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ABSTRACT
The objective of this study is to obtain estimates of the possible effects that post-glacial
seismic events in three verified deformation zones (BFZ100, BFZ021/099 and BFZ214)
at the Olkiluoto site may have on nearby fractures in terms of induced fracture shear
displacement. The study is carried out by use of large-scale models analysed
dynamically with the three dimensional distinct element code 3DEC. Earthquakes are
simulated in a schematic way; large planar discontinuities representing earthquake faults
are surrounded by a number of smaller discontinuities which represent rock fractures in
which shear displacements potentially could be induced by the effects of the slipping
fault. Initial stresses, based on best estimates of the present-day in situ stresses and on
state-of-the-art calculations of glacially-induced stresses, are applied. The fault rupture
is then initiated at a pre-defined hypocentre and programmed to propagate outward
along the fault plane with a specified rupture velocity until it is arrested at the boundary
of the prescribed rupture area.
Fault geometries, fracture orientations, in situ stress model and material property
parameter values are based on data obtained from the Olkiluoto site investigations.
Glacially-induced stresses are obtained from state-of-the-art ice-crust/mantle finite
element analyses. The response of the surrounding smaller discontinuities, i.e. the
induced fracture shear displacement, is the main output from the simulations.
The synthetic 3DEC earthquakes have relatively small rupture areas compared to real
crustal earthquakes with corresponding moment magnitudes, which means that, given
their moment magnitudes, their average fault displacements are relatively large. Their
moment magnitudes are in the range Mw 4.3 – 5.9 and their peak fault slip velocities
range approximately between 1 m/s and 3.5 m/s. The highest of these slip velocities can
be regarded relatively high compared to velocities found in real seismic events.
Considering that the fault slip velocity has been shown to be correlated to the induced
fracture shear displacements, this suggests that the simulated stress impact on the target
fractures is realistic-conservative.
Two values of the fracture shear stiffness are tested (the lower denoted ’Posiva1’ and
the higher ’Posiva 2’). The values differ by one order of magnitude and correspond to
the lower and upper bounds in the shear stiffness range given in the Olkiluoto site
report. The results suggest that the Posiva 1 value gives exaggerated, mainly elastic,
fracture shear displacements and that the results of the Posiva 2 models are judged to be
the most relevant ones.
Given the assumptions of planar fracture geometry, fracture properties being uniform
over the entire fracture area, and establishing that the Posiva 2 results should be used for
the evaluation, the following observations are made:
x

The fracture displacements depend on the fault-fracture distance. However, the
majority of the fractures move too little that it is meaningful to attempt to establish
regular distance-displacement relations. Out of all fractures monitored here, only
two moved more than about 5 mm

x

The two fractures that actually slipped moved by 20 – 25 mm. Both were located at
the smallest distances considered here (100 m and intersecting, respectively) from
the steeply dipping reverse fault BFZ100.

The overall conclusion of this study is that seismically-induced fracture shear
displacements would be very modest at the Olkiluoto site and, for 75 m radius fractures
that don’t intersect the potential fault, exceed about 5 mm only by way of exception
even at fault distances as small as 100 m.
Some models are analysed applying the same fracture properties as those applied in a
similar study performed for the SKB site selected for the Swedish nuclear fuel
repository in Forsmark. The results are then compared with the SKB study results. The
general conclusion of the comparison is that the site specific modelling conducted here
for the Olkiluoto site gives more realistic upper bound estimates of the potential seismic
effects on Olkiluoto target fractures than a more general and conservative worst case
approach, such as the one applied in the SKB study, would have done.
Keywords: Earthquake, glaciation, modeling, fault, fractures, 3DEC.

Jäätiköitymisen päättymiseen liittyvien maanjäristysten mallinnus
Olkiluodon alueella
TIIVISTELMÄ
Tämän työn tavoitteena on arvioida millaisia siirtymiä mahdolliset post-glasiaaliset
maanjäristykset kolmessa hauraassa vyöhykkeessä (BFZ100, BFZ021/099 and BFZ214)
Olkiluodon alueella aiheuttavat siirrosten ympäristön raoissa. Työ on tehty käyttäen
3DEC -koodia. Maanjäristykset on simuloitu tapahtumaan suurissa tasomaisissa
pinnoissa, jotka kuvaavat hauraita vyöhykkeitä (siirroksia), ja joita ympäröivät pienemmät epäjatkuvuuspinnat kuvaten rakoja, joissa mahdolliset siirtymät voivat tapahtua
hauraan vyöhykkeen aktivoituessa. Jännitystila arvioitiin perustuen tämän hetken
jännitystilaan sekä laskennallisesti saatuun jäätiköitymisen aiheuttamaan jännitystilaan.
Siirrostuma ohjelmoitiin etenemään etukäteen määritellystä hyposentristä ulospäin
siirrospintaa pitkin tietyllä nopeudella määrättyyn siirrospinnan reunaan saakka.
Siirrosten geometria, rakojen suunnat ja in situ -jännitystilamalli sekä materiaalien
ominaisuuksien parametrit perustuvat Olkiluodon paikkatutkimuksiin. Tieto jäätikön
aiheuttamasta jännitystilasta on saatu maankuori-vaippa -äärellisten elementti analyysien (finite element analysis) perusteella. Simulaatioiden keskeisempänä lopputuloksena
saadaan siirrosta ympäröivien rakojen siirtymä.
Keinotekoisesti luoduilla 3DEC-maanjäristyksillä on suhteellisen pieni siirrostuma-alue
verrattuna todellisiin maanjäristyksiin, ja tämän vuoksi tietyllä momenttimangditulla
havaitaan suhteellisesti suuri siirroksen keskimääräinen siirrostuminen. Havaitut
momenttimagnitudit vaihtelevat välillä Mw 4.3 – 5.9 ja siirrosnopeudet vaihtelevat noin
1 - 3.5 m/s välillä. Mallinnuksessa saatuja korkeimpia siirrosnopeuksia voidaan pitää
suhteellisen korkeina verrattuna todellisissa seismisissä tapahtumissa havaittuihin nopeuksiin. Siirrosnopeuksien ja rakojen siirtymien välillä tunnetun korrelaation perusteella simuloidun jännityksen vaikutuksia rakoihin voidaan pitää realistiskonservatiivisina.
Työssä kokeiltiin kahta eri arvoa rakojen leikkausjäykkyydelle (alempaa "Posiva1" ja
ylempää ’Posiva2’). Arvot erosivat toisistaan kymmenkertaisesti ja ne edustivat ylintä ja
alinta Olkiluodon paikkatutkimusraportissa esitetyistä arvoista. Saadut tulokset viittaavat siihen, että Posiva 1-arvo antaa liioitellun, pääasiassa elastisen rakojen siirtymän,
ja Posiva2-arvoon perustuvia malleja pidetään merkityksellisimpänä. Käyttäen Posiva2arvoon pohjautuvia tuloksia ja huomioiden olettamukset rakojen tasomaisesta
geometriasta sekä niiden yhtäläisistä ominaisuuksista koko pinta-alallaan, seuraavat
havainnot voidaan tehdä:
x

x

Rakojen siirtymät riippuvat siirroksen ja raon välisestä etäisyydestä. Valtaosa
raoista kuitenkin liikkuu niin vähän, ettei ole merkityksellistä yrittää havainnoida
säännönmukaista riippuvuutta etäisyyden ja siirrostuman välillä. Vain kaksi rakoa
liikkui enemmän kuin 5 mm.
Nuo kaksi rakoa liikkuivat 20 – 25 mm. Molemmat sijaitsivat lähietäisyydellä
(100m etäisyydellä ja leikaten siirrosta) jyrkästi kaatuvasta käänteissiirroksesta
BFZ100.

Tämän tutkimuksen johtopäätöksenä todetaan, että seismisesti aiheutetut rakojen
liikkeet ovat erittäin vaatimattomia Olkiluodossa raoille, joiden säde on 75 m ja jotka
eivät leikkaa maanjäristysaltista siirrosta. Yli 5 mm siirtymä havaitaan vain poikkeustapauksessa niinkin lähellä kuin 100 m etäisyydellä siirroksesta.
Muutamat tämän työn mallit analysoitiin käyttäen samoja rakojen parametrejä mitä on
käytetty SKB:lle tehdyssä samankaltaisessa työssä koskien Ruotsin loppusijoituspaikaksi valittua Forsmarkia. Saatuja tuloksia on verrattu keskenään. Yleisenä johtopäätöksenä vertailusta voidaan todeta, että Olkiluodon paikkasidonnaisen mallinnuksesta saadut tulokset antavat realistisemmat ylärajat mahdollisille rakoihin kohdistuville seismisille seurauksille kuin mitä yleisempi ja konservatiivisempi lähestymistapa, jollaista SKB:n työssä käytettiin, antaisi.
Avainsanat: Maanjäristys, jäätiköityminen, mallinnus, siirros, raot, 3DEC.
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1

INTRODUCTION AND BACKGROUND

1.1 Background
Posiva considers to apply the KBS-3 system for storing of spent nuclear fuel. In the
KBS-3 system, the spent fuel will be encapsulated in canisters consisting of a cast iron
insert surrounded by a copper shell. The canisters will be deposited in crystalline rock at
a depth of 400 – 500 m below ground surface. The canisters will be surrounded by a
barrier of bentonite clay for isolation and mechanical protection (Figure 1-1, left). The
main mechanical protection function is to absorb strain produced by slipping fractures
that intersect deposition holes (Figure 1-1, right).
The safety assessment time frame is hundreds of thousands of years. One concern is that
large deformation zones located close to the repository or within the repository area
may become unstable in a postglacial stress regime, i.e. that an episode of end-glacial
faulting will follow the retreat of a future ice cover. In northern Fennoscandia there are
evidences of such seismic activity in connection with the late stages of deglaciation at
the end of the previous ice-age (Lagerbäck 1988; Arvidsson 1996; Böðvarsson et al.
2006; Lagerbäck and Sundh 2008). There are, however, indications of post-glacial
seismicity also in southern Finland. In the Olkiluoto sea area in south-western Finland,
Holocene sediment faults indicate that fracture zones may have been reactivated after
the retreat of the latest ice cover (Hutri 2007). Posiva has decided to locate the deep
repository at the Olkiluoto Island (Figure 1-2) and the possibility that future glacial
loads may trigger seismic events in fracture zones located in the deposition area can
thus not be disregarded. The present report addresses the question of the post-glacial
seismic risk for the Posiva repository. The methodology is based on, and developed
from, that used in a similar study performed for the SKB site selected for the Swedish
nuclear fuel repository in Forsmark (Fälth et al. 2010).

Figure 1-1. Left: Schematic of KBS-3 repository with ramp, system of horizontal
tunnels and vertical deposition holes. Right: Schematic of shear displacement across
vertical deposition hole. From Fälth et al. (2010).
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Figure 1-2. Map showing the location of the Olkiluoto site in south-western Finland.
The inset shows a close up of the Olkiluoto Island indicating the surface lineaments of
the three deformation zones considered in this study.

1.2 SKB study
The earthquake problem has been addressed for the SKB repository site at Forsmark in
south-eastern Sweden by Fälth et al. (2010). They identified a number of effects that the
static stress redistributions and stress waves induced by a nearby seismic event
potentially could have on a deep repository:
1.
2.
3.
4.
5.

Liquefaction of the bentonite buffer
Canister damage by shaking
Rock failure induced by dynamic stress waves
Changes in bedrock hydraulic conditions
Fracture shear displacements across deposition holes

It was concluded by Fälth et al. (2010) that the only seismic risk relevant to the
repository is that of shear displacements in fractures intersecting deposition holes (item
#5 in the list above). Such fracture movements may be harmful to canisters if the
intersection geometry is unfortunate, the shear displacement is large and the shear
velocity not too low (cf. Figure 1-1, right).
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In order to establish upper bound estimates of the fracture shear displacements that
potentially could be induced at different distances from the slip plane of a large seismic
event, Fälth et al. (2010) analysed a number of dynamic models. The models included
one large discontinuity surrounded by a number of smaller ones. The large discontinuity
represented a pre-existing fault along which an earthquake rupture was initiated and
propagated. The small discontinuities represented fractures in which slip potentially
could be induced by both static stress redistributions and by seismic stress waves. The
simulated earthquake magnitudes were in the range Mw 5 – Mw 7.5. In the study by Fälth
et al. (2010) the aim was to find upper bound estimates of the induced fracture slip for
earthquakes of the largest magnitudes that theoretically would be possible, given the
sizes of the potential faults. This modelling approach may mean that the measures
recommended to mitigate the risk are unnecessarily conservative when applied to actual
sites where the potential instability probably is less severe.
1.3 Present study
The present study focuses on the potential of seismic fracture reactivation at the Posiva
site in Olkiluoto site in western Finland. The approach is similar to that applied by Fälth
et al. (2010), i.e. numerical modelling is used to estimate the fracture shear
displacement that may be induced by a nearby seismic event. However, while much of
the model input data (fault and fracture geometries, stresses) were generic in the models
analysed by Fälth et al. (2010), the models analysed here are based on site investigation
data from the Olkiluoto site. There are a number of verified deformation zones at
Olkiluoto. Some of them may have the potential of becoming unstable and slip
seismically under post-glacial conditions and thus possibly impair the safety of the
repository. This study is focused on the potential of fracture reactivation caused by postglacial seismic events in the following deformation zones (Aaltonen et al. 2010):
x
x

x

BFZ100 (Figure 1-3): This deformation zone is located inside the repository
volume. It has length and width of about 1.2 and 0.65 km, respectively. It is steeply
dipping towards ESE (dip direction/dip = 98/67).
BFZ021 and BFZ099 (Figure 1-4): These deformation zones are considered as two
splays of a one single zone (note that Figure 1-4 shows only BFZ099), combining
into a single zone in the central part of the site volume. Their lengths are about 6.8
and 6 km, respectively and their widths 2.6 and 3.5 km, respectively. They are
gently dipping towards SSE (dip directions/dip = 160/20 (BFZ021) and dip
direction/dip = 160-170/30-40 (BFZ099)). In this study they are treated as one zone.
We note here that BFZ021 was called BFZ002 in previous geological model
versions (cf. Mattila et al. 2008, Posiva 2009).
BFZ214 (Figure 1-5): This zone is located to the north of the Olkiluoto island. It has
length and width of 13.3 and 2.6 km, respectively. It is steeply dipping towards
SSW (dip direction/dip = 195/77).

These brittle deformation zones were selected to represent (1) variable size, (2) variable
orientation and (3) variable location with respect to the planned repository area. The
results obtained for the zones listed above will be valid also for other similarly oriented
and similarly sized zones at the site. For instance, the BFZ020 zone has the average
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orientation 140-155/20 (dip direction/dip) and a modelled size of 5 x 2.5 km (length x
width). Thus, its orientation and dimensions are similar to those of the BFZ021 and
BFZ099 zones. Given that there are uncertainties in the stress field assumed here and in
the true sizes and orientations of the zones, this means that the differences in size and
orientation between the BFZ021/BFZ099 zones and the BFZ020 zone are small enough
that the results from the BFZ021/BFZ099 model here can be regarded valid also for the
BFZ020 zone and other similar zones.

N

BFZ100

Figure 1-3. The intersection between the deformation zone BFZ100 and the repository
horizon at 420 m depth shown along with the projected repository layout at Olkiluoto.
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N

BFZ099

Figure 1-4. The intersection between the deformation zone BFZ099 and the repository
horizon at 420 m depth shown along with the projected repository layout at Olkiluoto.

BFZ214

N

Figure 1-5. The intersection between the deformation zone BFZ214 and the repository
horizon at 420 m depth shown along with the projected repository layout at Olkiluoto.
Note that the full length of the zone is not shown in the figure.
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1.4 Objectives
The objective of this study is to make estimates of the possible effects that post-glacial
seismic events in verified deformation zones at the Olkiluoto site may have on nearby
fractures in terms of induced fracture shear displacement. The study is focused on the
following deformation zones:
x
x
x

BFZ100
BFZ021/BFZ099 (Here treated as one zone)
BFZ214

The study is carried out by means of numerical modelling.
1.5 This report
Chapter 2 describes the modelling approach; the numerical tool, the geometries of the
fault planes and fractures, the way fractures and earthquake faults are represented, the
boundary conditions and the initial conditions, the way the rupture is initiated and
controlled in the models, and the cases selected for analysis.
Chapter 3 presents the modelling results. The rupture process is illustrated by plots of
fault slip and rock displacements. The main results, i.e. the amount of fracture shear
displacements induced at different distances from the fault, are then presented.
Similarly, the corresponding fracture shear velocities are also presented. The sensitivity
of the fracture shear displacements and shear velocities to different assumptions
regarding fracture properties is examined.
In Chapter 4 the results are discussed and conclusions are drawn.
There is also an appendix where the results of the fault residual strength calibration are
presented.
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2

MODELLING APPROACH

2.1 General
The modelling approach used in this study is similar to that applied in earlier studies by
Fälth and Hökmark (2006) and Fälth et al. (2010). Models which include both the
earthquake fault and the studied fractures are created and initial stresses are applied. An
earthquake is then generated in a schematic way. The rupture mechanism is simulated
through a programmed reduction of the fault shear strength, which results in fault slip
with a corresponding release of strain energy. The rupture is initiated at a pre-defined
hypocentre and propagated along a pre-defined path. Typical value of the rupture
propagation velocity is used, while fault strength properties are assumed to be uniform
over the fault plane. This modelling approach makes it possible to study target fracture
displacements due to both static stress redistributions and dynamic oscillation effects.
The models analysed by Fälth and Hökmark (2006) and Fälth et al. (2010) simulated
earthquakes without any coupling to any specific site or earthquake. The initial stresses
were calibrated to power earthquakes within the intended magnitude range and were not
site specific. As a base case assumption, the residual fault shear strength after completed
rupture was schematically set to zero. This assumption led to fault displacement
overshoot and large oscillations following the completion of the fault rupture. The
earthquake fault was oriented relative to the initial stresses such that pure reverse events
were obtained and the orientations of the studied fractures were generic.
In the present study the initial stresses are the sum of in situ stresses according to an
Olkiluoto stress model and of glacially-induced stresses obtained from ice-crust/mantle
analyses by Lund et al. (2009). In the studies by Fälth and Hökmark (2006) and Fälth et
al. (2010) the fault shear strength was ramped down to zero irreversibly. This is likely to
be an overly schematic approach: The slip surfaces in a fault may temporarily be
lubricated during an earthquake due to high pore pressures and melting effects (see e.g.
Ma et al. (2003); Kanamori and Rivera (2006)), but not to such an extent that significant
oscillations arise after the completion of fault rupture. Thus, the fault residual strength is
here set to a low value in order to suppress oscillations. Fault geometries and fracture
orientations are in agreement with Olkiluoto site data (Posiva 2009; Buoro et al. 2009).
The difference in modelling methodology between the studies by Fälth and Hökmark
(2006) and Fälth et al. (2010) and the present study are summarised in Table 2-1.
In the following subsections the modelling approach is described in detail. First the
code that is utilized is described. Then there is a description of some concepts and
definitions that are used throughout the report. After that there are descriptions of the
models; geometric outlines, dimensions, fracture geometries, material properties, initial
and boundary conditions. The latest section of the chapter gives an overview of the
cases that are selected for analysis.
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Table 2-1. Differences in modelling methodology.
Item
Initial stresses

Earthquake
fault orientation
(relative to initial
stresses)
Fracture
orientations
Fracture
properties
Fault properties

Fälth and Hökmark (2006); Fälth et
al. (2010)
Generic. Calibrated in order to power
earthquakes of intended moment
magnitudes.
Strike perpendicular to major
horizontal stress.

This study

Generic.

In accordance with Olkiluoto site
data.
In accordance with Olkiluoto site
data.
Residual fault strength calibrated to
suppress fault overshoot and
oscillations.

In accordance with Forsmark site
data.
Zero residual fault strength.

The sum of site-specific in situ
stresses and estimates of glaciallyinduced stresses.
In accordance with verified
deformation zones at the Olkiluoto
site.

2.2 Description of the numerical tool
The models are analysed by use of 3DEC, version 4.10 (Itasca 2007). 3DEC is a threedimensional numerical program based on the distinct element method for discontinuum
modelling. 3DEC simulates the response of discontinuous media (such as jointed rock
masses) subjected to either static or dynamic loading. The code employs an explicit
time-stepping solution scheme. The discontinuous medium is represented by an
assemblage of discrete blocks. The discontinuities are treated as boundary conditions
between the blocks; large displacements along discontinuities and rotations of blocks
are allowed. Individual blocks behave either as rigid or deformable material.
Deformable blocks are subdivided into a mesh of finite-difference elements, and each
element responds according to a prescribed linear or non-linear stress-strain law. The
relative motion of the discontinuities is also governed by linear or non-linear forcedisplacement relations for movement both in the normal and shear directions. 3DEC is
based on a “Lagrangian” calculation scheme that is well-suited to model the large
movements and deformations of a blocky system (Itasca 2007). See also e.g. Jing and
Stephansson (2007). The code documentation contains several examples that verify the
performance of the dynamic logic.
3DEC also contains a built-in programming language called FISH, which makes it
possible to extend 3DEC’s usefulness by the definition of custom functions and
variables (Itasca 2007). Here, FISH is used in the modelling work to define circular rock
fractures and to initiate and propagate the rupture along the earthquake fault.
2.3 Concepts and definitions
A number of parameters and concepts used in the model descriptions and in the results
discussions are listed and explained below.
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2.3.1

Primary fault

The primary fault is here used as notation for the geological formation along which the
rupture process is taking place during the earthquake (i.e. the ‘seismogenic’ fault). In
the models described in this report, the primary fault is represented by one discrete
planar feature.
2.3.2

Target fracture

A target fracture is a rock fracture located in the vicinity of the primary fault which can
potentially be reactivated by the seismic event. The amount of slip on such fractures is
the main concern in this study. The target fractures are represented in the numerical
models as circular perfectly planar discs. The methodology used for defining target
fractures is described in Section 2.6.
2.3.3

Strength reduction time, rt

The strength reduction time, rt, is an input parameter to the rupture propagation
algorithm in the models analysed here. It is defined as the time over which the shear
strength is ramped down from the initial value to a specified residual strength at all
points on the primary fault.
2.3.4

Moment magnitude and seismic moment

The magnitude measure used here is the moment magnitude, Mw, cf. Kanamori (1977),
Hanks and Kanamori (1979). This scale is based on the seismic moment, M0. The
moment magnitude is used in this report, and is defined as:

Mw

2
log10 M 0  6.07
3

Equation 2-1

The seismic moment M0 is calculated as

M0

GuA

Equation 2-2

where G is the shear modulus of the rock mass and  is the average slip along the
rupture area A.
2.4 Geometric outlines of models
This section presents the geometric outlines of the models. Three models are analysed.
Each model corresponds to one verified Olkiluoto deformation zone (Table 2-2), cf.
Figure 1-3, Figure 1-4 and Figure 1-5. As noted above, the BFZ021 and BFZ099 zones
are splays of the same zone and have similar orientations. Here they are treated as one
zone which is denoted BFZ021. In the models, the zones are represented by perfectly
planar features with orientations in accordance with those of the real zones.
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Table 2-2. Overview of the deformation zones considered here and the corresponding
3DEC models.
Deformation
zone

Zone
orientation
according to site model
(dip direction/dip)

3DEC model name

Orientation of primary
fault in 3DEC model
(dip direction/dip)

BFZ100
BFZ021/BFZ099

98/67
160/20 (BFZ021)
160-170/30-40 (BFZ099)
195/77

BFZ100
BFZ021

98/67
165/30

BFZ214

195/77

BFZ214

The following hold for all models:
x

x
x
x

x

The model represents a large portion of rock. In the model’s coordinate system, the
x-direction represents north. In order to minimise boundary displacements, the
boundaries are aligned approximately with the principal stress directions (Figure
2-1). Note that the alignment is not perfect at all depths since the stress orientation
varies with depth (cf. Section 2.8.3).
The model’s upper boundary represents the ground surface.
The primary fault is located centrally in the model and breaches the ground surface.
The hypocentre is located approximately at the centre of the rupture area. In the
models the entire deformation zone ruptures, meaning that the rupture area is
identical to the area of the deformation zone and that the hypocentre is located at the
centre of the given deformation zone.
The centres of the target fractures are located at 420 m depth. Three fault-fracture
distances and three fracture orientations are included. All fractures are circular with
75 m radius.
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BFZ100
dd/dip98/67
Lf=1.35km

BFZ021
dd/dip165/30
Lf=7km

BFZ214
dd/dip195/77
Lf=13km

125°
x(north)

SH
Sh

y

Figure 2-1. Schematic outline of the 3DEC models. The model boundaries are aligned
approximately with the principal stress directions (cf. Section 2.8.3). Lf is the fault
length.

The outlines of the BFZ100, BFZ021 and BFZ214 3DEC models are shown in Figure
2-2, Figure 2-3 and Figure 2-4, respectively. Each figure shows the overall model
geometry with the fault region located in the centre of the model. Note that parts of the
block assembly are hidden to show the regions of interest. The fault length and fault
width are denoted Lf and W, respectively. A volume denoted the target fracture region is
defined close to the primary fault. In the target fracture region a number of cut planes
are created at different distances from the fault plane. Circular target fractures, all with
radius of 75 m, are then defined in these planes. All target fractures are located with
their centres at 420 m depth. More detailed descriptions of the principles for fracture
definition and of fracture orientations and locations are given in Section 2.6. The
models dimensions are presented in Table 2-3. The table also shows the hypocentre
depth defined for the different models/deformation zones in the dynamic phase of the
analyses.
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L1

Faultregion

L2
Targetfracture
region

b)
L3

Lf

W

a)

c)

Figure 2-2. Geometric outlines of the BFZ100 model. a) Overall model geometry. The
primary fault is located centrally in the model and breaches the ground surface. Some
parts of the model are hidden for illustrative purposes. b) Fault region and target
fracture region. c) Fault cut plane and surrounding target fracture cut planes.
Targetfracture
region

L1

L2

Faultregion

b)

Lf

L3

a)
c)

W

Figure 2-3. Geometric outlines of the BFZ021 model. a) Overall model geometry. The
primary fault is located centrally in the model and breaches the ground surface. Some
parts of the model are hidden for illustrative purposes. b) Fault region and target
fracture region. c) Fault cut plane and surrounding target fracture cut planes.
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Figure 2-4. Geometric outlines of the BFZ214 model. a) Overall model geometry. The
primary fault is located centrally in the model and breaches the ground surface. Some
parts of the model are hidden for illustrative purposes. b) Fault region and target
fracture region. c) Fault cut plane and surrounding target fracture cut planes.

Table 2-3. Model dimensions and fault data.
L1 (km)
L2 (km)
L3 (km)
Fault length, Lf (km)
Fault width, W (km)
Fault dip direction/dip
Hypocentre depth, h (km)

BFZ100

BFZ021

BFZ214

9.8
9.8
6
1.35
0.65
098/67
0.4

33
33
12
7
3
165/30
0.75

49
49
12
13
3
195/77
1.5

2.5 Finite difference element mesh
To ensure proper wave transmission through the continuum, the finite-difference zone
edge lengths, l, must not be larger than one-eighth of the wave length associated with
the highest frequency, f, in the spectrum (Itasca 2007):
l ื
Cs

1 Cs
8 f
G

U

, G

E
2(1  X )

Equation 2-3

Here, Cs is the wave propagation speed, G is the shear modulus, E is the Young’s
modulus and  is Poisson’s ratio of the continuum. With the mechanical properties
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assumed in this study (cf. Table 2-4), Equation 2-3 gives a shear wave propagation
speed, Cs, of about 3100 m/s.
The outlines of the finite different meshes in the BFZ100, BFZ021 and BFZ214 models
are shown in Figure 2-5, Figure 2-6 and Figure 2-7. The numbers indicate the highest
frequencies that properly can be transmitted through respective volume according to
Equation 2-3. The frequencies are based on the maximum zone edge lengths in the
volumes. It should be noted that the average zone edge lengths are about one half of the
maximum lengths. This means that at most locations the wave transmission is much
more effective than indicated by the numbers in the figures.

1.7Hz

0.26Hz
2.4Hz

6.5Hz

Figure 2-5. Finite difference element mesh in the BFZ100 model. The numbers indicate
the highest frequencies that properly can be transmitted through respective volume
according to Equation 2-3. The frequencies are based on the maximum zone edge
lengths in the volumes.

17

0.64Hz
6.7Hz
0.64Hz
0.14Hz

Figure 2-6. Finite difference element mesh in the BFZ021 model. The numbers indicate
the highest frequencies that properly can be transmitted through respective volume
according to Equation 2-3. The frequencies are based on the maximum zone edge
lengths in the volumes.

0.65Hz

0.14Hz

6.5Hz

1.0Hz

Figure 2-7. Finite difference element mesh in the BFZ214 model. The numbers indicate
the highest frequencies that properly can be transmitted through respective volume
according to Equation 2-3. The frequencies are based on the maximum zone edge
lengths in the volumes.
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2.6 Target fractures
Inside the target fracture region (cf. Figure 2-2, Figure 2-3 and Figure 2-4) a number of
target fractures are created. In order to study the importance of the distance from the
source earthquake and of the fracture orientation, numerous fractures at different
locations and with different orientations are included in each model. 3DEC cannot
handle full discrete fracture network (DFN) models; instead, the influence of fracture
orientation is studied by use of three fracture orientations which are in accordance with
the DFN model for the Olkiluoto site (Buoro et al. 2009).
In elastic media, the slip on an ideally elasto-plastic fracture scales with fracture size,
provided that the fracture is uniformly loaded over its area. In order to provide space for
many target fractures which could cover a wide range of orientations and positions, the
fractures have to be made small. However, the finite difference element mesh used in
3DEC sets bounds to how small a fracture could be and still pick up the details of the
deformation. Here all target fractures are perfectly planar and circular with a radius of
75 m. All fractures are located with their centres at the projected repository depth of
420 m.
The circular fractures are created from 3DEC cut planes according to the following. A
number of cut planes are created inside the target fracture region at different distances
from the primary fault and with different orientations (Figure 2-8). The cut planes act as
boundaries between blocks (cf. Section 2.2); slip can potentially take place along a cut
plane depending on the local stress conditions and on the mechanical properties
assigned to the sub-contacts in the plane. The circular target fractures are defined by
assigning fracture properties to sub-contacts located in circular areas in the cut planes.
In order to prevent slip along the remaining parts of the cut planes, fictitious properties
with high strength are assigned to these parts, i.e. to simulate intact rock.
The target fractures are formed using an algorithm developed in the 3DEC built-in
programming language FISH. The algorithm is illustrated in Figure 2-8. A target
fracture is the circular area defined by the intersection between:
1. A sphere with its centre located in the centre of the target fracture and with its radius
equal to that of the fracture.
2. A 3DEC cut plane with intended dip and dip direction angles intersecting the centre
point of the sphere.
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Target fracture
region
420 m

Fictitious properties that
prevent slip (simulating
intact rock)
Fracture properties

3DEC cut plane
3

Circular target
fracture , r=75 m

Primary fault

Imaginary sphere, r=75 m

Figure 2-8. The principle used for defining a circular fracture in a 3DEC cut plane.
The circular fracture is defined as the intersection between an imaginary sphere and the
cut plane. Fracture properties are assigned to the sub-contacts inside the circular area.
In order to prevent slip in the remaining parts of the plane (i.e. simulate intact rock)
fictitious properties with high strength are assigned to these parts.

Figure 2-9 (right), Figure 2-10 (right) and Figure 2-11 (right) are sketches of the
fracture configurations used in the BFZ100, BFZ021 and BFZ214 models, respectively.
The sketches are top-down vertical views of the target fracture region. The intersection
between the fault plane and the repository horizon at 420 m depth is indicated by the
solid blue line. The numbers in the figures indicate the perpendicular distances between
the fracture centres and the fault plane. The colours indicate the fracture orientations
according to the legend and the arrows indicate the dip directions. The left insets show
the 3DEC cut planes used to create the fracture configuration. Note the fractures that
intersect the fault plane in the BFZ100 model (Figure 2-9) and in the BFZ021 model
(Figure 2-10).
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Primaryfault

Y

X(North)
Allfracturesarecircular
with75mradius

dd/dip=180/80°
dd/dip=150/30°
dd/dip=090/80°

Fracture
intersecting
faultplane

Figure 2-9. Locations and orientations of target fractures in the BFZ100 model. Left:
3DEC cut planes used to form the fractures. Right: Sketch of the principle showing the
locations and orientations of fractures. The sketch is a top-down view of the target
fracture region. The colours indicate the fracture orientations according to the legend
and the arrows indicate the dip directions. The numbers are the perpendicular distances
between the fracture centres and the fault plane. The solid blue line indicates the
intersection between the fault plane and the repository horizon at 420 m depth. Note the
fracture that intersects the fault plane.
Fracture
intersecting
faultplane

Primaryfault

dd/dip=180/80°
Allfracturesarecircular
with75mradius

Y

dd/dip=150/30°
dd/dip=090/80°

X(North)

Figure 2-10. Locations and orientations of target fractures in the BFZ021 model. Left:
3DEC cut planes used to form the fractures. Right: Sketch of the principle showing the
locations and orientations of fractures. The sketch is a top-down view of the target
fracture region. The colours indicate the fracture orientations according to the legend
and the arrows indicate the dip directions. The numbers are the perpendicular distances
between the fracture centres and the fault plane. The solid blue line indicates the
intersection between the fault plane and the repository horizon at 420 m depth. Note the
fracture that intersects the fault plane.
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500

300

100
100

Primaryfault

300

500

Y
Allfracturesarecircular
with75mradius

dd/dip=180/80°
dd/dip=150/30°

X(North)

dd/dip=090/80°

Figure 2-11. Locations and orientations of target fractures in the BFZ214 model. Left:
3DEC cut planes used to form the fractures. Right: Sketch of the principle showing the
locations and orientations of fractures. The sketch is a top-down view of the target
fracture region. The colours indicate the fracture orientations according to the legend
and the arrows indicate the dip directions. The numbers are the perpendicular distances
between the fracture centres and the fault plane. The solid blue line indicates the
intersection between the fault plane and the repository horizon at 420 m depth.

2.7 Constitutive models and parameter values
The material property parameter values are presented in Table 2-4. The parameter
values of the rock mass and target fractures are in agreement with data from Olkiluoto
(Posiva 2009).
The rock mass between the target fractures and outside the repository region is assumed
to be linearly elastic, isotropic, homogenous and continuous. As such, no fractures other
than the target fractures defined along 3DEC cut planes are explicitly modelled.
Applying a linear elastic material model for the majority of the rock mass is judged to
be relevant. The fracture frequency is assumed to be sufficiently low and the
compression sufficiently high that the response of the rock mass can be approximated
with that of an elastic continuum. The linear elastic assumption is supported also by
other authors, see e.g. Scholz (2002); Stein and Wysession (2003).
Since the rock mass is assumed to behave purely elastically, attenuation is not
accounted for explicitly in the models (except for the small potential effects of target
fracture slip) whereas seismic waves attenuate in real rock masses because of inelastic
deformations. For the short distances and the competent rock mass considered for the
present purpose, attenuation effects are judged to be small. Ignoring this effect is
nevertheless conservative.
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The target fractures are assumed to respond to loads according to an idealised elastoplastic material model with linear joint stiffness, zero tensile strength and shear failure
according to a Coulomb criterion (Figure 2-12). The cohesion, c, is set to zero at shear
failure (Figure 2-12, right).

n



*= (n-P)tan+c

*
n =knun

c
 =ksus

un
a)

us
b)

Figure 2-12. Idealised elasto-plastic material model with linear joint stiffness and
shear failure according to a Coulomb criterion. a) Linear relation between the fracture
normal stress, n, and the normal displacement, un. b) Linear relation between the
fracture shear stress, , and the shear displacement, us. The cohesion, c, is set to zero at
shear failure. P is the pore pressure.
There are two different values of the fracture shear stiffness, Ks, given in the Olkiluoto
site report (Posiva 2009). The values differ by one order of magnitude. The lowest value
applied here (0.15 GPa/m) is denoted “Posiva 1” and corresponds to the lower value in
the site report. Since the results indicated that the shear stiffness value has significant
importance for the results, a higher value (1.5 GPa/m) corresponding to the higher site
report value is also tested in the BFZ100 and BFZ021 models. These cases are denoted
“Posiva 2”. It should be noted that the higher value is still low compared with those
reported for fractures at the Forsmark site. The fracture shear stiffness values reported
for Forsmark are about one order of magnitude higher than the highest value given for
the Olkiluoto site, cf. Glamheden et al. (2007).
In the Olkiluoto site report there is also a considerable range given for the fracture
normal stiffness. The normal stiffness value applied here corresponds to the lower part
of that range and is valid for fractures in low compression. Since the dynamically
induced fracture slip is anticipated to take place due to temporary reductions (or loss) of
normal stress, the lower value of the normal stiffness is considered relevant here. In
addition, the lower value is numerically more advantageous.
In order to relate the results obtained in this study with the results reported in the SKB
study by Fälth et al. (2010), the set of fracture property parameter values applied in that
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study is tested in the BFZ100 and BFZ021 models. For clarity, these values are
presented in Table 2-5. With this set of values the friction angle is higher than in the
Posiva cases, but there is no dilation included. The fracture stiffness values also differ
from the Posiva values. The normal stiffness is about one order of magnitude lower and
the shear stiffness is about seven times higher than the Posiva 2 values. The shear
stiffness and the friction angle are particularly important for the results.
The values of residual friction angle and cohesion for the primary fault are fictitious,
with no coupling to real site data. The earthquakes are simulated using a schematic and
idealised algorithm for the rupture propagation (cf. Section 2.9.2). In order to obtain
fault behaviour without overshoot and oscillations, the fault residual friction angle was
calibrated and set to different values in the models (cf. Appendix).

Table 2-4. Material property parameter values.
Component

Parameter

Value

Unit

Rock mass

Density, 
Young’s modulus, E
Poisson’s ratio, 

2700
65
0.25

kg/m3
GPa
-

Primary fault

Residual friction angle:
BFZ100 model
BFZ021 model
BFZ214 model
Cohesion*
Tensile strength
Normal stiffness
Shear stiffness

3
6
1
0
0
10
5

deg
deg
deg
MPa
MPa
GPa/m
GPa/m

30
5
0.5
0
200

deg
deg
MPa
MPa
GPa/m

0.15
1.5**

GPa/m
GPa/m

Target fractures

Friction angle, 
Dilation angle,
Cohesion, c
Tensile strength
Normal stiffness, Kn
Shear stiffness, Ks:
Posiva 1 case
Posiva 2 case

*Final, after completed rupture (see Section 2.9) **Tested in the BFZ100 and BFZ021 models

Table 2-5. Target fracture property parameter values used in SKB study (Fälth et al.
2010). These values are tested in the BFZ100 and BFZ021 models.
Component

Value

Unit

Friction angle, 
Dilation angle
Cohesion, c
Tensile strength
Normal stiffness, Kn
Shear stiffness, Ks

34
0
0.5
0
10
10

deg
deg
MPa
MPa
GPa/m
GPa/m
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2.8 Initial stresses and pore pressure
The initial stresses applied in the models, and which power the synthetic earthquakes,
are the sum of present-day in situ stresses and glacially-induced stresses.
2.8.1

Present-day in situ stresses

The assumed in situ stress model for the depth range 0-300 m is based on data from the
Olkiluoto site investigations (Posiva 2009), i.e.

V H 0.042 z  10
V h 0.0265 z  6
V v 0.0265 z

Equation 2-4

where z is depth. The trend of the major horizontal stress, H, is assumed to be 10° at the
ground surface and 125° at 300 m depth. Thus, there is a continuous twist of the stress
tensor between these two depths.
At large depths, there is little stress data available. For depths between 300 m and
12,000 m the present-day in situ stresses are assumed to vary according to

V H 0.036 z  11.8
V h 0.022 z  7.34
V v 0.0265 z

Equation 2-5

At 12,000 m depth the stress magnitudes are in accordance with a model for the H /vand h /v-ratios proposed by Martin et al. (2003) and the trend of the major horizontal
stress, H, is set at 125°. The present-day stresses are shown in Figure 2-13. The
assumptions of strike-slip regime and 125° trend at larger depths are in accordance with
present-day seismic data for western Finland and with plate motion data for the
Olkiluoto site (Björn Lund, Department of Earth Sciences, Uppsala University, personal
communication 2010-03-26). It should also be noted that the stress model applied here
gives stress magnitudes at the projected repository depth (420 m) that are in good
agreement with those given by the site descriptive model (Posiva 2009). The stress state
at this depth influences the stability of the target fractures and hence has importance for
the end results.
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Figure 2-13. Assumed present-day in situ stresses.

2.8.2

Glacially-induced stresses

The glacially-induced stress additions are obtained from ice-crust/mantle finite element
analyses (Lund et al. 2009) using the SKB reference ice model (SKB 2006) and stateof-the-art mechanical descriptions of the earth crust and mantle. At the time of initiation
of this study, glacial stress results for the Olkiluoto site were not available. Instead, the
results in Lund et al. (2009) which are valid for the Forsmark site in Sweden were used.
Since the distance between the Olkiluoto site and the Forsmark site is not more than
about 200 km this was considered a valid approximation. It should be noted that the ice
model attempts to simulate the ice evolution during the latest glaciation. This means
that it is basically assumed here that the duration and extent of the next ice cover over
northern Europe will be identical to those of the previous one.
The temporal development of the glacially-induced stresses at 500 m depth in Forsmark
site as calculated by Lund et al. (2009) are shown in Figure 2-14a. The time scale
indicates time before present day (BP) in thousands of years. The black solid lines along
the horizontal axis indicate periods with ice cover. The diagram shows how the glacial
load tends to increase the horizontal stresses at all times except during a period before
the arrival of the ice.
Based on the calculated stress additions, Lund et al. (2009) evaluated the stability in the
crust. The temporal development of stability at 9.5 km depth in Forsmark is shown in
Figure 2-14b (positive values mean instability). The stability estimate is based on the
schematic assumption that there is a reverse in situ stress regime at all depths.
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a)

b)

Figure 2-14. a) Temporal development of glacially-induced stress additions at the
Forsmark site as calculated by Lund et al. (2009) and b) corresponding instability
quantity CFS as function of time before present (positive numbers mean instability). The
black solid lines along the horizontal axis indicate periods with ice cover.
The glacially-induced stresses used here are picked at the time with maximum
instability according to the stability evaluation by Lund et al. (2009), i.e. about 10 ka BP
(Figure 2-14b). Due to the discretisation in the ice-crust/mantle model, the glaciallyinduced stress tensor is given at certain depths. Stresses at two depths (500 m and
12,500 m) are used here (Table 2-6).
Table 2-6. Glacially-induced stress additions.
H
(MPa)

h
(MPa)

v
(MPa)

500

11

7.6

0

12,500

9.6

7.1

0

Depth (m)

H trend (°)

76

2.8.3

Total initial stresses

The total stress tensor applied in the models is evaluated at three depths, 0 m, 300 m and
12,000 m and assumed to vary linearly between these depths. The stress tensor is
obtained by adding the glacially-induced stresses to the in situ stresses. The glaciallyinduced stresses (Table 2-6) at 500 m depth are assumed to be valid at 0 m and 300 m
depth and the glacial stresses at 12,500 m depth are applied at 12,000 m depth. The total
initial stresses are illustrated in Figure 2-15, left and the major horizontal stress trends
are given in Figure 2-15, right. Note that the glacially-induced stresses decrease slightly
with increasing depth whereas the in situ stresses instead are increased. This means that
the in situ stresses are dominating at depth.
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Figure 2-15. Initial stresses. The stresses are specified at the depths given to the right
and are varied linearly between these depths. The major horizontal stress trends are
also given.
2.8.4

Pore pressure

During a glaciation, increased pore pressures will develop in the bedrock beneath the ice
sheet, and possibly remain after ice retreat. The residual pore overpressure at the
repository level is a function of the duration of the ice cover and of the bedrock
hydraulic properties. At the margin of the retreating ice the residual excess pore
pressure might be of the order of 1 MPa at maximum (Chan et al. 2005; Hökmark et al.
2010).
The pore pressure influences the stability of fractures and deformation zones. The base
case assumption is to have hydrostatic pore pressure in the models. In order to examine
the effect of having an increased pore pressure, 1 MPa excess pore pressure is applied in
two BFZ100 cases and in one BFZ021 case.
2.8.5

Initial target fracture stability

Given the initial stress field, the initial stability, and thus the potential for slip, of the
target fracture can be estimated. We do this here by calculation of the Coulomb Failure
Stress (CFS) quantity, which is defined as

CFS W  [tan(M )(V n  P)  c]

Equation 2-6
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where  and n are the shear and normal stresses, respectively, acting on a given plane, P
is the pore pressure,  is the friction angle and c is the cohesion. Positive values of CFS
mean instability. Values of  and n are obtained from the total stress tensor. Figure 2-16
shows contours of CFS values plotted along with the poles of the three target fracture
sets. The CFS values are based on the initial stresses at 420 m depth, i.e. where the
centres of the target fractures are located. The values of the friction angle  and the
cohesion c are 30° and 0.5 MPa, respectively (cf. Table 2-4). The pore pressure is
assumed to be hydrostatic, i.e. 4.1 MPa. As can be seen, only the gently dipping fracture
set has a positive CFS value. This means that these fractures are in a state of failure at
the start of the analysis and will slip during the static modelling phase before the
earthquake rupture is initiated (cf. Section 2.9). The other fractures sets, which are
steeply dipping, both have considerable stability margins.

N
dd/dip180/80
CFS=9.5MPa

dd/dip150/30
CFS=1.7MPa

dd/dip90/80
CFS=11MPa

Equalangle
Lowerhemisphere

Figure 2-16. Contours of CFS values plotted along with the poles of the three target
fractures sets. The CFS values are based on the initial stresses at 420 m depth. Positive
values of CFS mean instability. Circles denote 10° dip intervals. Note that only the
gently dipping fracture set has a positive CFS value. The other sets have considerable
stability margins.

2.9 Calculation sequence
There are two main components of the simulation workflow: The static phase
(Subsection 2.9.1) and the dynamic phase (Subsection 2.9.2).
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2.9.1

Static phase

Each model analysis starts with a static phase. The initial stresses, including the
glacially-induced stresses, are applied and the model is allowed to reach complete static
equilibrium under gravity. A high cohesive strength is assigned to the primary fault in
order to prevent it from slipping during this phase. The conditions at the end of this
calculation phase are characterised by shear stresses acting along the plane of the
primary fault being considered (Figure 2-17a) with potential instability as consequence.
This is considered to represent the conditions leading to the initiation of post-glacial
seismic events along the three potential Olkiluoto faults considered here.
Since the main interest here is to study the seismically induced displacements, all
displacements that may have developed during this phase are set to zero before the
dynamic phase is initiated.
2.9.2

Dynamic phase

This second calculation phase simulates the seismic event. The rupture is initiated and
programmed to propagate along the primary fault according to a specified scheme. The
rupture is initiated at hypocentre depth and the rupture front is programmed to move
outwardly in the radial direction at a speed of 70 % of the rock mass shear wave
velocity (Figure 2-17b). At every time step, the shear stress state of each sub-contact in
the fault is checked and assigned a cohesive strength equal to the shear stress acting at
that particular location. Upon rupture front arrival, the cohesive strength is ramped
down to the specified residual strength (cf. Table 2-4). The strength reduction is done
over a specified period of time (here denoted “reduction time, rt”, cf. Section 2.3.3). The
meaning of reduction time, rt, is illustrated in Figure 2-18, which shows fault shear
stress reductions at five points located at different distances from the hypocentre. In the
diagram it can also be observed how the shear stress is increased locally as the rupture
front approaches. Note that the modelling routine only controls the strength of the fault
and how it is ramped down at each point of the fault plane; displacements are not
controlled.
The rupture is allowed to propagate to the edges of the primary fault area. This means
that the entire fault rupture area is assigned with the residual strength at the end of the
analysis.
The routine used to control rupture initiation and propagation is developed in the builtin programming language FISH and is the same as the one used by Fälth et al. (2010).
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Targetfracture
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elasticshearwave
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Hypocentre
Shearstresses
alongfaultplane

a) Static phase

b) Dynamic phase

Figure 2-17. Schematic cartoons illustrating a) the conditions at the end of the static
phase with shear stresses acting along the fault plane. The stresses may vary with depth
as illustrated by the contours. b) The rupture is initiated at the hypocentre and is
programmed to propagate radially along the fault plane. The rupture is allowed to
reach the edges of the primary fault area.
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Figure 2-18. The diagram to the left shows reductions of the fault shear stress at five
locations with different distances to the hypocentre (right). The meaning of strength
reduction time, rt, is illustrated in the diagram. Note how the shear stress is locally
increased as the rupture front approaches each location. The red arrow at the
horizontal scale in the diagram indicates the time instance at which the right contour
plot was captured.
2.10

Boundary conditions

The same boundary conditions are applied in all three models. During the static phase
all vertical boundaries and the bottom boundary are locked for displacements in the
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normal direction (roller boundary) (Figure 2-19, top). During the dynamic phase, these
boundaries are set to act as non-reflecting (viscous) boundaries (Figure 2-19, bottom).
This kind of boundary condition prevents the edges from reflecting waves back into the
model. The top boundary, which represents the ground surface, is a free surface that
allows for surface reflections. Possible wave reflections from other deformation zones
are not accounted for in the models.
The viscous boundary conditions eliminate irrelevant reflections, but there is a risk that
they give undesired static contributions to the results. The reaction forces acting at the
boundaries at the end of the static phase are maintained by the viscous boundaries
during the dynamic phase. This is a consequence of how viscous boundary conditions
are formulated in 3DEC. As the primary fault slips and the stresses in the model are
relaxed, the boundaries are automatically moved into the model in order to maintain the
stresses at the boundary. If the model is too small, this may result in overestimated shear
movements in the fault.

Static
phase

Dynamic
phase

Figure 2-19. Schematic sketches illustrating the boundary conditions. The roller
boundary conditions used during the static phase are switched into viscous (nonreflecting) boundaries during the dynamic phase. The ground surface is free and allows
for surface reflections.
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2.11

Summary of models

Table 2-7 summarises the cases that are analysed. As described earlier there are three
basic models representing the three deformation zones BFZ100, BFZ021 and BFZ214.
Then there are three sets of target fracture properties denoted “Posiva 1”, “Posiva 2”
and “SKB”. There are also two assumptions regarding the pore pressure. By
combination of basic models, fracture properties and pore pressure assumptions, ten
cases are created. The only difference between the Posiva 1 and Posiva 2 cases regards
the shear stiffness. The SKB properties are the same as those applied by Fälth et al.
(2010).

Table 2-7. Case summary.

Basic model

BFZ100

BFZ021

BFZ214

Case

Target fracture property values


c
Kn
Ks
(deg) (deg) (MPa) (GPa/m) (GPa/m)

Excess
pore
pressure
(MPa)

BFZ100_Pos1

30

5

0.5

200

0.15

-

BFZ100_Pos1-pp

30

5

0.5

200

0.15

1

BFZ100_Pos2

30

5

0.5

200

1.5

-

BFZ100_SKB

34

0

0.5

10

10

-

BFZ100_SKB-pp

34

0

0.5

10

10

1

BFZ021_Pos1

30

5

0.5

200

0.15

-

BFZ021_Pos2

30

5

0.5

200

1.5

-

BFZ021_SKB

34

0

0.5

10

10

-

BFZ021_SKB-pp

34

0

0.5

10

10

1

BFZ214_Pos1

30

5

0.5

200

0.15

-
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3 RESULTS
The first subsection of this chapter presents results that show the primary fault
behaviour. Fault slip and fault slip velocities are presented both as vector plots and as
time histories recorded at different points in the fault plane. In the next subsection the
resulting rock displacements along different projection planes are presented in order to
illustrate the sense of displacement in the models. Following that, the main results, the
target fracture shear displacements and shear velocities are presented. In the last
subsection, plots illustrating the sense of target fracture shear displacement are
presented.
3.1 Primary fault slip, fault slip velocities and moment magnitudes
The resulting seismic moments, moment magnitudes, maximum fault slip and slip
velocity are presented in Table 3-1. It can be noted that BFZ021 has about the same
moment magnitude as BFZ214 even though BFZ214 has about twice the rupture area.
This is due to the larger displacements in the BFZ021 fault, which also has the highest
slip velocities. In the following, slip and slip velocity plots for the different models are
presented. Note that the assumptions made regarding target fracture properties (cf. cases
described in Table 2-7) do not influence the response, or behaviour, of the primary fault.
Table 3-1. Moment magnitudes, seismic moments, maximum fault slip and maximum
fault slip velocities.
Model

Rupture
area (km2)

Moment
magnitude,
Mw

Seismic
moment, M0
(Nm)

Max
fault
slip (m)

Max
fault
slip velocity
(m/s)

BFZ100

0.88

4.3

3.9·1015

0.3

1.0

BFZ021

21

5.8

6.4·1017

1.8

3.5

BFZ214
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5.9

9.8·1017

1.3

2.0

3.1.1

BFZ100 model

Figure 3-1 and Figure 3-2 show the temporal development of primary fault slip and
fault slip velocity, respectively. The histories are recorded at four depths and the
locations of the history points are indicated by the insets. The amount of fault
displacement is largest close to the ground surface and is about 0.3 m at maximum. Due
to the residual shear strength applied to the fault (cf. Table 2-4), overshoot and
oscillations are suppressed. As with the displacements, the highest velocities are found
close to the ground surface and amounts at about 1 m/s at maximum.
Figure 3-3 shows vector plots of fault shear displacements at three instances of time
after rupture initiation. The vectors are scaled and coloured according to their
magnitudes. The plots show how the rupture is initiated at the centre of the fault plane
and then propagates outwardly. The sense of shear displacement is reverse with minor
elements of strike slip. Due to the linear elastic representation of the continuum, the slip
is zero at the edges of the fault plane.
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Primaryfaultslipatdifferentdepths
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Figure 3-1. Temporal developments of primary fault slip at given depths in the BFZ100
model. The history point locations are indicated by the inset. The maximum slip is about
0.3 m.

Primaryfaultslipvelocitiesatdifferentdepths
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Figure 3-2. Temporal development of primary fault slip velocities at given depths in the
BFZ100 model. Primary fault slip velocities at given depths in the BFZ100 model. The
history point locations are indicated by the inset. The maximum slip velocity is about 1
m/s.
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0.25 sec

0.5 sec

1.0 sec

Figure 3-3. Vector plots showing primary fault slip at three instances of time in the
BFZ100 model.
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3.1.2

BFZ021 model

Figure 3-4 shows the temporal development of fault slip at fifteen history points. Note
that the area of this deformation is about 20 times larger than the area of BFZ100,
described in the previous section. The history point locations are shown by the upper
left sketch (Figure 3-4a). The points are divided into three sets and each diagram shows
results from one set. The following can be observed:
x

x
x

The fault slip is initiated at different times at different locations due to the idealised
rupture propagation path with its initiation at the fault plane centre. In point set #1,
slip is initiated between 0.25 s and 0.75 s depending on the distance from the
hypocentre. The first point to slip is the point located closest to the fault plane
centre. As the rupture propagates further, slip is initiated at more distant points
(Figure 3-4b). In point sets #2 and #3 slip is initiated after about one second (Figure
3-4c, d).
Similar to what is found in the BFZ100 model the amount of slip is at largest close
to the ground surface.
At the central parts of the fault the overshoot is very minor (Figure 3-4b). Closer to
the fault ends, however, there are still some overshoot (Figure 3-4c, d). This is
explained by the following. As the central parts of the fault slip, shear loads are
transferred to more distant parts. The result is a temporal shear stress increase
preceding rupture front arrival (cf. Figure 2-18). The increased shear stress results in
increased stress drop with corresponding increase in slip as a consequence. The
overshoot at these locations indicates that, possibly, an even larger fault residual
shear strength could be justified and that the 6 degree residual friction angle applied
here (Table 2-4) will give conservative results in terms of fault slip and fault slip
velocity.

The temporal development of primary fault slip velocity is shown in Figure 3-5. Similar
to what is found for the displacements (Figure 3-4) the velocities are higher close to the
ground surface and lower at depth. The highest velocities are found at those locations
where the largest peak displacements are found. The peak slip velocity amounts at about
3.5 m/s (Figure 3-5c).
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Fault plane history locations. There are three sets
of history points.
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Figure 3-4. Temporal developments of primary fault slip at given depths in the BFZ021
model. a) History locations in the fault plane. There are three sets of history points. b)d) Primary fault slip at given depths. The maximum slip is about 1.8 m.
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Fault plane history locations. There are three sets
of history points.
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Figure 3-5. Temporal development of primary fault slip velocities at given depths in the
BFZ021 model. a) History locations in the fault plane. There are three sets of history
points. b)-d) Primary fault slip velocities at given depths. The maximum slip velocity is
about 3.5 m/s.

Figure 3-6 shows vector plots of fault shear displacements at three instances of time
after rupture initiation. The vectors are scaled and coloured according to their
magnitudes. The small square-shaped region with a high density of slip vectors is a
specifically densely meshed region where one target fracture intersects the primary fault
plane. Just like in the BFZ100 model the rupture is initiated at the fault plane centre and
propagated outwardly. This is illustrated by the plots. The resulting shear displacement
is reverse with elements of strike-slip. The largest displacements are located at the
ground surface.
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0.5 sec

1.0 sec

3.0 sec

Figure 3-6. Vector plots showing primary fault slip at three instances of time in the
BFZ021 model. The small square-shaped region with a high density of slip vectors is a
specifically densely meshed region where one target fracture intersects the primary
fault plane.

40

3.1.3

BFZ214 model

The temporal development of fault shear displacement at fifteen history points is shown
in Figure 3-7. Note that the area of this deformation is about 40 times larger than the
area of BFZ100, described in Section 0. The points are subdivided into three sets
according to the sketch in Figure 3-7a. Each diagram shows results from one set. The
following can be observed:
x

x

In contrast to what is found in the BFZ100 and BFZ021 models, the maximum slip
is not found at the ground surface. In set #1 the largest resulting slip is found at
1930 m depth, in set #2 at 600 m depth and in set #3 at 1930 m depth. The
maximum slip shown by the history plots is about 1.2 m.
There are only minor fault overshoot at the ground surface.

The temporal development of fault slip velocities are shown in Figure 3-8. For two of
the history point sets the highest velocity is found at depths where the largest
displacement also is found. In set #2, however, the highest velocity is found close to the
ground surface and amounts at about 2 m/s.
Figure 3-9 shows vector plots of the fault slip at three instances of time. As indicated by
the history plots in Figure 3-7 the largest slip is not found at the ground surface, but at
about 2000 m depth. The resulting fault movement is a mix of strike-slip and reverse
type (oblique slip).
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Figure 3-7. Temporal developments of primary fault slip at given depths in the BFZ214
model. a) History locations in the fault plane. There are three sets of history points. b)d) Primary fault slip at given depths. The maximum slip is about 1.2 m.
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Figure 3-8. Temporal development of primary fault slip velocities at given depths in the
BFZ214 model. a) History locations in the fault plane. There are three sets of history
points. b)-d) Primary fault slip velocities at given depths. The maximum slip velocity is
about 2 m/s.
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1.0 sec

3.0 sec

9.0 sec

Figure 3-9. Vector plots showing primary fault slip at three instances of time in the
BFZ214 model. The maximum slip is about 1.3 m.
3.2 Rock displacements
In this subsection rock displacements are shown. The displacements are shown as vector
plots where the vectors are scaled and coloured according to their magnitudes. The
displacements are shown at three instances of time along two projection planes. The
first plane is horizontal and is located at the projected repository depth, i.e. 420 m. The
other plane is vertical, cuts through the hypocentre and strikes perpendicular to the fault
plane (Figure 3-10).
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Horizontalprojectionplane

Figure 3-10. Schematic illustrating orientation and location of projection planes.
Horizontal plane (green) at 420 metres depth and vertical plane (dark blue) striking
perpendicular to the fault plane and cutting through the hypocentre.

Rock displacements at three instances of time in the BFZ100, BFZ021 and BFZ214
models are shown in Figure 3-11, Figure 3-12 and Figure 3-13, respectively. The
following can be observed:
x

x

The left plots in Figure 3-11 and Figure 3-12 shows the almost pure reverse fault
movements in the BFZ100 and BFZ021 models. The displacement vectors are
almost directed perpendicular to the fault surface break. The corresponding plots in
Figure 3-13 show another displacement pattern in the BFZ214 model where there is
oblique fault movement.
The right set of plots show how the displacements in the BFZ100 and BFZ021
models are largest close to the ground surface whereas this is not the case in the
BFZ214 model.
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Horizontal projection plane

Vertical projection plane

0.25sec
Groundsurface

1.0sec
Groundsurface

5.0sec
Groundsurface

Figure 3-11. Rock displacements vectors projected onto horizontal viewing plane at
420 m depth (left) and vertical viewing plane perpendicular to the fault (right) at three
instances of time in the BFZ100 model. The vectors are coloured according to their
magnitudes. The vertical viewing plane is indicated by dashed lines in the left plots, and
correspondingly, the horizontal viewing plane is indicated by dashed lines in the right
plots.
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Horizontal projection plane

Vertical projection plane

0.5sec

1.0sec

3.0sec

Figure 3-12. Vector plots of rock displacements along horizontal viewing plane at 420
m depth (left) and vertical viewing plane perpendicular to the fault (right) at three
instances of time in the BFZ021 model. The vectors are scaled and coloured according
to their magnitudes. The vertical viewing plane is indicated by dashed lines in the left
plots, and correspondingly, the horizontal viewing plane is indicated by dashed lines in
the right plots.
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Horizontal projection plane

Vertical projection plane

1.0sec
Groundsurface

3.0sec
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Groundsurface

Figure 3-13. Vector plots of rock displacements along horizontal viewing plane at 420
m depth (left) and vertical viewing plane perpendicular to the fault (right) at three
instances of time in the BFZ214 model. The vectors are scaled and coloured according
to their magnitudes. The vertical viewing plane is indicated by dashed lines in the left
plots, and correspondingly, the horizontal viewing plane is indicated by dashed lines in
the right plots.
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3.3 Induced target fracture shear displacements
The amount of induced target fracture shear displacement is the main result of this
study. The first of the subsections below shows the temporal development of shear
displacements in those fractures that displaced most at respective distance. After that the
maximum displacements and shear velocities in all target fractures are presented. In the
last subsection the sense of shear displacement in the target fractures are presented.
Contrary to the results obtained for the behaviour of the three different primary faults,
as described in the previous sections, the results obtained for the target fractures depend
on the different assumptions made in the different calculation cases regarding shear
stiffness, friction etc. (cf. Table 2-7).
3.3.1

Temporal development of shear displacements; Posiva 1 cases

In Figure 3-14, Figure 3-15 and Figure 3-16 temporal development of target fracture
shear displacements are shown from the BFZ100_Pos1, BFZ021_Pos1 and
BFZ214_Pos1 cases, respectively. In each figure six diagrams are shown – three for the
footwall side and three for the hanging wall side. Each diagram corresponds to one
fracture orientation as indicated by the coloured circles in the middle sketch. At each
distance and for each fracture orientation, results from the fractures that displaced most
are shown. These particular fractures are highlighted in the middle sketches. Note that
the y-scales are not the same in all figures. The following observations can be made:
x

x

x
x

The fracture displacement is initiated after about 0.5 s. However, in the
BFZ100_Pos1 model, which has a shorter distance between the hypocentre and the
target fractures, the displacement tends to start a little earlier than in the other
models. Due to the shorter distance the effects of the fault rupture reaches the
fractures within a shorter time.
The fracture displacements in the BFZ214_Pos1 model, which has the largest
moment magnitude, are in general considerably smaller than in the other models.
The maximum displacement in this model is less than 4 mm whereas it is about 20
mm in the other two models. The cause of this difference is not clear but may be
referred to the sense of fault displacement. In the BFZ214_Pos1 model the fault
movement is a mix of strike-slip type and reverse type (oblique), whereas reverse
type of faulting dominates in the other models.
In general the amount of induced shear displacement can be correlated to the faultfracture distance. In some cases, however, the largest displacement is not found at
the shortest distance (Figure 3-15, lower left and right; Figure 3-16 lower middle).
In each of the BFZ100_Pos1 and BFZ021_Pos1 models there is one target fracture
that intersects the primary fault plane. Even though these particular fractures can be
assumed to be subjected to relatively large forces by the rupturing fault, they do not
displace most. This is further discussed in the following subsection.

The temporal development results presented here regard one case of target fracture
properties (Posiva 1). The results are presented mainly to demonstrate that movements
are largely fully developed few seconds after fault rupture initiation. A full account of
the peak displacements recorded for all fracture and for all property cases is given in the
next section.
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Figure 3-14. Temporal development of induced target fracture shear displacements in
the BFZ100_Pos1 case. The upper set of diagrams shows displacements at the footwall
side and the lower set the displacements at the hanging wall side. The legends in the
diagrams indicate the fault-fracture distance. At each distance and for each fracture
orientation, results from the fractures that displaced most are shown. These particular
fractures are highlighted in the schematic sketch.
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Figure 3-15. Temporal development of induced target fracture shear displacements in
the BFZ021_Pos1 case. The upper set of diagrams shows displacements at the footwall
side and the lower set the displacements at the hanging wall side. The legends in the
diagrams indicate the fault-fracture distance. At each distance and for each fracture
orientation, results from the fractures that displaced most are shown. These particular
fractures are highlighted in the schematic sketch.
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Figure 3-16. Temporal development of induced target fracture shear displacements in
the BFZ214_Pos1 case. The upper set of diagrams shows displacements at the footwall
side and the lower set the displacements at the hanging wall side. The legends in the
diagrams indicate the fault-fracture distance. At each distance and for each fracture
orientation, results from the fractures that displaced most are shown. These particular
fractures are highlighted in the schematic sketch.
3.3.2

Target fracture peak shear displacements; all cases

This section presents cumulative plots of the peak values of target fracture shear
displacements. The results from the BFZ100 model are shown in Figure 3-17, the
results from the BFZ021 model are shown in Figure 3-18 and Figure 3-19 shows the
BFZ214 model results. There is one plot for each case (cf. Table 2-7). In Figure 3-17
and Figure 3-18 the upper diagrams show results using Posiva 1 fracture properties, the
middle diagrams using Posiva 2 properties and the bottom diagrams using SKB fracture
properties. In order to facilitate comparison of the results all diagrams have the same
scale on the horizontal axis. All plots follow the same concept:
x
x

Each plot shows displacement distributions for three different fault-target distances.
The plot symbols indicate target fracture orientations according to the legends (Each
plot symbol represents the peak displacement of one particular fracture).
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The following can be observed:
x

x

x

x

x

x

x

Using Posiva 1 fracture properties: This case is the only one applied to all three
models (cf. Table 2-7). The largest displacement is found in the BFZ100 model
where the maximum displacement amounts to 23 mm (Figure 3-17, upper left). The
maximum displacement in the BFZ021 model is nearly the same, i.e. about 20 mm
(Figure 3-18, upper). The displacements in the BFZ214 model are significantly
smaller than in the other two models. Here, the maximum displacement is less than
4 mm (Figure 3-19).
Influence of fracture shear stiffness: There is a strong impact of increasing the
fracture shear stiffness. With exception for two fractures there is a significant
reduction in displacements in the BFZ100 model when changing from Posiva 1
properties to Posiva 2 (Figure 3-17, upper left and middle). The same holds for the
BFZ021 model where the displacements at all fault-target distances are reduced by
about 70% when changing from Posiva 1 to Posiva 2 properties (Figure 3-18, upper
and middle). This indicates that the shear displacements in a majority of the
fractures are elastic, i.e. the fractures do not actually slip in response to the seismic
load. A fracture that is in a state of failure, i.e. which actually slips, is less sensitive
to changes in fracture shear stiffness.
Intersecting fractures: In each of the BFZ100 and BFZ021 models, there is one
fracture located at a small fault-fracture distance and that hence intersects the fault
slip plane (Figure 3-17 and Figure 3-18). It can be concluded that these intersecting
fractures do not move more than other similar fractures in the models. However, this
is a consequence of the idealisations made here rather than a result that is generally
valid for intersecting fractures. In reality, a fracture at such a small distance from the
fault slip plane is likely to be located partly or entirely inside the damage zone that
surrounds the core of the brittle deformation zone. The response of a fracture at this
location may involve fracture propagation and coalesce with other fractures. Such
processes are not captured by the models analysed here.
Distance dependence: The dependence on the fault-fracture distance is most
pronounced in the BFZ100 model. In that model the maximum displacement at 300
m is 20-25 % of that at 100 m distance (Figure 3-17). In the BFZ021 and BFZ214
models, the maximum displacements at 300 m and 500 m distance are about the
same as those at 100 m distance (Figure 3-18, Figure 3-19). The stronger distance
dependence found in the BFZ100 model could be a consequence of the fault size;
the extent of the effects of fault displacements is related to the fault size.
Impact of pore pressure: The impact of applying 1 MPa excess pore pressure is
negligible. The results for the excess pore pressure cases coincide with the results
from the corresponding cases without excess pore pressure (cf. left and right plots in
Figure 3-17 and Figure 3-18). This also indicates that a majority of the fractures
move elastically.
Using “SKB” properties: Applying the fracture properties used in the SKB study
(Fälth et al. 2010) significantly reduces the amount of shear displacement. This is
due to both the higher shear stiffness and to the higher friction angle (Figure 3-17
and Figure 3-18).
Dependence of fracture orientation: There is a tendency that gently-dipping
fractures (square-shaped plot symbols) displace more than steeply dipping fractures.
This is a consequence of the higher shear load on these gently-dipping fractures.

53

FracturesheardisplacementintheBFZ100_Pos1
case

FracturesheardisplacementintheBFZ100_Pos1
ppcase

100

100
90

80

Fractureintersecting fault

70
60

100m

50

300m

40

500m

30
dd/dip=180/80°

20

dd/dip=150/30°

10

dd/dip=090/80°

Fractureradius75m
 =30°
Ks =0.15GPa/m
Kn =200GPa/m

Cumulativedistribution (%)

Cumulativedistribution (%)

90

80

Fractureintersecting fault

70
60

100m

50

300m
500m

40
30
dd/dip=180/80°

20

dd/dip=150/30°

10

0

dd/dip=090/80°

Fractureradius75m
 =30°
Ks =0.15GPa/m
Kn =200GPa/m
Excesspp=1MPa

0
0

5

10

15

20

25

30

0

Inducedfracturesheardisplacement (mm)

5

10

15

20

25

30

Inducedfracturesheardisplacement (mm)

FracturesheardisplacementintheBFZ100_Pos2
case
100

Cumulativedistribution (%)

90
80

Fractureintersecting fault

70
60

100m

50

300m

40

500m

30
dd/dip=180/80°

20

dd/dip=150/30°

10

dd/dip=090/80°

Fractureradius75m
 =30°
Ks =1.5GPa/m
Kn =200GPa/m

0
0

5

10

15

20

25

30

Inducedfracturesheardisplacement (mm)

FracturesheardisplacementintheBFZ100_SKB
ppcase

100

100

90

90

80

Fractureintersecting fault

70
60
100m
50
300m
40
500m
30
20

dd/dip=180/80°

10

dd/dip=150/30°
dd/dip=090/80°

0
0

5

10

15

Fractureradius75m
 =34°
Ks =10GPa/m
Kn =10GPa/m
20

25

Inducedfracturesheardisplacement (mm)

30

Cumulativedistribution (%)

Cumulativedistribution (%)

FracturesheardisplacementintheBFZ100_SKB
case

80

Fractureintersecting fault

70
60

100m

50

300m

40

500m

30
20

dd/dip=180/80°

10

dd/dip=150/30°
dd/dip=090/80°

0
0

5

10

15

Fractureradius75m
 =34°
Ks =10GPa/m
Kn =10GPa/m
Excesspp=1MPa
20

25

30

Inducedfracturesheardisplacement (mm)

Figure 3-17. The diagrams show cumulative distributions of induced target fracture
shear displacements at given distances from the primary fault in the BFZ100 cases.
Upper: Posiva 1 cases. Middle: Posiva 2 case. Bottom: SKB cases. The colours and
shapes of the plot symbols denote target fracture orientation according to the legend
(Each symbol represents the results of one particular fracture).

54

FracturesheardisplacementintheBFZ021_Pos1
case
100
Fractureintersecting fault

Cumulativedistribution (%)

90
80

100m

70

300m

60

500m

50

dd/dip=180/80°

40

dd/dip=150/30°
dd/dip=090/80°

30
Fractureradius75m
 =30°
Ks =0.15GPa/m
Kn =200GPa/m

20
10
0
0

5

10

15

20

25

30

Inducedfracturesheardisplacements (mm)

FracturesheardisplacementintheBFZ021_Pos2
case
100

Cumulativedistribution (%)

90
80

100m

70

300m

Fractureintersecting fault

60

500m

50

dd/dip=180/80°
dd/dip=150/30°

40

dd/dip=090/80°

30
Fractureradius75m
 =30°
Ks =1.5GPa/m
Kn =200GPa/m

20
10
0
0

5

10

15

20

25

30

Inducedfracturesheardisplacements (mm)

FracturesheardisplacementintheBFZ021_SKB
case

FracturesheardisplacementintheBFZ021_SKB
ppcase

100

100
90

80

100m

70

300m

60

500m

50

dd/dip=180/80°
dd/dip=150/30°

40

dd/dip=090/80°

30
Fractureradius75m
 =34°
Ks =10GPa/m
Kn =10GPa/m

20
10
0
0

5

10

15

20

25

Inducedfracturesheardisplacements (mm)

30

Cumulativedistribution (%)

Cumulativedistribution (%)

90

80

100m

70

300m
500m

60

dd/dip=180/80°

50

dd/dip=150/30°

40

dd/dip=090/80°

30

Fractureradius75m
 =34°
Ks =10GPa/m
Kn =10GPa/m
Excesspp=1MPa

20
10
0
0

5

10

15

20

25

30

Inducedfracturesheardisplacements (mm)

Figure 3-18. The diagrams show cumulative distributions of induced target fracture
shear displacements at given distances from the primary fault in the BFZ021 cases.
Upper: Posiva 1 cases. Middle: Posiva 2 case. Bottom: SKB cases. The colours of the
plot symbols denote target fracture orientation according to the bottom legend (Each
symbol represents the results of one particular fracture).
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Figure 3-19. The diagram shows cumulative distribution of induced target fracture
shear displacements at given distances from the primary fault in the BFZ214_Pos1
case. The colours of the plot symbols denote target fracture orientation according to the
bottom legend (Each symbol represents the results of one particular fracture).
3.3.3

Target fracture shear velocities

The rheological properties of the bentonite buffer are dependent on the loading rate. The
higher the shear velocity the stiffer the response of the bentonite buffer and the more
adverse the associated effects on the canister (Börgesson and Hernelind 2006). Thus, it
is important to establish how high shear velocities the buffer-canister system might be
subjected to.
In this section the fracture shear velocities are presented as cumulative plots. The
diagrams follow the same concept as that applied in Section 3.3.2 for the shear
displacements. The following can be observed:
x
x
x

x

The highest shear velocity amounts at about 170 mm/s and is found in the
BFZ214_Pos1 case (Figure 3-22).
As found for the shear displacements there is an influence of the fault-fracture
distance. This is particularly pronounced in the cases with the lowest shear stiffness
(Posiva 1 cases).
There is a significant influence of the fracture properties. The velocities in about
90 % of the fractures are reduced by 70 % and more when applying Posiva 2 and
SKB properties instead of Posiva 1 properties (Figure 3-20 and Figure 3-21). For
most fractures this is, however, a direct consequence of the much smaller
displacement found in models with the higher fracture shear stiffness.
There are only minor effects of applying the excess pore pressure (Figure 3-20 and
Figure 3-21).
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Figure 3-20. The diagrams show cumulative distributions of target fracture shear
velocities at given distances from the primary fault in the BFZ100 cases. Upper: Posiva
1 cases. Middle: Posiva 2 case. Bottom: SKB cases. The colours of the plot symbols
denote target fracture orientation according to the bottom legend (Each symbol
represents the results of one particular fracture).
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Figure 3-21. The diagrams show cumulative distributions of target fracture shear
velocities at given distances from the primary fault in the BFZ021 cases. Upper: Posiva
1 and Posiva 2 cases. Bottom: SKB cases. The colours of the plot symbols denote target
fracture orientation according to the bottom legend (Each symbol represents the results
of one particular fracture).
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Figure 3-22. The diagram shows cumulative distribution of target fracture shear
velocities at given distances from the primary fault in the BFZ214_Pos1 case. The
colours of the plot symbols denote target fracture orientation according to the bottom
legend (Each symbol represents the results of one particular fracture).
3.3.4

Sense of shear displacement

Buffer-canister stress-deformation analyses indicate that the sense of fracture shear
displacement is of importance to the scope and extent of canister damage (Börgesson
and Hernelind 2006). Figure 3-23 shows reverse (left) and normal (right) shearing in a
dipping fracture.
The left plot in Figure 3-24 shows the sense of target fracture shear displacement in the
BFZ100_Pos1 and BFZ021_Pos1 cases and the right plot shows the corresponding
results from the BFZ100_Pos2 and BFZ021_Pos2 cases. Each vector represents the
displacement on one fracture. The vector length indicates the amount of displacement
while the direction indicates the sense of shear. The vector directions 0° and 180° mean
reverse and normal displacements, respectively, whereas 90° and 270° mean strike-slip.
The results are extracted at the end of the simulations.
As have been noted earlier, the significant reduction of shear displacements in a
majority of the fractures when applying Posiva 2 properties indicates that these fractures
move mainly elastically.
Even though the horizontal stresses are larger than the vertical stress at repository depth,
and thus promote reverse fracture movements, the plots show that a majority of the
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fractures move in normal and strike-slip modes rather than in reverse mode. This is
particularly clear in the left Posiva 1 plot where the normal and strike-slip movements
are considerably larger than in the right Posiva 2 plot. These fracture movements take
place in response to the stress relaxation caused by the primary fault slip. This also
strongly suggests that these fracture movements are elastic movements. The fractures
that have the strongest tendency to displace in reverse mode (as could be expected from
the stress field) are insensitive to the fracture stiffness. This indicates that these fractures
have moved irreversibly (slip) (cf. Section 3.3.2).

Reverse

Normal

Figure 3-23. Sense of shear displacement in a dipping fracture. a) Reverse shearing. b)
Normal shearing.
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Figure 3-24. Vector plots showing the sense of target fracture shear displacement. The
vector lengths indicate the amount of displacement whereas the directions indicate the
sense of displacement. Left: Results from BFZ100_Pos1 and BFZ021_Pos1 cases.
Right: Results from BFZ100_Pos2 and BFZ021_Pos2 cases.
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4

CONCLUSIONS AND DISCUSSION

The objective of this study is to obtain estimates of the possible effects that post-glacial
seismic events in three verified deformation zones at the Olkiluoto site may have on
nearby fractures in terms of induced fracture shear displacement. The report presents
earthquake simulations carried out by use of the distinct element code 3DEC. The
modelling approach is similar to the approach applied by e.g. Fälth et al. (2010) when
analysing the similar problem. Fault geometries, fracture orientations, in situ stress
model and material property parameter values are based on data obtained from the
Olkiluoto site investigations. The following issues are discussed below:
x
x

Earthquake representation
Response of target fractures

4.1 Earthquake representation
The rupturing fault is represented by a perfectly planar feature inside a large rock mass
represented by a linear elastic, isotropic, homogenous and continuous medium. The
stresses that are applied, and which power the synthetic earthquake, are the sum of
present-day stresses at Olkiluoto and glacially-induced stresses obtained from state-ofthe-art ice-crust/mantle finite element analyses. The earthquake is generated in a
schematic way. The rupture, initiated at a prescribed hypocentre, is simulated by a
programmed reduction of the fault shear strength, resulting in fault slip and
accompanying strain energy release. A typical value of the rupture propagation velocity
(70 % of the shear wave velocity) is used and the fault strength properties are assumed
to be uniform over the fault plane. In order to suppress fault displacement overshoot and
oscillations, a small residual strength is applied. This is in contrast to the approach taken
in the SKB study conducted by Fälth et al. (2010), where the shear strength was ramped
down to zero, and where, consequently, the earthquake slip velocity and the seismic
moment may have been unnecessarily overestimated.
It should be noted that there is a number of uncertainties in the schematic and idealised
earthquake representation. These uncertainties regard, for instance, the in situ stress
model, the glacially-induced stresses, the fault properties and the way the rupture is
initiated and propagated. There are also uncertainties in the true extent of the brittle
deformation zones. Especially their depths are uncertain. It may be that some of the
zones are larger than assumed here. This also adds uncertainties to the results. However,
given these uncertainties and idealisations, the following observations can be made:
x

x

The models have relatively small rupture areas compared to real crustal earthquakes
with corresponding moment magnitudes (Figure 4-1). According to the plot the
rupture areas could be two to three times larger and still fall within the magnitude
range of real events. This indicates that the average fault displacements are larger, or
much larger, than those of real earthquakes with corresponding moment magnitudes.
The peak fault slip velocities are in the range 1 – 3.5 m/s. The upper bound in this
range corresponds to about 80 % of the peak velocity recorded in the 1999 Chi-Chi
(Taiwan) Mw 7.6 earthquake, which is specifically reputed for its high slip velocity
(Ma et al. 2003). Thus, this velocity can be regarded as high compared to velocities
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x

found in real events. Considering that the fault slip velocity seems to be strongly
correlated with the induced fracture shear displacements (Fälth et al. 2010), this
suggests that the resulting stress impact on the target fractures is realisticconservative.
The simulated BFZ100 and BFZ021 events are mainly of reverse type and have the
largest fault displacements and highest slip velocities located close to the ground
surface. The response of the BFZ214 zone is different. This zone has oblique fault
displacements and the large movements and high velocities tend to be located at
depth rather than close to the ground surface.

The synthetic 3DEC earthquakes seem to have earthquake source parameters (seismic
moment per unit of rupture area, fault slip velocity) that are realistic-conservative. This
suggests that they should be regarded as adequate for the purpose of generating
reasonable upper bound estimates of the possible static and dynamic effects of
postglacial events on nearby fractures, and to provide credible and conservative
estimates of induced fracture shear displacements. The response of the target fractures is
discussed in the next section.
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Figure 4-1. Data base regressions of the correlation between earthquake magnitude
and rupture area. The solid and dashed lines are regression lines according to Leonard
(2010) and Wells and Coppersmith (1994), respectively. The data points are redrawn
from Wells and Coppersmith (1994). Data from the 3DEC models are indicated by
stars.
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4.2 Response of target fractures
There appears to be no records of induced secondary rock fracture shear displacements
at repository depth available in the literature. Thus, it is not possible to make any reality
check of the response of the target fractures similar to what is made above for the
primary fault. There are, however, several features of the target fractures which suggest
that, given the stress impact of the slipping fault, the calculated shear displacements are
overestimates rather than underestimates:
x

x

x

All modelled target fractures are perfectly planar. This is clearly a conservative
assumption; irrespective of the surface roughness observed in the laboratory,
fractures may be undulated or stepped on the large scale (ISRM 1978). Additionally,
fractures that actually are planar would be the least likely ones to elude detection.
All modelled target fractures have uniform properties over their entire surface area.
This, too, is a conservative assumption; for fractures of the sizes considered here,
there is a strong probability that the roughness locally is significantly higher than
that observed in the laboratory, such that the two fracture surfaces are locally locked
due to the effects of in-plane asperities.
All modelled target fractures are embedded in linearly elastic rock. This means that
no energy is expended on crack propagation or other inelastic deformations and,
consequently, that the calculated slip magnitudes are overestimates, cf. La Pointe et
al. (2000).

The target fracture property parameter values applied in the Posiva 1 and Posiva 2 cases
are based on data obtained from the Olkiluoto site investigations (Posiva 2009). The
friction angle (~30°) is in accordance with values from other sites with similar rock
types (e.g. Glamheden et al. (2007) and Hakami et al. (2008)) and with general
observations of frictional strengths of surfaces of different rock types (Scholz 2002).
There are two values of fracture shear stiffness given in the Olkiluoto site report (Posiva
2009). The values differ by one order of magnitude and are stated to be valid for
different normal load situations. The lower value corresponding to low normal loads,
and which is tested in all three models in this study, is 0.15 MPa/mm. This seems to be
a very low value. For both SKB sites, the shear stiffness reported for single open
fractures is about two orders of magnitude larger, even for the lowest normal stress (0.5
MPa) tried in the laboratory test program (Glamheden et al. 2007 and Hakami et al.
2008). For the ideally elasto-plastic Mohr-Coulomb failure model applied here, a 0.15
MPa/mm fracture with a friction angle of 30° subjected to a normal stress of 5 MPa
would move reversibly about 20 mm in response to a large enough shear load. This
suggests that much of the induced fracture displacements in the Posiva 1 cases, i.e.
where the lower fracture shear stiffness is applied, take place elastically, i.e. without
actual slip. This is also consistent with the following observations:
x

In the Posiva 1 cases, there is a negligible influence of applying an excess pore
pressure. According to the constitutive model used here for the fractures (cf. Section
2.7) the pore pressure does not influence the fracture behaviour as long as the shear
stress is lower than the ultimate shear strength, *.
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x

x

Applying higher shear stiffness (Posiva 2 case) considerably reduces the fracture
shear displacements in most fractures, indicating that most displacements are
actually elastic. Slipping fractures would be less sensitive to shear stiffness
variations.
In the Posiva 1 cases, shear displacements are typically normal sense movements,
(Section 3.3.4) even though the prevailing stress field is of reverse type. The normal
shear displacements are elastic responses to the unloading of fractures following the
earthquake-triggered relaxation of horizontal stresses. Fractures slipping because of
a seismically-induced temporary loss of strength would typically move in reverse
sense (Fälth et al. 2010).

Given the assumptions of planar fracture geometry, fracture properties being uniform
over the entire fracture area, and (following the discussion above on the relevance of the
low fracture shear stiffness) disregarding the Posiva 1 results and establishing that the
Posiva 2 results should be used for the evaluation, the following observations are made:
x

x
x
x

x
x
x

The fracture displacements depend on the fault-fracture distance. However, the
majority of the fractures move too little that it is meaningful to attempt to establish
regular distance-displacement relations. Out of all fractures monitored here, only
two moved more than about 5 mm (cf. Figure 3-24, right).
Elevating the fracture pore pressure by 1 MPa had negligible effects.
The two fractures that actually slipped moved by 20 – 25 mm. Both were located at
the smallest distances considered here (100 m and intersecting, respectively) from
the steeply dipping reverse fault BFZ100.
Fractures located around the gently dipping zone BFZ021 and the subvertical zone
BFZ214 did not displace more than about 5 mm. For the subvertical zone BFZ214,
the modelling was only conducted for the low stiffness assumption (Posiva 1). Still,
all induced displacements were less than 5 mm.
The highest fracture shear velocity is less than 200 mm/s. (This applies for all
fracture shear stiffness assumptions).
No fracture belonging to the two subvertical sets displaced more than about 5 mm.
This is a consequence of the lower shear loads on steeply-dipping fractures in the
initial postglacial stress field assumed here.
The two fractures intersecting the primary fault in two of the models did not
displace more than other fractures. However, this is probably more a consequence of
many idealisation made here than a generally relevant conclusion. The idealised
fault representation does not capture effects of fault irregularities or of the increased
frequency of fractures in the damage zone.

The overall conclusion of this study is that seismically induced fracture shear
displacements would be very modest at the Olkiluoto site and, for 75 m radius fractures
that don’t intersect the potential fault, exceed about 5 mm only by way of exception
even at fault distances as small as 100 m. No fractures located around the BFZ021 and
BFZ214 zones moved more than about 5 mm.
The general conclusion above seems to be in contrast to the results obtained in the SKB
study (Fälth et al. 2010), where 75 m radius fractures at 200 m distance from zones with
3-5 km trace length would displace any amount between 0 and 25 mm with
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approximately equal probability. For faults with trace lengths larger than 5 km, the
corresponding displacement range would be 0 – 30 mm. This difference between the
main results of the two studies merits a brief discussion.
4.3 Comparison with SKB study results
In the SKB study, the reference fracture radius was 150 m whereas it is 75 m in the
Olkiluoto models analysed here. This is merely a matter of scaling: fracture slip scales
with fracture size for the type of rock and the type of loads considered here (Fälth et al.
2010). In Figure 4-2 and Figure 4-3, all SKB results have been scaled to be valid for 75
m radius fractures.
In the SKB study, fractures were located at 200 and 600 m distance from the faults. In
Figure 4-2 and Figure 4-3, the SKB results have been interpolated, or extrapolated, to be
valid at the distances considered in the present study: 100 m, 300 m and 500 m.
The comparisons regard model results obtained for Olkiluoto models analysed with
SKB properties of the fractures. Figure 4-2 shows the maximum shear displacements
found at different distances from the BFZ100 and BFZ021 zones. The results are
compared with corresponding results obtained for the two categories of deformation
zones considered in the SKB study. Figure 4-3 shows comparisons of Olkiluoto and
SKB displacement distributions.
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Figure 4-2. Comparison of Olkiluoto model max displacement results with
corresponding SKB results from Fälth et al. (2010).
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Figure 4-3. Olkiluoto model results compared with corresponding displacement
distributions established in SKB study (Fälth et al. 2010). The SKB results are scaled to
the reference fracture size used in the present study (75 m radius) and
extrapolated/interpolated to apply to the fault-fracture distances considered in the
present study (100, 300 and 500 m). In the SKB study, different distributions were
established for fractures around zones with trace lengths less than 5 km (left) and trace
lengths larger than 5 km (right).
All results presented in the comparisons above were obtained using the same fracture
properties. Because of the scaling and the extrapolation/interpolation made here the
results should be directly comparable. The difference in rock mass elastic modulus, 75
GPa (Forsmark) and 65 GPa (Olkiluoto) is judged to be too small to impact. The
differences between the modest displacements found in the Olkiluoto models and the
SKB displacements are, consequently, mainly due to:
x

x

x

Differences in initial (postglacial) stresses. The Olkiluoto model stresses are
based on best estimates of present-day in-situ stresses added to state-of-the- art
estimates of the glacially-induced stresses at the time of maximum postglacial
fault instability. The SKB stresses were calibrated to give the largest possible
seismic moment per unit of fault area. This is likely to have produced potentially
overestimated static and dynamic effects on nearby target fractures
The fault orientation. In the Olkiluoto models, the orientations of the three
verified brittle deformation zones are according to the site description. In the
SKB study, faults were consistently dipping along the major horizontal stress.
This, too, will have maximized moment magnitudes and effects on nearby target
fractures.
Differences in fault residual strength. In the Olkiluoto models, a small residual
strength was assumed, whereas the strength was ramped down to zero in the
SKB models, giving oscillating fault slip behaviour after completed rupture. The
strength of the Olkiluoto faults was set just high enough to suppress large
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overshoot, i.e. the fault slip should typically approach the final value
monotonously at least approximately, cf. Figure 4-4. The SKB model overshoot
will tend to give higher fault slip velocities and higher moment magnitudes. This
will all impact on nearby fractures and give larger displacement.

Fault slip close to ground surface in Mw 6.2
and Mw 5.5 models
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Figure 4-4. Typical fault slip behaviour in SKB models (left) (Fälth et al. 2010) and in
Olkiluoto models in this study (right)

The general conclusion of the comparisons made here should be that the site specific
modelling conducted for the Olkiluoto site gives more realistic upper bound estimates
of the potential seismic effects on Olkiluoto target fractures than a more general and
conservative worst case approach, such as the one applied in the SKB study, would
have done. The approach in the present study is more realistic from many aspects:
“real” stresses, “real” fault orientations and non-zero fault residual strength. Yet, the
earthquake representation is reasonably conservative as demonstrated in Figure 4-1;
moment magnitudes are high compared to the regressions established for crustal
earthquakes.
4.4 Concluding remarks
Based on the modelling results and discussions in this study, the following can be
concluded:
x

x

The synthetic 3DEC earthquakes have moment magnitudes in the range Mw 4.3 –
5.9. They have relatively small rupture areas compared to real crustal earthquakes
with corresponding moment magnitudes. This suggests that they have relatively
high average stress drops with corresponding large effects on the surrounding rock
mass as potential consequence. From this aspect the approach taken here should be
considered as conservative.
Since the fault residual shear strengths are set at low values, the synthetic
earthquakes analysed here release nearly the maximum theoretically possible strain
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x

x

x

x

energy consistent with the initial stresses, the rupture areas and the fault orientations
assumed here. This also suggests that the modelling results are conservative.
Releasing all that energy in one single pulse of movement rather than in a series of
smaller events is conservative, too.
The fault behaviour is highly schematic. There is no data on how, for instance, stress
drop would vary with depth for real end-glacial earthquakes. It is not possible to
decide if the approach tried here (same residual strength at all depths) is pessimistic
compared to a more realistic one.
The smallest fault-target fracture distance studied is 100 m. Compared to the
dimensions of typical faults, this is a small distance. The smaller the distance, the
more sensitive the results will be to details in the earthquake representation. The
models here do not account for the potential effects of asperities that locally may
give high stress drops or for irregularities or splays. The effects of such features on
nearby fractures are difficult to predict. Even if the results given here are likely to be
relevant on the average, it cannot be excluded that cases may exist where individual
fractures located close to a high stress drop portion of the rupture would displace
more.
The fracture shear stiffness applied in the Posiva 1 cases is low which appears to
give exaggerated, mainly elastic, fracture shear displacements. As pointed out in the
preceding section, the results of the models analysed using the higher stiffness
(Posiva 2 cases) are judged to be the most relevant ones.
The comparison made between the results of the present study and corresponding
(appropriately scaled) SKB results suggest that applying site specific conditions,
rather than applying the general, schematic and conservative slip distributions given
in the SKB study can give considerable reductions of the estimated induced target
fracture shear displacements. The fracture displacements were found to be very
modest even at small distances. It may be worthwhile to consider additional steps
towards a more realistic representation of faults and fractures. The details of a
continued program must, however, be carefully planned.
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APPENDIX

CALIBRATION OF FAULT RESIDUAL STRENGTH

The primary fault rupture mechanism is simulated in a schematic and idealised way; as
the rupture front moves along the fault plane, the shear strength is ramped down to a
specified residual strength value (this may be set to zero or to a low non-zero value). In
earlier studies where this rupture propagation scheme was used (Fälth and Hökmark
2006; Fälth et al. 2010) the base case assumption was to set the residual friction angle to
zero. This assumption resulted in considerable fault overshoot and large-scale
oscillations. Such model behaviour is here assumed to give unrealistically strong
dynamic effects on the surrounding rock mass with over conservative results as a
consequence.
In order to obtain a model behaviour which here is considered to be more realistic with
no or only small overshoot, the fault residual friction angle can be set to a non-zero
value. How large this value should be in a specific model depends on the dimensions of
the fault plane, its orientation relative to the stress field and the stress magnitudes. The
residual friction angles to be used in the models in this study were determined by
calibration. Each model was run with different values of the friction angle and the
temporal development of the fault slip was monitored. The results for the BFZ100,
BFZ021 and BFZ214 models are shown in Figure A-1, Figure A-2 and Figure A-3,
respectively. As can be seen, different values of the friction angle is needed in the
models to inhibit oscillations. The following values were chosen:
x
x
x

BFZ100 model: 3 degrees
BFZ021 model: 6 degrees
BFZ214 model: 1 degree
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Figure A-1. Fault slip close to the ground surface in the BZ100 model. A friction angle
of 3 degrees seems to be sufficient to inhibit fault overshoot.
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Figure A-2. Fault slip close to the ground surface in the BZ021 model. A friction angle
of 6 degrees seems to be sufficient to inhibit fault overshoot.
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Figure A-3. Fault slip close to ground the surface in the BZ214 model. A friction angle
of 1 degree seems to be sufficient to inhibit fault overshoot.

