Mu55-12 10 170 0.059 0.45 0.010 21.26 - -
Mu55-22 20 170 0.118 0.40 0.010 17.22 - -
Mu55-32 30 170 0.176 0.45 0.010 15.49 29.73 1.06
Mu55-33 30 170 0.176 0.40 0.010 15.49 29.73 2.82
Mu55-34 30 170 0.176 0.35 0.010 15.49 29.73 3.05
Mu55-35 30 170 0.176 0.30 0.010 15.49 29.73 3.24
Mu55-36 30 170 0.176 0.25 0.010 15.49 29.73 3.75
Mu55-41 40 170 0.235 0.50 0.010 14.49 - -
Mu55-42 40 170 0.235 0.45 0.010 14.49 26.54 1.19
Mu55-43 40 170 0.235 0.40 0.010 14.49 26.54 2.79
Mu55-44 40 170 0.235 0.35 0.010 14.49 26.54 3.03
Mu55-45 40 170 0.235 0.30 0.010 14.49 26.54 3.21
Mu55-46 40 170 0.235 0.25 0.010 14.49 26.54 3.67
Mu55-51 50 170 0.294 0.50 0.010 13.76 - -
Mu55-52 50 170 0.294 0.45 0.010 13.76 24.34 1.32
Mu55-53 50 170 0.294 0.40 0.010 13.76 24.34 2.76
Mu55-54 50 170 0.294 0.35 0.010 13.76 24.34 3.01
Mu55-55 50 170 0.294 0.30 0.010 13.76 24.34 3.21
Mu55-56 50 170 0.294 0.25 0.010 13.76 24.34 3.58
Mu55-61 60 170 0.353 0.50 0.010 13.26 29.45 2.02
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Case Offset Res. Norm. | Residual | Slope AP at AP at Mw
thick- | offset0 | friction W, fault seismic
ness H Mr slip rupture
[m] [m] [-] [-] [mm-1] | [MPq] [MPa] [-]
Mu55-62 60 170 0.353 0.45 0.010 13.26 22.69 1.47
Mu55-63 60 170 0.353 0.40 0.010 13.26 22.69 2.73
Mu55-64 60 170 0.353 0.35 0.010 13.26 22.69 2.99
Mu55-65 60 170 0.353 0.30 0.010 13.26 22.69 3.2
Mu55-66 60 170 0.353 0.25 0.010 13.26 22.69 3.51
Mu55-71 70 170 0.412 0.50 0.010 12.80 26.23 1.96
Mub55-72 70 170 0.412 0.45 0.010 12.80 21.35 1.69
Mu55-73 70 170 0.412 0.40 0.010 12.80 21.35 2.69
Mu55-74 70 170 0.412 0.35 0.010 12.80 21.35 2.96
Mu55-75 70 170 0.412 0.30 0.010 12.80 21.35 3.19
Mu55-76 70 170 0.412 0.25 0.010 12.80 21.35 3.45
Mu55-81 80 170 0.471 0.50 0.010 12.46 23.63 1.9
Mu55-82 80 170 0.471 0.45 0.010 12.46 20.22 2.32
Mu55-83 80 170 0.471 0.40 0.010 12.46 20.22 2.65
Mu55-84 80 170 0.471 0.35 0.010 12.46 20.22 2.92
Mu55-85 80 170 0.471 0.30 0.010 12.46 20.22 3.18
Mu55-86 80 170 0.471 0.25 0.010 12.46 20.22 3.38
Mu55-87 80 170 0.471 0.20 0.010 12.46 20.22 4.07
Mu55-91 90 170 0.592 0.50 0.010 11.85 21.37 1.83
Mu55-92 90 170 0.592 0.45 0.010 11.85 19.02 2.27
Mu55-93 90 170 0.592 0.40 0.010 11.85 19.02 2.59
Mu55-94 90 170 0.592 0.35 0.010 11.85 19.02 2.88
Mu55-95 90 170 0.592 0.30 0.010 11.85 19.02 3.16
Mu55-96 90 170 0.592 0.25 0.010 11.85 19.02 3.38
Mu55-96 90 170 0.592 0.20 0.010 11.85 19.02 401
Mu55-101 100 170 0.588 0.50 0.010 11.57 19.52 1.75
Mu55-102 100 170 0.588 0.45 0.010 11.57 18.10 2.21
Mu55-103 100 170 0.588 0.40 0.010 11.57 18.10 2.53
Mu55-104 100 170 0.588 0.35 0.010 11.57 18.10 2.83
Mu55-106 100 170 0.588 0.30 0.010 11.57 18.10 3.13
Mu55-106 100 170 0.588 0.25 0.010 11.57 18.10 3.38
Mub55-111 68 170 0.4 0.45 0.010 13.28 21.60 1.63
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Case Offset Res. Norm. | Residual | Slope AP at AP at Mw
thick- | offset0 | friction W, fault seismic
ness H Mr slip rupture

[m] [m] [-] [-] [mm-1] | [MPq] [MPa] [-]
Mub55-112 56 140 0.4 0.45 0.010 13.52 22.36 2.26
Mub55-113 92 230 0.4 0.45 0.010 13.04 20.64 1.53
Mub55-114 104 260 0.4 0.45 0.010 12.74 20.14 1.49
Mub55-115 120 300 0.4 0.45 0.010 12.73 19.86 1.48
Mu55-116 28 140 0.2 0.45 0.010 16.09 29.94 1.13
Mu55-117 34 170 0.2 0.45 0.010 15.50 28.29 1.12
Mu55-118 46 230 0.2 0.45 0.010 14.74 26.08 1.11
Mub55-119 52 260 0.2 0.45 0.010 14.51 25.31 1.12
Mub55-120 60 300 0.2 0.45 0.010 14.28 24.49 1.13
Mu55-121 0 200 0.000 0.45 0.010 90.99 - -
Mu55-122 5 200 0.025 0.45 0.010 28.78 - -
Mu55-123 10 200 0.050 0.45 0.010 22.10 - -
Mu55-124 15 200 0.075 0.45 0.010 19.40 - -
Mu55-125 20 200 0.100 0.45 0.010 17.85 - -
Mub55-126 25 200 0.125 0.45 0.010 16.83 - -
Mu55-132 30 200 0.15 0.45 0.010 15.61 - -
Mu55-141 40 200 0.20 0.50 0.010 14.63 - -
Mub55-142 40 200 0.20 0.45 0.010 14.63 27.05 1.11
Mu55-143 40 200 0.20 0.40 0.010 14.63 27.05 2.91
Mu55-144 40 200 0.20 0.35 0.010 14.63 27.05 3.16
Mu55-145 40 200 0.20 0.30 0.010 14.63 27.05 3.34
Mu55-146 40 200 0.20 0.25 0.010 14.63 27.05 3.82
Mu55-151 50 200 0.25 0.50 0.010 - - -
Mu55-152 50 200 0.25 0.45 0.010 13.93 24.92 1.21
Mu55-153 50 200 0.25 0.40 0.010 13.93 24.92 2.89
Mu55-154 50 200 0.25 0.35 0.010 13.93 24.92 3.14
Mu55-155 50 200 0.25 0.30 0.010 13.93 24.92 3.34
Mu55-156 50 200 0.25 0.25 0.010 13.93 24.92 3.78
Mu55-161 60 200 0.30 0.50 0.010 13.47 - -
Mu55-162 60 200 0.30 0.45 0.010 13.47 23.34 1.32
Mu55-163 60 200 0.30 0.40 0.010 13.47 23.34 2.86
Mu55-164 60 200 0.30 0.35 0.010 13.47 23.34 3.13
Mu55-165 60 200 0.30 0.30 0.010 13.47 23.34 3.33
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Case Offset Res. Norm. | Residual | Slope AP at AP at Mw
thick- | offset0 | friction W, fault seismic
ness H Mr slip rupture
[m] [m] [-] [-] [mm-1] | [MPq] [MPa] [-]

Mu55-166 60 200 0.30 0.25 0.010 13.47 23.34 3.70
Mu55-171 70 200 0.35 0.50 0.010 13.10 - -

Mub55-172 70 200 0.35 0.45 0.010 13.10 22.09 1.44
Mu55-173 70 200 0.35 0.40 0.010 13.10 22.09 2.83
Mu55-174 70 200 0.35 0.35 0.010 13.10 22.09 3.11
Mu55-175 70 200 0.35 0.30 0.010 13.10 22.09 3.33
Mu55-176 70 200 0.35 0.25 0.010 13.10 22.09 3.63
Mu55-181 80 200 0.40 0.50 0.010 12.74 27 .41 2.08
Mu55-182 80 200 0.40 0.45 0.010 12.74 21.05 1.56
Mu55-183 80 200 0.40 0.40 0.010 12.74 21.05 2.81
Mu55-184 80 200 0.40 0.35 0.010 12.74 21.05 3.08
Mu55-185 80 200 0.40 0.30 0.010 12.74 21.05 3.32
Mub55-186 80 200 0.40 0.25 0.010 12.74 21.05 3.60
Mub55-187 80 200 0.40 0.49 0.010 12.74 26.15 2.16
Mu55-188 80 200 0.40 0.48 0.010 12.74 25.00 2.23
Mu55-189 80 200 0.40 0.47 0.010 12.74 21.05 0.83
Mu55-190 80 200 0.40 0.46 0.010 12.74 21.05 1.20
Mu55-191 90 200 0.45 0.50 0.010 12.47 25.02 2.03
Mub55-192 90 200 0.45 0.45 0.010 12.47 20.15 1.73
Mu55-193 90 200 0.45 0.40 0.010 12.47 20.15 2.77
Mu55-194 90 200 0.45 0.35 0.010 12.47 20.15 3.06
Mu55-195 90 200 0.45 0.30 0.010 12.47 20.15 3.32
Mu55-196 90 200 0.45 0.25 0.010 12.47 20.15 3.52
Mu55-201 100 200 0.50 0.50 0.010 11.94 22.91 197
Mu55-202 100 200 0.50 0.45 0.010 11.94 19.17 2.38
Mu55-203 100 200 0.50 0.40 0.010 11.94 19.17 2.73
Mu55-204 100 200 0.50 0.35 0.010 11.94 19.17 3.03
Mu55-205 100 200 0.50 0.30 0.010 11.94 19.17 3.30
Mu55-206 100 200 0.50 0.25 0.010 11.94 19.17 3.52
Mu55-211 120 200 0.60 0.50 0.010 11.52 19.60 1.84
Mu55-212 120 200 0.60 0.45 0.010 11.52 17.75 2.29
Mu55-213 120 200 0.60 0.40 0.010 11.52 17.75 2.63
Mub55-214 120 200 0.60 0.35 0.010 11.52 17.75 2.95
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Case Offset Res. Norm. | Residual | Slope AP at AP at Mw
thick- | offset0 | friction W, fault seismic
ness H Mr slip rupture

[m] [m] [-] [-] [mm-1] | [MPq] [MPa] [-]
Mu55-215 120 200 0.60 0.30 0.010 11.52 17.75 3.26
Mu55-216 120 200 0.60 0.25 0.010 11.52 17.75 3.52
Mu55-217 140 200 0.70 0.50 0.010 11.37 16.96 1.70
Mu55-218 140 200 0.70 0.45 0.010 11.37 16.38 2.15
Mu55-219 140 200 0.70 0.25 0.010 11.37 16.38 3.52
Mu55-221 160 200 0.80 0.50 0.010 10.49 14.8 1.49
Mu55-222 160 200 0.80 0.45 0.010 10.49 14.8 1.90
Mu55-223 160 200 0.80 0.40 0.010 10.49 14.8 2.25
Mu55-224 160 200 0.80 0.35 0.010 10.49 14.8 2.65
Mu55-225 160 200 0.80 0.30 0.010 10.49 14.8 3.10
Mu55-226 160 200 0.80 0.25 0.010 10.49 14.8 3.50
Mu55-231 180 200 0.90 0.50 0.010 9.51 12.22 0.96
Mu55-232 180 200 0.90 0.45 0.010 9.51 12.22 1.32
Mu55-233 180 200 0.90 0.40 0.010 9.51 12.22 1.66
Mu55-234 180 200 0.90 0.35 0.010 9.51 12.22 2.15
Mu55-235 180 200 0.90 0.30 0.010 9.51 12.22 2.83
Mu55-236 180 200 0.90 0.25 0.010 9.51 12.22 3.43
Mu55-241 200 200 1.0 0.50 0.010 7.70 - -
Mu55-242 200 200 1.0 0.45 0.010 7.70 - -
Mub55-243 200 200 1.0 0.40 0.010 7.70 15.78 1.40
Mu55-244 200 200 1.0 0.35 0.010 7.70 15.78 2.31
Mu55-245 200 200 1.0 0.30 0.010 7.70 15.78 3.02
Mub55-246 200 200 1.0 0.25 0.010 7.70 15.78 3.52
Mu55-251 220 200 1.1 0.50 0.010 8.22 - -
Mu55-252 220 200 1.1 0.45 0.010 8.22 11.16 0.54
Mu55-253 220 200 1.1 0.40 0.010 8.22 11.16 1.21
Mu55-255 220 200 1.1 0.35 0.010 8.22 11.16 1.68
Mu55-255 220 200 1.1 0.30 0.010 8.22 11.16 2.64
Mu55-256 220 200 1.1 0.25 0.010 8.22 11.16 3.44
Mu55-261 240 200 1.2 0.50 0.010 8.85 13.06 1.40
Mu55-262 240 200 1.2 0.45 0.010 8.85 13.06 1.75
Mu55-263 240 200 1.2 0.40 0.010 8.85 13.06 2.06
Mu55-265 240 200 1.2 0.35 0.010 8.85 13.06 2.47
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Case Offset Res. Norm. | Residual | Slope AP at AP at Mw
thick- | offset 0 | friction W, fault seismic
ness H Mr slip rupture
[m] [m] [-] [-] [mm-] | [MPa] | [MPdq] [-]
Mub5-265 240 200 1.2 0.30 0.010 8.85 13.06 3.04
Mub5-266 240 200 1.2 0.25 0.010 8.85 13.06 3.57
Mub5-271 260 200 1.3 0.50 0.010 9.27 14.59 1.63
Mub5-272 260 200 1.3 0.45 0.010 9.27 14.38 2.04
Mub5-273 260 200 1.3 0.40 0.010 9.27 14.38 2.36
Mub5-275 260 200 1.3 0.35 0.010 9.27 14.38 2.74
Mub5-275 260 200 1.3 0.30 0.010 9.27 14.38 3.21
Mub5-276 260 200 1.3 0.25 0.010 9.27 14.38 3.65
Mub5-281 300 200 1.5 0.50 0.010 9.74 17.49 1.92
Mub5-282 300 200 1.5 0.45 0.010 9.74 15.86 2.33
Mub5-283 300 200 1.5 0.40 0.010 9.74 15.86 2.66
Mub5-285 300 200 1.5 0.35 0.010 9.74 15.86 3.01
Mub5-285 300 200 1.5 0.30 0.010 9.74 15.86 3.40
Mub5-286 300 200 1.5 0.25 0.010 9.74 15.86 3.77
Mub5-291 400 200 2.0 0.50 0.010 10.38 24.47 2.34
Mub5-292 400 200 2.0 0.45 0.010 10.38 17.69 1.05
Mub5-293 400 200 2.0 0.40 0.010 10.38 17.69 3.00
Mub5-294 400 200 2.0 0.35 0.010 10.38 17.69 3.34
Mub5-295 400 200 2.0 0.30 0.010 10.38 17.69 3.67
Mub5-296 400 200 2.0 0.25 0.010 10.38 17.69 3.96
Mub5-297 400 200 2.0 0.20 0.010 10.38 17.69 4.38
Mub5-298 400 200 2.0 0.15 0.010 10.38 17.69 4.803
Mub5-302 0 230 0 0.45 0.010 86.70 - -
Mub5-312 15 230 0.065 0.45 0.010 18.81 - -
Mub55-322 30 230 0.130 0.45 0.010 15.70 - -
Mub55-332 45 230 0.196 0.45 0.010 14.40 26.28 1.11
Mub5-336 45 230 0.196 0.25 0.010 14.40 26.28 3.93
Mub5-342 60 230 0.261 0.45 0.010 13.62 23.80 1.24
Mub55-346 60 230 0.261 0.25 0.010 13.62 23.80 3.86
Mub55-352 75 230 0.326 0.45 0.010 13.12 22.09 1.38
3 Progressive rupture: No arrest of the seismic rupture found within simulation period
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Case Offset Res. Norm. | Residual | Slope AP at AP at Mw
thick- | offset 0 | friction W, fault seismic
ness H Mr slip rupture

[m] [m] [-] [-] [mm-1] | [MPq] [MPa] [-]
Mu55-356 75 230 0.326 0.25 0.010 13.12 22.09 3.78
Mub55-362 90 230 0.391 0.45 0.010 12.70 20.80 1.51
Mu55-366 90 230 0.391 0.25 0.010 12.70 20.80 3.72
Mu55-372 105 230 0.457 0.45 0.010 12.16 19.55 1.65
Mu55-376 105 230 0.457 0.25 0.010 12.16 19.55 3.64
Mub55-382 120 230 0.522 0.45 0.010 11.85 18.65 1.96
Mu55-386 120 230 0.522 0.25 0.010 11.85 18.65 3.64
Mu55-392 135 230 0.587 0.45 0.010 11.61 17.82 2.39
Mu55-396 135 230 0.587 0.25 0.010 11.61 17.82 3.64
Mu55-402 0 140 0 0.45 0.010 88.51 - -
Mu55-412 30 140 0.214 0.45 0.010 15.33 29.09 1.16
Mu55-422 50 140 0.357 0.45 0.010 14.27 25.79 1.35
Mu55-432 80 140 0.571 0.45 0.010 11.94 18.86 2.10
Mu55-442 110 140 0.786 0.45 0.010 10.39 14.63 1.64
Mu55-452 130 140 0.929 0.45 0.010 8.72 - -
Mu55-462 140 140 1 0.45 0.010 7.68 - -
Mu55-472 150 140 1.071 0.45 0.010 8.12 - -
Mu55-482 170 140 1.215 0.45 0.010 9.20 13.27 1.49
Mu55-492 200 140 1.429 0.45 0.010 9.90 16.10 2.02
Mu55-531 40 200 0.2 0.45 0.001 15.09 - -
Mu55-532 40 200 0.2 0.45 0.002 15.09 - -
Mu55-533 40 200 0.2 0.45 0.005 15.09 - -
Mu55-534 40 200 0.2 0.45 0.020 15.09 22.11 0.79
Mu55-535 40 200 0.2 0.45 0.050 15.09 17.84 0.46
Mu55-536 40 200 0.2 0.45 0.100 15.09 16.12 0.40
Mu55-537 40 200 0.2 0.45 0.015 15.09 23.94 0.91
Mu55-538 40 200 0.2 0.45 0.030 15.09 19.96 0.64
Mu55-539 40 200 0.2 0.45 0.040 15.09 18.74 0.55
Mu55-540 40 200 0.2 0.45 0.070 15.09 16.8 0.39
Mu55-551 80 200 0.4 0.45 0.001 13.35 - -
Mu55-552 80 200 0.4 0.45 0.002 13.35 - -
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Case Offset Res. Norm. | Residual | Slope AP at AP at Mw
thick- | offset0 | friction W, fault seismic
ness H Mr slip rupture
[m] [m] [-] [-] [mm-1] | [MPq] [MPa] [-]
Mu55-553 80 200 0.4 0.45 0.005 13.35 25.30 2.62
Mub55-554 80 200 0.4 0.45 0.020 13.35 17.92 1.2
Mu55-555 80 200 0.4 0.45 0.050 13.35 15.07 0.85
Mu55-556 80 200 0.4 0.45 0.100 13.35 13.86 0.74
Mu55-573 120 200 0.6 0.45 0.005 11.82 20.51 2.41
Mu55-574 120 200 0.6 0.45 0.020 11.82 15.51 2.15
Mub55-575 120 200 0.6 0.45 0.050 11.82 13.38 1.26
Mub55-576 120 200 0.6 0.45 0.100 11.82 12.44 1.08
Mu55-591 160 200 0.8 0.45 0.001 10.76 - -
Mu55-592 160 200 0.8 0.45 0.002 10.76 - -
Mu55-593 160 200 0.8 0.45 0.005 10.76 15.62 1.88
Mu55-594 160 200 0.8 0.45 0.020 10.76 13.44 1.83
Mu55-595 160 200 0.8 0.45 0.050 10.76 11.93 1.71
Mu55-596 160 200 0.8 0.45 0.100 10.76 11.24 1.63
Mu55-601 180 200 0.9 0.45 0.0010 9.77 - -
Mu55-602 180 200 0.9 0.45 0.0020 9.77 - -
Mu55-603 180 200 0.9 0.45 0.0050 9.77 - -
Mu55-604 180 200 0.9 0.45 0.0200 9.77 11.81 1.38
Mu55-605 180 200 0.9 0.45 0.0500 9.77 10.79 1.33
Mu55-606 180 200 0.9 0.45 0.1000 977 10.19 1.27
Mu55-611 190 200 0.95 0.45 0.0010 8.92 - -
Mu55-612 190 200 0.95 0.45 0.0020 8.92 - -
Mu55-613 190 200 0.95 0.45 0.0050 8.92 - -
Mu55-614 190 200 0.95 0.45 0.0200 8.92 10.18 0.78
Mu55-615 190 200 0.95 0.45 0.0500 8.92 9.73 0.88
Mu55-616 190 200 0.95 0.45 0.1000 8.92 9.29 0.86
Mu55-617 190 200 0.95 0.45 0.0100 8.92 - -
Mu55-625 192 200 0.96 0.45 0.0500 8.75 9.42 0.72
Mub55-635 194 200 0.97 0.45 0.0500 8.47 9.05 0.50
Mu55-645 196 200 0.98 0.45 0.0500 8.13 8.53 0.13
Mu55-754 80 200 0.4 0.50 0.020 13.01 26.33 1.95
Mu55-755 80 200 0.4 0.50 0.050 13.01 25.43 1.77
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Case Offset Res. Norm. | Residual | Slope AP at AP at Mw
thick- | offset 0 | friction W, fault seismic
ness H Hr slip rupture
[m] [m] [-] [-] [mm-1] | [MPq] [MPqa] [-]
Mu55-756 80 200 0.4 0.50 0.100 13.01 25.01 1.64
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APPENDIX 3. BASE CASE

The results of the Base Case, which are discussed in detail in this Appendix, act as a
reference throughout this report. Case mu55-182 is selected as Base Case, because it
is representative for the fault configuration in the Loppersum area of the Groningen
field, but also because meaningful and realistic results are obtained if different values
for various relevant model parameters are used. This facilitates evaluation of the
impact of individual modelling parameters on the simulated seismic rupture. The main
parameters of the Base Case are (Figure A3.1):

m Top foot wall reservoir at D=2910 mTVD.
m  Reservoir thickness H =200 m.

m  Offset hanging wall reservoir O =80 m.

m  Fault dip angle B =66 degree.

m  Fault cohesion C =0 MPa.

m |nifial friction coefficient Mi = 0.55.

m Slip-weakening slope Wu =0.01 mm-1.

The normalised reservoir offset 0 is defined by the absolute offset O divided by the
reservoir thickness H and is 0.4 for the Base Case. The assumed linear slip-weakening
diagram for the Base Case is given in the right-hand side of Figure A3.1. All other model
parameters are described in Chapter 2.

om  Hanging wall t wall om
- anging wall Foot wa
o u|:055
g \W,=0.01 mm?
2825 m ©
Overburden T
2825 m ©
c
2905 m a5 m 2910 m :%
2990 m [is 1,=0.45-————— |
A 200 m :
200 m :
v | b)
Slip patch 1 :
D=0.01m RSD [m]
Figure A3.1: a) Base Case configuration with an offset of 80 m (case mu55-182), and b) The linear-slip

weakening relationship assumed for the friction coefficient.

In section A.3.1 and in accordance with the procedure described in section 2.4, the
results of the depletion stage 1 are presented until the onset of seismic rupture is
reached. In section A.3.2, the dynamic rupture simulation results are presented (stage
2).

Special attention is paid to the correctness of this so-called limit point that causes fault
instability and seismic rupture. In APPENDIX 4, the onset of seismic rupture is explained
by considering the stress redistribution along the fault plane induced by the stress drop
over the slip patches. In APPENDIX 5, a post-failure analysis is conducted to proof the
existence of a limit point at the onset of seismic rupture.
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A.3.1. Instable equilibrium

Onset of fault slip is found at slip patch 1 (Figure A3.1) at the top of the hanging wall
after 12.74 MPa reservoir depletion as indicated in Figure A3.2a. Slip patch 2 occurs at
the bottom of the foot wall between 14 and 15 MPa reservoir depletion. The markers
in the line for slip patch 1 indicate that the incremental depletion steps of 1 MPa
initially, are reduced to 0.001 MPa towards onset of seismic rupture. The length of slip
patch 1 accelerates with incremental depletion and shows a vertical gradient at
21.05 MPa depletion. This implies that no further depletion is required to increase the
length of slip patch 1, and is indicative for the onset of seismic fault rupture.
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Figure A3.2: a) Length of the slip patches and b) the maximum Relative Slip Displacement (RSD) as a
function of reservoir depletion. Slip patch 1 is the shallow slip patch, while slip patch 2 is
the deepest slip patch in Figure 3.1a.

Figure A3.3 shows the instable equilibrium condition of the fault in the Base Case at
21.05 MPa reservoir depletion. The red line in Figure A3.3a shows the downward
(negative) Relative Slip Displacement (RSD) of the hanging wall relative to the foot
wall. The offset of the reservoir formations is represented by the green bars at the left-
hand side of the graph. The grey bars represent the reservoir seal. The two grey boxes
indicate the location of the two slip patches. The vertical size represents the length of
the slip patch, while the horizontal size indicates the critical relative slip displacement
Dc. The shallow patch occurs at the top of the hanging wall reservoir, and is larger
than the deep slip patch that occurs at the bottom of the foot wall reservoir. Also, the
RSD is larger over the shallow slip patch. The RSD between the two slip patches is small,
but not zero. This is the elastic, recoverable displacement and is caused by the shear
modulus (6.67 GPa) assigned to the interface elements. The absolute RSD over the
shallow slip patch of 0.0075 m remains smaller than the critical slip displacement D¢ of
0.010.
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Figure A3.3: a) the Relative Slip Displacement (RSD), b) the Friction coefficient and Shear Capacity
Utilisation, and c) the Shear stress and Shear strength as a function of depth along the
fault plane at the onset of seismic rupture at 21.05 MPa depletion.

The size and location of the two slip patches is determined by the distribution of the
Shear Capacity Utilisation (SCU) along the fault plane (red line in Figure A3.3b). The
SCU, defined by expression (2.2), indicates how close the actual shear stress t (red line
in Figure A3.3c) is to the shear strength tmax (expression (2.1), dark-blue line in Figure
A3.3c). The fault slips if SCU=1. The length of the slip patches in Figure A3.3 is
determined by the length of the intervals with SCU=1.

The actual friction coefficient (blue line in Figure A3.3b) indicates the fault strength at
21.05 MPa depletion. The actual friction coefficient coincides with initial friction
coefficient of 0.55 (dotted line) over most of the depth range and drops to about 0.48
over the shallow slip patch adhering to the prescribed slip-weakening relationship for
the fault. The residual friction coefficient of 0.45 is represented by the grey dashed
line. The calculated maximum RSD of about 0.0075 m over the shallow slip patch is
about 75% of the critical slip displacement Dc, which implies that the friction
coefficient is also about 75% down on the descending branch of the linear slip-
weakening diagram from 0.55 to 0.45. This yields a value 0.475 for the actual friction
coefficient as indicated by the blue line at the location of the shallow slip patch.

The interval between the two slip patches is susceptible to seismic rupture, because
the shear stress (red line in Figure A3.3c) is larger than the residual shear strength (light
blue line). Note that negative shear stress values represent a downward shear stress
on the foot wall formations. The residual shear strength at 21.05 MPa reservoir
depletion is calculated based on the residual friction coefficient of 0.45. Intervals with
a residual strength larger than the shear stress are stable under any slip condition at
this depletion level. The shear stress (red line) is equal to the actual shear strength (dark
blue line) over the two slip patches, as per definition.

A.3.2. Simulating fault rupture

In this section, the dynamic rupture analysis for the Base Case is discussed, which is
conducted after reaching the limit point and instable equilibrium at 21.05 MPa
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reservoir depletion. The dynamic rupture simulation is conducted using 2000 time steps
of 0.001 s considering mass inertia and Rayleigh damping (Buijze et al, 2016).
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Figure A3.4: a) and c) Relative Slip Displacement, and b) and d) Slip Velocity as a function of depth
along the fault plane at various moments during the rupture process for case mu55-182.
Slip displacement and slip velocity are oriented tangential to the fault plane and are
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given for the hanging wall relative to the foot wall. Slip displacement and slip velocity in
normal direction are negligible.

The rupture process in Figure A3.4 is described by the RSD (left-hand side) and the
relative slip velocity (right-hand side). The acceleration phase — until the maximum slip
velocity is reached —is given in Figure A3.4a/b and the deceleration phase is given in
Figure A3.4c/d. The slip velocity is increasing with a parabolic distribution over the slip
patch up to about 0.24 s (dark green line in Figure A3.4b. After 0.24 s, the maximum
slip velocity is found at an increasing depth, with a highest value of about 0.35 m/s
after about 0.27 s, marking the end of the acceleration phase, as indicated by the
arrow. Thereafter, the maximum relative slip velocity is reducing steadily, while the size
of the slip patch increases slightly in downward direction, until equilibrium on the fault
plane is re-established after about 0.35 s and the seismic rupture is ended. The shallow
slip patch at the top of the hanging wall is extended mainly in downward direction,
while the deeper slip patch does not change in size.
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Figure A3.5: a) Total length of the two slip patches (Left-hand scale) and the maximum Relative Slip

Displacement (right-hand scale); b) Slip moment on log-scale; c) Change of formation
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strain and pressure energy, as well as gravity energy, and energy dissipated by fault slip;
d) kinefic energy and seismic efficiency for case mu55-182 as a function of fime.

The (shallow) slip patch 1 is extended from about 20 m to about 46 m, while the
maximum RSD increases from -0.0075 m to -0.0186 m (right-hand side, Figure A3.50).
The extension of slip patch 2 is considered negligible, because it concerns slip of only
one additional interface element of 0.3 m length. The calculation of the slip moment
in Figure A3.5b is based on the incremental slip displacement over the slip patch
during the dynamic rupture simulation as described in APPENDIX 13. The seismic slip
moment excludes the a-seismic slip displacement induced by reservoir depletion. The
slip moment does not further increase after about 0.4 s.

The energy components in Figure A3.5¢c and Figure A3.5d is calculated for the entire
finite-element model as specified in APPENDIX 12. That is, the change of each energy
component is shown relative to the start of the rupture simulation. During the seismic
event, the release of formation strain AE, and formation pressure energy AE, (negative
values) is mainly dissipated by fault slip (fault strain energy AEss) and - for a small part
— converted into kinetic energy AE,, (red line in Figure A3.5d). The kinetic energy in the
model after the seismic event (0.4 s) represents the seismic wave energy that is partly
transmitted to the surface. The change of gravitational energy AE, is negligible, which
implies that the net vertical displacement of mass in the subsurface is negligible. The
change of fault pressure energy AEy, is not shown, because it is negligible throughout

the two analysis stages (depletion and dynamic rupture).

The sum of all energy components in Figure A3.5c and Figure A3.5d is exactly zero
throughout the dynamic rupture simulation, thereby satisfying the energy balance
equation (APPENDIX 12). The seismic efficiency in Figure A3.5d is calculated by
(APPENDIX 12)

n = AEy/(AE, + AE, — AEy) = AE,/(AE, + AE, + AE; — AE},)

and represents the fraction of the released energy that is transmitted as seismic
waves. So, formation strain and formation pressure energy is released and for the
largest part dissipated by fault slip and for a small fraction radiated in seismic waves.

The dynamic rupture analysis for the Base Case is executed correctly, because the
simulation starts with negligible kinetic energy and with a negligible kinetic energy
increase rate. This implies that the unbalance infroduced by an incremental 0.001
MPa reservoir depletion at the start of the rupture simulation is not influencing the
outcome of the analysis. It takes about 0.2 s before kinetic and other energy
components start to change. This is consistent with the slip velocity shown in Figure
A3.4b. It is important to select the unbalance at the start of the dynamic rupture
analysis as small as possible to obtain representative results (Ripperger et. al., 2007).

The moment magnitude M,, is calculated from the seismic slip moment Mo at the end
of seismic rupture (0.7s) as described in APPENDIX 13. However, the 2-D analysis results
require an assumption about the width of the rupture area along the strike of the fault.
Figure A3.6 shows the calculated moment magnitude as a function of the assumed
width of a rectangular slip patch. The moment magnitude M,, is 1.56 when assuming
a width to length ratio (w/Ls) of 1. That is, the rupture width in strike direction is assumed
equal to the rupture length in dip direction as given in Figure A3.5a. The moment
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magnitude increases by about 0.2 every time the w/Ls ratio is doubled (to 2, 4, 8 etc).
In the remainder of this report a rupture w/Ls ratio of 1 is assumed, unless specified
otherwise.
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Figure A3.6: Moment Magnitude for the Base Case as function of the assumed rupture width in the
2-D finite-element model. Rupture widths of 0.5, 1 and 2 times the rupture length in dip
slip direction are indicated.
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Figure A3.7: Horizontal and vertical velocity as a function of time at different seismic stations in the
foot wall reservoir (3010 m depth, see insert) for case mu55-182. The source at the fault is
located at about X=0 m.
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Figure A3.8: Horizontal and vertical velocity as a function of fime at different seismic stations in the
hanging wall reservoir (3010 m depth, see insert) for the Base Case. The fault is located
at about X=0 m.

The horizontal and vertical velocity in the foot wall and hanging wall reservoir
formations reduces quickly with increasing distance from the fault. Figure A3.7 and
Figure A3.8 show the velocity (at the same scale) as a function of time at eight seismic
stations at 3010 m depth (see inserts). It is seen that the peak velocity reduces with
increasing distance to the fault, and appears to be somewhat larger in the hanging
wall than in the foot wall at the same distance of the fault: At X=-376m in the hanging
wall (Figure A3.8a), the peak velocity is -0.0081 m/s, whereas at X=368 m in the foot
wall (Figure A3.70), the peak velocity is +0.0063 m/s both after 0.52 seconds. This
suggests that more energy is radiated in the hanging wall formations than in the foot
wall formations. It is noted that the peak relative slip velocity at about 370 m from the
fault is only a few percent of the peak velocity at the fault plane (0.0081 m/s versus
0.35 m/s, Figure A3.4b). Also, note that the displacement and velocity in Figure A3.4
are tangential to the fault plane, whereas orthogonal x- and y- components are
presented in Figure A3.7 and Figure A3.8.

Furthermore, it seems that the wave length of — in particular — the vertical velocity is
reducing with increasing distance to the fault. This is most clearly seen in Figure A3.7c
and Figure A3.8c in the seismic stations at about 2200m on either side of the fault.
Further study and comparison with actually observed seismic events in the Groningen
field is required to derive meaningful conclusions.
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Figure A3.9: a) Relative Slip Displacement before (t=0s, orange line) and after seismic rupture (t=0.7

s, redline), b) the friction coefficient (light and dark blue lines) and SCU (orange and red
lines), and c) actual shear stress (orange and red lines), residual shear strength (light blue
line) and stress drop (dark blue line) as a function of depth along the fault plane before
and after the seismic rupture for case mus5-182.

Finally, in Figure A3.9, the RSD, the friction coefficient, the SCU and the shear stress
distribution along the fault plane is shown before (orange lines) and after the seismic
rupture (red lines). The grey boxes in Figure A3.9 indicate the size of the two slip
patches after the seismic event as well as the critical slip displacement Dc of 0.01 m
for this case. It is seen that only the shallow slip patch, at the top of the hanging wall
reservoir, increases in size in downward direction and that the critical slip
displacement Dc is exceeded over a large part of the slip patch during the seismic
rupture. This is also reflected in Figure A3.9b, where the friction coefficient reduces to
the residual value over a large part of the slip patch (dark blue line). Figure A3.9c
shows transfer of shear stress to the fault just above and below the slip patch (dark
blue line, negative values indicate downward shear stress). Negative values for the
change of shear stress indicate a reduction of (downward) shear stress. The average
stress change (drop) over the shallow slip patch is calculated at -0.98 MPa for the Base
Case, while the stress increases marginally by 0.03 MPa over the second, deeper slip
patch. The shear stress peak after the rupture (red line in Figure A3.9c) indicates the
front of the slip patch after the seismic rupture.
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APPENDIX 4. SHEAR LOADING

The occurrence of fault instability at 21.05 MPa reservoir depletion is evaluated in
detail by considering the total shear load over five parts of the fault (Figure A4.1). The
juxtaposition interval is defined by the depth range over which the fault is exposed to
reservoir depletion on both sides. The foot wall and hanging wall intervals are only
exposed to reservoir depletion on one side, whereas the fault is not exposed to
reservoir depletion over the “"Overburden” and “Underburden” intervals. In the Base
Case (APPENDIX 3), the foot wall and hanging wall intervals both span a depth range
of 80 m, the juxtaposition interval spans 120 m. Note that the length of the fault
intervals is larger depending on the dip angle.

For the Base Case, the incremental, linear-elastic shear force over the entire depth
range of the model between 0 and 6000 m is calculated at -55.2:10¢ N per MPa
reservoir depletfion and per meter of fault (2D model). The negative sign indicates a
downward direction of the shear load. The shear force is calculated by integration of
the incremental shear per unit MPa reservoir depletion over the five intervals as
indicated in Figure A4.1q.

The relative distribution of the incremental linear-elastic shear force over the five parts
of the fault before the onset of fault slip is shown in Figure A4.1b. The bar graph shows
that the entire shear force increment (106%) is carried by the juxtaposition interval of
the fault, while also the foot wall and hanging wall carry another quarter of the
incremental shear load (25% and 26% respectively). To maintain equilibrium, the
“Overburden” and “Underburden” respond by generating a shear force in opposite
(upward) direction. This is also shown by the positive (upward) directed shear stress
distribution in Figure A4.1a in the “Overburden” and “Underburden” intervals, just
above and below the depleting reservoir. The magnitude of the upward shear force
over the “Overburden” and “Underburden” each account for 28% of the total shear
force induced by reservoir depletion. So, the shear loading induced by reservoir
depletion is concentrated over the *Juxtaposition:” interval, while the “Overburden”
and “Underburden” intervals are partly unloaded.
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Figure A4.1:
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Figure A4.2: The shear load distribution (fraction) at different depletion levels. The distribution at the
onset of seismic rupture is given in f). Note the different scale in a) and b) compared to
c) through f).

The relative distribution of the incremental shear force over the different parts of the
fault changes after the onset of fault slip. The contribution of the juxtaposition part
reduces to 92% after 20 MPa depletion (Figure A4.2a), while the contribution of the
foot wall and hanging wall marginally increase to 28% and 26% respectively. The two
fault patches carry a few percent of the incremental shear load, while the
“Overburden” and “Underburden” conftribution is not significantly different from the
linear-elastic conftribution in Figure A4.1b. It is noted that both slip patches increase in
size with increasing depletion (Figure A3.2), which mainly reduces the size of the
juxtaposition interval. The contribution of slip patch 1 carrying incremental shear force
is negligible at 21 MPa depletion (Figure A4.2b), while the confribution of the
juxtaposition interval has further reduced to 90% and the foot wall increases to 34%.
Continued reservoir deplefion to 21.02 MPa (Figure A4.2c) shows a negative
confribution of slip patch 1, indicating that the incremental shear force is directed
upward. In other words: slip patch 1 is unloading. Therefore, the contribution of the
foot wall increases to 77% and the juxtaposition to 129% of total shear force gradient
of -55.2 MN/(MPa-m). This process of redistribution of shear force and shear stress from
slip patch 1 to the foot wall and juxtaposition parts of the fault accelerate very quickly
under marginally increasing reservoir depletion (note the different scale in Figure
A4.2c through Figure A4.2f). Up to 21.05 MPaq, the incremental shear load carried by
the foot wall and juxtaposition parts just compensate for the shear load released by
slip patch 1, thereby ensuring that fault stability is maintained.
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Figure A4.3: a) The change in slip displacement (RSD) in meters per MPa reservoir depletion and b)

shear and effective normal stress gradients in MPa per MPa reservoir depletion as a
function of depth at 21.05 MPa reservoir depletion, and which is used to calculate Figure
A4.2f.
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Figure A4.3 shows the change in slip (RSD) and shear stress at the limit point when
instable equilibrium is reached. The increase of reservoir depletion by 0.0008 MPa to
21.050 MPa accelerates the incremental RSD to a peak value of about 0.12 m/MPa,
and the release of shear stress up to about 37 MPa per MPa reservoir depletion. Is seen
that the released shear stress is transferred to the foot wall just above, and the
juxtaposition interval just below the shallow slip patch, which is in accordance to
Figure A4.2f. Furthermore, it is noticed that slip patch 2 at the bottom of the foot wall
has a negligible slip displacement gradient and is not releasing shear stress. So,
incremental RSD is localised at the shallow slip patch. The fault is still in equilibrium
because the positive (upward) shear stress integrated over slip patch 1 is in balance
with the negative (downward) shear stress integrated over the juxtaposition and foot
wall intervals. At this depletion level, the fault is in instable equilibrium because an
incremental depletion of 0.001 MPa would release more (downward) shear loading
from slip patch 1 than the adjacent fault can carry.
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APPENDIX 5.  POST-BIFURCATION ANALYSIS OF THE BASE
CASE

A post-failure analysis as described in section 2.4 is conducted to confirm the onset of
seismic rupture at 21.05 MPa reservoir depletion. The results are compared with
dynamic rupture simulation given in Appendix A.3.2
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Figure A5.1: a) Slip moment Mo and total length of the two slip patches as a function of reservoir

depletion from a static, post-bifurcation analysis for case mub5-182. The tfotal patch
length is the same as the red line in Figure A3.2 up to 21.05 MPa depletion, and b) the
RSD as a function of depth along the fault plane for the various conditions indicated in
a).

Figure A5.1a show the slip moment Mo (red line) and the total length of the slip patches
(light-blue line) as a function of reservoir depletion. The slip moment, which calculated
as described in APPENDIX 13, is a-seismic because of the static nature of the post-
failure analysis. The slip moment is calculated in exactly the same way in the dynamic
rupture analysis discussed in Appendix A.3.2, excepts that the slip moment is truly
seismic. The length of the slip patches is defined by the length of the interval where
SCU=1 (see sections 2.2). Figure AS5.1b shows the Relative Slip Displacement (RSD)
corresponding to the different stages A through F in the post-failure analysis. The red
line for the total length of the two slip patches in Figure A3.2a is the same as the light-
blue line in Figure A5.1a up to point A’. The slip moment Mo is proportional with the
area under the RSD curves in Figure A5.1b (see APPENDIX 13). A limit point is
characterised by a local maximum of the reservoir depletion pressure for a
monotonically increasing slip moment. The slip moment Mo is a betfter metric to
determine the limit point than the size of the slip patch, because it also increases if the
slip displacement increases over a slip patch that is constant in size. Figure A5.1 shows
two limit points: one in point A and one in point D. Limit point A occurs at the lowest
reservoir depletion pressure, at 21.05 MPa.

The results in Figure A5.1 have been obtained using an arc-length solution method
using the Relative Slip Displacement (RSD) of the interface elements as the controlling
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degrees-of-freedom as described in section 2.4. Point A is called a bifurcation point,
because (at least) two equilibrium conditions can be identified when increasing the
slip moment in Point A: one is Point C, with a significantly larger slip moment and the
same depletion pressure, and the second is the path towards Point B. The arc-length
method in DIANA facilitates finding the path towards Point B by searching for a
converged (static) equilibrium solution with an increasing slip moment Mo and a
decreasing reservoir depletion pressure.

This equilibrium path toward Point B in Figure A5.1a can be compared with that in a
uniaxial extension experiment in the laboratory that is conducted under displacement
conftrol rather than force control (Rots and de Borst, 1989). In such experiment, the
required tensile force is increased until the tensile strength of the sample is reached.
The post-failure behaviour after reaching the tensile strength can be measured by
allowing the test bench to reduce the tensile force under monotonically increasing
extension. The sample would fail instantaneously at the limit point if the experiment
would be conducted in a force-controlled manner. Reservoir depletionis also a force-
confrolled loading mechanism, which can lead to instantaneous failure (seismic
rupture). The arc-length method allows a displacement-controlled simulation of the
fault beyond the limit point (bifurcation point).

Figure AS5.1 shows that the slip moment Mo and the RSD is increasing from Point A to
Point B under a reducing reservoir depletion pressure. Reservoir depletion is increasing
again between Points B and C, while slip moment Mo and RSD confinue to increase.
This implies that the fault is re-stabilising in Point B at a depletfion of 20.54 MPa. This is
about 0.48 MPa lower than the limit point in Point A. Fault stabilisation is caused by the
RSD exceeding the critical slip displacement Dc of 0.01 m somewhere on the fault
plane (Curve B in Figure A5.1b). This implies that the residual friction coefficient of 0.45
is reached over the interval where RSD > Dc (Figure A5.2a). The fault strength is
reducing in correspondence with the friction coefficient (Figure A5.2b), and the
increasing size of the slip patch is clearly recognised from the SCU distribution (Figure
Ab5.2c). So, the residual friction coefficient determines the depletion level at which the
fault is re-stabilising. Point C is defined by the same depletion pressure as Point A, but
with a larger slip moment Mo. The light-blue lines in Figure A5.2 at 21.02 MPa reservoir
depletion is the closest point for which equilibrium results is calculated (the arc-length
method employs displacement control, not force control).
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Figure A5.2: a) The friction coefficient, b) the shear strength distribution, and c) the Shear Capacity
Utilisation (SCU) as a function of depth at Points A, B and C (as indicated in Figure A5.1)
for case mub5-182.
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Figure A5.3: a) The friction coefficient, b) the shear strength distribution, and c) the Shear Capacity
Utilisation (SCU) as a function of depth at Points D, E and F (as indicated in Figure A5.1)
for case mu55-182.

A second limit point is found in Point D at 22.25 MPa reservoir depletion and is caused
by the merging of the to slip patches. The RSD distribution at the point of instable
equilibrium (Point D in Figure A5.1b) shows two slip patches, while the RSD distribution
at the point of re-stabilisation (Point E at 16.75 MPa depletion) shows only one large
slip patch. The slip displacement increases substantially from Point E to Point F due to
the increasing reservoir depletion to 22.25 MPa, while the length of the slip patch
hardly increases. The latter suggests that the sharp SCU reduction over the hanging
wall interval, indicated by “F" in Figure A5.1c, also conftributes to the re-stabilisation
after the second fault instability.

The merging of the two slip patches after the second limit point is also recognised from
Figure A5.3. The incremental slip displacement between the limit point D and the re-
stabilisation point E (Figure A5.1b) causes the friction coefficient to reduce from the
initial value 0.55 to the residual value 0.45 (Figure A5.3a) over the deepest part of the
juxtaposition interval. The shear stress also reduces over the shallow part of the
juxtaposition interval and the foot wall and hanging wall intervals due to the 5.5 MPa
lower reservoir depletion at 16.75 MPa (light-green line in Figure A5.3b). The fault
stabilises in Point E because sufficient shear stress carrying capacity is available in the
Foot wall and Hanging intervals as indicated by the significantly smaller SCU in Figure
AS5.3c. Further increase of the slip moment is only possible by increasing the reservoir
pressure (Figure A5.1a). The increase of slip moment between Point E and Point F is
mainly accommodated by an increase of the slip displacement, while the size of the
slip patch hardly increases (Figure AS5.1b). The incremental reservoir depletion
between Point E and Point F is possible because the fault strength increases due to
increasing normal stress on the fault plane (Figure A5.3b).
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The SCU is equal to 1 at the tips of the slip patch during the bifurcation path from Point
D to Point E (Figure A5.3c) and SCU< 1 over the remainder of the existing slip patch.
For Point D, the slip patch has not extended yet over the deepest part of the
juxtaposition interval, as indicated by the SCU<1 (dark-green line). For Point E, the
SCU=1 over this interval, and SCU<1 over the interval just above it (light-green line).
This implies that the existing slip patch is unloading because of a reduction of reservoir
depletion from point D to E.

The seismic event caused by the merging of the two slip patches is expected to be
larger than caused by the instability of the shallow slip patch. This is motivated by the
substantial larger increase of slip moment Mo from Point D to Point F (27.3 GJ/m)
compared to the increase from Point A to Point C (3.3 GJ/m) as indicated in Figure
AS5.1a. Dynamic rupture simulation should confirm this finding from the static analysis.

In Figure AS5.4, the post-failure analysis results given Figure A5.2 are compared with the
results obtained from the dynamic rupture analysis of the Base Case discussed in
APPENDIX 3. The static post-failure analysis and the dynamic rupture analysis have the
same starting point at a reservoir depletion of 21.05 MPa. This is represented by the
dark-blue lines for the RSD in Figure A5.4q, for the friction coefficient in Figure AS5.4b,
and for the SCU in Figure AS5.4c. The light-blue lines represent the results obtained from
the post-failure analysis in Point C (Figure A5.1), whereas the red lines represent the
results from the dynamic rupture analysis after 0.7 s. This is well after the seismic rupture
is arrested after about 0.4 s.

The slip distribution and size of the shallow slip patch are very similar between the two
analyses except that the slip patch is somewhat further developed in the dynamic
rupture analysis. The shallow slip patch extends in the same direction and the RSD
distribution is similar in shape between the static and dynamic analyses, while the RSD
over the second, deep slip patch is the same. The difference is explained by the
absence of mass velocity in the static analysis that is increasing after nucleation and
is decreasing once the residual friction coefficient is reached. The deceleration of
mass in the dynamic rupture analysis requires mobilisation of addition shear stress
along the fault plane, leading to a larger slip patch and thus a larger release of
formation strain, pressure energy and seismic moment in the dynamic rupture analysis.
Therefore, the post-failure analysis provides an under-estimation of the size of the RSD,
the slip patch size, and thus the slip moment Mo. On the other hand, the post-failure
analysis provides insight into both limit points and their relative order of magnitude.
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Figure A5.4: Comparison between a) the Relative Slip Displacement (RSD), b) the friction coefficient,

and c) the Shear Capacity Utilisation (SCU) as a function of depth after the seismic event
in the Base Case (case mub5-182), obtained from the static (light-blue lines) and
dynamic rupture analysis (red lines).

Conclusions:

The post-failure analysis of the Base Case discussed in this appendix demonstrates that
the depletion level at which onset of seismic rupture is found in the dynamic rupture
analysis discussed in section 3.2 and Appendix A.3.2 is accurate. Furthermore, the
static post-failure analysis in this appendix shows a similar Relative Slip Displacement
over the shallow slip patch, with the understanding that the magnitude of the slip
displacement and the size of the slip patch is somewhat under-estimated. This is
explained by the velocity of the rock mass that needs to be decelerated in the
dynamic rupture simulation, and which is ignored in the static post-failure analysis. The
second, deep slip patch is stable in both analyses.

The static post-failure analysis, shows that a second limit point and associated seismic
event is present at a larger reservoir depletion level. The first seismic event is caused
by instability of the shallow slip patch, and is arrested when the residual friction
coefficient is reached over a part of the fault. The second seismic rupture is caused
by merging of the two slip patches, and is expected to have a larger seismic slip
moment than the first seismic rupture aft this location.
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APPENDIX 6. RESIDUAL FRICTION COEFFICIENT

The influence of the residual friction coefficient ur on the simulated seismic rupture is
evaluated in this appendix. The slope of the descending branch of the linear slip-
weakening relationship Wy (Figure Ab.1) is kept the same as in the Base Case
(APPENDIX 3), because it strongly influences the depletion level at which onset of
seismic rupture occurs (Uenishi and Rice, 2003, and Buijze et al., 2015) and thereby the
moment magnitude of the simulated seismic event. The slope in the Base Case is
calculated from the initial and residual friction coefficient of ui = 0.55 and pr = 0.45
respectively, and the critical slip displacement D = 0.01 m according to W, =
(u; — u)/D. = 0.01 mm™1. The slope W, is kept constant by adjusting the critical slip
displacement Dc in conjunction with the residual friction coefficient (Table A6.1).
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Figure A6.1: Linear slip-weakening relationships with an initial friction coefficient of 0.55 and a residual

friction coefficient between 0.25 and 0.50 and a slope Wu = 0.01 mm-1 of the
descending branch.

Table Aé.1: Overview of the analysis cases and the fault slip parameters used. The Base Case
discussed in APPENDIX 3 is highlighted in bold.

Case Cohesion Initial friction Residual friction Critical slip
[MPa] coefficient [-] coefficient [-] displacement [m]
Mub55-181 0 0.55 0.50 0.005
Mu55-182 0 0.55 0.45 0.010
Mu55-183 0 0.55 0.40 0.015
Mu55-184 0 0.55 0.35 0.020
Mu55-185 0 0.55 0.30 0.025
Mu55-186 0 0.55 0.25 0.030
Mu55-187 0 0.55 0.49 0.006
Mu55-188 0 0.55 0.48 0.007
Mu55-189 0 0.55 0.47 0.008
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Mub5-190 0 0.55 0.46 0.009

In sections A.6.1, the different development of the a-seismic slip patches with
increasing reservoir depletion is discussed for a residual friction coefficient larger than
the Base Case (0.45 < ur<0.50). In section A.6.2, attention is focussed on the case with
dr = 0.50, followed by a comparison of all cases with 0.48 < ur < 0.50 in section A.6.3. In
section A.6.4, the seismic rupture is discussed for a residual friction coefficient smaller
than the Base Case (0.25 < pr < 0.45).

Smaller values than 0.25 for the residual friction coefficient are not considered,
because this would lead to ongoing seismic rupture along the entire fault plane. This
implies that the residual friction is too small to carry the assumed initial, pre-production
in-situ stress condition (Buijze, 2015). This lower bound also correspond with
experimental values obtained by Di Torro et al. (2011). Evidence for a smaller residual
friction coefficient would require reconsideration of other modelling assumptions in
general, and the in-situ stress condition. A residual friction coefficient larger than 0.50
converges to a fault without slip-weakening, in which no fault instability and
associated seismic rupture occurs (van den Bogert, 2015).

A.6.1. Onset of seismic rupture for 0.45 < u, < 0.50

In this section, the onset of seismic rupture is evaluated for cases with a residual friction
coefficient 0.45 < ur<0.50 in Table Aé.1. The slope in the slip-weakening diagram W, =
0.01 mm-'is the same for all cases (Figure Aé.1). All other parameters are the same as
for the Base Case in APPENDIX 3.

Onset of seismic rupture occurs at 21.05 MPa for all cases in Table Aé6.1 with a residual
friction coefficient of 0.47 or smaller, which includes the Base Case discussed in
APPENDIX 3. For these cases, the total length of the two slip patches develops
identical and is about 27 m at the onset of seismic rupture at 21.05 MPa depletion
(Figure Aé.2). The maximum RSD is also identical with -0.0075 m. For the cases with pr >
0.48, onset of seismic rupture occurs at a significantly larger depletion level and
increases with the residual friction coefficient. So, the onset of seismic rupture is not
impacted by the residual friction coefficient if the difference with the initial friction
coefficient exceeds a certain threshold level.
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Figure A6.2: a) Total length of the slip patches, and b) the maximum Relative Slip Displacement (RSD)
as a function of reservoir depletion for the cases in Table A6.1.
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Figure A6.3: The Relative Slip Displacement (RSD) as a function of depth along the fault plane at 21.05
MPa reservoir depletion for ur = 0.50 (a), ur = 0.48 (b), and ur = 0.47 (c). Negative RSD
values indicate downward slip of the hanging wall relative to the foot wall.

The existence of a threshold level is explained by the RSD at 21.05 MPa reservoir
depletion for the different cases. For the case with ur=0.50 (Figure A6.3a) and pr = 0.48
(Figure A6.3b), the calculated maximum RSD is larger than the critical slip
displacement Dc of 0.005 and 0.007 respectively. However, for the case with ur = 0.47
the maximum RSD of -0.0075 is smaller than the critical slip displacement of 0.008
(Figure A6.3c). In the latter case, onset of seismic rupture is found at 21.05 MPa
reservoir depletion, whereas reservoir depletion can be continued for the other two
cases. Reaching the critical slip displacement and thus the residual friction coefficient
has a stabilising effect on the fault, because the fault strength does not further reduce
with increasing slip displacement (APPENDIX 3 and APPENDIX 5). So, reaching the
critical slip displacement in cases with ur > 0.48 suppresses instability of the shallow slip
patch. Instability of the shallow slip patch is not suppressed for cases with ur < 0.47. For
these cases, onset of seismic rupture occurs at the same reservoir depletion, because
the identical slope in the slip-weakening diagram enforces the same RSD and stress
distribution along the fault plane (compare Figure A6.3c and Figure A3.3a). So, onset
of seismic rupture is the same for cases with the same slope W, in the slip-weakening
diagram provided that the critical slip displacement D¢ is not reached.

The threshold value for the residual friction coefficient to cause onset of seismic
rupture at 21.05 MPa is about 0.475. For the Base Case, the maximum absolute RSD is
about 0.0075 m and about 75% of the critical slip displacement of 0.010 m. This means
that the friction coefficient is also 75% down the descending branch of the slip-
weakening diagram from 0.55 to 0.45. This implies that fault instability is reached at
21.05 MPa reservoir depletion for a residual friction coefficient smaller than about
0.475 provided that the slope of the descending branch in the linear slip-weakening
diagram Wy = 0.01 mm. The threshold value of the friction coefficient can be
estimated from any of the cases in Table Aé.1 that become unstable at 21.05 MPa.
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A.6.2. Seismic rupture for g = 0.50

Figure Aé.4 shows the fault condition at the onset of seismic rupture at 27.40 MPa
depletion for the case with ur = 0.50 (case muS5-181, Table A6.1). Figure Aé.4a shows
that the RSD exceeds the critical slip displacement Dc of 0.005 m over the two almost
merging slip patches (grey boxes). Correspondingly, the friction coefficient has
dropped to the prescribed residual value over a large part of both slip patches (Figure
Ab6.4b). Hardly any shear stress carrying capacity is left on the fault between the two
slip patches indicated by the SCU of almost 1 (red line in Figure Aé.4b). This is also seen
by the small difference between the shear stress (red line) and shear strength (dark
blue line) between the two slip patches in Figure Aé.4c. The shear strength zmax IS
calculated from the actual friction coefficient in Figure Aé.4b and the normal
effective stress (not shown) and the cohesion according to expression (2.1). This part
of the fault is in unstable equilibrium because the shear stress is larger than the residual
shear strength over this part of the fault (light blue line). In this case, seismic rupture is
caused by merging of the two slip patches.
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Figure Ab.4: a) the Relative Slip Displacement (RSD), b) the Friction coefficient and Shear Capacity
Utilisation, and c) the Shear stress and Shear strength as a function of depth along the
fault plane at the onset of fault slip at 27.40 MPa depletion for case mu55-181 with ur =
0.50 (Table Aé.1)
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Figure A6.5: a) Relative Slip Displacement, and b) relative slip velocity as a function of depth along

the fault plane at various moments during the rupture process for ur = 0.50 (case mub5-
181). Slip displacement and slip velocity are oriented tangential to the fault plane and
are given for the hanging wall relative fo the foot wall.

The relative slip velocity at the start of the seismic rupture after 0.4 s in Figure A6.5
shows two peak values: one at the bofttom of the shallow slip patch and one at the
top of the deep slip patch, thereby confirming that seismic rupture is caused by
merging of the two slip patches. The maximum (absolute) relative slip velocity of
about 0.83 m/s is reached after 0.423 s and is exactly located between the two slip
patches. Note that the RSD does not significantly increase over most of the two
original slip patches until this point in the simulation. Deceleration of the seismic rupture
occurs more gradual and extends the RSD over the entire area of the two merged slip
patches. However, the merged slip patch does not extend beyond its original size,
and remains contained to the juxtaposition interval of the fault (where the fault is
exposed to reservoir depletfion on both sides).

A.6.3. Seismic rupture for 0.45 < u, < 0.50

Two different root causes of fault instability and seismic rupture are found when
increasing the residual friction from 0.45 in the Base Case (APPENDIX 3) to 0.50
(previous section), namely:

m Instability is caused by the shallow slip patch at 21.05 MPa reservoir depletion for
cases with ur < 0.47. This occurs if the limit point is reached before the maximum
RSD reaches the critical slip displacement Dc.

m Instability is caused by the merging of the two slip patches for ur > 0.48. Instability
of the shallow slip patch is suppressed if the RSD reaches Dc before depletion
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reaches the limit point. Incremental reservoir depletion is required to propagate
the two slip patches a-seismically until they merge.

The results of all cases in Table Aé.1 are compared in this section
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Figure A6.6:

a) The Relative Slip Displacement (RSD), b) the friction coefficient, and c) the Shear

Capacity Utilisation (SCU) as a function of depth for all cases in Table A6.1 with 0.45 <ur

<0.50.

Figure A6.6 shows the Relative Slip Displacement, the actual friction coefficient and
the Shear Capacity Utilisation at the onset of seismic rupture for all cases in Table Aé.1.
The red lines valid for all cases with ur < 0.47, show an instable shallow slip patch at the
top of the hanging wall, and — at some distance — a small stable slip patch at the
bottom of the foot wall. In cases with ur > 0.48, reservoir depletion can be increased
beyond 21.05 MPa, because the residual friction coefficient is reached over both slip
patches (Figure A6.6b). The fault strength zmae as given by (2.1) increases with
increasing value of the residual friction coefficient and so does the reservoir depletion
at the onset of seismic rupture (Figure Aé.2). This allows the RSD and the slip patches
to be much larger compared to the cases with ur < 0.47. Seismic rupture is caused by
merging of the two slip patches in cases with ur > 0.48.
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Figure Ab.7: a) The RSD, b) the Shear stress, and c) the SCU as a function of depth along the fault
plane after 0.7 s when the seismic event has ceased for the cases with 0.45 <ur <0.50

Figure Aé6.7 shows the RSD after the seismic rupture for all six cases in the range 0.45 <
Mr < 0.50. The dark blue lines represent the case with ur = 0.50 of Figure A6.5. The RSD
after the seismic event increases when lowering the residual friction coefficient from
0.50 to 0.48 (dark green line), but the size of the slip patch is not significantly larger.
Note that the seismic event occurs at a lower reservoir depletion for yr = 0.48
compared to ur=0.50 (Figure Aé.2). Lowering of the residual friction coefficient to 0.47
causes the shallow slip patch to become instable at 21.05 MPa, as explained in the
previous sections. For this case, the maximum RSD increases from about -0.0075 m to
-0.010 m during the seismic rupture (light green line). Further reduction of the residual
friction coefficient increases the size of the slip patch as well as the maximum RSD. The
red lines represent the Base Case results with ur = 0.45 and are also shown in Figure
A3.9.

The development of the total length of the two slip patches, the maximum RSD and
other rupture parameters are given in Figure A6.8 and Figure A6.9 as a function of time
(the same line colours are used for each case as in Figure Aé.7). Note that time shifts
have been applied to align the results of different cases. Formation strain and pressure
energy is released (negative) during the rupture process and is dissipated by fault slip
and is radiated as (kinetic) wave energy. Seismic Moment Mo is dependent on the
rupture mechanism and the residual friction coefficient. Seismic efficiency (equation
A12.12) is not constant, but also dependent on the rupture mechanism and the
residual friction coefficient. The Base Case results (red lines) are the same as in Figure
A3.9.
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Figure A6.8: The total length of the two slip patches, the maximum RSD, the formation strain energy

and the formation pressure energy as a function of time for the cases with 0.45 <ur <0.50
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moment MO as a function of time for the cases with 0.45 <ur <0.50

A.6.4. Seismic rupture for g, = 0.35

So far, two different rupture mechanisms are presented in this appendix. One is
caused by instability of the shallow slip patch and occurs for cases with 0.45 <, <0.47,
while a second rupture mechanism is caused by merging of the two slip patches and
occurs for cases with 0.48 < ur < 0.50. In this section, a third rupture mechanism is
presented that occurs if ur = 0.35 (case muS5-184 in Table Ab6.1). Onset of seismic
rupture occurs at 21.05 MPa reservoir depletion and is caused by instability of the
shallow slip patch as for all cases with ur < 0.47 in Table Aé.1. At this depletion level, the
fault condition is the same as discussed for the Base Case in Appendix A.3.1.

The third Rupture Mechanism is presented in Figure A6.10 for the case with ur=0.35 by
means of the RSD and the (relative) slip velocity during seven stages of the simulation.
The nucleation phase of the rupture (indicated by 0 in Figure Aé6.10a and b) is
characterised by an increasing parabolic relative slip velocity distribution over the
shallow slip patch. Velocity front 1 decelerates after entering upwards into the foot
wall interval where the SCU is lower (see the Base Case results with pr = 0.45 in Figure
Aé.6c, and APPENDIX 4 for the interval definition). Velocity front 2 accelerates and
extends the slip patch in downward direction over the juxtaposition interval. The
relative slip velocity at each point on the fault plane reduces once the velocity front
has passed and the residual friction coefficient is reached (Dc = 0.02 m for this case).
In comparison, the maximum relative slip velocity for the Base Case with Dc = 0.01 m
that nucleates under the same stress conditions is only 0.35 m/s (Figure A3.4). The
(peak) velocity and patch size keeps increasing relative to the Base Case because of
the lower residual friction coefficient.
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The two slip patches start to merge after about 0.32 s (Figure A6.10c and d). Velocity
front 3 develops very quickly just above the deep slip patch between 0.330 and 0.338
s. In the meantime, main velocity front 2 accelerates, while front 1 continues
deceleration. The RSD graph shows that additional slip occurs over the deepest part
of the slip patch, which does not extend downwards so far. Note that the time interval
between the curves in Figure A6.10c and d is not constant.

Velocity front 3 exists very briefly and merges with velocity front 4 that develops when
the slip patch enters the hanging wall interval of the fault (Figure Aé6.10e and f).
Velocity front 3 reduces between 0.338 s and 0.344 s (indicated by arrow 3), when
front 4 appears at the interface between the foot wall reservoir and the basement.
Velocity front 2 continues to accelerate and front 1 continues to decelerate.

The deceleration phase of the rupture starts after about 0.344 s (Figure A6.10g and h).
The peak velocity of main front 2 is reducing, while also front 4 decelerates due to the
less favourable stress conditions over the hanging wall interval of the fault. Velocity
front 1 is stable and increases the slip patch marginally in upwards direction. Velocity
front 4 dies out rather quickly, being hardly unable to extend the slip patch between
0.36 and 0.37 s (Figure A6.10i and j). The main velocity front 2 is reducing steadily, while
front 1 remains stable at low velocity. Furthermore, it is noticed that the (downward)
relative slip velocity is increasing again in the shallow half of the slip patch.

The brief revival of velocity front 2 between 0.376 and 0.4 s (Figure A6.10k and |) may
be explained by the reduced fault strength caused by velocity front 4 previously. Also,
velocity front 1 accelerates somewhat, because of the arrival of velocity waves
coming from below. Figure A6.10m and n shows the last episode of the rupture process
in which the main velocity front 2 has ceased, and some last waves move the shallow
boundary of the slip patch a little further.
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The Relative Slip Displacement and relative slip velocity as a function of depth along the
(case mubs5-184).
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The Relative Slip Displacement and relative slip velocity as a function of depth along the

Figure A6.10:

fault plane for during the acceleration (top) and deceleration phase (bottom) for ur =

0.40 (case mub55-183), continued.

UNRESTRICTED - SR.18.01927



107

Depletion-induced fault slip and seismic rupture

1 1 _0 1 1 1 1
1 1 1 1 1 1 1
1 1 1 y 1 1 1 1
emwm | | i IR i i i i
.bm S S + 4 H & O t------ m---—-- + F-——-== Ll
aep 1 1 1 (b] 1 1 1 1
> %9 g ! " | > |58 " " " |
k= SMW% 1 1 1 - mw 1 1 1 1
g | ZJ oD o “ | S | 83 ! ! ! !
(o] — < 1 1 ' [e] el 1 1 1 1
- L= N ——ml—m—— - = + 4 0= - H o~ o }------ [ —— + [ 4 =
2|5z | CE[ S e | | “ O
1 1 1 — 1 1 1 1 —
g [T o2l “ 2l 2|28 “ “ “ £
& - ! ! I ! ! ! -3
1} ]
v B : R I R SR e : R i3
S _ _ " | S _ _ " " |
- L w o[ 1 - v ow @ “ “ ! ! 1
..ull- R S T - B B A ! .-n + 0 o 2 1 2o ! !
O L WL WY WO N N 1 N R RN ® ®© QO O 1 1 1
[l mom o m om omomom oM | ] I A T T B | i
A Lo o c S o G o S|y —— A || o o o o o S Oy Leme e oo 4
LT Tl | LT Tl o
1 1 1 1 1
1 1 1 N
1 1 1 1 1 1 1 1
1 1 1
1 1
1 w0 Lo_____ Qoo boooooo.oo o EEEEERR———————————— J o
8 ] g ] 8 3 2 g 8
=] o0 & = ~ ] 0 & ~
o o o o w o o o w
T 1 © T T T O
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
) " " “ @ " " “
c 4 + 18 c | 4o N 18
Q | | 1 Q 1 1 1@
1 1 1 1 1 1
E “ “ - | £ “ “ o
3 ! ! - " " LT
(1] 1 1 1 - (1] 1 1 ! -
= _ ! il = " " .
ol : : “SEl @ IR e “S§
- — 1 1 T - ,C
o ! ! A = ! ! L8
o 1 1 1 o
-3 “ | . 8| =2 “ | .
F— 1 1 F— 1
(%] e I S v 1 [7,] w n ow «» ” 1
S s REEER 55| 8 | QUEEERE RS 19
ﬁ 00000000“ “n_u .._u c o o o o o o “n,v
N R b s “
e 1 1 e 1
R 1 1 “ “ R 1 1 “
1 1
8 8 2 8 8
~ o] ] & ~
; w o o o s w
[w] yadeg AL [w] yadag AL

The Relative Slip Displacement and relative slip velocity as a function of depth along the

Figure A6.10:

fault plane for during the acceleration (top) and deceleration phase (bottom) for ur =

0.40 (case mub55-183), continued.
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Figure A6.10:  The Relative Slip Displacement and relative slip velocity as a function of depth along the
fault plane for during the acceleration (top) and deceleration phase (bottom) for ur =
0.40 (case mub5-183), continued.

The rupture mechanism for all cases with 0.25 < pr < 0.40 can be described by
nucleation at the shallow slip patch, downward acceleration, and subsequent
merger with the deep slip patch, followed by propagation into the fault hanging wall
interval. The slip patch propagates further into the hanging wall interval for a lower
value of the residual friction coefficient.

A.6.5. Overview of the rupture mechanisms

Three different rupture mechanisms have been discussed in this appendix, while using
the same fault and reservoir geometry, the same initial friction coefficient of 0.55 and
the same slope in the slip-weakening diagram at Wy = 0.01 mm-'. The residual friction
coefficient is the only parameter that has been varied. The three rupture mechanisms
are

m  Rupture Mechanism 1: Merging of the two slip patches for 0.48 < ur < 0.50.
m  Rupture Mechanism 2: Instability of the shallow slip patch without merging with

the deep slip patch for 0.45 < ur < 0.47.
m  Rupture Mechanism 3: Instability of the shallow slip patch and merging with the
deep patch for 0.25 < ur < 0.40.

The three rupture mechanisms are recognised in Figure Aé.11a that shows the RSD
after the seismic rupture for a selection of the cases in Table Aé.1. The dark-blue line
for the case with ur = 0.50 (Rupture Mechanism 1) shows a slip patch over the
juxtaposition interval, the light-blue the case for with pr = 0.45 (Rupture Mechanism 2)
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shows a small slip patch at the top of the hanging wall reservoir formation, and the
other cases with pr < 0.40 (Rupture Mechanism 3) show a slip patch that extends into
the hanging wall and foot wall intervals of the fault, while the maximum RSD is
increasing with lower value for the residual friction coefficient. The slip patch
propagates into the basement, below the hanging wall interval for the case with yr =
0.25 (mub5-186 in Table Aé.1, red line). The irregular RSD distribution in the basement
for this case is caused by the increased size of the interface elements, and reduces
simulation accuracy.

The shear stress over the slip patch after the seismic rupture (Figure A6.11b) reflects
the lower fault strength with reducing value for the residual friction coefficient. Note
that the reservoir depletion at onset of fault rupture is the same for all cases, except
for the case with yr = 0.50 (dark-blue line). This implies that the fault normal stress
distribution is the same, and that the fault strength is proportional with the (residual)
friction coefficient. Figure Aé.11b shows the residual fault strength over the
juxtaposition interval as the critical slip displacement is exceeded is all cases.

Relative Slip Displacement Shear Stress
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Figure A6.11:  The Relative Slip Displacement (a), and the shear stress (b) after the seismic event (0.7 s)
for the cases with a residual friction coefficient of 0.50, 0.45, 0.40, 0.35, 0.30 and 0.25.

The three different rupture mechanisms are also recognised in Figure A6.12 and Figure
A6.13, which show various rupture parameters as a function of time. The increase of
length of the two slip patches for Mechanism 3 starts at the same moment in time as
Mechanism 2, because instability occurs under the same conditions. The total length
of the slip patches is significantly larger if the patches merge in cases that exhibit
Rupture Mechanism 3 (0.25 < ur < 0.40) compared to Rupture Mechanism 2 (0.45 < ur <
0.47) in which they remain separated. A similar step-change is found for the other
parameters in Figure A6.12 and Figure A6.13: a lower value of the residual friction
coefficient causes a larger release of formation stain and pressure energy, more
kinetic energy and energy dissipated by fault slip, and a larger seismic efficiency and
seismic slip moment for Mechanism 2 and Mechanism 3. The response for Mechanism
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1 falls between those for Mechanism 2 and 3. The seismic efficiency also increases
when assuming a smaller residual friction coefficient, which implies that kinetic energy
fransmitted from the seismic event increases more than proportional with the

reduction of the friction coefficient.
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Figure A6.13:  The kinetic energy, seismic efficiency, energy dissipated by fault slip and the seismic slip
moment MO as a function of time for the cases with 0.25 <ur <0.40
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Figure A6.14:  Moment magnitude Mw as a function of the residual friction coefficient for the cases in
Table Aé.1 Slip-weakening relationship is as indicated in Figure A6.1 with ui=0.55 and Wy
= -0.01 mm-!. The fault and reservoir configuration is the same as in the Base Case
(APPENDIX 3).

Figure A6.14 shows a proportional increase of the moment magnitude Mw with a
reduction of the residual friction coefficient for each rupture mechanism separately.
Rupture Mechanism 2 generates significantly smaller seismic events and shows a
distinctly different dependency on the residual friction coefficient in comparison with
Rupture Mechanisms 1 and 3. This is attributed to the fact that Rupture Mechanism 2
does not include that merging of two slip patches, which releases more energy than
seismic rupture of asingle slip patch (Appendix A.6.5). The merging of two slip patches
that Rupture Mechanism 1 and 3 share may also be the reason that the moment
magnitude of these events follow almost the same trendline, albeit that the trendline
for Rupture Mechanism 1 is somewhat below that for Rupture Mechanism 3, as
indicated by the dotted line.

It is concluded that the moment magnitude is strongly influenced by the rupture
mechanism, which is related to the merging of the two slip patches. Rupture
Mechanism 2 results is smaller earthquakes than Rupture Mechanism 1 or 3 under the
same conditions. The distance between the two slip patches as well as the residual
friction coefficient is an influencing factor whether the two slip patches merge or not.
The distance between the slip patches is determined by the reservoir thickness and
offset.
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APPENDIX 7. RESERVOIR OFFSET

The influence of the reservoir offset O on the simulated seismic rupture is evaluated in
this appendix. Reservoir offset dominates the stress distribution along a fault plane that
intersects a depleting reservoir formations, and therefore also dominates the onset of
fault slip (van den Bogert, 2015) as well as the onset of seismic rupture (Buijze, 2016).
To this end, the reservoir offset of the Base Case (APPENDIX 3) is varied between 0 and
400 m by adjusting the depth of the hanging wall reservoir formation, while keeping
the foot wall at 2910 m depth. All other parameters are identical fo the Base Case:
the initial friction coefficient uiis 0.55, the cohesion C is negligible and the residual
friction coefficient uris 0.45, which is reached after a critical slip displacement Dc of
0.01 m. So, the slope in the slip-weakening diagram is Wy = 0.01 mm-!.

The fault stability condition is discussed for an offset smaller than reservoir thickness in
section A.7.1, for an offset about equal to the reservoir thickness in section A.7.2, and
for an offset larger than reservoir thickness in section A.7.3. The considered analysis
cases are specified in each section, while a complete overview of all cases in this
study is provided APPENDIX 2.

A.7.1. Offset smaller than reservoir thickness

In this section, a series of 16 analyses are presented (Table A7.1) with an offset smaller
than the reservoir thickness of 200 m. This includes the Base Case is discussed in
APPENDIX 3.

Table A7.1: Overview of analysis cases conducted for an offset smaller than the reservoir thickness
of 200 m. Normalised offset is offset divided by reservoir thickness. The Base Case
(APPENDIX 3) is highlighted in bold.

Case Offset O [m] Normalised offset O [-]
Mu55-121 0 0.000
Mu55-122 5 0.025
Mu55-123 10 0.050
Mu55-124 15 0.075
Mu55-125 20 0.100
Mu55-126 25 0.125
Mu55-132 30 0.15
Mu55-142 40 0.20
Mub55-152 50 0.25
Mub55-162 60 0.30
Mub55-172 70 0.35
Mu55-182 80 0.40
Mu55-192 ?0 0.45
Mu55-202 100 0.5
Mub55-212 120 0.6
Mub55-218 140 0.7
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Mub5-222 160 0.8

A.7.1.1. ONSET OF SEISMIC RUPTURE

The impact of the reservoir offset on the linear-elastic stress distribution for different
reservoir offset at 10 MPa depletion is shown in Figure A7.1. The green bars at the left-
hand side represent the reservoir depth range for the case with an offset of 30 m, and
normal stress is negative under compression. The normal effective stress on the fault
plane (Figure A7.1a) is lower over the juxtaposition interval, where the fault is exposed
to reservoir depletion on both sides, compared to the foot wall and hanging wall
intervals where the fault is exposed to reservoir depletion from just one side. A lower
normal effective stress implies that the fault strength is also lower in accordance with
the assumed Mohr-Coulomb friction law.

The two shear stress peaks associated with the hanging wall reservoir are deeper for
cases with a larger offset (Figure A7.1b). The other two shear stress peaks, at 2910 m
depth and at 3110 m depth remain in the same location, because these are caused
by depletion in the foot wall reservoir. Consequently, the distance between the two
peaks in the SCU value (Figure A7.1c) is smaller if the reservoir offset is larger.
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Figure A7.1: a) The effective normal stress distribution, b) the shear stress distribution and c) the Shear
Capacity Utilisation (SCU) as a function of depth along the fault plane at 10 MPa reservoir
depletion for different reservoir formation offset (O).

Onset of fault slip occurs at a lower depletion level with increasing reservoir formation
offset (Figure A7.2). The onset of fault slip is determined when the SCU is equal to 1 in
any interface element of 0.3 m on the fault plane, and thus when the length of the
slip patch is larger than 0. Figure A7.2 confirms that all cases with an offset between O
and 160 m are in an elastic stress condition at 10 MPa depletion. Onset of fault slip
occurs at 10.5 MPa reservoir depletion in case of 160 m offset (red line), and at 15.6
MPa in case of 30 m offset (dark blue line). Onset of fault slip is determined by the
initial friction coefficient and the cohesion, and is not impacted by the slip-weakening
behaviour. Therefore, results are similar to those in a previous study (van den Bogert,
2015). The fault is mechanically stable and the slip is a-seismic for all cases in Figure
A7.2, because it requires incremental reservoir depletion to extend the size of the slip
patch.
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Figure A7.2: a) Total length of the slip patches, and b) the maximum Relative Slip Displacement (RSD,
right) as a function of reservoir depletion for the cases with an offset between 30 and
160 m.

Onset of seismic rupture — which is characterised by a vertical gradient of the slip-
depletion curve in Figure A7.2 —is found at a lower depletion level with increasing
reservoir offset. This is valid for all cases except for the case with 30 m offset, which
requires a depletion larger than 30 MPa to become unstable. Reservoir depletion has
been limited to 30 MPa, because this corresponds to an absolute reservoir pressure
close to zero. So, cases with an offset of 30 m or smaller do not become seismogenic
up to 30 MPa reservoir depletion and show only a-seismic slip. The fault becomes
unstable at a depletion level that decreases with increasing offset for cases with an
offset larger than 30 m. The same simulations without slip weakening do not lead to
fault instability. So, it is concluded that (slip) weakening of the fault is a required but
insufficient condition to explain seismogenic behaviour. Reservoir offset also strongly
influences at which reservoir depletion onset of seismic rupture occurs: cases with a
small reservoir offset are less vulnerable for seismic slip compared to cases with an
offset about equal to the reservoir thickness under the same fault slip properties.
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Figure A7.3: a) The RSD, b) the shear stress distribution and c) the Shear Capacity Utilisation (SCU) as
a function of depth along the fault plane at the onset of seismic rupture for the cases
with an offset between 40 and 160 m.
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Figure A7.3 shows the fault condition at the onset of seismic rupture for the same cases
as in Figure A7.2. This includes the Base Case with 80 m offset discussed in APPENDIX 3
(dark-green line). The green bars at the side of the graph represent the case with the
smallest offset (40 m). The shallow slip patch occurs at a deeper location with
increasing offset, because it is associated with depletion in the hanging wall, while the
deep slip patch remains in the same location because it is associated with depletion
of the foot wall reservoir, which is at the same depth in all cases. Fault slip (RSD)
localises at the shallow patch after the onset of fault slip similar to the Base Case. The
RSD develops further over a somewhat larger slip patch at the onset of seismic rupture
for a reducing reservoir offset (Figure A7.2b and Figure A7.3a). The absolute shear
stress between the two slip patches (Figure A7.3b) is quite similar at the onset of seismic
rupture for all cases, although reservoir depletion reduces with increasing offseft.
Seismic rupture nucleates at the shallow slip patch for all cases in this section.

Onset of seismic rupture occurs at a lower depletion level because the shear stress
loading of the fault occurs over a smaller depth interval with increasing reservoir offset
(see Appendix A.3.1 for the Base Case). Figure A7.3c shows that the two slip patches
are located closer and the SCU between the patches is larger with increasing offset.
In other words: the entire juxtaposition interval — where the fault is exposed to
depletion on both sides —is closer to failure at the onset of seismic rupture. A smaller
reservoir depletion is required the reach onset of seismic rupture if the offset is larger,
because shear stress is concentrating over a smaller juxtaposition interval.

A.7.1.2. FAULT RUPTURE

This section presents the dynamic rupture simulations of the seismic events that follow
after the fault has reached instable equilibrium for the cases discussed in the previous
section. For each case, the rupture mechanism is determined in accordance with the
classification infroduced in APPENDIX 6:

m  Rupture Mechanism 1: Merging of the two slip patches for 0.48 < ur < 0.50.
m  Rupture Mechanism 2: Instability of the shallow slip patch without merging with the

deep slip patch for 0.45 < ur < 0.47.
m  Rupture Mechanism 3: Instability of the shallow slip patch and merging with the
deep patch for 0.25 < ur < 0.40.

Rupture Mechanism 1 does not apply for the cases considered here, because the two
slip patches shown in Figure A7.3 are still separated at the onset of seismic rupture.

Relative Slip Displacement Shear Stress
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Figure A7.4: a) The Relative Slip Displacement, b) the shear stress, and c) the Shear Capacity
Utilisation affer the seismic event for a selection of the cases in Table A7.1.

Rupture Mechanism 2 is simulated for cases with an offset up to 90 m (0.45 normalised
offset), whereas Rupture Mechanism 3 is found for cases from 100 to 180 m offset. This
is seen from the Relative Slip Displacement after the seismic event shown in Figure
A7.4a, which shows two slip patches for the cases with 40, 60 and 80 m offset. The
same is found for the case with 90 m offset (not shown). The maximum RSD increases
with increasing reservoir offset for cases with Rupture Mechanism 2, although the
depletion level is lower at the onset of seismic rupture.

Rupture Mechanism 3 applies for the cases with an offset from 100 to 180 m, because
a single merged slip patch is simulated after the seismic event. The size of the slip
patch and RSD is larger than for Rupture Mechanism 2. However, the maximum RSD
after the seismic event is reducing for cases with an offset of 140 m or larger (orange
and red lines). Furthermore, it is noted that the critical slip displacement of 0.01 m is
exceeded in all cases during the seismic event (Figure A7.4a). This implies that the
residual friction coefficient is reached in all cases. The shear stress over the slip patch
interval in Figure A7.4b therefore represents the residual fault strength.

The slip patch remains contained within the juxtaposition interval of the fault for all
cases, including those with Rupture Mechanism 3. This is explained by the SCU value
reducing from 1 to 0 between the bofttom of the foot wall reservoir to the bottom of
the hanging wall reservoir (the hanging wall interval of the fault) as shown in Figure
A7.4c. This implies a large capacity of the fault to carry additional shear stress, which
prevents the rupture to propagate far into the hanging wall interval of the fault. This
limits the growth of the slip patch and the RSD for a reservoir offset of 140 m and larger
(0.7 normalised reservoir offset).
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Figure A7.5: The total length of the two slip patches, the maximum RSD, the formation strain energy
and the formation pressure energy as a function of time for a selection of the cases in

Table A7.1.

The occurrence of the two different rupture mechanisms is also recognised in the
evolution of the slip patch size, the RSD and the energy components during the
rupture process. The top-right graph of Figure A7.5 shows that the RSD is significantly
larger after an event with Rupture Mechanism 3 than after Rupture Mechanism 2.
Furthermore, it is seen that the largest RSD is reached for an offset of 120 m (yellow
line). Note that time shifts have been applied to align results. The evolution of the RSD
over time is fastest for the case with 160 m offset (red line), but also shows a sudden
arrestment after about 0.3 s. Re-stabilisation of the fault plane occurs more gradually
over time for the cases with a smaller reservoir offset, in partficular for those that exhibit
Rupture Mechanism 2. This is explained by the stress conftrasts between the
juxtaposition and hanging wall interval of the fault. Note that the case with 100 m
offset shows the largest size of the slip patch and release of formation strain and
pressure energy, but not the largest RSD after the seismic rupture.
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Figure A7.6: The kinetic energy, seismic efficiency, energy dissipated by fault slip and the seismic slip

moment Mo as a function of time for a selection of cases in Table A7.1

The kinetic energy is a good indicator for the start of the seismic rupture process, as
well as the transition point from the acceleration to the deceleration phase. The
seismic rupture starts when the kinetic energy takes off, while the deceleration phase
starts at the point with the largest kinetic energy. The seismic rupture ceases when the
seismic slip moment Mo does not further increase (note the logarithmic scale). This is
the case after about 0.4 s for all cases in Figure A7.6 (timelines have been shifted to
align results). The remaining kinetic energy in the model represents the radiated wave
energy that is transmitted into the subsurface.

The case with 100 m offset (0.5 normalised reservoir offset) generates an event with
the largest seismic slip moment Mo (light-green line in Figure A7.6). The seismic slip
moment is calculated from the RSD and the size of the slip patch as described in
APPENDIX 13. This case also dissipates the largest amount of energy by fault slip.
Therefore, less kinetic energy is available compared to some other cases with Rupture
Mechanism 3. Interestingly, the seismic efficiency after 1 s, when the seismic events
has ceased in all cases, increases monotonically with reservoir offset. The seismic slip
moment and the seismic efficiency for Rupture Mechanism 2 is an order of magnitude
smaller compared to Rupture Mechanism 3.
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Figure A7.7: Change of shear stress along the fault plane as a function of depth as a result of the

seismic rupture for a selection of the cases in Table A7.1. Positive values represent the
stress drop over the seismic slip patch.

The stress drop is not uniformly distributed over a seismic slip patch. Figure A7.7 shows
the difference between the shear stress distribution before the seismic event (Figure
A7.3b) and after the seismic event (Figure A7.4b) Positive values for the stress change
mean that the incremental shear stress is directed upwards and constitutes a stress
drop over the slip patch. The stress drop over the center of the slip patch is
compensated by negative (downward) shear stress just above and below the seismic
slip patch. Integration of the change of shear stress along the entire fault plane should
be zero, because reservoir depletfion is the same before and after the seismic event
and sois the total (shear) stress loading along the fault plane. A seismic rupture causes
a redistribution of mainly shear stress from the seismic rupture area to locations
adjacent to it. This highlights the importance of a low SCU adjacent to juxtaposition
interval of the fault plane to arrest a seismic rupture.

A.7.2. Offset of about 1 reservoir thickness

Attention is focussed at three cases (Table A7.2) with a normalised reservoir offset of
0.9, 1.0 and 1.1. The close vicinity of the two slip patches has a distinct impact on the
onset of seismic rupture and the rupture mechanism and is therefore discussed
separately.

Table A7.2: Overview of analysis cases conducted for an offset of about one reservoir thickness of
200 m. Normalised offset is offset divided by reservoir thickness.

Case Offset O [m] | Normalised offset O [-]
Mu55-232 180 0.9
Mub55-242 200 1.0
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Mub55-252 220 1.1

A.7.2.1. ONSET OF SEISMIC RUPTURE

Onset of seismic rupture occurs at 12.22 MPa reservoir depletion for the case with 180
m offset (orange lines in Figure A7.8). This is lower than for the case with 160 m offset
(blue line included for reference) and is a confinuation of the trend found in the
previous section. However, the total length of the two slip patches for 180 m offset is
smaller than for 160 m offset, which is a deviation from the trend found in the previous
section.

Onset of seismic rupture does not occur if the offset is 200 m, which is equal to the
reservoir thickness. The green line in Figure A7.8a shows a diminishing slope if reservoir
depletion becomes larger than 15 MPa. This implies that the fault becomes more
stable with increasing depletion, because a larger incremental reservoir depletion is
required to propagate the slip patch.

Onset of seismic rupture occurs at 11.16 MPa reservoir depletion for the case with 220
m offset (red lines in Figure A7.8). The total length of the slip patch is somewhat larger
compared to the case with 180 m offset, although the depletion level is somewhat
smaller.
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Figure A7.8: a) Total length of the slip patches, and b) the maximum Relative Slip Displacement (RSD,
right) as a function of reservoir depletion for the cases with an offset between 160 and
220 m.
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Figure A7.9:

Relative Slip Displacement (RSD) as a function of depth at different depletion levels up

to the onset of seismic rupfture for a reservoir offset of a) 180 m, b) 200 m and c) 220 m.

The different response is explained by the RSD distribution at the onset of seismic
rupture. The development of the RSD for 180 m offset in Figure A7.9a shows two a-
seismic slip patches that are about equal in size with about the same maximum RSD.
The limited distance between the slip patches, which is dictated by the offset and the
reservoir thickness (indicated by the green bars at the left-hand side of the graph),
prevents the localisation of slip at the shallow patch as found for cases with smaller
offset. Instead, fault instability is caused by merging of the two slip patches at 12.22
MPa reservoir depletion (red line). This means that Rupture Mechanism 1 applies for
an offset of 180 m.

Only one slip patch develops if the offset is equal to the reservoir thickness (Figure
A7.9b). This is explained by the fact that the critical shear stress locations caused by
depletion in the foot wall and the hanging wall coincide. This concentration of shear
stress in one location is the reason why this configuration is most prone to a-seismic
fault slip. Onset of seismic rupfure does not occur, because the crifical slip
displacement of 0.010 m is reached before the single slip patch becomes unstable.
This occurs aft slightly more than 15 MPa reservoir depletion and causes the sudden
change in slope of the green line in Figure A7.8a. A different assumption for the slip-
weakening relationship is required to simulate seismic rupture for this fault
configuration.

For an offset of 220 m, two slip patches develop after about 8.2 MPa depletion that
merge into a single slip patch after about 11 MPa (Figure A7.9c). The fault becomes
instable after 11.16 MPa reservoir depletion when the merged slip patchis 27.5 m and
the maximum RSD is -0.009 m. So, merging of the two slip patches occurs in a stable
fashion and onset of seismic rupture is caused by instability of the merged slip patch
(Rupture Mechanism 2). This is remarkable, because merging of two slip patches
causes fault instability in all other cases discussed thus far.

So, merging of the two slip patches (Rupture Mechanism 1) causes onset of seismic
rupture in case of 180 m offset, but it does not in case of 220 m offset. In the latter
case, seismic rupture occurs starting from a single, merged patch (Rupture
Mechanism 2). Note that the critical slip displacement of 0.01 m is not reached in
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either cases. This is different from the cases that exhibit Rupture Mechanism 1 in
APPENDIX 6, which all have reached the critical slip displacement at the onset of
seismic rupture. Also, it is found that the case with 200 m offset (normalised offset 1) —
which is most prone to a-seismic slip — does not necessarily lead to fault instability and
seismic rupture.

A.7.2.2. FAULT RUPTURE

Figure A7.10 shows the RSD, the stress drop and the SCU after seismic rupture for the
cases with 180 m (orange) and 220 offset (red). The case with 160 m offset discussed
in section A.7.1 is included for reference (blue). The green bars at the left-hand side
of the graph represent the case with 220 m offset. Note that the depth of the hanging
wall increases with offset, while the foot wall is at the same depth for all cases. It is
seen that that the size of the slip patch, which is determined from the SCU distribution,
and the maximum RSD are relatively small for 180 m offset compared to the case with
160 m offset, while the stress drop is quite similar, albeit over a smaller slip patch. So,
stress drop is not proportional with RSD. This is the consequence of a presumed linear
slip-weakening relationship for the fault. The assumption of a residual friction
coefficient implies a limitation of the reduction of the fault strength if the critical slip
displacement is exceeded.

The SCU distribution as a function of depth in Figure A7.10c explains why the slip
patches are confined by the reservoir boundaries. The SCU reduces quickly below the
bottom of the foot wall, and above the top of the hanging wall reservoir formation for
all cases. The substantially lower SCU values adjacent to the seismic slip patch
indicates a substantial capacity to carry additional shear stress and arrest a seismic
rupture.

Relative Slip Displacement Change of Shear Stress scu

-2850

T T T ]
(0= 160 m, 14.8 MPa 0= 160 M, 14.8 MPa !

\ | ——0=160m, 14.8MPa |1
: H

! | ! ~ . 1 ! | H
0=180m, 1222 MPa -~ - === §m e - i” e 1 0=180m, 12.22 MPa|) 2900 g ] 0=180m, 12.22 MPa ||
H ] ' r

'
0= 220m, 11.16 MPa |

——0=220m, 11.16 MPa | | =——0=220m, 11.16 MPa ||

oy

------------------------------------

-----------------------------------

E q : B
g-amo ————————————————————————————————— 9 L_j Rl S St FETT . | [ S . S (A
‘ : - i
P , . | 5 ) | :
BI50 e | R Tttt EELE e S e .
SRS DR DU | N 3200 4 - o
0 : : 1 | Downward Unloading of |!
' | Mechanism 2 b !
RS SO SN ey e 350 | shear stress | | | downward L
loading shear stress | |
3300 J--------bocemccmcccieccmcemccdomcanena= 3300 dk-------- R | 1
a) b)
3G Lessssssssbessssssssbocsassssniasnannnns J 3350 ~-mmmmmmmmmm e e o
-0.04 -0.03 -0.02 -0.01 0 -10 -5 o 5 10
Displacement [m] Stress [MPa]

Figure A7.10:  a) The Relative Slip Displacement, b) the change of shear stress, and c) the Shear
Capacity Utilisation as a function of depth after the seismic event for cases with an offset
of 160, 180 and 220 m. A negative value indicates a downward directed change of
shear stress (fault loading) and posifive values indicate an upward directed change
(unloading).
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A.7.3. Offset larger than reservoir thickness

In this section, cases with a reservoir offset between 240 m to 400 m (normalised offset
between 1 and 2) are discussed (Table A7.3). All other modelling parameters are the
same as in the previous sections and identical to the Base Case. The offset is varied
by increasing the depth of the hanging wall, while keeping the foot wall at the same
depth.

Table A7.3: Overview of analysis cases conducted for an offset of more than the reservoir thickness
of 200 m. Normalised offset is offset divided by reservoir thickness.

Case Offset O [m] Normalised offset O [-]
Mu55-262 240 1.2
Mu55-272 260 1.3
Mu55-282 300 1.5
Mub55-292 400 2.0

A.7.3.1. ONSET OF SEISMIC RUPTURE

The reservoir depletion that causes onset of seismic rupture increases from 13.06 MPa
for 240 m offset to 17.69 MPa for 400 m offset (Figure A7.11a). The maximum RSD at
the onset of seismic rupture also increases (Figure A7.11b), while the size of the slip
patch decreases with increasing offset. The case with 220 m offset discussed in the
previous section is included for reference, showing a deviation of this frend caused by
the close vicinity of the two slip patches causes.

100 0,000 T
—0=220m —0=220m
90 __o-20m 0001 - S —o0=240m
—_—0= H H 0= 260
30 0=260m | Onset of seismic rupture | 0002 - n
0=300m 0=300m
70 | ——0=400m 0,003 ——0=400m
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50

slip patch length [m]

40 -

30 +

Relative Shear Displacement [m]
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o 5 10 15 20 25 30 o 5 10 15 20 25 30
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Figure A7.11:  a) Total length of the two slip patches, and b) the maximum Relative Slip Displacement
(RSD) as a function of reservoir depletfion for an offset larger than reservoir thickness
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Figure A7.12:  a) The RSD, b) the shear stress distribution and c) the Shear Capacity Utilisation (SCU) as
a function of depth along the fault plane at the onset of seismic rupture for the cases
with an offset (O) larger than reservoir thickness.

The fault condition at the onset of seismic rupture are shown in Figure A7.12 for the
cases in Table A7.3. The green bars at the side of each graph represent the depth of
the foot wall and hanging wall formation for the case with 240 m offset. Two slip
patches are present at the onset of seismic rupture for all cases as indicated by the
RSD and SCU distribution. Note that the shallow slip patch is located at the bottom of
the foot wall, whereas it is located at the top of the hanging for a reservoir offset
smaller than the reservoir thickness. Slip displacement localises at the shallow slip
patch, similar to the cases with an offset smaller than the reservoir thickness. The
maximum RSD at the shallow slip patchis larger for larger offset, which is also attributed
to the higher depletion level at which onset of seismic rupture occurs. The deep slip
patch is stable and is not significantly influenced by the offset. In all cases the critical
slip displacement Dc=0.01 and seismic rupture is caused by instability of the shallow
slip patch (Rupture Mechanism 2 or 3), except for the case with 240 m offset, in which
merging of the two slip patches is the root cause of fault instability (Rupture
Mechanism 1).

A.7.3.2. FAULT RUPTURE

All three rupture mechanisms are found for the cases in Table A7.3. Figure A7.13a
shows the RSD distfribution over the fault plane after the seismic rupture has ceased.
For 240 m offset (light blue line), the rupture mechanism is caused by merging of the
two slip patches (Rupture Mechanism 1), whereas onset of seismic rupture is caused
by instability of the shallow slip patch for an offset of 260 m and larger. The instable
shallow slip patch merges with the deeper slip patch during the seismic rupture for the
cases with 260 and 300 m offset (Rupture Mechanism 3), whereas merging this does
not occur if the offset is 400m (red line). The deep slip patch remains stable and o-
seismic in this case and Rupture Mechanism 2 applies.
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Figure A7.13:  a) The Relative Slip Displacement, b) the change of shear stress, and c) the Shear
Capacity Utilisation as a function of depth after the seismic event for cases with an offset
larger than reservoir thickness.

It is seen that the slip patches are located just below the bottom of the foot wall
reservoir in all cases. Propagation to shallower depth into the foot wall reservoir is
prohibited by the lower SCU (Figure A7.13c). Propagation downward is prohibited by
the lower SCU in the hanging wall reservoir. This is the reason why the seismic slip patch
remains confined to the interval between the foot wall and hanging wall in all cases
considered in this section. The lower SCU value is caused by a lower shear stress as
well as a larger fault strength. The latter is caused by reservoir depletfion that induces
a higher (effective) normal stress on the fault plane over the foot wall and hanging
wall intervals compared to the juxtaposition interval (where the fault is exposed to
reservoir depletion on both sides).

The stress drop (Figure A7.13b) is limited to about 2 MPa. This is caused by the
prescribed reduction of the friction coefficient from 0.55 to 0.45 if the RSD reaches the
crifical slip displacement Dc of 0.01 m. Figure A7.13a shows that the critical slip
displacement is exceeded only over a small part of the slip patch for the case with
400 m offset. This explains why the stress drop is proportional with the RSD until the
crifical slip displacement is reached, and why the stress drop is smaller for an offset of
400 m compared to the other cases in Figure A7.13.

A.7.3.3. ONSET OF SEISMIC RUPTURE AND MOMENT MAGNITUDE

The onset of fault slip and the onset of seismic rupture have been discussed by varying
the reservoir offset between 0 and 400 m and compared fto the Base Case
configuration. The length of the slip patches and the Relative Slip Displacement just
before and after the seismic rupture event have been determined. For each case,
the rupture mechanism is determined in accordance with the classification
infroduced in APPENDIX 6:

m  Rupture Mechanism 1: Merging of the two slip patches for 0.48 < ur < 0.50.
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m  Rupture Mechanism 2: Instability of the shallow slip patch without merging with the

deep slip patch for 0.45 < pr<0.47.
m  Rupture Mechanism 3: Instability of the shallow slip patch and merging with the
deep patch for 0.25 < pr < 0.40.

In this section, the results of the previous three sections are combined to evaluate the
influence of the normalised reservoir offset O on the simulated response.
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Figure A7.14:  a) Reservoir depletion at the onset of fault slip and the onset of seismic rupture, b) the length
of slip patch 1 (shallow) and slip patch 2 (deep) at the onset of seismic rupture, both as a
function of the normalised reservoir offset. The background colour and number refers to
Rupture Mechanism 1, 2 or 3.

Figure A7.14a shows the impact of the normalised reservoir offset on the reservoir
depletion that causes onset of fault slip and the onset of seismic rupture. The onset of
fault slip (green line) is similar to the result found in a previous study (van den Bogert,
2015), and indicates the depletion pressure below which no fault slip occurs and small
displacement are considered recoverable (elastic). A reservoir with an offset about
equal to the reservoir thickness is most prone to fault slip, whereas a reservoir without
offset is least prone to fault slip due to reservoir depletion. The relationship in Figure
A7.14a also implies that reservoir depletion on one side of the fault does not constitute
a worst-case scenario, as this condition is represented by the case with a very large
offset.

Fault slip is accommodated in an a-seismic fashion in the depletion range between
the onset of fault slip (green line) and the onset of seismic rupture (yellow line). A similar
relationship is found for the onset of seismic rupture compared to the onset of fault
slip. It is seen that this depletion range is smallest for an offset of about the reservoir
thickness and it is increasing for a smaller and larger offset. In case of a normalised
offset of O = 0.2, onset of fault slip occurs at 14.6 MPa, while onset of seismic rupture
does not occur up to 30 MPa depletion. A normalised offset of 1 is a special case in
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which no seismic rupture is simulated for the assumed linear slip-weakening
parameters ur and W,.

A large depletion range with a-seismic fault slip can be regarded as structurally ductile
behaviour, whereas a small depletion range with a-seismic fault slip can be
considered as a brittle response. In this sense, a small (normalised) reservoir offset
demonstrates a more ductile structural response, whereas a normalised offset of
about 1 demonstrates a more brittle response under the same fault slip-weakening
assumptions.

The rupture mechanism that occurs after the onset of seismic rupture is indicated by
the background colour in Figure A7.14. Rupture Mechanism 2 applies (indicated by
the blue areas) if the distance between the two slip patches is relatively large and
instability of the shallow slip patch does not lead to merger with the deep slip patch.
For the assumed slip-weakening behaviour this is found for a normalised offset smaller
than 0.5, or larger than about 1.5. Rupture Mechanism 3 applies (green areas) if the
distance between the slip patches is sufficiently small to allow an instable shallow slip
patch to merge with the deeper slip patch. Merging of the slip patches is the root
cause of seismic rupture (Rupture Mechanism 1, yellow areaq) if the normalised offset
if sclose to 1 and. An exceptionis found in the case with 220 m offset, in which merging
of the two slip patches occurs in a stable fashion. Rupture Mechanism 2 is assigned to
this case, because fault instability occurs from a single merged slip patch. This case
shows that merging of two slip patches not necessarily leads to fault instability.

The length of the shallow slip patch (slip patch 1) at the onset of seismic rupture (solid
blue line in Figure A7.14b) is consistently smaller than the critical slip length Lc (red line)
analytically derived following Uenishi and Rice (2003), which reads

_ 1158 G
cT a-vwyw

Herein, v is Poisson’s Ratio, G is the shear modulus of the fault and W is the slope of the
descending branch of the linear slip-weakening diagram in [MPa/m]. The value for W
is the product of Wy =0.01 mm' and the normal effective stress according to equation
(3.2) and varies with depth. The value for Lc plotted in Figure A7.14b is based on the
average value of W over the juxtaposition interval for 0 <1 and the fault interval
between the foot wall and hanging wall reservoirs for 0 >1. The shear modulus G is 4
GPa (Young's modulus of 10 GPa and Poisson’s ratio of 0.25). So, the critical slip length
is not the same in all cases because the depletion level and the average normal
effective stress is dependent on the reservoir offset. The length of the slip patch at the
onset of seismic rupture is between 93% and 96% of the analytical value of Lc for the
cases in this chapter. The correspondence between the calculated length of the
shallow slip patch and the theoretical value would increase by about 2% if the
average value of W would be calculated over the shallow slip patch only. Buijze
(2015) found that faults become unstable at about 80% of this analytical nucleation
length. It is concluded that the theoretically calculated value of Lc corresponds rather
good with the dynamic rupture simulations in this chapter, despite the variation of W
over the fault plane.
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Figure A7.15:  Moment magnitude and sfress drop (right-hand side) as a function of normalised
reservoir offset with ui = 0.55, ur=0.45 and W, =0.01 mm-! (C =0 MPa). For the calculation
of Mw, it is assumed that the rupture width (in strike direction of the fault) is equal to the
rupture length (in dip direction). The length of the bars indicates the moment magnitude
if the rupture width would be 0.5 and 2 times the length of the slip patch.

Figure A7.15 shows the complex relationship between the moment magnitude Mw
and the average stress drop with the normalised reservoir offset for the fault slip
behaviour assumed in this chapter thus far. The moment magnitude is calculated from
the (seismic) slip moment Mo as given in Figure A7.6 (after 0.7 s) for a O <1 using the
expression in APPENDIX 13, while assuming a rupture width between 0.5 and 2 times
the calculated slip patch length (Figure A7.5 after 0.7 s). The moment magnitude
shows a step change between the Rupture Mechanisms 2 and 3, but follows a clear
trend for each rupture mechanism separately. Some more analyses cases would be
required with a normalised offset of about 1 to evaluate the competition between
different rupture mechanisms, or the absence thereof. Figure A7.15 does allow the
conclusion that Rupture Mechanism 3 causes seismic events with the largest
magnitudes, while Rupfure Mechanism 1 and 2 generally yield a smaller moment
magnitude.

The stress drop in Figure A7.15 is the average over the seismic slip patch as presented
in Figure A7.7 and similar results for the other cases. No generally applicable
relationship is found between stress drop and moment magnitude. Stress drop
increases with moment magnitude for cases with O <1 and Rupture Mechanism 2,
while stress drop is constant with reducing moment magnitude for cases with O <1
and Rupture Mechanism 3. A negative correlation between stress drop and moment
magnitude is found for Rupture Mechanism 3 and O >1. This mixed relationship is
aftributed to the imposed residual friction coefficient, which limits the stress drop for
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increasing values of the Relative Slip Displacement. Based on Figure A7.15 it is
concluded that Rupture Mechanism 2 generates a smaller stress drop than Rupture
Mechanism 1 and 3.

A.7.3.4. RESIDUAL FRICTION COEFFICIENT

Three different rupture mechanisms may occur depending on the reservoir offset while
assuming the same fault slip behaviour. The same three rupture mechanisms may
occur by varying the residual friction coefficient for a given reservoir offset (APPENDIX
6). In this section, the combination of the two influencing factors is investigated by
repeating the analyses discussed so far in this chapter for a residual friction coefficient
in the range between 0.50 and 0.25. The critical slip displacement D¢ is adjusted to
maintain the slope in the linear slip-weakening diagram at Wy = 0.01 mm-' (Figure
Aé6.1). All other parameters are the same as in the Base Case.

A.7.3.5. ONSET OF SEISMIC RUPTURE

For the Base Case with 80 m offset discussed in APPENDIX 3, it is found that merging of
the two slip patches (Rupture Mechanism 1) is the root cause of seismic rupture for pr
> 0.48, and instability of the shallow slip patch (Rupture Mechanism 2 or 3) is the root
cause for ur < 0.47. More precisely, the threshold value for the residual friction
coefficient that marks the tfransition between the two root causes is determined at pr
= 0.475. In this section, the transition between the two root causes is investigated for
different offset. To this end, cases are run with a residual friction coefficient of 0.50 and
with Dc=0.005 m (Table A7.3).

Table A7.3: Cases with a residual friction coefficient of 0.50, a critical slip displacement of 0.005 m
(Wu =0.01 mm’) and a normalised offset O between 0 and 2.

Case Offset Normalised Case Offset O | Normalised

O [m] offset O [-] [m] offset O [-]
Mub5-151 50 0.25 Mu55-221 160 0.80
Mu55-161 60 0.30 Mu55-231 180 0.90
Mu55-171 70 0.35 Mu55-251 220 1.1
Mu55-181 80 0.40 Mu55-261 240 1.2
Mub5-191 90 0.45 Mub5-271 260 1.3
Mu55-201 100 0.50 Mu55-281 300 1.5
Mu55-211 120 0.60 Mu55-291 400 2.0
Mub5-217 140 0.70

Figure A7.16 shows the total length of the two slip patches as a function of reservoir
depletion for an offset between 50 and 400 m and a residual friction coefficient of
0.45 (solid lines) and 0.50 (dashed lines). Instability of the shallow slip patch is the root
cause of seismic rupture for ur < 0.45 and O < 160 m. This is indicated by the vertical
slope at the end of the solid lines (see previous sections of this chapter). The root cause
and depletion level at which seismic rupture occurs is the same for a residual friction
coefficient smaller than 0.45, because the slope of the descending branch in the
linear slip-weakening relationship remains the same, as discussed in Chapter
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APPENDIX 6. Instability of the shallow slip patch is also the root cause of seismic rupture
for ur < 0.45 and a reservoir offset of 240 m and larger (Figure A7.16b).
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Figure A7.16:  Total length of the slip patches as a function of reservoir depletion for a residual friction
coefficient of 0.50 (dashed lines) and 0.45 or smaller (solid lines) and for a reservoir offset
smaller (a) and larger than the reservoir thickness (b).
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Figure A7.17:  The threshold value for the residual friction coefficient that marks the fransition between
the root causes of seismic rupture: Rupture Mechanism 1 that is caused by merging of
the two slip patches and Rupture Mechanisms 2 and 3 that is caused by instability of the
shallow slip patch.

The vertical slope at the end of the dashed lines in Figure A7.16 indicate onset of
seismic rupture for ur = 0.50 and is caused by merging of the two slip patches. This
implies that the root cause of the seismic rupture changes for a value for the residual
friction coefficient between 0.45 and 0.50. The threshold value for the residual friction
coefficient at which this transition occurs is calculated at u=0.475 for the Base Case
with 80 m offset in Appendix A.6.1. The threshold value for the cases with a different
offset are calculated in the same way and are shown in Figure A7.17. It is seen that
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the threshold value is largest for a normalised offset close to 1. The merging of the two
slip patches is caused by the residual friction coefficient that is reached over some
part of the slip patch, thereby suppressing instability of the shallow slip patch.

Merging of the two slip patches is caused by the small distance between the two slip
patches, without the residual friction coefficient being reached for a normalised offset
of about 1. The absolute maximum RSD is about 0.002 m at the onset of seismic rupture
for an offset of 180 m (normalised offset 0.9) and u=0.45 (Figure A7.9a). This implies
that instability is postponed to a larger depletion level if Dc is smaller than 0.002 m,
which is the case for 0.53 < ur < 0.55. So, seismic rupture by merging of the two slip
patches can be caused by reaching the residual friction coefficient, which is the case
for an offset of 160 or smaller, or by a small distance between the two slip patches,
which is the case for an offset of 180 m. Instability of the shallow slip patch is
suppressed in a different way, but with the same result.

Furthermore, Figure A7.17 shows that a normalised offset of 0.35 or smaller (offset 70
m) does not lead to fault instability within 30 MPa reservoir depletion if a residual
friction coefficient of 0.50 is assumed. It is seen that incremental depletion is sfill
required to propagate the slip patch at 30 MPa for the cases with 50, 60 and 70 m
offset. The same trend is visible for O >1: more incremental depletion is required to
reach an instable fault condition for ur=0.50 in comparison with pu=0.45 for increasing
reservoir offset.
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Figure A7.18:  Reservoir depletion at the onset of fault slip (green line), and the onset of seismic rupture
for u=0.45 (yellow line, Rupture Mechanism 2 or 3) and u~=0.50 (red line, Rupture
Mechanism 1) as a function of the normalised reservoir offset.
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Figure A7.18 shows a comparison of the reservoir depletion pressure that causes
seismic rupture by instability of the shallow slip patch (yellow line) and merging of the
two slip patches (red line). The yellow line, which is taken from cases with ur=0.45, is
the lower bound for seismic rupture for a slope in the descending branch of the slip-
weakening diagram of W, = 0.01 mm-! (Figure Aé.1). This minimum depletion pressure
is valid for a residual friction coefficient smaller than the threshold value given in Figure
A7.17.The depletion level at the onset of seismic rupture increases with a step-change
for a residual friction coefficient larger than the threshold value and increases
gradually with further increasing value of the friction coefficient (see section A.6.1).
This is reflected by results for the Base Case configuration with 80 m offset in Figure
A7.18 (purple crosses). The convergence of the red line for u=0.50 and the yellow line
for u=0.45 suggest that the step-change in reservoir depletion pressure that causes
onset of seismic rupture reduces for a normalised offset of about 1. For a normalised
reservoir offset of 1, onset of seismic rupture occurs by instability of the single slip patch
(Rupture Mechanism 2) at 15.8 MPa reservoir depletion if yr < 0.43. The green line
represents the onset of fault slip (the same as in Figure A7.14a) and is included for
reference.

A.7.3.6. FAULT RUPTURE

The moment magnitude increases with a reduction of the residual friction coefficient
for cases that that nucleate at the same depletion pressure, i.e. the cases that are
cause by instability of the single slip patch (Rupture Mechanism 2 and 3). Figure A7.19
shows the moment magnitude as a function of the normalised reservoir offset for all
values of the residual friction coefficient considered in this chapter. The dark-green
line for u=0.45 is the same as in Figure A7.15. The results for different values of the
residual friction coefficient in the Base configuration (80 m offset, Figure Aé.14) are
included at a normalised offset of 0.40. It is assumed that the width of the seismic slip
patch in strike direction of the fault is the same as the simulated slip patch size in dip
direction for the calculation of the Moment magnitude. The moment magnitude
increases with about 0.2 each time the assumption for the aspect ratio of the slip
patch size is doubled, or reduced with about 0.2 each time the aspect ratio is halved.
Further detail of the calculation method is provided in APPENDIX 13.

It is emphasised that the moment magnitude and the reservoir depletion that causes
onset of seismic rupture in dependent on other modelling parameters that are not
addressed in this chapter, in partficular the initial stress conditions, the fault dip and
azimuth angle, the initial friction coefficient ui and the slope of the slip-weakening
diagram W,.
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H=200 m, 4=0.55, 1=0.45, W= 0.010/ mm

Moment Magnitude [-]

Normalised offset [-]

Figure A7.19:  moment magnitude as a function of normalised reservoir offsef for different values of the

residual friction coefficient.

The following notes are made associated with Figure A7.19:

a.

b.

A relatively small moment magnitude is calculated for cases with pu=0.45 and O
<0.5, because the slip patches do not merge (Rupture Mechanism 2).
Merging of the slip patches occurs for ur < 0.40 and 0.20 < O < 0.45 (Rupture
Mechanism 3), resulting into a significantly larger moment magnitude.

. The rupture extends into the overburden and basement for u=0.25 and O < 0.45.

The low SCU value in overburden and basement (Figure A7.4) is a barrier for rupture
propagation, and the depth interval of the fault exposed to reservoir depletion is
increasing with offset, which implies that the rupture needs to grow larger before
propagating intfo the overburden and basement. This explains that only cases with
relatively small offset and small residual friction coefficient cause the rupture to
extend outside the reservoir depth range.

. The single slip patch generated for O =1 becomes unstable at 15.8 MPa depletion

if ur<0.43 (Figure A7.18). A larger residual friction coefficient does not lead to fault
instability. The moment magnitude increases for smaller values of the residual
friction coefficient.

Additional cases are required to establish the transition between rupture
Mechanism 2 and 3 and associated moment magnitude for u=0.45 and O >1.5. A
mirrored trend is expected as highlighted under note a.
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APPENDIX 8. RESERVOIR THICKNESS

The rupture analyses in Chapter APPENDIX 7 have been partly repeated for a reservoir
thickness of 140, 170 230, 260 and 300 m. The top of the foot wall reservoir is kept at
the same depth of 2910 m as in the Base Case (APPENDIX 3), while the reservoir
thickness is adjusted. The offset is achieved by adjusting the depth of the hanging
wall, while keeping the foot wall at the same depth. This implies that the absolute
depth of the hanging wallis not the same for different reservoir thickness with the same
normalised offset, and that the normal and shear stress condition is slightly different.

A.8.1. Onset of seismic rupture

The influence of reservoir thickness on the onset of seismic rupture is evaluated for
cases with a normalised offset between 0 and 0.6. Attention is focussed on cases with
u=0.45 (Table A8.1), because onset of seismic rupture occurs at the same reservoir
depletion for smaller values of the residual friction coefficient (APPENDIX 6).

Table A8.1: Overview of analysis cases conducted for a reservoir thickness of 170 m and 230 m and
ur=0.45. Normalised offset is offset divided by reservoir thickness.

Reservoir thickness H=170 m Reservoir thickness H=230 m

Case Offset O Normalised Case Offset O Normalised
[m] offset O [-] [m] offset O [-]

Mu55-2 0 0 Mu55-302 0 0
Mu55-12 10 0.059 Mu55-312 15 0.065
Mu55-22 20 0.118 Mu55-322 30 0.130
Mu55-32 30 0.176 Mu55-332 45 0.196
Mub55-42 40 0.235 Mub55-342 60 0.261
Mu55-52 50 0.294 Mu55-352 75 0.326
Mu55-62 60 0.353 Mu55-362 ?0 0.391
Mu55-72 70 0.412 Mu55-372 105 0.457
Mu55-82 80 0.471 Mub55-382 120 0.522
Mub55-92 90 0.529 Mub55-392 135 0.587
Mub55-102 100 0.588

The onset of fault slip for the cases in Table A8.1 for 170 and 230 m reservoir thickness
is found at the same depletion level as for 200 m thickness and the same normalised
reservoir offset O (Figure A8.1). This is the same result as found in previous work (Van
den Bogert, 2015). Onset of fault slip is determined by SCU=1 af the top of the hanging
wall, which is at slightly larger depth for larger reservoir thickness, and causes the slight
difference in depletion pressure at the onset of fault slip (green lines) in Table A8.1. The
result implies that the shear stress distribution along the fault plane, which is imposed
by the reservoir offset, can be scaled with the reservoir thickness.
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Figure A8.1:
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30

25

Reservoir Depletion [MPa]
= [N}
u o

[
o

Normalised offset [-]

Onset of fault slip (green) and onset of seismic rupture (yellow) for a reservoir thickness
of 170, 200 and 230 m. The results for 200 m thickness are identical to those in Figure A7.14.
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a) Maximum Relative Slip Displacement, and b) the analytical critical slip patch length
Lc and the simulated length of the slip patch length at the onset of seismic rupture as a
function of normalised reservoir offset for different values for the reservoir thickness.
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The onset of seismic rupture for a reservoir thickness of 170 and 230 m follows the same
trend as a function of normalised reservoir offset compared to a thickness H=200 m.
However, the onset of seismic rupture for 170 m reservoir thickness (yellow short-
dashed line in Figure A8.1) occurs at slightly larger reservoir depletion pressure, and for
230 m thickness (yellow long-dashed line) at a slightly lower reservoir depletion
pressure compared to 200 m reservoir thickness (yellow solid line).

The maximum Relative Slip Displacement (RSD) and the length of the slip patch are
virtually the same at the onset of seismic rupture for the same normalised offset (Figure
A8.2), despite the different reservoir thickness. The critical slip length Lc — derived from
the numerical results using expression (3.1) — is also the same for different reservoir
thickness (red lines in Figure A8.2b). This implies that the same slip patch develops in
terms of absolute size and slip displacement until the fault reaches instable equilibrium,
and confirms that the size of the a-seismic slip determines the onset of seismic rupture
when using a linear slip-weakening relationship as derived by Uenishi and Rice (2003).
The simulated length of the slip patch at the onset of seismic rupture for the cases in
Figure A8.2is between 92% and 98% of the analytical value Lc, with an average of 95%.

Table A8.2: Overview of analysis cases conducted with different reservoir thickness and a normalised
offset of 0.4, u=0.45 and Dc=0.01 m.

Case Reservoir thickness H [m] Offset Normalised offset O
O [m] [-]
Mub5-112 140 56 0.4
Mub5-111 170 68 0.4
Mub5-182 200 80 0.4
Mub5-113 230 92 0.4
Mub5-114 260 104 0.4
Mub5-115 300 120 0.4
25 T T T T T
——H=140m | | | :
——H-170m i i i i
20 f THE200mMo et R A I
—eH=230m i E E
E H=260m ! | :
8 i || —wesoom | K RN (1 ¥ S— LI
T S R R AN /4 f S— I
S R L — /4 AR I
0 ! ! : :
0 5 10 15 20 25 30
Depletion [MPa]
Figure A8.3: Absolute (dashed lines) and normalised length of the shallow slip patch (solid lines) as a

function of reservoir depletion for different reservoir thickness H and a normalised
reservoir offset of 0.4. The Base Case (APPENDIX 3) is represented by the dark-green line
(H=200 m).
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Additional cases with 140, 260 and 300 m reservoir thickness and a normalised offset
of 0.4 have been conducted to better describe the influence of reservoir thickness on
the depletion level at onset of seismic rupture (Table A8.2). Figure A8.3 shows the
length of the shallow slip patch as a function of reservoir depletion. All curves end at
the onset of seismic rupture, which is characterised by a vertical slope, implying that
no additional reservoir depletion is required to propagate the slip patch. Itis seen that
onset of seismic rupture is reached at the same size of the slip patch, but at areducing
depletion level for increasing reservoir thickness.

This is explained by the fact that the stress distribution scales with reservoir thickness,
but that onset of seismic rupture is reached at a critical, absolute length of the slip
patch. The scaling of the stress distribution implies that the critical stress area and the
slip patch length increases with reservoir thickness for the same reservoir depletion.
The depletion level at which a certain critical slip length Lc is reached is therefore
reducing with reservoir thickness.

A.8.1.1. FAULT RUPTURE

In this section, the influence of the reservoir thickness on the moment magnitude is
presented for a normalised offset between 0 and 0.6 and a residual friction coefficient
between 0.25 and 0.50. The initial friction coefficient is 0.55 and the slope in the slip-
weakening diagram Wy = 0.01
mm-' and is the same as in APPENDIX 7.

K=0.55, W,= 0.010/ mm
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Figure A8.4: Moment magnitude as a function of normalised reservoir offset O for a reservoir thickness
of 170 m (shorf-dashed lines), 200 m (solid lines) and 230 m (long-dashed lines).

Moment magnitude increases with reservoir thickness for the same normalised offset
and fault slip properties. Figure A8.4 is the same as Figure A7.19, butincludes the results
for the cases with a reservoir thickness of 170 and 230 m, as well as cases with smaller
value for the residual friction coefficient and a reservoir thickness of 170 m (see
APPENDIX 2). The moment magnitude for 170 m reservoir thickness and pr= 0.25 (red
short-dashed line) is smaller, and for 230 m reservoir thickness and yr= 0.25 (red long-
dashed red line) is larger than for 200 m reservoir thickness (red solid line). The same is
found for a residual friction coefficient of 0.30, 0.35 and 0.40, which all exhibit Rupture
Mechanism 3 (see section A.7.3.4). Moment magnitude also reduces with reservoir
thickness for cases with ur= 0.50 (light-blue dashed and solid lines in Figure A8.4), which
exhibit Rupture Mechanism 1.

However, the moment magnitude is converging to the same value for different
reservoir thickness if Rupture Mechanism 2 is simulated (slip of the shallow slip patch
only). This occurs if ur= 0.45 and the normalised offset is smaller than 0.45 (dark-green
lines in Figure A8.4). The shallow slip patch merges with the deep slip patch during the
seismic event (Rupture Mechanism 3) if the normalised offset is 0.5 or larger and ur=
0.45. The transition from Rupture Mechanism 2 to Rupture Mechanism 3 occurs at a
lower normalised for a smaller reservoir thickness, because the absolute distance
between the slip patches is smaller for smaller reservoir thickness.

The independence of the moment magnitude on reservoir thickness for Rupture
Mechanism 2 is evaluated in detail for a reservoir thickness between 140 and 300 m
and a normalised offset of 0.2. This small offset is chosen to ensure that the influence
of the second deeper slip patch is minimal even for the smallest reservoir thickness.
Figure A8.5a shows that the moment magnitude is 1.11+0.01 for all cases in Table A8.3
(red line). The length of the shallow slip patch differs 0.9 m (3 elements) between 140
m and 300 m reservoir thickness at the onset of seismic rupture (light-blue line), while
the difference is 1.8 m (6 elements) after the seismic (dark-blue line). The difference in
terms of the (absolute) RSD between 140 m and 300 m reservoir thickness is 0.4 mm
before and after the seismic rupture (Figure A8.5b). The reservoir depletion at the
onset of seismic rupture increases from 24.5 MPa at 300 m reservoir thickness to almost
30 MPa for 140 m reservoir thickness (yellow line in Figure A8.5a) and confirms the
finding of the previous section that a larger reservoir thickness is more susceptible for
seismic rupture under the same assumptions for the linear fault slip-weakening
behaviour and normalised reservoir offset.

Table A8.3: Overview of analysis cases conducted with different reservoir thickness and a normalised
offset of 0.2, u=0.45 and Dc=0.01 m.

Case Reservoir thickness H [m] Offset Normalised offset O [-
O [m] ]

Mu55-116 140 28 0.2

Mu55-117 170 34 0.2

Mub55-142 200 40 0.2

Mu55-118 230 46 0.2

Mub55-119 260 52 0.2
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a) moment magnifude (left-hand side, LHS), reservoir depletion (right-hand side, RHS)
and length of the slip patch before and after the seismic event (right-hand side), and b)
Relative Slip Displacement before and after the seismic event as a function of reservoir
thickness for O =0.2, ui=0.55, ur =0.45 and W, = 0.01 mm-'.

A.8.1.2. CONCLUSIONS

The main findings in this chapter are:

m  Onset of seismic rupture occurs for a linear fault slip-weakening behaviour if the
crifical slip length Lc is exceeded, independent of the reservoir thickness. The
numerically simulated size of the slip patch is somewhat smaller, but at least 20%
of critical slip patch size analytically derived by Uenishi and Rice.

m  Onset of seismic rupture occurs at a lower reservoir depletion level for larger
reservoir thickness. This is explained by the fact that fault instability occurs if the slip
patch reaches a critical absolute length, whereas the stress distribution and length
of the slip patch for a given depletion level scales with reservoir thickness.

m  moment magnitude increases with reservoir thickness for a given normalised
reservoir offset, except for Rupture Mechanism 2. For small normalised offsef,
moment magnitude is independent of the reservoir thickness when considering

the same linear slip-weakening behaviour.
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APPENDIX 9. SLOPE OF THE SLIP-WEAKENING DIAGRAM

The slope of the descending branch in the linear slip-weakening diagram (Figure Aé.1)
is the same for all cases discussed so far, because it facilitates evaluation of the
residual friction coefficient, the reservoir offset and reservoir thickness as independent
parameters. The slope Wy in the slip-weakening diagram determines the critical slip
length Lc (equation 3.1) at which the fault becomes unstable. In this chapter, the slope
Wy is varied between 0.001 and 0.1 mm-' for a normalised reservoir offset 0 of 0.2, 0.4,
0.6, and 0.8 (Table A9.1). All other modelling parameters are in accordance with the
Bases Case (APPENDIX 3). This means that the reservoir thickness is 200 m, and the
initial and residual friction coefficient are 0.55 and 0.45 respectively. The results for the
cases with W, =0.01 mm-! are taken from Chapter APPENDIX 7.

Table A9.1: Overview of additional analysis cases conducted with different values for Dc and a
reservoir thickness of 200 m. Cases with Dc=0.010 (mu55-142, mu55-182 and mub55-222
with and offset of 40, 80 and 160 m respectively) are presented in Chapter APPENDIX 7.

Offset 40 m Offset 80 m Offset 80 m Offset 160 m

0=0.2 0=0.4 0=0.6 0=0.8

Case Wu Case Wy Case Wy Case Wu
[mm-] [mm-] [mm-] [mm-]

Mub55-531 0.001 Mub55-551 0.001 Mu55-571 0.001 Mu55-591 0.001

Mub5-532 0.002 Mub55-552 0.002 Mub5-572 0.002 Mub55-592 0.002
Mub5-533 0.0056 Mub5-553 0.005 Mub5-573 0.0056 Mub5-593 0.0056
Mub5-142 0.010 Mub5-182 0.010 Mub5-212 0.010 Mub5-222 0.010
Mub5-537 0.015 Mub5-554 0.020 Mub5-574 0.020 Mub5-594 0.020
Mub5-534 0.020 Mub5-555 0.050 Mub5-575 0.050 Mub5-595 0.050
Mub55-538 0.030 Mub5-556 0.100 Mub5-576 0.100 Mub5-596 0.100
Mub5-539 0.040
Mub5-535 0.050
Mub5-540 0.070
Mub5-536 0.100

A.9.1. Results

Figure A9.1 shows the development of the slip patch and the maximum Relative Slip
Displacement as a function of reservoir depletion for cases with a normalised offset O
= 0.4 (80 m) and different values of W,. Seismic rupture does not occur up to 30 MPa
reservoir depletion for relatively ductile fault slip behaviour with a gently dipping
branch in the slip-weakening diagram (W, < 0.002/mm). Onset of seismic rupture
occurs at decreasing reservoir depletion pressure and smaller size of the slip patch in
case of more brittle fault slip behaviour with larger values of Wy. This is consistent with
analytical expression (3.1), which indicates a smaller critical size of the slip patch with
increasing slope W. Note that the Base Case (APPENDIX 3) is represented by the dark-
green line with W,=0.01/mm.
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Figure A9.1: a) Length of the shallow slip patch, and b) the maximum RSD as a function of reservoir
depletion for the cases with an offset of 80 m (0 = 0.4) in Table A9.1. The Base Case
discussed in APPENDIX 3 is represented by the dark-green lines.
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Figure A9.2: The Relative Slip Displacement as a function of depth along the fault plane before (a)

and after (b) the seismic event for the cases with 0 = 0.4 in Table A9.1. Note that the
displacement scale is different in (a) and (b).

All cases with a normalised offset 0 = 0.4 in Table A%.1 exhibit Rupture Mechanism 2,
except for the case with Wy = 0.005/mm (case mub5-553), which is characterised by
Rupture Mechanism 3. Figure A%.2a shows that the RSD and the size of the two slip
patches is smaller for larger values of Wy. Slip displacement localises at the shallow slip
patch with increasing reservoir depletion, until it reaches the crifical length Lec,
becomes instable and generates a seismic event. Figure A?.2b shows two slip patches
after the seismic event for all cases except for W, = 0.005 mm-!, which shows a single
merged slip patch covering the entire reservoir juxtaposition interval. So, a transition
occurs from Rupture Mechanism 2 if W, > 0.010 mm-! to Rupture Mechanism 3 if Wy, =
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0.005 mm-1, while no seismic rupture occurs for W, <0.002 mm-' up to 30 MPa reservoir
depletion.

Rupture Mechanism 2 is found for all cases with a normalised offset 0 = 0.2. The slip
displacement before and after the seismic event looks very similar to the results in
Figure A9.2 for 0 = 0.4, except that the distance between the slip patches is larger due
to the smaller offset. For this reason, the two slip patches do not merge for the cases
considered. Also, seismic rupture does not occur up to 30 MPa reservoir depletion if
the slope in the slip-weakening diagram is too gentle. This is found for Wy, < 0.005 mm-
I (cases mu55-531 through mub55-533 in Table A9.1) if the normalised offset of 0.2.
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Figure A9.3: The Relative Slip Displacement as a function of depth along the fault plane before (a)
and after (b) the seismic event for the cases with 0 = 0.8 in Table A9.1. Note that the
displacement scale is different in (a) and (b).

The slope of the slip-weakening diagram determines if Rupture Mechanism 3 or
Rupture Mechanism 1 occurs in case of a normalised offset O = 0.8. The large reservoir
offset implies a small juxtaposition interval and a small distance between the slip
patches (Figure A9.3a). Instability of the shallow slip patch is the root cause of the
seismic event if the critical slip length Lc is sufficiently small and Wy is sufficiently large.
This is found for Wy > 0.010 mm-'. The two slip patches merge during the seismic rupture
(Figure A9.3b) because of the small distance (Rupture Mechanism 3). Seismic rupture
is caused by merging of the slip patches (Rupture Mechanism 1) if W,=0.005 mm-"
(light-blue lines in Figure A9.3). No seismic event is simulated for smaller values of W,
because the merging of the two slip patches occurs in a stable and a-seismic fashion.
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The reservoir depletion at the onset of seismic rupture approaches the depletion at
the onset of fault slip for an increasing slope W, of the linear slip-weakening diagram.
Figure A%.4a shows the same data as Figure A7.14a including the results of this
chapter. The grey line indicating the reservoir depletfion at the onset of fault slip for i
=0.55, and the coloured lines indicating the depletion at the onset of seismic rupture
for ur=0.45 and different values of W,. It is seen that the depletion level for the onset
of seismic rupture approach the line for fault slip for an increasing value of W,y. Figure
A9.4b shows that the dependency on W, reduces with increasing value for W,.
Furthermore, it is seen that the depletion range between onset of fault slip and onset
of seismic rupture is smaller if the normalised offset approaches 1.

The different rupture mechanisms are indicated by the background colour in Figure
A9.4b. Rupture Mechanism 2 (blue back ground) is found for O = 0.2 (dark-blue line)
and all considered values for Wy (in combination with ui=0.55 and ur=0.45). Rupture
Mechanism 2 is also found for a larger normalised offset provided that the slope in the
slip-weakening diagram is sufficiently steep (W, sufficiently large). This corresponds
with more brittle fault slip behaviour. If not, Rupture Mechanism 3 (green back ground)
occurs in which the shallow slip patch merges with the deep slip patch.

Rupture Mechanism 3 is prevailing for a normalised offset approaching 1, although
Rupture Mechanism 1 is found for small values of Wy. In these cases, the critical slip
length Lc is too large and the distance between the two slip patches too small to
cause instability of the shallow slip patch. Inversely, only very brittle fault slip behaviour
can cause Rupture Mechanism 2 if for O ~1, as discussed above.

The range for the normalised offset in which Rupture Mechanism 1 occurs for 0 =1 (see
also Figure A7.14a) is smaller for increasing value for W,. The transition between
Rupture Mechanism 1 and Rupture Mechanism 3 occurs in the range 0.90 < O < 0.95
for Wy = 0.020/mm (green line in Figure A9.4a), while it is in the range 0.96 < O < 0.97
for Wy = 0.050/mm (yellow line). This is explained from the reducing critical slip length
Lc for increasing slope Wy (expression 3.1), which allows slip patches to be closer
together and a normalised offset closer to 1 before merging takes place and Rupture
Mechanism 1 occurs.

The rupture mechanism is also reflected in the moment magnitude of the simulated
seismic event. Figure A9.5 shows the moment magnitude as function of the normalised
offset, as well as the slope W,. Note that Figure A9.5a does not include the moment
magnitude for cases with W,=0.005/mm which are included in Figure A9.5b. The (light-
blue) line for is the same as in Figure A7.15. In general, moment magnitude reduces
with increasing slope of the slip-weakening diagram. The impact is largest for a small
normalised reservoir offset, whereas the impact of the slope on moment magnitude is
almost negligible for a normalised reservoir offset close to 1. Rupture Mechanism 3
tends to generate the largest seismic events, which are roughly found for 0.5< 0 <0.8
and 1.2< 0 <1.5. Note that a smaller residual friction coefficient can also cause a
Rupture Mechanism 3 and a correspondingly larger moment magnitude for a
normalised offset smaller than 0.5 (section A.7.3.3).

A.9.2. Conclusion

In this chapter it is found that

m an increase of the slope of the descending branch of the linear slip-weakening
diagram causes the depletion level at which onset of seismic rupture occurs to
approach the depletion level for onset of fault slip. A steeper slope corresponds
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with more brittle fault slip behaviour, whereas a gentler slope corresponds with
ductile fault slip response.

m  asteeperslope in the slip-weakening diagram generally leads to a smaller moment
magnitude for a given normalised reservoir offset. This influence is most prominent
for small offsets, and vanishes for a normalised offset that approaches 1.

m ftheslope of the slip-weakening diagram, the reservoir offset and the residual friction
coefficient determine the rupture mechanism that occurs if the onset of seismic
rupture has been reached. The critical slip length Lc — which derived from the slope
Wy — and the available distance between the slip patches — which is fixed by the
reservoir offset — determines whether a seismic event occurs due to merging of two
slip patches (Rupture Mechanism 1) or instability of a single slip patch (Rupture
Mechanism 2 or 3). The residual friction coefficient determines whether the rupture
is arrested before or after merging with the deep slip patch, and thereby
determines the occurrence of Rupture Mechanism 2 or 3 respectively.
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APPENDIX 10. THE SOURCE-TIME FUNCTION

A source-time function gives the average relative slip velocity over the slip patch as a
function of time. So, it is the average velocity over the slip patch as given in Figure
A3.4 for the Base Case (APPENDIX 3). The method for calculating the average velocity
in normal and slip direction to the fault plane is discussed in section A.10.1. Only the
source-time function in slip direction along the fault plane is discussed, because the
velocity in normal direction is negligible.

The source-time function is presented for selected cases discussed in the previous
chapters, covering the characteristics of Rupture Mechanisms 1, 2 and 3, the
influence of reservoir offset and thickness, the residual friction coefficient and the
slope of the slip-weakening diagram. The Base Case with a reservoir thickness of 200
m and an offset of 80 m is the point of departure for this evaluation. The fault is dipping
under an angle of 66 degrees and has an initial friction coefficient of 0.55 and a
negligible cohesion. Initial stress conditions and elastic properties are presented in
Chapter 2.

In the section A.10.2, the influence of the residual friction is evaluated for the cases
discussed in APPENDIX 6, which includes the Base Case discussed in APPENDIX 3. The
value for the critical slip displacement Dc is adjusted in conjunction with the value of
the residual friction coefficient ur such that the slope of the descending branch of the
slip-weakening diagram W, remains the same for all cases. The influence of reservoir
offset is discussed in section A.10.3, and the slope in the slip-weakening diagram W,
on the source-time function is evaluated in section A.10.4.

A.10.1. Computing the source-time function of a seismic rupture

The source-time function of a seismic rupture v, (t) is defined as the average relative
slip velocity vector over the slip patch at time t. The relative slip velocity vag; in
direction a=(x, y) of node i is computed as (Figure A10.1)

Vaai = Vixi — Vrxis

in which vy; is the velocity at the left-hand side of the fault and v,; is the velocity at
the right-hand side. The source function is calculated as

1
Vp(t) = . 21 Vaqi(t) - L)

in which liis the length of the slip patch for which the velocity is given in node i, and Ir
the length of the entire rupture area. An area is assumed to belong to the rupture
area if a certain threshold velocity v, is exceeded. In this report a threshold velocity of
v:=0.001 m/s is used. This expression can be evaluated for a global XY-coordinate
system or a local coordinate system normal and tangential to the fault plane
(interface element).
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Figure A10.1:  DIANA interface element and velocity degrees of freedom. The length |1 and 12 are half
the distance between node 1 and node 2 for linear elements.

A.10.2. Residual friction coefficient
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Figure A10.2:  a) Average relative slip velocity as a function of time (source-time function) for different
values of the residual friction coefficient and an offset of 80 m (0 = 0.4). The Base Case
(APPENDIX 3) is represented by light-blue line (ur=0.45),
b) the rise time, duration and Peak Slip Velocity (PSV, right-hand scale) of the source-
time function as a function of the residual friction coefficient. The coloured areas
indicate the simulated Rupture Mechanism.

Figure A10.2a shows the source-time function for a selection of the cases in Table Ab.1
in APPENDIX 6. The identical slope in the slip-weakening diagram not only causes
seismic rupture to nucleate at the same depletion level by instability of the shallow slip
patch for cases with u<0.45, but also results in an identical source-fime function untfil
the critical slip displacement Dc is reached at some point along the fault plane. For
the Base Case with u=0.45 (light-blue line, Rupture Mechanism 2), the seismic rupture
at the shallow slip patch stops before merging with the second, deeper patch. For the
cases with a smaller residual friction coefficient, particularly for u=0.40 and 0.35, the
average velocity reduces somewhat before a second, larger peak velocity is
reached that is caused by merging of the two slip patches (Rupture Mechanism 3).
The average slip velocity increases monotonically for u<0.45. The peak velocity in the
source-time function increases proportional with a reduction of the residual friction
coefficient, as shown in Figure A10.2b (red line, right-hand scale). Furthermore, it is
seen that Rupture Mechanism 1 — generated if u=0.50 — accelerates much faster
compared to Rupture Mechanism 2 or 3.

Figure A10.2b also shows the rise time and duration of the seismic rupture (left-hand
scale). The rise tfime is defined by the time it takes to reach the peak velocity in the
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source-time function, while the start of the rupture is defined by the moment when the
average velocity exceeds 0.001 m/s. The end of the rupture is taken when the
average velocity drops below the threshold value of 0.001 m/s. It is seen that the rise
time is virtually independent of the residual friction coefficient for Rupture Mechanism
3. The duration of the seismic rupture increases with lower value of the residual friction
coefficient, which means that the deceleration phase of the rupture is longer.
Apparently, it takes longer to slow-down the rock mass from a higher Peak Slip
Velocity. The deceleration phase is represented by the distance (time) between the
green and blue lines in Figure A10.2b. The rise time for Rupture Mechanism 1 (u=0.50)
is about the same (0.32 s) compared to Rupture Mechanism 3 according to the
current definition, although the graphical interpretation suggests a smaller rise time. A
larger value of the threshold slip velocity of 0.002 or 0.005 m/s does not resolve this
issue.

A.10.3. Reservoir offset

The influence of reservoir offset on the source-time function is evaluated using the
cases discussed in APPENDIX 7 with a slope Wy = 0.010/mm. The source-time function
for the cases with a residual friction coefficient of 0.5 and 0.45 have been plotted in
Figure A10.3. The source-time functions associated with Rupture Mechanism 1 are very
similar in shape for different values of the reservoir offset. Figure A10.3a shows a similar
rise time for different values of the reservoir offset, while the peak slip velocity increases
and the duration and moment magnitude decrease.
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Figure A10.3:  Average relative slip velocity as a function of time (or source-time functions) for a
selection of cases with an offset smaller than reservoir thickness that display a) Rupture
Mechanism 1, and b) Rupture Mechanism 2 or 3.

A more gradual acceleration is seen in Figure A10.3b that shows the source-time
function of seismic events caused by instability of the shallow slip patch (Rupture
Mechanism 2 and 3). The acceleration after the onset of seismic rupture is the same
because the slope W, of the slip-weakening diagram is the same (see previous
section). Rupture Mechanism 2 is found for cases with a sufficiently small offset, such
as the Base Case (80 m offset, light-blue line). A smaller peak slip velocity, duration
and moment magnitude is found for cases with a smaller reservoir offset. Rupture
Mechanism 3 is found for cases with an offset of 100 m and larger. Similar to the
previous section a period of lower average slip velocity is simulated before merging
of the two slip patches gives rise to the second, larger peak velocity. This period
disappears if the reservoir offset approaches 200 m and the normalised offset
approaches 1. It is noted that the peak velocity monotonically increases with offsef,
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while the largest moment magnitude is calculated for the case with 100 m offset and
gradually decreases with increasing offset (see also Figure A9.5).

The source-time function is derived in the same fashion for other cases discussed in
Chapter APPENDIX 7, where the residual friction coefficient is varied in the range
between 0.5 and 0.25 and the normalised reservoir offset between 0 and 2. The peak
slip velocity in Figure A10.4 shows some different dependencies on the normalised
offset and residual friction coefficient than the Moment magnitude shown in Figure
A7.19 for the same cases. The peak slip velocity is largest between a normalised offset
of 0.5 and 1 for a given value of the residual friction coefficient, whereas moment
magnitude is largest for a small offset or a very large (normalised) reservoir offset.
Furthermore, the peak slip velocity shows a more profound reduction for a normalised
offset of about 1 than the moment magnitude.
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Figure A10.4:  The peak slip velocity of the source-time function as a function of normalised reservoir
offset for different values for the residual friction coefficient, but with the same slope in
the slip-weakening diagram.

A.10.4. Slope of the slip-weakening diagram

A selection of cases from the previous chapter are considered to evaluate the impact
of the slope in the slip-weakening diagram. Attention is focused at the cases with an
offset of 80 m (0 = 0.4, cases mu55-551 through 556 and Base Case mub55-182, Table
A9.1). The source-time functions in Figure A10.5a show a faster acceleration of the

UNRESTRICTED - SR.18.01927 149



Depletion-induced fault slip and seismic rupture

average relative slip velocity for an increasing slope W, in comparison to the Base
Case (dark-green line with W, = 0.010/mm). However, the peak slip velocity hardly
increases with W, Figure A10.5b). The shorter rise time with increasing slope W, also
implies a larger acceleration. The deceleration phase is almost equally long in all
cases as the total duration follows the curve for the rise-time. The rise time is longest
for the case with Wy = 0.005/mm, which exhibits Rupture Mechanism 3. The peak slip
velocity is more than three times as large as in the Base Case, while initial and residual
friction coefficients are the same. The moment magnitude for this case is also
significantly larger (see Figure A9.5b).
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Figure A10.5:  a) Average relative slip velocity as a function of fime (source-time function) for an offset

of 80 m
(0 = 0.4) and different values of the slope W.. The Base Case, discussed in APPENDIX 3
with Wy = 0.010/mm is represented by dark-green line.

b) the rise time, duration and peak slip velocity (right-hand scale) of the source-time
function as a function of the slope W,.

A.10.5. Summary of findings

It is demonstrated that each source-time function is associated with a particular
rupture mechanism.

Main findings for the source-time function of Rupture Mechanism 1:

The shape of the source-time function shows a fast acceleration with a sharp peak.
The rise-time is shorter compared to Rupture Mechanism 2 or 3 for the same fault
configuration and slope in the slip-weakening diagram.

m The duration of the rupture is shorter for a normalised offset close to 1, which is
mainly attributed to a shorter deceleration phase.

Main findings for the source-time function of Rupture Mechanism 2:

m Therise time is strongly influenced by the slope in the slip-weakening diagram

m The peak slip velocity is not significantly influence by the slope of the slip-
weakening diagram

m The pedak slip velocity is lower in caparison to Rupfture Mechanism 1 for a similar
reduction of the friction coefficient (i - pr).

Main findings for the source-time function of Rupture Mechanism 2 and 3:

m The shape of the source-time function has a more gradual acceleration and
deceleration phase compared to Rupture Mechanism 1, and is not significantly
influenced by the offset

UNRESTRICTED - SR.18.01927 150




Depletion-induced fault slip and seismic rupture

m Therise fime is strongly influenced by the slope in the slip-weakening diagram, but
not by the reduction in friction coefficient (ui- )

m The peak slip velocity increases proportional with the reduction of the friction
coefficient
(i - ).

m The deceleration phase — and thereby the duration of the rupture — increases with
increasing peak slip velocity, which linked to the reduction of the friction
coefficient (ui- ur).
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APPENDIX 11. SCALING RELATIONSHIPS

Scaling relationships are useful to relate the (field measured) moment magnitude Mw
with various 2D simulation results in this report. To this end, the simulation results of all
analyses (APPENDIX 2) have been collected and various correlation relationships with
moment magnitude have been attempted. The results are presented in this chapter.
For the moment magnitude, it is assumed that the size of the seismic slip patch in strike
direction of the fault is equal to the size in dip direction, which is obtained from the 2D
dynamic rupture analysis in this report.

A.11.1. Slip patch size and slip displacement
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Figure A11.1:  a) The size of the seismic slip patch and b) the Relative Slip Displacement (RSD) as a
function of moment magnitude Mw and rupture mechanism for all cases in this report

(APPENDIX 2).

The size of the slip patch (Ls) and the maximum Relative Slip Displacement (RSDmax)
correlate rather well with the moment magnitude according to a power law function
(Figure A11.1):

Ls = 10.483 - 0135 Mw,

RSDpgy = 2.3-1073 - 1353 Mw,

A correlation between the moment magnitude and the log value of the size of the
seismic slip patch and the RSD is less good.

The good fit between moment magnitude on one hand, and the size of the seismic
slip patch and the Relative Slip Displacement on the other hand is not unexpected
because of the definition for the moment magnitude (APPENDIX 13). The result in
Figure A11.1 suggest that a preferred slip distribution over the slip patch might exists.
A linear relationship between the seismic slip patch and the RSD can be established
(Figure A11.2a) for large seismic events with Mw > 3 and a seismic slip patch larger
than about 200 m, but accuracy is rather limited for smaller events, as shown in Figure
Al1.2b. A separate and quite different correlation can be established for Rupture
Mechanism 2 (blue dots) and Mw < 2. Furthermore, alignment of a limited number of
points is found for Rupture Mechanism 1 (green dots in Figure Al1.2a and Figure
A11.2b) that is attributed to impact of a single modelling parameter. Reservoir offset
is found to have a significant impact on the seismic slip patch in terms of size and
relative slip displacement, which is not reflected in a simple correlation with moment
magnitude. Similar alignment of points is found for Rupture Mechanism 3 (red dots).
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Hence, it is concluded that the above correlations for the size of the seismic slip patch
and the maximum RSD should be used carefully with in mind that large deviations may
exist between the estimated size and maximum RSD and the actual event, in

particular for events with small magnitude.
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(APPENDIX 2).

A.11.2. Energy components

The four main components of the energy balance equation — as defined in APPENDIX
8 — correlate well with the moment magnitude. Figure A11.3 shows the logarithmic
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value of the formation strain and pressure energy, the kinetic energy and the fault
strain energy as a function of the moment magnitude and the rupture mechanism.
The energy unitis MJ/m due to the 2-dimensional character of the model. As discussed
in section A.3.2, gravity performs labour during the depletion stage of the simulation,
which is mainly stored in the form of formation strain and pore pressure energy
(compaction), while a small part is dissipated by fault slip, if any. Formation strain and
pore pressure energy (Figure A11.3a and b) is released during the simulated seismic
event. Most of the released energy is dissipated by fault slip (Figure A11.3c), while the
remaining energy is converted into kinetic energy (mass velocity, Figure A11.3d). The
release of formation strain and pore pressure energy stops when no incremental fault
slip occurs over the slip patch. This implies that the moment magnitude does not
furtherincrease and that no more energy is dissipated by fault slip (fault strain energy).
The remaining kinetic energy Wk in the model after the seismic rupture is radiated to
the surface. This energy (in MJ/m) is plotted in Figure A11.3d and correlates linearly
with the calculated moment magnitude according to

log10(W,) = 1.6868 - M,, — 4.4086.

For the formation strain energy W,, the formation pressure energy Wy and the fault
shear strain energy Ws the following linear relationships are found:

logio(W,) = 1.005 - M,, — 1.127,
log10(W,) = 1.0712 - M,,, — 1.4935,

logyo(W,) = 1.0184 - M,, — 0.9387.

A second order polynomial fit does not improve the correlation for any of the energy
components. The seismic efficiency R is the radiated (kinetic) energy W« as fraction of
the total energy released by formation strain and pore pressure W .+W, (see section
A.3.2). The following correlation is found

R= 2- 10—4- . el.6299 MW.

The correlation for the seismic efficiency with moment magnitude is not as good as
for the individual energy components. The deviation from the trendline is more
profound for Rupture Mechanism 3 compared to the deviation shown for Rupture
Mechanism 1 and 2, in particular for a moment magnitude larger than about 2.5.
Some clustering of the points is seen, similar o the correlation between maximum RSD
and patch length in Figure A11.2, which is attributed to the selection of parameters
for the different sensitivities evaluated in this study.

A.11.3. Stress drop and residual friction coefficient

The assumption of a residual friction coefficient in a linear-slip weakening diagram is
one of the causes of the poor correlation with moment magnitude for some modelling
parameters. The residual friction coefficient is reached if the slip displacement
reaches the prescribed critical value D¢ (Figure 2.2). This implies that the fault strength,
and thus the fault stress, cannot reduce further if the slip displacement becomes larger
than Dec. So, slip displacement and thus moment magnitude can increase unlimited
without further reducing the friction coefficient and associated stress drop. This has
been demonstrated for a few cases in chapter APPENDIX 7, and is reflected in Figure
Al1.4a, which shows the stress drop as a function of moment magnitude and rupture
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mechanism for all cases in this study. It is seen that the average stress drop over the
slip patch may vary considerably for any given moment magnitude. For this reason,
stress drop is not an effective parameter when using a linear fault slip-weakening
relationship. Other constitutive relationships for seismic slip may show a better
correlation between stress drop and moment magnitude, but are not evaluated in
this study.
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Figure A11.4:  The moment magnitude and rupture mechanism as a function of a) the average stress
drop over the slip patch, and b) the reduction of the friction coefficient. The linear
trendline represents cases that exhibit Rupture Mechanism 3 with Mw > 1.5.

The reduction of friction coefficient (u-ur) provides a better correlation with moment
magnitude. Figure Al1.4b shows a linearly increasing magnitude for seismic events
with Mw > 1.5 that exhibit Rupture Mechanism 3. The six cases with Rupture Mechanism
3 and Mw < 1.5 have a normalised offset close to 1 and a slip-weakening diagram with
a slope W, > 0.010/mm. So, a large range for the moment magnitude is possible
despite the linear relationship with the residual friction coefficient found in APPENDIX
6. This is caused by dependencies on other modelling parameters, such as
(normalised) reservoir offset and the slope W, in the slip-weakening diagram. Also, the
initial friction coefficient, the in-situ stress and fault dip angle — which are not
considered in this study — are likely to impact moment magnitude.

A.11.4. Concluding remarks

The scaling relationships between moment magnitude and the size of slip patch and
the maximum RSD as well as with the different energy components seem relatively
good, but do not included the influence of parameters, such as the initial friction
coefficient, the initial stress condition, fault dip and azimuth angle, and formation
compressibility. The linear relationship between moment magnitude and the
reduction of the friction coefficient (u-ur) shown in Figure Al11.4 is obscured by the
influence of other parameters, such the slope of descending branch in the slip-
weakening diagram and reservoir offset. These aspects have a large impact on the
rupture mechanism and the moment magnitude, as demonstrated in this study. It is
therefore not very useful to develop a single relationship between moment
magnitude and a particular fault property. Instead, the different relationships
presented in this report can be used to constrain the residual friction coefficient and
the slope W, of the slip-weakening diagram in combination with other data sources
such as a geological fault model and the actual seismic event location that could
constrain the reservoir thickness, reservoir offset, and fault dip and azimuth angle. The
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correlation functions in this chapter should be used with care and understanding of
the underlying modelling assumptions that have been used to generated them.
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APPENDIX 12. THE ENERGY BALANCE EQUATION

The energy balance equation for the enfire finite-element model is evaluated in
analysis stage 1, in which a-seismic slip is simulated under incremental reservoir
depletion, as well as in analysis stage 2, simulating seismic rupture under constant
reservoir depletion pressure. The objective is to understand the change in different
energy components during both analysis stages.

The energy balance equation for a seismic rupture process can be written as
(Kanamori, 2001):

AE, + AE, + AE, + AEg + AE; = 0. (A12.1)

In which AE, is the change in strain energy, AE, the gravitational energy, AE, the
radiated or kinetic energy, AEr the energy dissipated by fault friction, and AE; the
fracture energy. The DIANA finite-element model described in Chapter 2 comprise of
two constituent parts, namely the 2D continuum elements representing the formations
and the 1D interface elements representing the fault. The change in strain energy is
calculated from the continuum elements representing a porous solid with pore fluid.
Therefore, the change in strain energy is written as:

AE, = AE, + AE, (A12.2)
Herein is
E. =], (c+0p)eadV (A12.3)

the strain energy of the porous solid, o is the effective stress tensor and oy is the
effective stress tensor in the reference situation and ¢ is the strain tensor relative to the
references situation. The formation pore pressure energy is calculated as

1
Ep = EfV (p + po)gvol dV, (A12-4)

where pis the pore pressure and pyis the pore pressure in the reference situation and
evol IS the volumetric strain relative to the reference situation. Both, the strain energy of
the porous solid and the pore pressure energy are integrated over the model domain
V.

The gravity energy is calculated only from the continuum elements, as no mass is
assigned to the interface elements in the finite-element model. A force field, such as
gravity, performs labour if mass is moving through it. The gravitational energy is defined
as:

Ey=~—], pgdudV, (A12.6)

where pis the density of the formations and gis the gravity acceleration vector and
du is the displacement vector relative to the reference situation. The product of
density, gravity acceleration and displacement is integrated over the model domain
V.

Interface elements also do not contribute to the kinetic energy, which is defined as:

Ex=—>[, pgv?dv, (A12.7)
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where v is the length of the velocity vector. The product of density, gravity
acceleration and velocity is integrated over the model domain V.

The energy dissipated by fault slip and the fracture energy are calculated from the
interface elements jointly, while recognising a porous solid and a pore pressure
confribution:

AEg + AEg = AEsg + AEj, (A12.8)

with the fault strain energy for interface elements is defined as:

Ers == [, (0 +0o)du dA, (A12.9)

where ¢ and oy is the effective traction stress in the interface elements in the actual
and reference situation respectively, and du is the relative displacement vector in the
interface elements relative to the reference situation. The fault pore pressure energy
for interface elements is defined as:

1

Erp = EIA (p +po)du™ dA, (A12.10)

where pis the pore pressure and pyis the pore pressure in the reference situation and
dur is the interface opening relative to the reference situation. Both conftributions are
integrated over the interface surface A.

The reference situation is the stress- and strain-free model before stress initialisation
and reservoir depletion. DIANA calculates the energy components (A12.3) through
(A12.10) after every incremental reservoir depletion during analysis stage 1 and after
every time step in analysis stage 2. The energy balance equation (A12.1) during
analysis stage 1 is evaluated by calculating the incremental values after stress
initialisation, which is at a reservoir depletion of 0 MPa, whereas the energy balance
equation during seismic rupture is evaluated by calculating the incremental values
relative to =0, which is at the onset of seismic rupture.

The seismic efficiency represents the fraction of the released energy that is fransmitted
as seismic waves. Kanamori (2001) defines the seismic efficiency as
n = AEy/(AE, + AE,), (A12.11)

where the strain energy AE, also includes the kinetic energy (Aki and Richards, 2002,
eq. (5.5) on page 122). Therefore, in the kinetic energy is subtracted from the strain
energy AE, in the calculation of the seismic efficiency. In this study the seismic
efficiency is calculated after every depletion step in analysis stage 1 and after every
time step in analysis stage 2 using the following expression

n = AEy/(AE, + AE, — AEy) = AE,/(AE, + AE, + AE; — AE},). (A12.12)

UNRESTRICTED - SR.18.01927 158



Depletion-induced fault slip and seismic rupture

APPENDIX 13. COMPUTING MOMENT MAGNITUDE

The moment magnitude Mw of a seismic event is determined from the Relative Slip
Displacement (RSD) along the fault plane at the end of the seismic rupture according
fo

M,, == (log Mo — 9.1), (A13.1)
with

M, = fAsup uddA = w-{¥, pe - RSD, - L}.

Herein, d is the average slip displacement over the slip patch with area Asip and p the
shear modulus. The seismic moment Mo is calculated from the finite-element analysis
results by summation of the Relative Slip Displacement RSDe over all slipping interface
elements with length le and shear modulus pe. That is, RSDe is the incremental slip
displacement calculated during the dynamic rupture simulation (analysis stage 2),
and excludes the slip displacement calculated as a result of reservoir depletion
(analysis stage 1).
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