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Sweden is presently a low seismicity area where most earthquakes are small and pose no serious
threat to constructions. For the long-term perspectives of safety assessments of geological
repositories for spent nuclear fuel, however, the effects of large earthquakes have to be
considered. For the Swedish nuclear waste storage concept, seismically induced secondary
fracture shear displacements across waste canister positions could pose a long-term seismic risk
to the repository.
In this thesis, I present earthquake simulations with which I study the potential for near-fault
secondary fracture shear displacements. As a measure I use the Coulomb Failure Stress (CFS),
but also calculate explicit fracture displacements. I account for both the dynamic and quasistatic stress perturbations generated during the earthquake. As numerical tool I use the 3DEC
code, whose performance I validate using Stokes closed-form solution and the Compsyn code
as benchmarks. In a model of a Mw 6.4 earthquake, I investigate how fault roughness, the fault
rupture propagation model and rupture velocity may impact the near-fault CFS evolution. I find
that fault roughness can reduce the amount of fault slip by tens of percent, but also increase
the near-fault CFS with similar amounts locally. Furthermore, different fault rupture models
generate similar CFS levels. I also find that the secondary stresses scale with rupture velocity.
In a model based on data from the Forsmark nuclear waste repository site, and assuming
stress conditions prevailing at the end of a glaciation, I simulate several high stress drop ~Mw
5.6 earthquake scenarios on the gently dipping fault zone ZFMA2 and calculate secondary
fracture displacements on 300 m diameter planar fractures. Less than 1% of the fractures
at the shortest distance from ZFMA2 generate displacements exceeding the 50 mm criterion
established by the Swedish Nuclear Fuel and Waste Management Co. Given the high stress drops
and the assumption of fracture planarity, I consider the calculated displacements to represent
upper bound estimates of possible secondary displacements at Forsmark. Hence, the results
should strengthen the confidence in the safety assessment of the nuclear waste repository at the
Forsmark site.
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1. Introduction

1.1.

Background

Damage caused by earthquakes is usually associated with motions, i.e. shaking, at the Earth’s surface. In seismically active regions, such as California,
Japan and Iran, earthquake damage of buildings and other surface infrastructure constitutes a significant risk to society. Therefore, earthquake engineering
efforts are mainly focused on mitigating the effects of earthquakes on buildings and other surface structures. Even though empirical data shows that the
effects are more severe at the surface than at depth (Sharma and Judd 1991),
large earthquakes may cause damage also to underground openings, such as
transport tunnels and mines. Observations show that the most severe damage
is generated in tunnels and other openings intersecting slipping faults. The
observations show that the damage is typically confined to the vicinity of the
intersection (Bäckblom and Munier 2002). However, shaking may impair the
integrity of installations and cause rock fall in open cavities also at longer
distances from the seismic source.
The potential for earthquake-induced damage to underground constructions
is critical for underground waste repositories, especially so for nuclear waste
repositories. The concept for storage of high-level spent nuclear fuel developed by the Swedish Nuclear Fuel and Waste Management Co (SKB) is the
KBS-3 system (Figure 1a), in which the spent fuel will be encapsulated in
canisters consisting of a cast iron insert surrounded by a copper shell. The
canisters will be emplaced in vertical deposition holes in crystalline rock at a
depth of approximately 500 m and surrounded by a bentonite clay buffer for
isolation and protection. Based on data from an extensive site investigation
campaign (SKB 2008), SKB has chosen Forsmark, located about 120 km
north of Stockholm (Figure 2, left), as their candidate site for the repository.
The projected repository is dimensioned to host about 6,000 canisters containing approximately 12,000 tons of spent fuel.
SKB has to show that the long-term repository safety complies with the
regulations set up by the authorities. Since the fuel will be hazardous for very
long times, the time perspective of the safety assessment is hundreds of thousands of years (SKB 2011). Hence, the assessment has to account both for the
probability of intraplate earthquakes occurring under present-day stress conditions, as well as for the probability that earthquakes are induced by the effects of future glaciations. The long-term safety assessment is focused on the
7

effects on the repository after closure, when all equipment utilized during construction and operation are removed and the openings are backfilled. Shaking
alone is not considered to have the potential to jeopardize the integrity of the
buffer-canisters system, which is confined by the bedrock, (e.g. SKB 2010,
2011). The only seismic risk that is considered relevant is that of fracture shear
displacements across canister positions (Figure 1b). If the shear displacement
is large (some tens of mm), the shear velocity not too low (~1 m/s) and the
intersection geometry is unfortunate, the deformation could cause damage to
the canister and leakage of radionuclides (SKB 2011). Such shear displacements, referred to as secondary displacements, may be induced on fractures in
the vicinity of a slipping earthquake fault, the primary fault, in response to the
dynamic and quasi-static stress perturbations caused by the earthquake.
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Figure 1. a) Schematic of the KBS-3 system for geological storage of high-level
spent nuclear fuel. The figure shows the ramp by which the underground portion of
the repository at about 500 m depth is accessed. The waste canisters are deposited in
vertical holes drilled in the floor of deposition tunnels and surrounded by high density bentonite clay blocks (Fälth et al. 2010). b) Schematic of fracture shearing
across a deposition hole (redrawn from Fälth et al. (2010)).

1.2.

This thesis

In this thesis, I present a methodology to estimate co-seismic secondary shear
displacements on explicitly modelled fractures at different distances from a
rupturing earthquake fault. I also present an approach to examine how differ-
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ent aspects of the faulting process, such as fault roughness and rupture velocity, may influence the amount of secondary displacements. In these simulations I use near-fault continuum stresses instead of explicitly modelled fractures to estimate the potential for secondary displacements. The methods have
been developed to provide input to the safety assessment of a deep geological
repository for high-level nuclear waste.
In this first chapter, I provide the background to my work. I start with a
review of the current understanding of seismicity in Sweden, as well as of the
possible causes of earthquakes triggered by glaciation. I also give a description of how SKB handles the seismic risk to the repository for spent nuclear
fuel. In Chapter 2, I start with a short review of different techniques for earthquake rupture modelling, and then I present the approach and techniques that
I apply to model co-seismic near-fault stress effects and secondary displacements. Chapter 3 contains short summaries of the four papers that form the
basis for this thesis. In Chapter 4, I discuss and conclude my results. In the
final chapter, I discuss some prospects for further studies related to the work
presented here.

1.3.

Seismicity in Sweden

Sweden is presently a low seismicity area, far from plate boundaries, with
most of the earthquakes located in the southwestern portion of the country,
along the coast of the Gulf of Bothnia and in Norrbotten (Figure 2, left) (e.g.
Bödvarsson et al. 2006; Lund et al. 2017; Slunga 1991). About two to three
earthquakes per day are currently recorded by the Swedish National Seismic
Network (SNSN), but the majority of these are small and at such depths that
they pose no serious threat to constructions (Bödvarsson et al. 2006). Here, I
give some examples of significant events. The foci of the Skövde 1986 magnitude 4.5 earthquake and its aftershocks were located at 20 – 35 km depth
(Arvidsson et al. 1992). Some other significant events are the 2008 Skåne
County magnitude 4.3 earthquake with a focal depth of about 10 km, the 2014
Sveg magnitude 4.1 event at 12 km depth (Lund et al. 2014) and the 2016
Bottenviken magnitude 4.1 event with an estimated focal depth somewhere in
the range 18 – 22 km (Lund et al. 2016).
In addition to the Swedish earthquakes listed above there are other significant events that have occurred in the region. The largest instrumentally recorded event in Scandinavia occurred in 1904 close to the Oslofjord at 25 – 30
km depth and had a magnitude of Ms 5.4 (Bungum et al. 2009). Two events
that can also be regarded large for Fennoscandian conditions were the 2004
magnitude 5.2 and magnitude 5.0 earthquakes occurring at 16 – 20 km depth
in the Russian enclave Kaliningrad (Gregersen et al. 2007). These events occurred in a region that is seismically quiet, also with Fennoscandian standards.
9
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Figure 2. Left: Earthquakes from the FENCAT (Ahjos and Uski 1992) and SNSN
(Bödvarsson and Lund 2003) databases between 1904 and 2017. Red dots indicate
earthquakes smaller than M4 and orange dots indicate earthquakes larger than M4.
The green star indicates Forsmark. Right: The red lines indicate endglacial fault
scarps in northern Scandinavia.

1.4.

Endglacial faulting

One of the main reasons for considering the potential effects of large earthquakes when assessing the long-term safety of the deep repository for spent
nuclear fuel is the evidence of intense seismic activity in northern Scandinavia
in connection with the retreat of the Weichselian ice sheet, about 10,000 years
ago (Kuivamäki et al. 1998; Kujansuu 1964; Lagerbäck and Sundh 2008;
Lundqvist and Lagerbäck 1976; Olesen 1988; Olesen et al. 2004). Despite the
currently low seismicity rate at the repository site in Forsmark, it cannot be
excluded that large earthquakes could be triggered at the site by the effects of
future glaciations within the safety assessment time frame, which extends hundreds of thousands of years. Since the stress alterations induced by an ice sheet
affect the stability of faults and fractures, the effects of glacial loads should be
taken into account in the type of modelling I present here. In the site specific
simulations presented in Paper I and Paper II, I use estimates of glacially induced stress alterations obtained from Glacial Isostatic Adjustment (GIA)
simulations (Lund et al. 2009) as input. The glacially induced stresses are used
10

when setting up the initial stress field that powers the synthetic earthquakes I
simulate. Motivated by these items, I consider it appropriate to give a short
review of the Scandinavian endglacial fault scarps and of the current understanding of the mechanisms that caused these large events.
In northern Scandinavia there is a series of reverse fault scarps that are
found in a diamond-shaped region about 300 km E-W and 500 km N-S, in
northern Sweden, northern Finland and in the county of Finnmark in Norway
(Figure 2, right) (Kuivamäki et al. 1998; Kujansuu 1964; Lagerbäck and
Sundh 2008; Lundqvist and Lagerbäck 1976; Olesen 1988; Olesen et al.
2004). The largest of these fault scarps is the Pärvie fault with an almost unbroken extension of 155 km and with surface offsets up to 10 m in places. The
moment magnitude of the earthquake responsible for this scarp has been estimated to be about Mw 8 (Arvidsson 1996; Lindblom et al. 2015; Muir Wood
1993). It is generally agreed that these fault movements took place as reactivation of existing deformation zones rather than through creation of new faults
(Munier and Fenton 2004; Stanfors and Ericsson 1993). Even though the most
prominent evidence of endglacial seismic activity is found in northern Scandinavia, it cannot be excluded that endglacial faulting has occurred also in
other regions (Lagerbäck and Sundh 2008; Mörner 2004), and there are sites
in southern Sweden which are proposed to be locations where endglacial faulting have occurred (Jakobsson et al. 2014; Smith et al. 2014). There are no
clear answers to why the endglacial seismic activity seem to have been concentrated in the northern part of Scandinavia. Further, Lagerbäck and Sundh
(2008) conclude that no seismicity comparable with the northern Fennoscandian endglacial seismicity took place in connection with previous glacial cycles.
Below I list three mechanisms that could lead to reduced stability of fault
zones and associated endglacial seismicity. All three mechanisms were probably active during the Weichselian glaciation to promote the extensive faulting that occurred in northern Scandinavia.
1. Increase of horizontal stresses due to crustal bending. The weight of the
ice will cause down-warping of the crust into the viscous mantle. This will
induce horizontal flexural stress additions in the crust (e.g. Lund et al.
2009). If the time scale for ice retreat, and thus the corresponding time for
unloading of the vertical load, is shorter than the time scale for rebound
of the deformed crust/mantle system, there will be horizontal excess
stresses in the upper crust after ice retreat, which will promote reactivation
of suitably oriented faults.
2. Residual pore overpressures. Fluid pressures at the ice/crust interface may
generate pore over pressures in the bedrock beneath the ice. From the time
when the ice disappears, it may take some time for the pore pressure to
return to its undisturbed hydrostatic level. Increased pore pressures reduce
the effective stress on faults and thus promote instability and faulting.
11

3. Increase of horizontal stresses due to accumulation of tectonic strain beneath the stabilizing ice cover. At present-day conditions, without a stabilizing ice cover, the majority of the strain produced in the crust by largescale tectonic compression can be assumed to be released continuously by
seismic and aseismic slip on suitably oriented fault planes. This means
that the crust should be in a state of stress consistent with frictional equilibrium, as proposed by Zoback & Townend (2001) and Lund & Zoback
(1999). During a glaciation, the weight of the ice will lead to increased
normal stresses on deformation zones, which then will be stabilized. This
will inhibit continuous release of strain energy and thus lead to accumulation of horizontal stresses beneath the ice. As the ice cover and the associated stabilizing vertical load disappears, there will be an excess of tectonically accumulated horizontal stress and associated increase of stress
anisotropy. This may lead to loss of stability and seismicity on suitably
oriented fault zones.
Figure 3 illustrates the possible stress development in the crust during a glacial
cycle according to the descriptions above. The excess horizontal stresses as
well as elevated pore pressures at the end of a glacial period may push suitably
oriented faults towards instability. The stress state will promote reverse type
faulting, in accordance with the north Scandinavian endglacial events described above. The glacially induced stress additions will be a function of the
ice thickness, the ice cap duration, the ice retreat speed and the elastic/rheological properties of the crust/mantle system (Lund et al. 2009). The excess
pore pressures that possibly remain after ice retreat will depend on the bedrock’s hydraulic diffusivity and the climate conditions (e.g. Lönnqvist and
Hökmark 2013).
All three mechanisms described above may contribute to triggering of
endglacial faulting. Through GIA simulations, Lund et al. (2009) calculated
the stress evolution during the latest Weichselian glacial cycle and estimated
fault stability for different assumptions of the background stress field. In their
calculations, they omitted the effects of tectonic strain accumulation. They
showed that the potential for fault destabilization due to crustal down-warping
depends on the type of prevailing background stresses. For a strike-slip stress
field, i.e., with the intermediate principal stress in the vertical direction and
which thus promotes strike-slip faulting along steeply dipping faults, the glacial stress additions tend to give increased fault stability. For a reverse type
background stress field, in which the vertical stress instead is the minor principal stress and thrust faulting is promoted, the glacial stress additions reduce
the stability on optimally oriented faults at the end of a glaciation. This is because the endglacial stress additions are horizontal and thus work together
with the background stresses to increase the shear load on gently dipping fault
planes (cf. Figure 3, right). The calculations by Lund et al. (2009) also indi12

cated that the reduction of fault stability found in the case of a reverse background stress field was largest in northern Scandinavia, in the area of intense
endglacial faulting at the end of the Weichselian glaciation (see above). In
their study, Lund et al. (2009) also found that if the pore water pressures developed in the crust beneath the ice reach high levels, they can have a significant impact on fault stability. For a bounding case, with a crustal pore pressure
corresponding to 90% of the ice weight, their model indicated that unstable
conditions can be reached even at the time of maximum ice height, for both
strike-slip and reverse background stress conditions. However, this case is in
contradiction to the observations of seismic quiescence beneath the large ice
sheets at Greenland and Antarctica (Johnston 1987; Olivieri and Spada 2015).
Lagerbäck and Sundh (2008) suggested that the localization of endglacial
faulting to northern Scandinavia can be explained by specific conditions beneath the ice. They argued that the Weichselian ice was cold-based throughout
its entire existence over wide areas of northern and central Sweden, i.e., the
ice sheet developed over a deeply frozen landscape with permafrost layers
persisting to the end of glaciation. Lagerbäck and Sundh (2008) mean that
elevated pore pressures developed beneath the ice could have been locked-in
by the permafrost and thus contributed to destabilize faults during ice retreat.
Regarding the potential for accumulation of tectonic strain, the uncertainties are considerable since it is difficult to determine the tectonic strain rate
without large uncertainties. Current GPS measurements indicate that the tectonic strain rates are lower than the uncertainties in the GPS based strain estimates, at approximately 10-9/year (Scherneck et al. 2010). Muir Wood (1995),
however, suggested a tectonic strain rate in the Baltic Shield of the order of
10-11/year while Slunga (1991) suggested a rate as high as 1.5∙10-9/year. Thus,
the strain rate estimates differ by about two orders of magnitude. Assuming
that a stabilizing glacial load lasts for 50,000 years and that Young’s modulus
in the crust is 100 GPa, the strain rates suggested by Muir Wood (1995) and
Slunga (1991) would result in a stress increase of 0.05 MPa and 7.5 MPa,
respectively. This would mean that, assuming a strain rate as high as that proposed by Slunga (1991), the stress increase caused by tectonic strain accumulation should correspond to about 25% of the mean horizontal stress at 1 km
depth. Earthquake studies suggest that the increase of stress needed to trigger
an earthquake may only need to be on the order of 0.1 MPa (e.g. Freed 2005;
Harris 1998). For a fault close to the stability limit, this would mean that, for
a glacial load lasting 50,000 – 100,000 years, also a strain rate as low as that
suggested by Muir Wood (1995) could be enough for the stress increase due
tectonic strain accumulation to trigger failure.
In the site specific earthquake simulations presented in Paper I and Paper
II, I assume that a thrust faulting earthquake occurs on a gently dipping fault
zone at the end of a glaciation. This assumption is based on considerations
about fault zone stability evolution at Forsmark (Paper II). The assumption is
in accordance with the observations of thrust faulting at the end of the latest
13

glaciation listed above. It is also in accordance with the conceptual understanding of the stress evolution in the crust during a glacial cycle presented
here, which means that gently dipping zones are destabilized by the increased
horizontal stresses as the ice sheet disappears, while steeply dipping zones
instead are stabilized (cf. Hökmark and Fälth 2014). The glacially induced
stress additions that I apply in my site specific models are obtained from GIA
simulations (Lund et al. 2009). These stress additions include only the effect
of crustal bending (item 1 in the list above). Thereby, I omit the potential effect
of tectonic stress accumulation (item 3). This assumption implies a low tectonic strain rate and that tectonically accumulated stresses will be small compared to those induced by crustal bending.
1
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Frozen area

At stability limit

Stable

Unstable

Figure 3. Schematics of stress evolution during a glacial cycle (redrawn from Fälth
et al. (2010)). 1: Present-day anisotropic stress field. 2: Stress field under stabilizing
ice cover with vertical stress increased by the weight of the ice and horizontal
stresses increased because of direct elastic response to the vertical load (blue), tectonic strain accumulation and crustal flexure (red). 3: Stress field in region below
and outside the margin of a retreating ice. Stresses induced by tectonic strain accumulation and crustal flexure remain, giving increased stress anisotropy and, possibly
shear failure along gently dipping fractures and deformation zones. The arrows are
not to scale.

1.5.

The seismic risk to an underground repository

The discussion in the previous section indicates that the risk of large earthquakes in Sweden during present-day conditions can be regarded as low.
Based on data from the Nordic and SNSN networks, Bödvarsson et al. (2006)
estimated probabilities of future earthquakes. Considering a 10 km radius circle around Forsmark they estimated the probabilities of magnitude 5 and magnitude 6 events to 0.9% and 0.15%, respectively, in 1,000 years. These numbers are based on the assumption that the present-day seismicity will persist
for longer times. However, seismicity can be episodic, both temporally and
spatially, and Bödvarsson et al. (2006) pointed out that the uncertainties in the
numbers, especially for larger events, may be considerable due to the short
14

data recording time (about 100 years) and due to the small number of recorded
events above magnitude 3. Thus, even though the seismic risk presently is low,
for longer periods of time the risk of larger events with considerable damaging
potential cannot be excluded.
As noted above, it is uncertain why only the latest glaciation seems to have
triggered numerous large magnitude earthquakes and why these seem to be
concentrated to northern Fennoscandia. In the long-term safety assessment of
the spent nuclear fuel repository at Forsmark, SKB has to consider the possible
effects of future glaciations (SKB 2011). Since the evolution of future ice covers, and thus the associated stress and pore pressure evolutions, are uncertain,
SKB has to take into account the possibility of considerable seismic activity
in southern Sweden in connection with future glaciations. Thus, SKB addresses not only the low, but non-zero, probability of large earthquakes under
present-day stress conditions, but also the potential effects of future glaciations on the seismicity in the Forsmark region (SKB 2011; Thegerström and
Olsson 2011).
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Figure 4. Sketch illustrating the principle of respect distance. The inset shows deformation zone components. Redrawn from Fälth et al. (2010).

In SKB’s strategy to reduce the seismic risk to the repository, canisters will
not be deposited within certain so-called respect volumes surrounding faults
large enough to host major earthquakes (Munier 2011; Munier and Hökmark
2004) (Figure 4). Still, there is a concern that seismic events on faults within
or close to the repository may induce secondary fracture shear movements
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across canister positions (Figure 1b). In the latest safety assessment of the repository (SKB 2011), SKB applied a canister failure criterion stating that a
canister sheared more than 50 mm is considered failed, regardless of the shear
velocity and the intersection geometry. As input to the safety assessment of
the repository, estimates of possible secondary fracture displacements induced
outside the respect volumes are needed.
Fracture displacement results from the types of models I present in Chapter
2 are used to determine sizes of critical fractures, i.e. fractures considered to
have the potential to slip more than the 50 mm failure criterion in response to
a nearby earthquake. The concept of critical fracture size, or critical radius, is
presented in Section 2.3.2. When establishing detailed layout rules for the repository, values of critical radii can be used together with statistical models of
the host rock fracture network, so-called Discrete Fracture Network (DFN)
models, to estimate the number of canister positions that will be intersected
by undetected critical fractures (Munier 2010). In this way, the number of canister positions that will have to be rejected during the construction of the repository is estimated.
In the safety assessment the critical radii data is again combined with DFN
models and with the established repository layout, to estimate the number of
canister positions intersected by undetected critical fractures, using various
assumptions of the likelihood that critical structures will not be detected
(Munier 2010). The number of critical fracture-canister intersections corresponds to the probability of canister failure associated with one earthquake.
Finally, to estimate the risk of seismically induced canister failures during the
next million years, the one-earthquake-failure-probability is combined with
earthquake magnitude-frequency relations developed for the site (SKB 2011).
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2. Modelling of near-fault co-seismic
displacements

The problem of making estimates of co-seismic near-fault fracture displacements involves a number of issues:









How does the induced displacement correlate with the distance from the
source fault?
How does the displacement correlate with the position relative to fault
rupture area boundaries?
What is the importance of fracture orientation?
How important are the dynamic effects compared to the effects of permanent stress redistribution?
What is the importance of the dynamic and quasi-static co-seismic stress
perturbations relative to the importance of the prevailing background
stresses?
What is the importance of fault roughness?
What earthquake source parameters, e.g. stress drop and rupture velocity,
could be important for the results?
What is the importance of the model used for simulation of earthquake
rupture?

Since there is no data available on secondary fracture movements at depth
from Fennoscandia, these questions are addressed through numerical modelling. The concern here is co-seismic fracture movements, i.e. movements that
take place in immediate response to the dynamic stress transients and quasistatic stress redistribution generated during earthquake rupture and fault slip.
I do not consider effects of time-dependent processes following the earthquake. That would include e.g. pore pressure migration caused by pressure
gradients induced by fault slip, a processes that could have implications for
the evolution of aftershocks (Albano et al. 2017). Furthermore, I consider fracture displacements at short distances from the source fault plane, i.e. at distances shorter than about 1 km. At such short distances, dynamic and static
stress effects generated by the earthquake rupture and the fault displacement
interact in a complicated and often undistinguishable way (Steacy et al. 2005).
Thus, the model should be able to simulate fracture displacements induced by
the combined effects of stress transients and permanent stress redistribution.
17

2.1.
2.1.1.

Aspects of earthquake rupture modelling
Overview

There are different ways to simulate earthquakes and the choice of modelling
approach depends on the purpose of the study. Here, I identify two types of
models used for rupture simulation; (i) kinematic, or displacement-controlled
models and (ii) dynamic, or stress driven models. In kinematic models, slip is
prescribed along a fault plane or a set of fault planes according to a specified
kinematic model. Then, for a given earth model, the response of the surrounding medium is calculated. Efficient numerical algorithms, suitable for source
inversion studies, have been developed. By fitting synthetic waveforms to observed, these can generate kinematic reconstructions of past earthquakes, e.g.
the 1992 Mw 7.2 Landers earthquake (Wald and Heaton 1994), 1994 Mw 6.7
Northridge, California earthquake (Wald et al. 1996), the 1999 Mw 7.6 ChiChi, Taiwan earthquake (Ma et al. 2001) and the 2002 Mw 7.9 Denali Fault
earthquake (Dreger et al. 2004; Oglesby et al. 2004). Kinematic models can
also be used for forward modeling performed in order to make ground motion
predictions (e.g. Aagaard et al. 2010a; Aagaard et al. 2010b; Mai et al. 2017;
Roten et al. 2012).
In models simulating dynamic ruptures, fault rupture and slip are driven by
an initial stress field instead of being prescribed. The model simulates rupture
and corresponding fault displacements as well as the wave propagation in the
surrounding medium. In addition, since the fault displacements are driven by
initial stresses and not by a pre-defined slip model, as in the case of a kinematic model simulation, the resulting stress field around the fault is the sum
of the background stress field and the co-seismic stress perturbations. Thus,
this way of simulating an earthquake is conceptually more realistic than the
use of kinematic models. Dynamic models are used for detailed studies of the
rupture process (e.g. Andrews 1976; Gabriel et al. 2012; Templeton and Rice
2008) as well as for simulations of past earthquake scenarios (e.g. Aagaard et
al. 2004; Kozdon and Dunham 2013; Olsen et al. 1997; Vallee and Dunham
2012).
When setting up a model for the simulation of dynamic ruptures, there are
a number of assumptions to make regarding (i) the fault geometry, (ii) the
initial stress field, (iii) the rheology of the material surrounding the fault and
(iv) the constitutive law and fault properties governing the rupture process.
These assumptions are key features of the model and are important for the
character of the simulated event (Harris 2004). Out of these four parameters,
the fault geometry is probably the easiest to constrain, at least at shallow
depths. For larger earthquakes, there may be a surface trace, which can be
mapped, and using input data provided by geophysical methods, such as seismic reflections, gravity data or aftershock locations, it may be possible to ex-
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trapolate the geometry to greater depths (Harris 2004). Then, there is the question if the fault plane should be modeled as a perfectly planar feature or if the
roughness, a property of all natural faults (Brown and Scholz 1985), should
be included. The planar surface approach is commonly used for detailed rupture process studies (e.g. Andrews 1976; Gabriel et al. 2012), but has also been
used as an approximation for larger fault systems consisting of several faults.
In their model of the 1992 Landers earthquake, Olsen et al. (1997) approximated three fault segments by one planar surface and obtained near-fault motions similar to recordings. In some cases, however, the purpose of the simulation may be to study the impact of faults or fault segment geometries on the
rupture process. Then, a set of surfaces can be included in order to represent
different faults (e.g. Aagaard et al. 2004; Harris and Day 1999). There are
studies in which the rupture surface undulations at different scales are explicitly modeled (Dunham et al. 2011; Shi and Day 2013). However, when adding
this complexity to a model, one should also account for the possibility of plastication of the off-fault material in order to suppress unreasonably high stress
concentrations around surface bends and to prevent large-scale fault opening
(Dunham et al. 2011).
Depending on the purpose of the simulation and on the possibility to access
relevant data, the applied stress field can be chosen in different ways. For simulations dedicated to detailed studies of the rupture process and its dependence
of different assumptions, such as stress orientation relative to the fault plane,
pre-stress conditions or friction properties, a uniform stress field is commonly
used (e.g. Andrews 1976; Dunham et al. 2011; Templeton and Rice 2008). In
simulations of real earthquakes, for which there is ground motion data available, less schematic assumptions may be used. In their simulation of the 2002
Denali Earthquake, based on the assumption that the faults were critically
loaded, Aagaard et al. (2004) applied a stress field which was the sum of the
overburden pressures, the fault sliding shear stresses and the regional stress
tensor resolved onto the fault planes. When creating an earthquake scenario
for the Wasatch fault in Utah, Roten et al. (2012) used an initial fault shear
stress by superimposing a heterogeneous shear stress field based on a fractal
model onto a shear stress that vary linearly with depth. Yet another example
is from a model of the 2004 Parkfield earthquake where Ma et al. (2008) inferred the fault shear stress field based on a kinematic slip model from an
inversion by Custodio et al. (2005).
The mechanical properties of the material surrounding the rupturing fault
will influence the rupture process (e.g. rupture velocity, amount of slip). The
rupture velocity scales with the shear wave speed of the surrounding rock
while the amount of slip scales inversely with the shear modulus (Harris
2004). There are also studies indicating that rupture speed and directivity can
be affected by a material contrast across the fault (e.g. Andrews and Ben-Zion
1997).
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There are different ways to simulate the strength breakdown process at the
rupture tip of an earthquake. As a method to bound the stresses at the crack tip
and thus eliminate an unphysical stress singularity, Ida (1972) introduced a
slip-weakening law. In this law, slip initiates as the fault stress exceeds the
yield strength. The breakdown of strength to a sliding strength level then takes
place over some critical slip distance. This has the effect of smearing out the
stress drop and the associated stress concentration. This law is easily implemented in a numerical model and has been widely used (e.g. Andrews 1976;
Bizzarri 2012b; Harris et al. 1991; Ryan and Oglesby 2014; Templeton and
Rice 2008).
Based on results of slide-hold-slide experiments in which sliding was followed by holding and then by a new period of slip, Dieterich (1979) formulated an empirical constitutive law, which later was put into a rate-and-state
dependent friction law by Ruina (1983). Since then, several more elaborated
variations of this law have been proposed. The rate-and-state laws are powerful since they have the capability to predict complex frictional memory effects
and slip history dependence (Marone 1998). Like the slip-weakening law, this
type of constitutive relation has been commonly used in different types of rupture simulation studies (e.g. Bizzarri 2011b; Johri et al. 2014; Ryan and
Oglesby 2014).
As an alternative to the slip dependent models discussed above, Andrews
(2004) proposed a model where fault strength instead is ramped down over a
prescribed strength reduction time interval. In this way he could avoid very
rapid strength breakdown at the rupture front and associated numerical issues.
A version of Andrews’ time-weakening model was adopted by Cruz-Atienza
et al. (2015) to model seismic tremor sources on hundreds of small pennyshaped faults. As in the model of Andrews (2004), the strength breakdown at
the rupture tip was accomplished by down-ramping of the shear strength over
a specified strength reduction time interval. However, instead of simulating a
self-sustaining spontaneous rupture, Cruz-Atienza et al. (2015) assumed that
the rupture front was propagating at a constant velocity. See also Bizzarri
(2011a) for a thorough review of different fault rupture models.

2.1.2.

Considerations for the present models

For the simulation of co-seismic secondary stresses, the dynamic stress effects
generated by earthquake rupture, as well as quasi-static stress redistribution
effects caused by fault slip, should be taken into account as realistically as
possible. Thus, I do not use kinematic modelling. The fault displacements in
the synthetic earthquakes I simulate are driven by initial stress fields. The initial stability of both the primary fault and the nearby target fractures is determined by the initial stress field, and the evolution of stability depends on the
evolution of the rupture and fault slip.
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To model the rupture in the site specific simulations presented in Paper I
and Paper II, I use a constant rupture velocity time-weakening model similar
to that used by Cruz-Atienza et al. (2015). For the models reported in Paper
III, however, where I study ruptures on undulated faults, that time-weakening
model would not be relevant. Forcing the rupture to propagate at constant
speed would mean that important aspects of the fault undulation, such as rupture acceleration, retardation and change in rupture direction, had been neglected. Hence, for such a case, a dynamic rupture should be simulated. To
simulate dynamic ruptures, I apply the linear slip-weakening law (e.g.
Andrews 1976). In the following sections, I give further descriptions of the
modeling methods used in this study.

2.2.

Numerical method

The numerical tool I use is 3DEC (3Dimensional Distinct Element Code)
(Itasca 2013). This is software for simulations in three dimensions based on
the distinct element method (Cundall 1971). 3DEC uses an explicit time-stepping solution scheme to simulate the response of discontinuous media subjected to either static or dynamic loads (Figure 5). Joint planes can be kept
“active” to model an assemblage of blocks, or glued together to simulate a
continuum. Blocks may behave either as rigid or deformable material. Deformable blocks are discretized using finite difference elements. Forces and
relative movements along block boundaries are controlled by so-called subcontacts that are governed by linear or nonlinear force-displacement relations
for normal movements as well as shear movements. For problems involving
dynamic loads there is the possibility in 3DEC to apply viscous boundaries
that suppress boundary reflections.
Since 3DEC is capable of handling large numbers of arbitrarily oriented
discontinuities, it is well suited for the simulation of displacements on arbitrarily oriented faults. 3DEC contains a built-in programming language called
FISH, which extends 3DEC’s capability significantly by allowing the user to
define functions and variables that are tailor made to the problem at hand.
FISH is used here for scripts that are used e.g. to set up model geometries, to
initiate and propagate earthquake ruptures, to define circular target fractures
and for the export of modelling results.
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Figure 5. 3DEC model that simulates the sliding of a detached wedge. The arrows
indicate the sliding direction.

2.3.
2.3.1.

Explicit modelling of secondary displacements
Modelling approach

The approach I apply in Paper I and Paper II when making estimates of possible co-seismic secondary fracture displacements is to analyze models where
both the causative fault (primary fault) and the studied fractures (target fractures) are included. Figure 6 shows a two-dimensional schematic of a primary
fault with neighboring target fractures. An initial stress field is applied and a
rupture along the fault is simulated. The fault rupture is accompanied by strain
energy release and corresponding fault slip. The target fractures can be differently oriented and located at different distances from the fault plane and at
different positions along the fault plane. In this way, the possible impact of
fracture orientation as well as fracture location can be examined. Fractures
located in the near field of a rupturing fault are subjected both to dynamic and
static stress effects generated by the fault rupture and the fault displacement.
Their stability, i.e., their potential to slip when subjected to the combined dynamic and static stress effects, is determined by the background stress field.
The results in Paper I and Paper II are generated by models based on data
from SKBs site investigation program at the Forsmark site (SKB 2008). There
is data about geometries and properties of fault zones and fractures, and there
is a site-specific model of the present-day stresses at shallow depths. However,
there is little data available of the stress field at depths larger than about 1 km.
Further, for endglacial earthquakes, there are models of the mechanisms that
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promoted these events (Figure 3), but the details of the mechanisms that initiated them are not known. Thus, for a safety case, where safety margins are
required, it is hard to defend modelling results from models based on very
detailed assumptions. This means that the simulations are aimed at providing
upper bound estimates, rather than best estimates, of near-fault fracture displacements. The following general features have been applied to the site-specific modeling in Paper I and Paper II:







All faults and fractures are modelled as perfectly planar discontinuities
without irregularities and with homogeneous properties.
The present-day stress field at shallow depths is in accordance with SKBs
site model (Glamheden et al. 2007; Martin 2007), while the stresses at
larger depths are based on the notion that the crust is in frictional equilibrium (e.g. Lund and Zoback 1999). Glacially induced stresses are added
to the present-day stress field. The glacial stresses are obtained from a
GIA simulation of the latest Weichselian glacial cycle (Lund et al. 2009).
Thus, it is assumed that next glaciation will be identical to the previous
one.
The rock mass between the discontinuities is modelled as a homogeneous,
isotropic, continuous and linear elastic medium. The parameter values are
in accordance with site data (Glamheden et al. 2007) No damping (attenuation) is included.
In many simulations, the initial fault shear stress is determined by some
initial frictional strength assigned to the fault (e.g. slip-weakening models,
see previous section). This means that the initial stress is limited by the
normal stress acting on the fault plane. To be able to lock in high initial
shear stresses also on portions of a fault that are subjected to low normal
stresses, here I limit the initial fault stresses by a cohesive strength, which
is independent of the normal stress. This gives the possibility to simulate
events with high stress drops and resulting high slip velocities and large
slip.

A more detailed description of the models, and specifically the method for
rupture propagation, is given in Paper I.
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Figure 6. Schematic of modelling approach. The primary fault and the target fractures are included in the same model volume. Target fractures can be differently oriented and at different locations relative to the primary fault. The primary fault may
be buried or it may breach the ground surface. The initial stress anisotropy (i.e.
σ1/σ3) and the orientation of the primary fault relative to the stress field determines
the fault initial shear stress. Depending on their orientations, the target fractures may
be more or less amenable to slip when subjected to the dynamic and static stress effects generated by the primary fault rupture and associated slip.

2.3.2.

The concept of critical radius rcrit

The latest long-term safety assessment of the deep repository, SR-Site, defined
a critical radius, rcrit as the radius of “the smallest fracture that can host a slip
exceeding the canister failure criterion as a consequence of a single earthquake” (SKB 2011, p. 475). In the simulations of secondary displacements
(Paper I, Paper II) all target fractures are modelled as circular discs, all with
the same radius. To calculate critical radii from such simulation results one
has to make an assumption of how target fracture displacement scales with
fracture size. I base the calculation of rcrit on the notion that, for given elastic
properties of the elastic medium surrounding the fracture and for a given uniform stress drop τdrop on the fracture surface, the fracture displacement u scales
linearly with fracture size (e.g. Eshelby 1957)
u

8(1   ) drop

 (2   ) G

r

(1)

Here, u is the shear displacement at the center of a circular fracture, υ and
G are the Poisson’s ratio and the shear modulus of the medium, respectively,
and r is the fracture radius. Given that this linear relationship between fracture
size and displacement is valid, a target fracture displacement umod obtained
from a model simulation can be normalized to the target fracture radius rmod
used in the model, i.e.
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The normalized displacement ũ can then be used to compare calculation
results from models with different target fracture sizes. For a given canister
failure criterion ucrit, the normalized displacement can also be used to calculate
a critical radius according to
rcrit 

ucrit
u

(3)

The value of rcrit scales inversely to the simulated fracture displacement,
i.e. a small displacement gives a large rcrit, which corresponds to a fracture that
would be easier to detect during site investigations and construction of the
repository (cf. Section 1.5). In the site application calculations presented in
Paper II (Section 3.2), no fracture displacement on the footwall side of deformation zone ZFMA2, where the repository will be located, exceeds 40 mm.
Given the value of rmod = 150 m assumed in that study, and given the 50 mm
canister failure criterion ucrit = 50 mm (SKB 2011), a simulated fracture displacement umod = 40 mm would correspond to rcrit = 187 m.
Eq. (1) is valid for quasi-static conditions and for a stress drop τdrop that is
uniform over the fracture surface. Now, the target fractures are subjected to
the combination of dynamic and quasi-static loads and they are not necessarily
uniformly loaded. In particular, the assumption of uniform load will be less
valid for large fractures. Thus, the assumption of a linear size-displacement
relation can be regarded as schematic and approximate. To test its validity,
Fälth et al. (2010) made a numerical test where they ran two identical earthquake simulations with two different target fracture sizes, 75 m radius and 150
m radius. In that test, the fracture displacements scaled nearly perfectly with
fracture size.

2.4.

Modelling of secondary effects using continuum
stresses

In the previous section, I describe the approach used in Paper I and Paper II to
model secondary fracture displacements. That approach means that the secondary stress effects are estimated in terms of explicitly modelled shear displacements on fractures with pre-defined orientations and locations. As done
in Paper I and II, one can calculate displacements on fractures with a range of
orientations and locations to obtain a good case coverage. In Paper III and IV,
however, I use another approach to estimate the secondary effects. As in Paper
I and II, I assume that the Coulomb criterion is a valid way of modelling the
shear strength of faults and fractures. However, instead of calculating displacements on pre-defined fractures, I use continuum stresses to calculate the
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stability on hypothetical fracture planes. The results are used to examine how
the potential for co-seismic near-fault fracture displacement may be influenced by e.g. fault roughness and by position relative to the fault.
For a given stress tensor, the principal stresses (S1, S2 and S3) and their orientations can be determined. Here, compressive stresses are assumed to be
positive, thus S1>S2>S3. Then, using Mohr-Coulomb theory one can determine
the orientations and the stress state of the two optimally oriented hypothetical
conjugate fractures, i.e., the fractures that have the lowest stability margin and
thus are most likely to fail. The geometry of the problem is illustrated in Figure
7a. The normals of the fractures will be located in the S1-S3 plane, and based
on geometrical considerations in Figure 7b the angles α between the fracture
normals and S3 can be calculated as α = ±(90°-φ)/2. Here, φ is the friction
angle, i.e., the friction coefficient is μ = tan(φ). Once α is known, the fracture
orientations relative to the principal stress S1-S2-S3 coordinate system is determined. Then, the orientations of the fractures relative to the global x-y-z system are obtained through coordinate transformation.
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Figure 7. a) Hypothetical fracture (and its conjugate fracture) that is optimally oriented for slip. The fracture normal n is located in the S1-S3 plane and makes an angle
α relative to S3. b) Mohr circle representation of the stress state when the optimally
oriented fracture is at the limit of failure, with shear stress   and normal stress  ne .
The normal stresses on the horizontal axis are effective stresses. c) A stress state
with larger anisotropy and the fracture is in a state of failure. The instability is quantified in terms of Coulomb Failure Stress (CFS). In addition to the optimal orientation, there is a range of orientations for which a fracture would fail.

At a given position, the temporal evolution of shear stress and normal effective
stress on the optimally oriented fractures, here denoted by   (t ) and  ne (t ) ,
respectively, are calculated through (cf. Figure 7b)
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Note that here the principal stresses are effective stresses which are determined from the total stresses S1 and S3 by
S1e t  S1t  Pt
S3e t  S3 t  Pt

(5)

1
P (t )  P0  P  P0  B kk (t )   kk (t  0)
3

where P0 is the initial pore pressure and B is Skempton’s coefficient, which
is the change of pore pressure per unit change of average stress under undrained conditions (Rice and Cleary 1976). Based on the stress evolution on
the fracture plane, the evolution of fracture stability can be determined. I evaluate the stability in terms of the Coulomb Failure Stress (CFS) quantity according to (e.g. Harris 1998)

CFS  t    *  t    ne  t  .

(6)

If the shear stress on the optimally oriented plane(s) equals the shear resistance (CFS = 0), a fracture with that orientation would be at the stability
limit (Figure 7b). If the shear stress exceeds the shear resistance, CFS becomes
positive (Figure 7c). Note that the highest CFS value is obtained for the optimal orientation, but that unstable conditions is developed for a range of orientations around the optimal one. It should also be pointed out that due to the
stress perturbations caused by fault rupture and slip, the stress tensor and the
corresponding optimal fracture orientation may rotate during analysis.

2.5.

Building an undulated fault surface in 3DEC

Model geometries in 3DEC are commonly constructed through a top-down
approach. The first step in the model construction is to create one solid block,
typically a brick. Then, the block structure is created through the generation
of joint planes in a step-wise manner. The desired structure is obtained by
controlling the order in which the joints are created and by hiding blocks that
not should be cut. Figure 8 illustrates the construction of the model shown in
Figure 5. This approach is used to create the geometries of the models presented in Paper I and Paper II and to create parts of the models presented in
Paper III and Paper IV.
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Step 1

Step 2

Step 3

Figure 8. Construction of 3DEC block structure from one single original block.

When constructing the undulated fault surfaces for the models in Paper III, I
use a different approach than that described above. To obtain a fault surface
that consists of triangular subsurfaces, I create the near-fault block structure
by generating a large number of triangular prisms one by one (Figure 9). The
triangular base area of all the prism-shaped blocks is the same and the undulated surface geometry is created by variation of the prism heights. The geometric data of the surface is generated in MATLAB and imported to 3DEC.
Import of geometric data to 3DEC and construction of the block structure is
controlled by a FISH script.
Fault surface

Near-fault block structure
Blocks

Discretized
blocks

Figure 9. Left: fault surface comprising triangular subsurfaces. Right: The near-fault
block structure is an assemblage of triangular prisms. The close-up pictures show
details of the block structure (upper) and the block structure discretized with finite
difference zones (lower).
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3. Summary of papers

3.1.

Simulating earthquake rupture and off-fault
fracture response: Application to the safety
assessment of the Swedish nuclear waste
repository (Paper I)

In this study, I have developed the ideas together with my advisors and I have
performed all the modelling and postprocessing of model data. I have written
the manuscript together with my co-authors.
In this paper, we present a method to generate a synthetic earthquake on a
predefined primary fault and to monitor and quantify secondary shear displacements occurring on target fractures with different orientations and locations. We also benchmark the capability of our method to generate and propagate S and P waves properly. Finally, we show an example of how our
method is applied to the proposed nuclear waste repository site in Forsmark,
southeastern Sweden.
We set up and analyze an example model, which we use both for demonstration of our earthquake modelling method and as a part of the benchmarking
exercise. The model includes a primary fault and four target fractures. Both
the fault and the target fractures are assumed to respond to loading according
to an idealized elasto-plastic material model with linear joint stiffness and zero
tensile strength. The shear strength is governed by a Coulomb type criterion.
A generic initial stress field is applied and the model is allowed to reach static
equilibrium. We model the strength breakdown along the primary fault using
a process similar to that of the time-weakening model proposed by Andrews
(2004). However, instead of letting the rupture propagate spontaneously, we
control the rupture velocity. The rupture is initiated at a pre-defined hypocenter and the rupture front is programmed to move outwardly in the radial direction at a constant speed. After every time step the strength of each fault subcontact is controlled and modified, depending on whether the rupture front has
arrived or not. Prior to rupture front arrival, the subcontact cohesive strength
is set such that the subcontact is just at the limit of failure. At the time of
rupture front arrival, a down ramping of strength is initiated and the cohesive
strength is reduced to zero over a specified reduction time Δtred. The residual
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strength is controlled by a frictional coefficient μres that is uniform over the
entire fault area.
Figure 10a shows primary fault slip at four time instances in the example
model. The plots illustrate how the rupture propagates in the radial direction.
Figure 10b and Figure 10c show primary fault slip velocities at points A – D
and their corresponding amplitude spectra, respectively. The Fourier spectra
of the slip velocity functions show an approximate ω-2 taper off above the
corner frequency, in accordance with other models for slip velocity functions
(e.g. Bizzarri 2012a).

Figure 10. a) Primary fault shear displacement contours at four time instances. The
hypocenter is indicated by the star and the points A – D are recording points for slip
velocity. b) Dip-slip slip velocity at points A – D low pass filtered at 5 Hz. c) The
unfiltered amplitude spectrum for the slip velocity functions in (b). The dash-dotted
line to the lower left indicates the ω-2-slope.

We perform two benchmarks of the code and our modelling method. In the
first benchmark, we compare displacement waveform results from a designated 3DEC test model with corresponding results from Stokes solution
(Stokes 1856). This test indicates that for a finite difference element mesh with
a maximum element edge length less than about 1/8 of the shear wavelength
for the highest frequency in the spectrum, 3DEC propagates waves with an
average displacement amplitude relative error of less than about 5%. In the
second benchmark, we compare displacement waveforms at surface receivers
in the 3DEC example model, described above, with corresponding results obtained using the Compsyn software package (Spudich and Xu 2002). To create
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a rupture model, which can be used in Compsyn, we record the fault slip at
961 points arranged in a 31 x 31 grid on the 3DEC example model fault plane.
By fitting linear time-slip functions in the strike-slip and dip-slip directions to
these recordings, we obtain slip function parameters for the corresponding 31
x 31 grid of subfaults in Compsyn. The results of the second benchmark are
shown in Figure 11. In general, the 3DEC and Compsyn waveforms agree
well. The largest misfit is found for the SH-wave at receiver point #2 with an
average displacement amplitude relative error χSH = 0.84. At this receiver, this
wave component has low displacement amplitude and is thus particularly sensitive to the misfit in the source functions as well as to numerical disturbances.
The relative errors for the other components are smaller, in the range 0.03 –
0.27.
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Figure 11. 3DEC and Compsyn P-, SH- and SV-displacement waveforms at five
surface receiver points located according to the map view to the right. The horizontal time scale is the same in all diagrams. Receiver points #2 – #5 are located at 5 km
epicentral distance and at azimuths α = 0°, 45°, 90° and 120°. The insets show the
relative misfit χi for each displacement component. The star indicates the epicenter
and the dashed rectangle shows the horizontal projection of the dipping fault plane.

31

Cumulative distribution (%)

In the application of our method to the nuclear waste repository site at Forsmark, southeastern Sweden, we assume endglacial stress conditions and rupture on a shallow, gently dipping, highly pre-stressed fault (ZFMA2) with low
residual strength. We calculate secondary fracture displacements on circular
target fractures (150 m radius) with a wide range of orientations and locations
relative to the primary fault. The fault rupture generates nearly complete stress
drop and a Mw 5.6 event on 12 km2 rupture area. Out of 1584 target fractures
a majority move less than 5 mm (Figure 12). The maximum shear displacement is about 75 millimeters at 200 m fault-fracture distance.
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Figure 12. Cumulative distribution of target fracture displacements for three faultfracture distances. No fracture displacement on the footwall side exceeds the canister failure criterion.

3.2.

Simulation of co-seismic secondary fracture
displacements for different earthquake rupture
scenarios at the proposed nuclear waste
repository site in Forsmark (Paper II)

In this study, I have developed the ideas together with my advisors and I have
performed all the modelling and postprocessing of model data. I have written
the manuscript together with my co-authors.
The objective of this study is to make estimates of co-seismic secondary fracture displacements at Forsmark, and to examine how variations of the earthquake rupture process could influence the fracture response. We accomplish
this by analyzing models based on the site application model (FMF in the following) presented in Section 3.1 (Paper I), i.e., the stresses, the mechanical
properties and geometries are based on data from the Forsmark site. As in
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FMF, the Forsmark deformation zone found to be the most unstable one under
present day conditions and the only one that will be destabilized at the time of
potentially increased seismicity in the Baltic shield at the end of a future glaciation (cf. Hökmark and Fälth 2014), the gently dipping ZFMA2 (Figure 13),
is assumed to host the earthquake. For all calculations made here, we assume
end-glacial stress conditions. One difference from FMF is that here we include
one neighboring deformation zone, ZFMNW0017 (Figure 13). Therefore, we
obtain a more complicated faulting process with increased primary fault slip
and slip velocity in the region along the intersection between the primary fault
and the neighboring zone. Another difference is that we adjust the values of
the strength reduction time Δtred and the fault residual strength μres (see Paper
I) to suppress the post-rupture fault slip oscillations observed in FMF. In FMF,
three primary fault-target fracture distances (200 m, 400 m and 600 m) are
considered. Here, we include two additional distances at 800 m and 1000 m
(Figure 13). To obtain a better case coverage, we test the effect of increasing
the rupture speed, relocating the hypocenter, reduce the shear strength of the
neighboring deformation zone and reducing the fault pre-stress. To examine
the relative importance of the dynamic and static off-fault stress effects, we
also run a quasi-static model (Table 1).
Table 1. Simulation cases.
Case

Hypocenter Rupture ve- ZFMNW0017
friction coeffi(Figure 13b) locity Vr
cient

BASE CASE

#1a

ALT HYPO*
#2
SUPERSHEAR*

LOW0017STR*
RED STRESS*
INC RES*

0.8vs

0.7

ZFMA2 friction coefficient during
glacial loading
Infinite, i.e.
high prestress

ZFMA2 residual friction coefficient
0.4

0.9vs along
strike
1.5vs along
dip
0.5
0.8
0.8

N/A
N/A
QUASISTATIC*
*
Empty entries mean BASE CASE assumptions. a Same location as in FMF.

0.5
0.14

Figure 14 shows contours of primary fault (ZFMA2) slip in the BASE CASE,
ALT HYPO, SUPERSHEAR and the LOW0017STR scenarios (cf. Table 1).
The fault plane is viewed along its normal, the left edge follows the truncation
against the ZFMNW0017 zone and the upper edge marks the intersection with
the ground surface. All four scenarios shown in Figure 14 as well as the dynamic RED STRESS and INC RES scenario not shown (Table 1) generate
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similar resulting slip distributions with large slip close to the ground surface
and along the intersection with the neighboring zone ZFMNW0017. As in
FMF, the primary fault slip and corresponding moment magnitudes are high
compared to real events with similar rupture areas (cf. e.g. Leonard 2010). The
moment magnitude of the BASE CASE model is Mw 5.6 on a 14 km2 rupture
area. The rupture area is slightly larger than that of FMF since parts of
ZFMNW0017 rupture as well. The large slip is due to a high fault pre-stress
and large stress drop.
(a)

30

(km)

12
40
11

(b)

(c)
3.6

z (Up)
y (West)

4.2

x (North)

ZFMA2

ZFMNW0017

1000 m
800 m
600 m
400 m

(d)

N

ZFMNW0017

200 m

ZFMA2

200 m
400 m
600 m

y (West)
z (Up)

800 m

x (North) 1000 m

Hypocenter
locations
#1
#2

Lower
hemisphere

Target fracture
sets
Generic
Site
Fault zone

Figure 13. a) Model outlines. b) View from above showing the gently dipping
ZFMA2 fault zone surrounded by circular target fractures at five perpendicular distances on both footwall side and hanging wall side. The ZFMA2 zone is truncated
against a larger steeply dipping zone, ZFMNW0017. Both zones breach the ground
surface along their entire lengths. The stars indicates the hypocenters tested (cf. Table 1). c) Same as in (b) but view from northeast. d) Pole plot showing the orientations of the 22 target fracture sets. There are 7 generic sets and 15 sets based on site
investigation data (Fox et al. 2007). The RED STRESS, INC RES and QUASISTATIC scenarios include only the two sets indicated by bold symbols (cf. Figure
16).
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Figure 14. Primary fault slip at different time instances in the BASE CASE, ALT
HYPO, SUPERSHEAR and the LOW0017STR scenarios. The stars indicate the hypocenter

The peak target fracture shear displacements at the fracture centers are monitored and compiled into cumulative distributions. Figure 15 shows cumulative
plots for the four dynamic cases shown in Figure 14. Results from all 22 fracture sets (Figure 13d) are included in the graphs and there is one curve for
each fault-fracture distance. The left and right columns show results for the
hanging wall and footwall sides of the primary fault, respectively. In general,
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the different scenarios generate modest displacements and similar distributions. The displacements are also on par with those of FMF. This holds for all
dynamic scenarios tested (Table 1). The maximum displacement is about 60
mm and is found at 200 m distance on the hanging wall side. Very few, about
1%, of the fracture displacements at 200 m in the BASE CASE scenario exceed SKBs 50 mm canister failure criterion. About 80% of the fractures move
less than 10 mm. The largest shift of the results relative to the BASE CASE is
found in the ALT HYPO scenario, where the hypocenter is moved (cf. Table
1 and Figure 13b). Here, we see a clear effect on the footwall secondary displacements. The induced displacements at 400 – 1000 m are increased, but no
displacement exceeds 40 mm. We attribute this increase to larger stress peaks
ahead of the fault rupture tip at longer hypocenter distances (Paper I).
A comparison of target fracture displacements in the BASE CASE, RED
STRESS, INC RES and the QUASI-STATIC scenarios is shown in Figure 16.
Note that only two fracture sets are included in these diagrams (cf. Figure
13d). The results for the BASE CASE, RED STRESS and the QUASISTATIC scenarios are similar, particularly at the shortest distances. The results show that the static effects are considerable and dominates over the dynamic effects at the shortest distances. What is not shown here is that the largest secondary displacements are related to the fault edges, where the fault displacement generates considerable stress concentrations. The dominance of the
static effects explains why the results, in general, are very similar for the different scenarios examined in this study. Since the fault slip is similar, the static
off-fault effects are also similar.
The INC RES scenario has the same initial stress field as the RED STRESS
scenario, but a higher fault residual strength (Table 1) and thus generates less
fault slip, about 50% of the BASE CASE slip. The moment magnitude is Mw
5.4. The considerable reduction of primary fault slip gives a significant reduction of the target fracture displacements (Figure 16). The reduction is on average more than 50% for fractures moving more than 5 mm in the BASE
CASE scenario.
In the end-glacial stress field we apply in the models, i.e., with increased
horizontal stresses (Lund et al. 2009), steeply dipping target fractures are subjected to high normal stresses. This means that these fractures, in general, have
larger stability margins than gently dipping fractures. Consequently, steeply
dipping fractures should be less amenable to slip in comparison to gently dipping fractures. This is also indicated by the modelling results (Figure 17). The
results show how steeply dipping fractures systematically move less than do
gently dipping and sub horizontal fractures. This holds for all scenarios tested
here.
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Figure 15. Cumulative distributions of peak target fracture displacements at five
fault-fracture distances. The distributions are based on results from all 22 fracture
sets (cf. Figure 13d) and each diagram contains 1320 individual results.
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Figure 16. Same as in Figure 15, but these diagrams include results only from the
two target fracture sets indicated by bold symbols in Figure 13d.
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Figure 17. Target fracture displacements in the BASE CASE scenario for different
fracture sets. The fracture orientations are shown by the pole plots.

3.3.

Influence of Fault Roughness on Co-Seismic
Near-Fault Stress Evolution (Paper III)

In this study, I have developed the ideas together with my advisors and I have
performed all the modelling and postprocessing of model data. I have written
the manuscript together with my co-authors.
In this study we examine how the potential for co-seismic near-fault fracture
displacements may depend on the earthquake rupture evolution. The study is
carried out by means of numerical modeling. We do the following. (1) We
compare the near-fault stress effects along an undulated rupture surface with
the corresponding effects along a planar surface. Thereby, we aim to assess
the potential impact of fault roughness. (2) To obtain an indication of how
much an abrupt rupture arrest into a continuum, such as that modelled by Fälth
et al. (2016) (Paper II), may exaggerate the secondary effects, we model a
gentler earthquake rupture arrest along the fault edge and compare with an
abrupt arrest case.
We simulate a Mw 6.4 strike-slip earthquake occurring on a vertical fault
embedded within a 3D full space (Figure 18). We apply a homogeneous initial
strike-slip stress field, such that the planar fault is optimally oriented for slip.
To simulate a spontaneous rupture we adopt the linear slip-weakening law (Ida
1972). Based on the co-seismic near-fault stress evolution on monitoring
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planes (Figure 18), we evaluate the secondary stress effects in terms of the
Coulomb Failure Stress (CFS) (e.g. Harris 1998) on hypothetical fracture
planes.
a)

Stress monitoring plane
10
Fault plane

8

z (km)

6
4
2
0
-2
-2

0

b) Planar fault

2

4

6
x (km)
S3

29.5°
y

Undulated fault

8

10

12

14

Stress monitoring plane
250, 500 m
Fault plane

S1

x

Figure 18. Model outlines. a) Fault plane (grey) and stress monitoring plane (dashed
lines) on which we monitor the stress evolution during the calculation. The hypocenter is indicated by a star. b) Two sketches showing a horizontal section along the
fault mid-height (solid lines) for the case with planar fault and with undulated fault,
respectively. The stress monitoring plane (dashed lines) may be at either 250 m or
500 m distance from the fault plane. The homogeneous stress field is oriented such
that the major principal stress S1 has an angle of 29.5° relative to the planar fault.

In our reference model, Case 1, the rupturing fault is planar and has homogeneous properties. With Case 2 we examine the possibility to model a less abrupt rupture arrest at the fault edges. In Case 3 the fault surface is undulated
with self-similar fractal properties. There are two subsets of models, Case 3a
and Case 3b, each of them comprising ten models with different fractal surface
realizations. In Case 3a the frictional properties are the same as in Case 1.
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Case 3b have reduced values of the dynamic friction coefficient, such that
seismic moments on par with that of the Case 1 moment are obtained.
Figure 19 shows four contour plots where we, for each position on the stress
monitoring plane at 250 m distance from the fault, plot the highest value of
CFS attained during the simulation. Along with each contour plot there are six
diagrams showing the temporal evolution of CFS at select positions. The highest CFS values are generated at monitoring points a, b and c close to the fault
edges. In general, these high values are mainly due to the quasi-static stress
build-up caused by the fault slip. In Case 3a_1, the CFS increase along the
fault edge is lower than in Case 1 (Figure 19, upper and lower left). This is
due to the fault roughness, which significantly reduces the fault slip in Case
3a_1. On average, we obtain more than 30% slip reduction in the ten Case 3a
models relative to the planar Case 1 model. In Case 3b_1, however, the corresponding CFS evolutions are similar to those in Case 1 due to similar amount
of fault slip. At monitoring points d, e and f in the planar fault cases (Case 1
and Case 2) (Figure 19, upper) the increase of CFS can be attributed mainly
to dynamic stress effects around the rupture front. The permanent increase in
stability after rupture passage is caused by the fault stress drop and is in accord
with observations of low aftershock rates around patches that have experienced large co-seismic slip (e.g. McMahon et al. 2017). In Case 3a_1 and Case
3b_1 there is an asperity close to point f, which has a significant impact on the
rupture process. This results in significant stress build-up on the fault slip surface. The stress build-up is reflected here as a local increase of CFS (Figure
19, lower). This is then followed by fault stress release and an associated CFS
drop as the asperity region finally ruptures.
We also examine for which fracture orientations unstable conditions are
developed during fault rupture and slip (Figure 20). The central contour plots
show that the largest amount of unstable fracture orientations are found along
the rupture area boundaries and in the vicinity of the right fault asperity in
Case 3a_1 (Figure 20, right). The central contour plots and the stereonets in
Figure 20 show that the location where we obtain the strongest effects, the
unstable fracture orientations are found within a reasonable narrow range
around the optimal orientations, which coincide with the orientations of the
main fault and its conjugate plane (lower left stereonet of Figure 20). Instability is obtained for up to 10% of all possible orientations. This indicates that
even though the instability is triggered by the dynamic and static stress effects
generated by fault rupture and fault slip, it is the background stress field that
is the dominating influence on the orientation for which a near-fault fracture
would become unstable and slip.
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Figure 19. CFS(t) at select locations a-f on the stress monitoring plane at 250 m distance from the rupture plane for the Case 1, Case 2, Case 3a_1 and Case 3b_1 models. The contour plots show the peak values along the monitoring plane. The dashed
lines are the projections of the fault plane edges while the stars indicate the projection of the hypocenter.
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Figure 20. The two central contour plots show, for each location at 250 m distance
from the rupture plane, the percentage of fracture orientations with CFS exceeding
zero during earthquake rupture. The contours in the lower hemisphere stereonets of
poles to planes indicate peak CFS for fracture orientations with CFS > 0 while the
numbers indicate the percentage of orientations with CFS > 0. The locations a – f
considered here are the same locations considered in Figure 19. The orientation of
the main fault plane and its conjugate plane, as well as the S1- and S3 orientations,
are indicated in the lower left stereonet.

In addition to the items discussed above, we observe the following.
The secondary stress effects show a clear dependence on the distance to the
fault in all simulation cases. In accordance with modelling results of e.g. Fälth
et al.(2016) (Paper II) and Johri et al.(2014) and in accordance with observations of aftershocks (Mendoza and Hartzell 1988), we find that the strongest
secondary stress effects tend to be generated in the vicinity of the fault edges.
In Case 2, with a less abrupt rupture arrest at the fault edges, we obtain 1015% reductions of the maximum near-fault CFS. Our results indicate that the
increased load in the rock volume around the edge, and the associated CFS
increase at the distances from the fault we consider here, is mainly governed
by the total slip on the fault.
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Fault roughness has a significant impact on the near-fault stresses. Given
that the planar fault and rough fault earthquakes generate similar seismic moments, our simulation results suggest that fault roughness may increase the
near-fault CFS locally by tens of percent.

3.4.

How does the Fault Rupture Model affect
Simulated Co-Seismic Near-Fault Stress
Evolution? (Paper IV)

In this study, I have developed the ideas together with my advisors and I have
performed all the modelling and postprocessing of model data. I have written
the manuscript together with my co-authors.
Here, we examine how the secondary stress effects close to a rupturing fault
may be influenced by the rupture model adopted to simulate the fault strength
breakdown. In particular, we are interested in comparing the results generated
using the constant rupture velocity time-weakening (TW) model adopted by
Fälth et al. (2015) (Paper I) with the results generated with a model simulating
a spontaneous rupture. For the simulation of the spontaneous rupture we adopt
the linear slip-weakening (SW) model (Andrews 1976; Ida 1972). To examine
the sensitivity of the secondary effects to parameter settings, we adopt different parameter values for the time-weakening model. We vary rupture velocity
Vr and strength breakdown time at the rupture tip Δtred.
The study is carried out by means of numerical modelling. We apply the
modelling approach described in Paper III, i.e., we use the same model geometry (Figure 18) and the same material descriptions. We also use the same
method to evaluate the secondary stress effects. This means that we, based on
the stress evolution in the near-fault continuum, evaluate the temporal
evolution of CFS (Harris 1998) on hypothetical fracture planes.
Table 2. Case summary.
Case

Vr/Vs

1

Rupture
model
SW

-

Δtred
(s)
-

2a

TW

0.87

0.048

2b

TW

0.70

0.048

2c

TW

0.87

0.2

2d

TW

0.70

0.2

We analyze two main cases (Table 2), the SW case (Case 1) and the TW case
(Case 2). In the SW case, the values of Vr and Δtred vary spatially over the fault
plane. In the TW case, however, they are constant. This case (Case 2) includes
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four subcases with different input parameter settings. In Case 2a, we set the
input parameters such that the model should generate results that are as comparable as possible to those of Case 1. Hence, the values of Vr and Δtred are set
such that they match those generated by Case 1 in the right part of the models
away from the rupture initiation point (cf. Figure 18). In Case 2b–2d different
combinations of parameter values are applied.
a)

9

Case 1 (SW)
Case 2a (Vr/Vs=0.87, Δtred=0.048 s)
Case 2b (Vr/Vs=0.7, Δtred=0.048 s)
Case 2c (Vr/Vs=0.87, Δtred=0.2 s)
Case 2d (Vr/Vs=0.7, Δtred=0.2 s)
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Figure 21. Peak CFS (maximum value attained during simulation) a) along fault
mid-height at 250 m distance from the rupture plane (y = 250 m), and b) along a profile perpendicular to the fault (in the y-direction), located at fault mid-height at x =
10 km.

The main conclusions are summarized in the following paragraphs.
The TW method for fault strength breakdown is per se capable of generating similar secondary dynamic effects as those generated by the SW model.
However, the results show that there is a coupling between μs, μd, Vr and Δtred.
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In addition, the values of Vr and Δtred will for a spontaneous rupture, in general,
vary spatially over the rupture surface. Hence, the assumption of constant values of Vr and Δtred in the TW model means that when this model is adopted,
there will always be locations on the fault where these values are incompatible. This will have implications for the secondary effects.
Changes of the values of the strength reduction time Δtred and the rupture
velocity Vr in the TW model have a significant impact on the results (Figure
21). Particularly, Vr is important for how the stresses around the rupture front
are superimposed. A change of Vr clearly impacts the temporal evolution, as
well as the spatial distribution of CFS around the fault. Lower Vr tends to generate a gentler near-fault stress evolution and lower peak CFS values (Figure
22).
The comparison of the SW model and the TW model shows that not only
the momentary value of Vr is important for the dynamic secondary stresses at
a near-fault position passed by the rupture, but also the integrated Vr-history
up to that position. At some distance from the hypocenter where the models
generate the same Vr (e.g. x = 10 km), the TW model generates stronger nearfault effects (Figure 21). This is because Vr is constant throughout the entire
rupture history in the TW model while it takes some time to reach its final
value in the SW model.
2

y (km)

1

b)

Propagation

-1

1

Rupture front

Case 2b, (Vr/Vs=0.70)

0

-1

Rupture front
0

2

4

6
x (km)

8

-10 -8 -6 -4 -2 0 2 4
CFS (MPa)

10

6

Case 2b

-5
-10
-15
-20

0

-2

(x, y) = (9, 0.25)

5

0

-2
2

y (km)

Case 2a, (Vr/Vs=0.87)

CFS (MPa)

a)

Case 2a
0

2
4
Time (s)

6

12

8 10

Figure 22. a) Contours of CFS on the horizontal monitoring plane at fault midheight during rupture in Case 2a and Case 2b. The rupture front has reached x = ~8
km. The contours show how the region of increased CFS ahead of the front changes
shape when the rupture velocity is changed. Note that the initial CFS value at t = 0 is
zero. Behind the rupture front stresses are relaxed and CFS is reduced. b) Temporal
evolution of CFS at the location indicated by a cross in a).

Based on our observation of the significant importance of the integrated Vrhistory, we hypothesize that a TW simulation where a constant Vr is assumed,
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in general, predicts stronger secondary effects than a corresponding SW simulation does. Our hypothesis is for a Mode II dominated rupture where the
final Vr reached in the SW simulation is on par with that assumed in the TW
simulation. This should be particularly true at short rupture propagation distances from the hypocenter, where the SW rupture is still accelerating and the
integrated stress effects have had little time to grow.
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4. Discussion and conclusions

4.1.

General

In this thesis, I present simulations where I generate synthetic earthquakes and
monitor and quantify co-seismic secondary shear displacements on nearby
fractures with different orientations and locations. The fracture displacements
take place in response to both the dynamic and quasi-static stress perturbations
generated during earthquake rupture and the associated fault slip. I examine
how hypocenter location, stress drop, fault roughness, the representation of
fault edges, the fault rupture model and the rupture velocity may impact on
the potential for co-seismic secondary fracture displacements.
The simulations of earthquake rupture and secondary displacements are
performed with 3DEC (Itasca 2013), which is a software for simulations in
three dimensions based on the distinct element method (Cundall 1971). 3DEC
is primarily used as a tool for rock mechanics calculations, including calculations of the response of rock masses to different types of dynamic loads. One
particular rationale for using this code would be that it has the capability to
handle shear movements on numerous arbitrarily oriented discontinuities.
Hence, the code is well suited for the type of simulations presented here. In
the benchmark tests presented in Paper I, 3DEC is shown to have the capability to generate and propagate waves with an accuracy that I consider to be
satisfactory, given the uncertainties associated with the present application.
The ultimate goal with the calculations presented here is to provide input
to the process of establishing layout rules for a geological repository for highlevel spent nuclear fuel and to the associated assessment of the long-term seismic risk. The output with the most obvious and direct relevance to that goal is
the estimates of near-fault fracture displacements. The other results provided
by this work, e.g. the benchmark of the numerical tool, the examination of the
influence of fault roughness and of fault rupture model could increase the confidence in the results and help to quantify the uncertainties in the fracture displacement results.
In the following, I first discuss the simulations and results reported in Paper
III and Paper IV, since these are of general scientific interest. Then, I focus on
the site application results reported in Paper I and Paper II.
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4.2.

Impact of fault roughness, of rupture model and
of rupture velocity

In Paper III, I present results from dynamic rupture simulations of different
strike-slip earthquake scenarios on a vertical fault embedded within a 3D full
space. I evaluate the near-fault co-seismic stress effects in terms of the Coulomb Failure Stress (CFS) (Harris 1998) on hypothetical fractures planes. The
CFS values are calculated from the temporal stress evolution at 250 m and 500
m distances from the rupture plane. The coupling between total stress and pore
pressure is accounted for via Skempton’s coefficient B (e.g. Rice and Cleary
1976). Here, I consider CFS as a measure of the potential for co-seismic nearfault fracture slip. To examine the impact of fault roughness, I compare results
from a planar fault scenario with results generated by a number of rough fault
scenarios, where the fault has self-similar undulations. To obtain an indication
of how much an abrupt rupture arrest into a continuum may exaggerate the
secondary effects, I also test a scenario with a gentler earthquake rupture arrest
along the fault edge. I summarize my findings in the following paragraphs.
One of the most prominent findings from these simulations is that fault
roughness impacts the rupture process considerably and reduces fault slip. The
result is in accord with the findings by e.g. Fang and Dunham (2013) and
Zielke et al. (2017). In my models, where the surface undulations have an
amplitude-to-wavelength ratio of 0.005, the slip reduction due to roughness
exceeds 30%, on average. For my case, with an optimally oriented planar reference surface, I attribute this strong impact to lower initial shear-to-normal
stress ratios on the undulated surface. In addition, and possibly more important, normal stress increase and corresponding increase of shear resistance
is generated on the restraining sides of undulations during slip.
Fault roughness also appears to have a significant impact on the near-fault
stresses. The results indicate that near-fault fractures may become unstable
due to stress concentrations generated around fault asperities. In addition, the
stress waves generated on the rough fault surface may increase the magnitude
and extent of stresses also beyond the fault edges. Simulation results from
scenarios where the planar fault and rough fault earthquakes generate similar
seismic moments, suggest that fault roughness may increase the near-fault
CFS locally by tens of percent.
The results show that it is the background stress field, rather than the coseismic stress perturbations, that determines the orientation for which a nearfault fracture would become unstable and slip. The lowest stability is generated on planes with orientations close to the orientation that is optimal for slip,
given the initial stress field. Due to stress rotation and increase of stress anisotropy, particularly in the vicinity of fault edges and around fault asperities,
unstable conditions may arise on other planes as well. At the locations with
the largest alterations of the stress field, unstable conditions are found for
about 10% of all possible fracture orientations, and all unstable orientations
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are distributed around the initially most unstable orientation. I note that the
results in Paper II indicate a similar importance of the background stress field.
In that study, the largest secondary displacements were generated on fractures
with low initial stability.
The secondary stress effects show a clear dependence on the distance to the
fault in all simulation cases. The peak CFS values at 500 m distance are 9 –
32 % lower than the corresponding 250 m values.
I also note, in accordance with the results in Paper II and in Johri et al.
(2014), and in accordance with observations of aftershocks (e.g. Mendoza and
Hartzell 1988), that the strongest secondary stress effects tend to be generated
in the vicinity of the fault edges. In the model with a gentler rupture arrest
close to the fault edges, the maximum near-fault CFS is reduced by 10-15%.
However, the results indicate that the increased load in the rock volume
around the edges, and the associated CFS increase at the distances from the
fault I consider here, is mainly governed by the total slip on the fault.
I also examine how the degree of hydraulic coupling influences the results,
and find that a weaker coupling tends to give increased CFS values. Given
that I evaluate my results in the extensional quadrant of the fault, this is qualitatively in accordance with the results of e.g. Rice et al. (2005). Furthermore,
the results suggest that the dependence on hydraulic coupling, in general, is
modest and that variations of Skempton’s coefficient B to its limits would
change the CFS values by no more than ±20%.
To examine how the co-seismic secondary stress effect close to the rupturing fault may be influenced by the fault rupture model (Paper IV), I use the
same planar fault geometry as that used in the Paper III study. I compare
results from a dynamic rupture simulation governed by the linear slip-weakening law (SW) (Andrews 1976) with corresponding results generated using
a constant rupture velocity time-weakening (TW) model. I find that the TW
model is per se capable of generating similar secondary dynamic effects as
those generated by the SW model. However, the results show that due to the
coupling between the fault strength parameters, rupture velocity Vr and the
strength breakdown time Δtred, the assumption of constant values of Vr and
Δtred in the TW model means that when this model is adopted, there will always be locations on the fault where these values are incompatible. This will
have implications for the secondary effects. Furthermore, in accordance with
previous results (e.g. Poliakov et al. 2002), the results show that Vr is important for how the stresses around the rupture front are superimposed. A
change of Vr clearly impacts the temporal evolution, as well as the spatial distribution of CFS around the fault. Lower Vr tends to generate a gentler nearfault stress evolution and lower peak CFS values. In addition, not only the
momentary value of Vr seems to be important for the dynamic secondary
stresses at a near-fault position passed by the rupture, but also the integrated
Vr -history up to that position. The TW model with constant rupture velocity
tends to generate stronger secondary effects.
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4.3.

Application to the Forsmark site

I perform calculations of co-seismic secondary fracture displacements with
models that are based on data from the Forsmark site in southeastern Sweden,
where the Swedish Nuclear Fuel and Waste Management Co (SKB) is planning to construct a geological repository for high-level spent nuclear fuel. In
all calculations, I assume end-glacial stress conditions and that the earthquake
ruptures the gently dipping and shallow ZFMA2 deformation zone. The problem involves considerable uncertainties regarding the stress field, pore pressure conditions, mechanical properties of faults and fractures and the details
of the rupture process. However, the aim of the calculations is to establish
upper bound estimates rather than best estimates of secondary fracture shear
displacements, meaning that very detailed descriptions of, for instance, the
rupture process are not necessarily meaningful. A first preliminary calculation
is reported in Paper I, and in the Paper II study I simulate several other rupture
scenarios. In these scenarios, I examine the effect on the fault response as well
as on the secondary displacements of different hypocenter locations, increased
rupture speed, reduced fault pre-stress, increased fault shear strength and altered frictional properties of a connected neighboring deformation zone. The
moment magnitudes of the scenarios are in the range Mw 5.4 – 5.6 on rupture
areas between 13 and 14 km2.
A majority of the scenarios generate fault slip velocities and fault displacements, which can be considered high relative to data inferred from past events.
This is due to a high stress drop and corresponding large strain energy release.
Due to the homogeneous fault properties, the different scenarios generate similar fault displacement distributions. Thus, the static secondary effects are similar for the different scenarios.
As for the primary fault displacements, the sensitivity of the largest induced
secondary displacements to the different assumptions about the source is modest. The low sensitivity is due to the similarity in static stress effects, which
dominate over the dynamic effects, in particular at the shortest distances.
Since the primary fault displacement is large and the associated static effects
are strong, the estimated secondary fracture displacements can be regarded
upper bound estimates of the possible effects generated by a seismic event at
the Forsmark site. Still, only about one percent of the target fractures at the
shortest distance on the hanging wall side of the ZFMA2 deformation zone
generate displacements exceeding SKBs 50 mm canister damage threshold on
300 m diameter planar fractures. On the footwall side, where the repository
will be located, no fracture displacement exceeds 40 mm in any case.
As noted above, to account for the considerable data uncertainties involved
in this kind of simulations, the models are designed to provide upper bounds
of secondary displacements. However, there are also uncertainties in the results related to how the results are extracted and to the numerical accuracy of
the model. The largest shear displacement on a uniformly loaded fracture with
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homogeneous properties will take place at the fracture center (e.g. Eshelby
1957). However, the target fractures in the models here are not necessarily
uniformly loaded. This is particularly true at the shortest distances from the
slipping fault. Thus, the largest fracture displacements does not always take
place at the fractures centers where the displacements are monitored. This,
together with possible numerical disturbances gives uncertainties in the results
that I estimate to ±15%.
The synthetic earthquakes release not only all glacially induced strain energy, but also a significant amount of tectonically accumulated strain energy.
Thus, the calculated secondary displacements can be regarded upper bound
estimates also of the possible secondary effects caused by earthquakes occurring during present-day conditions and during the period of increased thermal
stresses following the closure of the repository.
Despite the dominance of the static effects, the rupture scenario where the
hypocenter is moved to a larger depth, further away from the target fractures,
shows that the stress transients generated at the rupture tip as well as the rupture directivity may have the potential to change the results in a non-negligible
way. This raises the question about the possible effects of a rupture that approaches the repository volume from a more distant position than what is assumed here. This is, at least theoretically, a possible scenario for a rupture on
ZFMA2, given that the zone has an unknown extension beyond what is given
by the established geological model of the Forsmark site. It should be noted
however that the results of the deep-seated hypocenter model may be particularly sensitive to the schematic representation of the fault edges and the unlimited growth of the shear stress peak travelling ahead of the rupture front.

4.4.

Remarks

As I have noted above, the largest secondary displacements generated by the
synthetic Forsmark earthquakes simulated in the Paper II study are mainly
attributed to the quasi-static stress effects around fault edges induced by the
fault displacement. Also at positions away from the fault edges, the amount of
fault slip has a significant impact on the secondary displacements. To get perspectives on how large the synthetic fault displacements are relative to those
of real events, one can compare with catalogue data of historic earthquakes
and regressions based on this data. Figure 23 shows catalogue data and regression lines of moment magnitude versus rupture area. Note that the regressions
are based on different data sets. For reference, I have added two points that
correspond to the SUPERSHEAR Mw 5.6 and the INC RES Mw 5.4 Forsmark
earthquake scenarios from Paper II. The additional line that intersects the SUPERSHEAR point is parallel with the Leonard (2010) regression line. The
additional line plots above a majority of the catalogue earthquakes and above
all stable continental region earthquakes, and thus illustrates the considerable
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slip generated by the SUPERSHEAR scenario. The seismic moment of that
scenario is about 2.9 times the moment estimated by the Leonard (2010) regression line for the same rupture area. The corresponding ratio for the INC
RES scenario is about 1.4.
8
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Figure 23. Earthquake catalogue data from Wells and Coppersmith (1994) and regressions of moment magnitude versus rupture area. SCR means Stable Continental
Region. The Leonard (2010) regression is developed for SCR regions and the Thingbaijam et al. (2017) regression for reverse faulting. The red and blue points correspond to the SUPERSHEAR Mw 5.6 and the INC RES Mw 5.4 Forsmark earthquake
scenarios, respectively (Paper II). The upper dashed line is added here for reference.

Another important feature of the Forsmark application models is that both the
primary fault and the target fractures are planar. This assumption is in contrast
to the well-known fact that faults and fractures are undulated at all length
scales (e.g. Candela et al. 2012; Power and Tullis 1991). According to the
results in Paper III, fault roughness may locally increase the co-seismic nearfault CFS, and thus the corresponding potential for fracture slip, by tens of
percent. This would mean that one should consider the possibility that one or
several fracture displacement results reported in the Paper II study could be
significantly under-estimated. On the other hand, however, the Paper III results, as well as results by others (e.g. Fang and Dunham 2013), indicate that
the assumption of planar fractures yields a significant over-estimation of the
secondary displacements, possibly by tens of percent. In contrast to the potential impact of primary fault roughness, the impact of secondary fracture roughness applies not only to a few fractures, but to all simulated fracture displacement results.
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As indicated in the discussions above, there are uncertainties in the input
data to the Forsmark site simulations. There are also uncertainties related to
how the results are extracted and to the numerical accuracy of the model.
However, the assumption of high stress drop and corresponding large displacement on the shallow ZFMA2 fault zone, as well as the assumption of
planar target fractures, contribute to large secondary displacements. In addition, the Paper IV results indicate that the constant rupture speed TW model,
which I adopt in the Forsmark simulations, generates near-fault stresses on the
same level, or higher, as those generated by a model simulating a spontaneous
rupture. Based on these observations, I conclude that the calculated displacements can be regarded as upper bound estimates of seismically induced secondary fracture displacements at Forsmark. Hence, the results should
strengthen the confidence in the safety assessment of the nuclear waste repository at the Forsmark site.
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5. Future prospects

The results of this work contributes to the confidence in the handling of the
seismic risk to deep geological repositories for spent nuclear fuel. However,
there are issues that could be further examined in order to increase the understanding of the processes involved in endglacial faulting and in the generation
of secondary displacements. There are also methods that could be developed
to increase the precision in the type of simulation results presented here. Better
process understanding and better modelling methods would further increase
the confidence in the risk handling. Below, I present and discuss some research items that may deserve attention in the future.
As I have noted earlier in this thesis, there is a general agreement about the
processes that promoted the endglacial faulting observed in northern Scandinavia. However, there is a lack of a more elaborated understanding of the
mechanisms that triggered these events. Through deployment of dense seismic
networks around seismically active endglacial faults in northern Sweden, the
amount of available seismic data has increased significantly during recent
years. Particularly, for the seismically active area around the Burträsk fault,
south of the city of Skellefteå (Lund et al. 2015). The data provides information about the geometry of the fault and about the stress regime at depth. I
speculate that it would be possible to use the Burträsk data along with estimates of stress additions obtained from glacial isostatic models as input to a
numerical simulation of the endglacial event that created the significant surface scarp observed at the surface. Such a simulation could potentially increase the understanding of why the surface offset appears to be large in relation to the estimated earthquake size, and also give an indication of possible
triggering mechanisms, e.g. excess pore pressures.
In my simulations I consider the immediate co-seismic response of the
near-fault rock and of the target fractures. I do not include the effects of time
dependent processes, such as pore pressure migration and visco-elastic creep,
which govern the evolution of aftershocks occurring with time delays ranging
from seconds to months (e.g. Albano et al. 2017; Scholz 2002). The potential
importance of such processes for the present application could be examined
through literature reviews and model studies.
To calculate the co-seismic near-fault Coulomb Failure Stress (CFS) evolution, as I do in the simulations in Paper III and Paper IV, is an expedient
way to examine the potential for secondary fracture slip for different fracture
orientations. However, fractures of potential importance have extensions on
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the order of 100 meters, while CFS values regard individual points in space.
This, and the possibility of a complex temporal CFS evolution, means that the
CFS values not necessarily always scale linearly with the slip that would be
obtained along a correspondingly located and oriented explicitly modelled
fracture. It remains to examine how well the CFS evolution can be used to
estimate actual shear displacements for cases with very fast CFS changes, for
instance cases with short peak CFS durations.
As pointed out in the previous section, the assumption of fracture planarity
contributes to an over-estimation of fracture displacements. Further studies of
how fracture roughness at different scales may influence the shear resistance
could help to quantify the amount of over-estimation.
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6. Sammanfattning på svenska

I denna avhandling presenterar jag jordskalvssimuleringar med vilka jag beräknar seismiskt inducerade skjuvrörelser på sprickor i nära anslutning till
jordskalvsförkastningen. Sprickrörelserna, s.k. sekundära rörelser, induceras
på grund av den kombinerade effekten av de dynamiska vågor och den kvasistatiska spänningsomlagring som genereras under brottpropagering och skjuvrörelse på primärförkastningen. Syftet med denna typ av beräkningar är att
generera indata, dels till utarbetandet av layoutregler för ett geologiskt slutförvar för högaktivt utbränt kärnbränsle, och dels till analysen av förvarets
långsiktiga säkerhet.
Med modeller baserade på generella antaganden om geometri, materialegenskaper och spänningar, genomför jag simuleringar av dynamiskt propagerande skalv. Med dessa modeller undersöker jag hur undulationer på förkastningsplanet, representationen av förkastningsplanets kanter, den applicerade brottpropageringsmodellen samt brottpropageringshastigheten kan påverka potentialen för seismiskt inducerade sekundära sprickrörelser. Jag antar
att undulationerna på förkastningsplanet följer ett fraktalt mönster. Graden av
undulation är sådan att den kan anses vara representativ för naturliga förkastningar. I dessa simuleringar beräknar jag inga explicita sprickrörelser. Istället
beräknar jag, baserat på spänningsutvecklingen i förkastningsplanets närhet,
Coulomb-brottspänningarna på hypotetiska sprickplan, och använder dessa
spänningar som ett mått på potentialen för seismiskt inducerad sprickrörelse.
I beräkningar av explicita sekundära sprickrörelser använder jag modeller
baserade på platsspecifikt data från Forsmark i sydöstra Sverige, där Svensk
Kärnbränslehantering AB (SKB) planerar att bygga ett geologiskt slutförvar
för utbränt kärnbränsle. Jag simulerar ett jordskalv som inträffar på en svagt
sluttande deformationszon, ZFMA2, och antar att skalvet inträffar i slutet av
en glaciationscykel, då horisontalspänningarna i jordskorpan är väsentligt förhöjda i förhållande till idag. Jag beräknar sekundära sprickrörelser för 22
sprickorienteringar och för olika positioner och avstånd relativt primärförkastningen. Sprickorna är plana och cirkulära med 300 m diameter. För att undersöka hur känsliga resultaten är för olika antaganden om brottpropageringshastighet, hypocenterplacering, hållfastheten hos en angränsande deformationszon och initialspänningsnivå, simulerar jag olika jordskalvsscenarier.
Beräkningarna genomförs med 3DEC (Itasca 2013), vilket är ett program
för bergmekaniska beräkningar i tre dimensioner, baserat på distinkta elementmetoden (Cundall 1971). 3DEC är utvecklat för att simulera responsen hos
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mekaniska system bestående av block utsatta för kvasi-statiska eller dynamiska laster. Programmet kan simulera rörelser längs ett större antal godtyckligt orienterade diskontinuiteter, och är i detta avseende väl lämpat för den typ
av beräkningar som genomförs här. Jag gör testberäkningar för att undersöka
3DECs förmåga att generera och att fortplanta seismiska vågor på ett korrekt
sätt. Detta gör jag genom att jämföra resultat från 3DEC med motsvarande
resultat genererade dels med Compsyn (Spudich and Xu 2002), som är en programvara för kinematisk jordskalvssimulering, och dels med Stokes analytiska lösning. Testerna visar att 3DEC genererar och fortplantar vågor med en
precision som kan anses tillfredsställande givet de osäkerheter som är associerade med den givna tillämpningen.
De generella beräkningarna visar att undulationer på förkastningsplanet har
en signifikant inverkan på brottpropageringsprocessen och på förkastningsrörelsen, och ger här mer än 30 % reduktion av rörelsen. Resultaten indikerar
också att undulationerna har en signifikant inverkan på spänningsutvecklingen
i förkastningens närhet, och kan där lokalt öka Coulomb-brottspänningen med
tiotals procent. Coulomb-brottspänningarna visar också på ett systematiskt beroende på avståndet till förkastningsplanet. På 500 m avstånd är de 9 – 32 %
lägre än motsvarande på 250 m avstånd. De kraftigaste sekundäreffekterna fås
längs förkastningsplanets kanter och är främst betingade av förkastningsrörelsens storlek. Vidare visar beräkningarna att det är bakgrundsspänningsfältet,
snarare än spänningsomlagringarna genererade av skalvet, som främst avgör
för vilka orienteringar som en spricka skulle kunna bli instabil och skjuvas.
Jämförelsen mellan två brottpropageringsmodeller visar att dessa för samma
propageringshastighet ger likartade sekundära Coulomb-brottspänningar.
Undersökningen visar även att propageringshastigheten har en signifikant inverkan på de inducerade spänningarna. Högre propageringshastighet ger kraftigare sekundära Coulomb-brottspänningar.
I de platsspecifika beräkningarna genererar samtliga skalvscenarier skjuvhastigheter och skjuvrörelser på primärförkastningen som, vid jämförelse med
data från verkliga skalv, kan anses vara ansenliga. Momentmagnituderna uppgår till Mw 5.4 – 5.6 på 13 – 14 km2 förkastningsareor. De seismiska momenten
är 1.4–2.9 gånger högre än vad som uppskattas via databasregressioner för
motsvarande förkastningsareor. På grund av homogena förkastningsegenskaper ger de olika scenarierna likartade fördelningar av förkastningsrörelsen.
Fördelningen av de sekundära sprickrörelserna är, i enlighet med fördelningen
av förkastningsrörelserna, likartade i de olika scenarierna. Detta beror på att
de kvasi-statiska sekundära spänningseffekterna är likartade, och att dessa dominerar över de dynamiska effekterna. Vidare visar resultaten, i enlighet med
resultaten från de generella modellerna, att en sprickas orientering i förhållande till initialspänningsfältet har stor betydelse för sprickrörelsen. På liggväggssidan av ZFMA2, där slutförvaret är planerat att placeras, överstiger
ingen sprickrörelse SKBs kapselskadekriterium på 50 mm i något av de ana58

lyserade scenarierna. På grund av de ansenliga förkastningsrörelserna och antagandet om plana sekundärsprickor kan de uppskattade sekundärrörelserna
anses representera en övre gräns för möjliga seismiskt inducerade sekundära
sprickrörelser i Forsmark. Resultaten bör således bidra till att öka tilliten till
säkerhetsanalysen för ett slutförvar i Forsmark.
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