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Abstract

De-aggregation of probabilistic hazard assessment (PSHA) results show that the
dominating source of vibrations with engineering significance to NPP safety is
from mid-magnitude earthquakes located at close distances to the plant. This
region is called the “near-field” and is known for its particularities when compared
to “far-field”. For example, significant duration of the ground motions is shorter,
corresponding to S-wave and surface wave arrivals; there are distinctive high
velocity peaks in the ground motions and vertical shaking components may ex-
ceed horizontal components. These particularities are known to have design
consequences, but are often overlooked by engineering codes.

In Fennoscandia, near-field observations of larger magnitude (M>3) earthquakes
are missing, and modelling is the only way to supplement the existing empirical
data underpinning the attenuation equations in the PSHA studies.

In the ADdGROUND project, during the financial year 2015, we confirmed the
near-source effect in small magnitude earthquake recordings in Finland and de-
veloped modeling skills and tools to generate synthetic near-field accelerograms
starting from process of the fault rupture. We calibrated models with the very few
existing near-field measurement cases of small earthquakes. In this report we
also highlight some of the potential design consequences of near-source earth-
quakes to nuclear installations. The consensus seems to be that the destructive
potential of these types of earthquakes is generally low. However, they can pro-
duce surprisingly larger acceleration values in the range of high frequencies, and
can generate high strain rates in the loaded structures and components. In nu-
clear installations, with stiff components the effect of high frequency shaking

should be carefully considered.

Within the ADdGROUND activity we organized two workshops, one on the 8th
May 2015 in Espoo, and the second in Copenhagen (15th December 2015). The
outcomes have been presented to the nuclear community in the Nordic countries
in the NKS Seminar “Nordic perspectives of Fukushima: Where are we now and
where do we go? Joint NKS-R and NKS-B Seminar” in Stockholm (12-
13.01.2016).
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1. Introduction

In Finland, the review of seismic safety of nuclear power plants started in 2011 within the
SAFIR2011 program. This activity was launched in preparation for the planning phase of the
new units, following a longer break. The intention was to carry out a review of newly emerged
seismic data, update the methodologies and create background information for the upgrade of
the YVL guides. It was also intended that the work would integrate expertise from theoretical
seismology, probabilistic seismic hazard assessment (PSHA), design of nuclear structures and
qualification of components. We embarked on activities to increase the communication, and
improve its quality, at the seismology / engineering interface, a crucial interface to produce
risk relevant seismology studies for nuclear applications. According to this goal the work
started in 2011 in a broad consortium including VTT, Aalto University, University of
Helsinki, AF-Consult LTD and Uppsala University.

The Fukushima Daiichi nuclear disaster struck in the middle of our fist work year. While
closely following this accident and its regulatory consequence the European stress tests, it
became clear that few if any technical lessons may be applicable in Fennoscandia, one of the
most stable, low seismicity continental regions. However, one important general lesson was
that it is a correct decision to dedicate resources to high-impact low-probability events like
earthquakes, even in Finland. Especially since the low likelihood of occurrence often leaves
societies under-prepared, while even minimal mitigating actions would result in important
improvements. Certainly this “lesson” was understood. Seismic hazard assessments studies
were initiated by Fennovoima and TVO/Fortum, for the plant design lifespan. In addition,
both in Finland and in Sweden there is a need to better understand post-glacial faulting and its
consequences for the much longer waste repository design lifespan.

The outcomes from the SAFIR2011 work were a larger set of newly collected seismic data
from Finland and Sweden (the SESA database), a proposal for a ground motion prediction
equation or GMPE based on this data, identification of the dominating source of hazard by
means of de-aggregation of PSHA results, the quantification of uncertainty in the vibration of
building floors and the estimation of damping to be used for stiff concrete structures.

It was the de-aggregation results which triggered the work carried out partly in
NKS/ADdGROUND and partly in SAFIR2014/NEST. De-aggregation results showed that the
dominating source of ground motions with engineering significance to plant safety comes
from mid-magnitude earthquakes located at close distances to the plant. In earthquake
engineering, this region is termed the “near-field” and is known for its particularities when
compared to “far-field”. Significant duration of the ground motions is shorter, corresponding
to S-wave and surface wave arrivals; there are distinctive high velocity peaks in the ground
motions and vertical shaking components may exceed horizontal components, while they are
about 2/3 in the far-field. These particularities are known to have design consequences, but are
often overlooked by engineering codes focusing on far-field events.

Hence, because of the relative importance of the near-field and the lack of measurements in
this range in Fennoscandia, we embarked on modelling the ground motions in the vicinity of
the epicentres, starting with a model of the fault itself. Such models are associated with large
uncertainties, especially in the range of higher frequencies. In 2015 we worked on finding
suitable calibration events, collect data from these events and undertake some exploratory
modelling. The preliminary findings are reported here. Two workshops were also organized in
2015 to support the work of the project (see Appendix A).



2. Sources of hazard for nuclear power plants (NPP’s)

The de-aggregation of the earthquake hazard for certain locations in Finland was carried out in
the SAFIR2014/SESA project (Malm and Saari, 2014; Fuldp et al., 2015).

Some key findings are reproduced in Figure 1. The plots give the most probable sources of
ground motions with engineering significance arriving to the foundation of a nuclear plant. On
the vertical axis is the probability density and on the horizontal axes earthquake magnitude
(M) and epicentre distance (D). So peaks in the plot mean that the particular combination of
M and D is an important contributor to the hazard. The integration of the plot with M and D is
equal to 1. The example location is Pyhadjoki (municipality of Finland and planned location for
nuclear power plant), but qualitatively similar plots were obtained for other locations.

The plots are for peak ground acceleration (PGA), spectral acceleration (SA) at 4Hz and
spectral acceleration at 10Hz. The spectral acceleration of 4Hz roughly corresponds to the
main horizontal vibration mode of a stiff shear-wall type building (e.g. a reactor building).
The 10Hz spectral acceleration correspond to the, conventionally accepted, highest
amplification factor of the design SA spectra used of NPP’s in Finland given in the YVL
guides (YVL 2.6, 2001, YVL B.7, 2013). The spectrum is reproduced in Figure 2. It can be
seen that the peak-ground acceleration is normalized to PGA=1m/s? in this plot. The spectra
peaks at 10Hz and it assumes a peak amplification of 2.2xPGA at this frequency. The spectral
amplification in the vicinity of the usual first horizontal mode of a stiff NPP building (3-4Hz)
is about 1.3xPGA. This frequency is important, because the first horizontal mode will control
the “swinging” of the structure. Hence, the on higher floors the vibration will be amplified
significantly in this frequency. The frequency of 10Hz and above affects stiffer equipment and
have modes in that range.

The plots in Figure 1 should be read together with the general shape of the spectra from Figure
2 as follows. For a PGA=0.05g one can expect a spectral amplitude of about
SA417~1.3%0.059=0.065g and SAjon,~2.2%0.05g=0.1g. Similarly for PGA=0.1g one can
expect SA44,~1.3%0.19=0.13g and SAion,~2.2x0.1g=0.22g etc. Therefore the pictures in
Figure 1 should be read in vertical groups. E.g. Figure 1.b gives the probable sources of a
PGA=0.1g shaking, together with the source for the two key frequencies of the spectra at 4Hz
(Figure 1.e) and 10Hz (Figure 1.h). As can be seen in the three plots the range of interest is
between M=2..5 and D=1...60km, where large peaks of probabilities are found for target of
PGA=0.1g. The situation varies a little with the target PGA level, somewhat broader range of
M and D corresponding to PGA=0.05g and somewhat narrower to PGA=0.4g. These PGA
values cover the acceleration targets of design interest in Finland.

One note to the discussion above is that the de-aggregation has been carried out with the
probabilistic seismic hazard model where source zones had a largest possible magnitude
(Mmax) defined. Except for the Northern Caledonides source zone, more than 500km away
from Pyhdjoki, the highest magnitude was Mny=4.9 (Fll6p et al., 2015), corresponding to the
cut-off in magnitudes in the Figure 1 plots. If larger My would be allowed, than probably the
plots would extend towards the new Mnax and towards larger distances. It is not within the
scope of this work to discuss the Mmax choices, which are the subject of some debate, rather to
point out the possible effects of this parameter.
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Figure 1. EZ-FRISK magnitude-distance de-aggregation for Pyhajoki, 5 % damping, average horizontal

component of PGA amplitude (a) 0.059, Miean=4.1, Diean=29km, (b) 0.19, Mean=4.3, Dimean=24km, () 0.2g,
Mmean=4.4, Dinean=21km; 4Hz spectral amplitude for (d) 0.05¢, Mean=3.8, Dmean=34km, (€) 0.19, Mean=3.6,
Drnean=22km, (f) 0.29, Mmean=3.2, Dinean=11km,; and 10Hz spectral amplitude for (g) 0.1g, Mean=4.3,
Drnean=40km, (h) 0.29, Mnean=4.4, Dmean=33km, and (i) 0.49, Mean=4.4, Dean=26km,



The second note is that for very small distances the use of the attenuation equations in the
probabilistic seismic hazard assessment (PSHA) can be problematic. In fact in the original
PSHA software, there were already features to deal separately with the region very close to the
epicentre (McGuire, 1976). A fixed, or a magnitude dependent limit could be defined for
limiting the intensity parameter (e.g. PGA) in the region about 10km or closer.
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Figure 2. Shape of design spectra for Finland by the YVL guides, developed primarily for southern Finland.
Spectral amplification at 3-4Hz is about 1.3XxPGA

From the earthquake engineering point of view sites may be classified depending on the
distance from the epicentre as presented in Figure 3. As can be seen, the range of D<60km is
classified as near-field or intermediate site. “Shallow” crustral earthquakes in Fennoscandia
have a hypocentre depth of up to 5km. Earthquakes in Fennoscandia occur down to the depth
of about 45 km, with most of them between 5 and 20 km.
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Figure 3. Definitions of different sites depending on the distance (Gioncu and Mazzolani, 2011)

There are known effects related to the regions close to the epicentre. They are firstly related to
the proximity of the rupturing fault, which is not of negligible dimension for larger magnitude
events. Secondly, they are related to arrivals of the different waveforms as they travel from the



source/fault to the site. Since the different seismic waves have different propagation
velocities, at larger distance they arrive with different time delays between each other and
overlapping with scattered waves. However, at short distances they arrive with smaller time
delays. The main effects, as the epicentre distance is reduced, are that (1) significant duration
of the shaking is reduced, (2) higher-frequency shaking is present in the signal, (3) vertical
shaking components may be larger than horizontal components, (4) loading is not in repeated
cyclic shaking but a few high velocity pulses (Figure 4). Most of these effects are generated by
the direct incoming waves, which control the shaking in the vicinity of the epicentre.
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Figure 4. General effect of distance (increasing from left to right) on the observed shaking as accelerations (a),
velocities (v) and displacement (d) (Gioncu and Mazzolani, 2011)
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With larger magnitudes, and hence fault sizes, the effect of directivity is more easily observed
in near-source regions. Once the rupture initiates at the hypocentre, the rupture propagates
along the fault. Rupture propagation is influenced by the presence of asperities, the presence
of barriers and the geometry of the fault (e.g. curved or stepping faults). Since the rupture
velocity is in the range of the propagation velocity of the shear waves, for an observer located
in front of the advancing fault rupture, waves generated in the stages of fault rupture arrive in
the same instance. Therefore, the simultaneously arriving waves create high peaks of
acceleration and velocity in these locations, called forward-directivity regions. Forward
directivity locations at certain distance from the fault experience accelerations higher than e.g.
sites located lateral to the fault. Part of the 1995 Kobe earthquake’s destructiveness was
associated to the main city areas being located in the forward directivity of fault rupture
(Gioncu and Mazzolani, 2011).

It is also important to distinguish between fault-normal (FN) and fault-parallel (FP) ground
motion recordings. The situation is not simple, because analysing a structure to fault-parallel
and fault-normal recordings does not ensure that the largest value of an engineering design
parameter is captured. The maximum direction (MD) ground motion, leading to peak linear
responses of a single degree of freedom system, can correspond to other than the FN and FP
directions. However, it is recommended that a structure is analysed to recordings rotated to
FN and FP directions, and also MD direction, within a distance range of up to 15km from a
fault (Kalkan and Reyes, 2013; Juan Carlos Reyes, 2015).



Directivity and recording direction are source of significant uncertainty in attenuation
equations, where the main parameter controlling the vibration amplitude is the distance from
the epicentre, hypocentre or fault.

Some of the above effects are advantageous in the design of structures. E.g. the presence of
only a few loading cycles makes the shaking less damaging. Hence, near-field earthquakes are
regarded to have lower damage potential. Other effects may be disadvantageous. E.g. the
higher loading velocity may induce unexpected failure modes in material. It is certain that the
study of these effects is necessary in light of the prevailing hazard sources.



3. Possible design significance of near-field earthquakes

While in some cases damage to NPP’s have been encountered as a result of shaking from
earthquakes, serious accidents like loss of containment of nuclear material has not occurred
(Connor et al., 2009). In the case of the Tohoku-Oki earthquake in 2011, the meltdown and
near melt down of the reactors at the Fukushima Daiichi and Fukushima Daini NPP’s were
due to failures in backup power systems caused by the tsunami, and not by the shaking caused
by the earthquake. At both plants the reactors were automatically shut down immediately after
the earthquake.

Nonetheless impact of earthquake shaking has been of serious concern in a number of cases,
e.g. at the Kashiwazaki-Kariwa nuclear power plant. On July 16, 2007 a M6.8 earthquake
occurred 16km offshore of the Kashiwazaki-Kariwa NPP, the largest power station in Japan.
The plant performed well, with limited damage and a few minor releases of radioactivity to
the environment. The real surprise was that the event exceeded the seismic hazard guidelines,
calling in question the data for the modelling of the hazard and the modelling method itself
(Connor et al., 2009).

The assessment and classification of three faults 20-40km from the site as inactive turned out
to be incorrect. It was also observed/concluded that, when earthquakes are located a few km
from the sites, source parameters such as fault mechanism and directivity effects may play an
important role in impacts. With the dense seismic network of Japan, the number of near-field
recordings increased, with these recordings often showing larger than expected accelerations
when compared to the values used in attenuation relationships.

As an outcome of the safety review, the IAEA team recommends that: “The attenuation
relationships to be used for faults in the near region should include both empirical methods
based on observed seismic data as well as analytical methods producing synthetic
seismograms compatible with the fault mechanism and the travel path. It is expected to be
able to address directivity issues using this methodology” (Preliminary findings and lessons
learned from the 16 July 2007 earthquake at Kashiwazaki Kariwa NPP - The Niigataken
Chuetsu-Oki Earthquake (Volume I), 2007). These conclusions were confirmed in the follow-
up reports of the IAEA: “When there are significant contributions to the seismic hazard by
active faults in the site vicinity or the near region, source parameters such as the fault
mechanism and directivity effects may play an important role. This may cause variations in
the hazard even within areas very close to each other.” (Follow-up IAEA Mission in Relation
to the Findings and Lessons Learned from the 16 July 2007 Earthquake at Kashiwazaki-
Kariwa NPP - Volume I, 2008). Site vicinity is defined as 5km radius around the plant, while
near-regional as an area not less than 25km by the IAEA Safety Guide NS-G-3.3 (IAEA,
2002).

For NPP structures as early as in 1980’s, besides the general far-field accelerogram, it is
recommended to postulate a near-field earthquake of small magnitude, shallow focal depth
and short/3s duration of strong motion. This earthquake will typically affect a radius of 5-
15km, will have high frequency content (4-8Hz) and exceptionally high acceleration spikes
(0.4-0.7g’s); accelerations strongly depending on the characteristics of the causative faults
(Constantopoulos et al., 1980). Seismic re-evaluations in the nuclear context were showing
vertical shaking components, from small near-field earthquakes, to exceed shaking from much
larger far-field events in the range of frequencies above ~5Hz, on soil (Kostov, 2001). And it



was noted that near-field earthquakes with small to moderate magnitudes can result in
significant PGA’s, controlled by higher frequencies. Significant structural damage is unlikely
from high-frequency shaking components, but they may affect instrumentation and control
systems (Labbé, 2001).

As a result of unexpected accelerations recorded, among others during the Kobe earthquake of
1995, a new Beyond Design Basis earthquake level has been introduced in Japan (Ss), and in
the US (Stevenson, 2014), with Ss acceleration defined as 1.67 times that of the Safe
Shutdown Earthquake (SSE). The accepted performance for the Beyond Design Basis
earthquake extends to post-elastic strains in the material either directly, or by proposing
inelastic energy absorption factors Fu (ASCE, 2005)., as one feature of the near-field shaking
is to limit inelastic response.

The Nuclear Regulatory Authority (NRA, 2013) guidelines also contain provisions for
considering ground motions without information on a specific fault. The requirements cover
the situation of undetected faults not extending to the ground surface (orphan fault), within the
seismogenic layer, generating an earthquake at an unforeseen location. This scenario covers
the possibility of near-source earthquakes, with an upper limit of Mw6.5 (in Japan), by
instructing the use of data from sixteen such events, which occurred between 1996 and 2013
(NRA, 2013).
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Figure 5. Arragent of the 5 floor shear wall structure on the shake table (Labbé and Altinyollar, 2011)

Following the observations that small near-field earthquakes can result in large PGA’s,
controlled by high frequencies, a collaborative project was launched by the IAEA in
cooperation with JRC in order to study the safety significance of near-field events to NPP’s.
The three years activity, with participation from 18 countries is reported by Labbé and
Altinyollar (2011). The study included shake table testing of a five floor concrete shear-wall
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type structure (Figure 5), to far-field (FF) and near-field (NF) type motions and benchmark
calculation in order to replicate the observed behaviour.

The main performance indicators in the study have been the top floor displacement, top floor
spectra, and base bending. The authors compare the achieved performance with the one
predicted by the established NPP design practice of response spectrum analysis. The primary
conclusion of the study is that the damage potential of NF earthquakes is low, despite the
large PGA’s observed in the free-field measurements. The damage potential in the study
means damage of the primary structure, and it is tightly related to the frequency-content of the
input signals in relationship with the fundamental frequency of the structure (7.24Hz).

The authors conclude that the distinction of the signals in NF and FF is insignificant, when
both can be regarded as high-frequency input motions in relationship to the fundamental
frequency of 7.24Hz. During the CAMUS experiments the structure was softening due to
localized/small damage. Consequently the fundamental frequency was shifting from 7.24Hz to
5Hz (Figure 6), a shift which was not well replicated by calculations. The small nonlinearities
in the structure proved to be very effective means of mitigating the impact of large PGA’s of
NF signals. The authors suggest that non-linearity should be taken into account in order to
predict reasonably realistic floor response spectra (Labbé and Altinyollar, 2011).
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Figure 6. Normalized pseudo-acceleration (PSA) spectra of the NF and FF type shaking considered in the
CAMUS study (Labbé and Altinyollar, 2011). The fundamental frequency of the undamaged frame (7.24Hz), and
of the damaged frame (5Hz) are highlighted with dashed lines.

The NF/FF distinction is not discussed explicitly when it comes to contributions of the higher
vibration modes to the response of structures. This can be attributed partly to the stiff
benchmark structural typology, where horizontal vibration is controlled by the fundamental
mode. Higher horizontal modes are having small impact on the global response. The situation
is contrary to softer traditional buildings, especially moment resisting frames, where NF
damage is partly attributed to contributions of the second/third horizontal vibration modes
(Huang, 2003; Hall et al., 1995; Gioncu et al., 2014) and partly to high loading velocities
(Gioncu et al., 2014).

One note is that vibration of sub-structures of NPP building may be controlled by higher
modes of vibration (e.g. vertical vibration of individual floors). In that case the controlling
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structural frequency is much larger. This effect can have an impact on qualification of
components to NF versus FF shaking.

Labbé and Altinyollar, (2011) argues for a review of the design approach to deal with high
frequency inputs, as follows: Historically, the conventional nuclear approach was established
in order to deal with the conventional design situation, which consists of evaluating effects of
rather low frequency input motions on stiff buildings such as reactor buildings of nuclear
power plants. The conventional nuclear practice (response spectrum method associated to
non-exceedance of conventional limit state) was established accordingly. This approach
proved to be effective and reliable in the context of a conventional design situation, i.e.
situations before the recording of high frequency ground input motions. This approach should
be reconsidered when dealing with the type of high frequency inputs considered in this paper
(Labbé and Altinyollar, 2011). The recommendations include (1) high frequency input
motions as displacement-controlled loads (2) acknowledging small non-linear effects by
linearization techniques or other means of simple nonlinear structural analysis.

A different effect of near-field earthquake is discussed by Gioncu et al. (2014), namely the
effect of high velocity loading. The effect of near-source earthquakes is likened to that of an
impact received by the building (Figure 7). The consequence of this loading scenario is a
much higher strain rate experienced by the structures and components (Figure 8).
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Figure 7. Effect of the fault rupture received by the building as it was the last ball in Newton’s cradle (Gioncu et
al., 2014)
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Figure 8. Strain rates (1/sec) from the different loading scenarios, with near-field earthquakes ranging between
far-field earthquakes and impact loads (Gioncu et al., 2014)
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4. Near-source effects in small magnitude earthquake recordings in Finland

As stated earlier, recordings of strong motions from Fennoscandia are not available (e.g. Near-
field, M>5.5). There are recordings of smaller magnitude earthquakes, even at short distances
and there are recordings of larger events, up to magnitude M=4.9, at larger distance. A recent
update on the available empirical data was published by (Vuorinen, 2015). The map of events
for the study is given in Figure 9, while the distribution of the recordings with magnitudes and
distances is presented in Figure 10. As can be seen, the recordings for M>2 in the distance
range of D<60km are quite rare. The data group with reasonable magnitudes for D<60km,
which would allow an estimation of the randomness would be the 2<M<3.
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Figure 9. Map of events grouped by magnitude and seismic stations marked with black triangles (Vuorinen,
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Given this data scarcity we analysed one of the existing data sets from a swarm in Kouvola
Southern-Finland, with the largest measured event of M =2.6. The advantage of this data is
that measurements were taken at very close range (2-9km) and the sampling rate was very
high, 250Hz. Earlier analysis and data on the swarm has been reported by (Smedberg et al.,
2012; Smedberg et al., 2012).
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Figure 11. Recordings available of the Kouvola swarm in the National networks of Fihlahd and Estonia. Four
temporary stations in the vicinity of the epicentre (orange dot) are called KV and were deployed for the purpose
of recording the swarm. The green circle is 70km around the epicentre; the red circle 200km.

The data was imported to SEISAN, a seismic analysis system and a simple database for
analysing earthquakes from analogue and digital data (Ottemdller et al., 2014, Havskov and
Ottemoller, 1999). Processing of the data has bene carried out in SEISAN.

The seismic recordings of one of the Kouvola swam earthquakes (DEC 22nd 2011 07:22) on
the nearby seismic stations is seen in Figure 12. Data are shown in a 35 s long time window.
Each trace shows the signal from the vertical component seismic sensor, the station code is
given to the left of the signals and the component codes BHZ or SHZ define the used sensor,
broad band sensor or short period sensor, respectively. Red markers on the traces gives the
arrival times of the pressure wave (P), the shear wave (S) and where the amplitudes are
measured (MSG). The | and E associated with the P and S gives whether the phase is
impulsive or emergent, respectively. The D or C to the right of the P phase reading gives the
first motion of the phase, dilatation or compression, respectively. The numbers in black on the
left and right sides above the traces gives the DC level and maximum amplitude of the traces,
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respectively. The traces are plotted downward with respect to distance, as distance increases
the time-gap between the arriving P and S waves increases due to the different propagation
velocity of the two wave types. On the three lower traces the shear wave is clearly separated
into a high frequent direct shear wave and a low frequent surface wave part (phase hame Rg)
3-4 s later. The signal recorded on the station closes to the earthquake KVO01 show a large
offset after the recordings of the earthquake. This offset could be a result of a physical
displacement of the sensor due to the shaking from the earthquake.
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Figure 12. Vertical components only stations closer than 70km, representation in SEISAN. The wave arrival
times are marked on the signals. The station distances to the hypocentre KV01 (2km), KV04 (6.5km), KV03
(8.7km), KV02(9.9km), PVF(58.8km), VJF(62.6km) and FIA1 (68.9km).

The fault plane solution for the M =2.6 event is given in Figure 13. It corresponds to strike
angle of STR=63degs, dip angle of DIP=59degs and rake angle of RAK=118degs. A
composite fault plane for the three strongest events has been calculated as STR=216degs,
DIP=75degs and RAK=95deg and reported by Korja and Kosonen (2015), based on Smedberg
etal. (2012).

The two solutions agree on the approximate alignment of the fault (North-East/South West),
that the fault is high-angle and that the main movement is reverse dip direction movement.
RAK=+90 degrees would indicate pure reverse dip direction motion, and the solutions deviate
from this only by 5 and 28 degrees, respectively. The two solutions disagree on the strike
direction, hence on the dip direction of the fault. In the first model the strike is towards North-
East and the fault dips towards South-East, while in the second case the strike direction is
South-West, and the fault dips towards North-West.
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Figure 13. Fault plane solution of the M, =2.6 event from SEISAN, and schematic presentation of the meaning of
strike (STR), dip(DIP) and rake(RAK) angles

The KV stations were equipped with Nanometrics Trillium 120PA seismometers and the
Nanometrics Taurus digitizers, and had the ability to resolve signal with very low frequency
(<0.01 Hz). The signals from the KV stations have been corrected for instrumentation
response and converted to acceleration, velocity and displacement. The Fourier spectra of the
acceleration signals are given in Figure 14.

In order to understand the source of the high frequency peaks in the Fourier plot, and to get an
overview of the noise at the four stations, the power spectral density (PSD) was calculated for
each channel in one hour intervals in the time frame of the event. Sample PSD plots for the
vertical (z) direction channels are given in Figure 15. KVO04 is the noisiest site across all
frequencies. Both KVV03 and KV04 show clear diurnal variations above 2Hz, which could be
due to temperature variations or cultural noise like traffic. In the high frequency band one see
a lot of peaks that are consistent during the whole period see e.g. KV04 and KV02 at 20Hz.

A more detailed look on January 11-15 (Figure 16), with one nearby earthquake at 21.18 on
12" of January 2012 and one around 16 o'clock on January 14", indicate that the earthquakes
generate some signals in the high frequency range, but it coincide with cultural noise.

It has been decided to remove the effect of the very high frequency parts, above 50Hz, in the
temporary station’s signals. Hence, 6™ order Butterworth bandpass filter between 0.25-50Hz
has been applied to the signals, in order to eliminate the major uncertainties related to the high
frequencies and to make the measurements compatible with those from the permanent stations
in Finland. Still, the noise level even below 50Hz may be significant in some stations (e.g. at
20Hz in KV02 and KV04), and conclusions retain a certain level of uncertainty. Pseudo-
acceleration spectra (PSA) have been generated from the bandpass filtered accelerograms, and
are presented in Figure 17.
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Figure 14. Fourier spectra of the KV02, KV03 and KV04 station acceleration recordings. Blue lines we the
signals filtered with Butterworth 6" order high pass filter above 0.25Hz.
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Figure 15. Sample PSD plots for the temporary station’s vertical (z) direction measuring channels: Hourly
intervals in 20.12.2011/22.01.2012. From top to bottom the stations are K\VV01, KVV02, KV03 and KVV04
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There are two curves given in each plot in Figure 17: one corresponding to the band-pass
filtered signal between 0.25-50Hz, and a second band-pass filtered between 0.25-25Hz. The
purpose of this representation is to highlight the content of the signals in the high frequency
range. Traditionally, the cut-off frequencies for strong motion data are 0.25Hz and 25Hz, as
used e.g. in the European Strong Motion Database (“Internet Site for European Strong-Motion
Data,” n.d.). Since strong motion data is the basis for developing ground motion prediction
equations, it was chosen to present the data with compatible band-pass filtering 0.25-25Hz.

Normally, strong motion data is filtered with a low cut-off frequency and a high-cut-off
frequency. The low cut-off frequency has an important effect on the long period time domain,
especially the peak-ground velocity and ground displacement. The high cut-off frequency
removes high-frequency content and may affect the peak-ground acceleration. However, at
least for ordinary structures and for applications with structural response primary focus, the
frequencies outside the band-pass filter range of 0.25-25Hz are considered not to have
significance for safety.
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Figure 17. PSA response spectra of the accelerograms in the KV stations. Hypocentre distances are K\V04
(6.5km), KVO03 (8.7km), KVV02 (9.9km). Sampling frequency was 250Hz.

It can be observed that the amplification of accelerations in the high frequency ranges is
important for KV03 and KVV04. However, the noise content of the station KVV04 is very high
above frequencies of 2Hz (Figure 15), making measurements of this station questionable.

The above spectral plots should be interpreted together with the information on the immediate
vicinity of the epicentre and the location of the installed stations (Figure 18). While we do not
have the exact soil data for the station locations, it can be estimated that the amplification at
about 15Hz for station KVV02, and the amplification at about 3.5Hz for station K\VV04 are most
probably caused by soil effects. KV04 is also surrounded by living quarters, explaining the
high level of background noise at this location. Hence, it is station K\V03 which is located on
bedrock.
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Figure 18. The location of the temporary KV stations as green circle, in relation to the surface layer provided by
the Geological Survey of Finland GTK (GTK, 2015). The stations KV1 and KV3 are located on the rock outcrop
(red), but stations KV2 and KV4 are located on layers of sandy moraine (yellow) and clay (blue) respectively

Figure 19 presents the PSA spectra of the accelerations measured in the more remote stations
KAF, PVF and VJF. These stations are part of the permanent national network and they
measure with a sampling rate of 100Hz. They are also located on rock sites.

As is evident from Figure 12 the duration of shaking is more extended at larger distances from
the epicentre, as exemplified also in Figure 4. The wave arrivals in station KVVO1 are so close
that it is difficult to separate the different phases.

The measurements at close distance reveal the presence of high frequency content in the
signals (Figure 14), which are judged to be reliable up to about 50Hz. Spectra from signals at
largest distances have similar features (Figure 19).

The KV station recordings are of limited use, since in some cases, the presence of the soil and
associated amplification disturb the interpretation of the signals. We decided that the best
course of action is to use the measurements of station KVV03 as a reference for the model
calibration in the following sections.
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Figure 19. PSA response spectra of the accelerograms at the permanent national network stations
KAF(135.4km), PFV(40.3km) and VJF(62.2km). Sampling frequency is 100Hz.

It is interesting to compare the spectra from stations PFV and VJF. If we correlate the
positions of the two stations with the North-East/South-West orientation of the fault, it can be
noticed that PFV is a site located forward of the fault, while VJF is lateral to the fault (Figure
11). Since the fault-slip in the strike direction is small compared to the dip direction (RAK
angles close to 90degs), station PFV is located in a favourable position with respect to the
movement if the fault, while VJF is in an unfavourable position. Hence, the PGA at the
62.6km VJF station is comparable to that of the 40.3km PFV station, and some spectral
components are higher in the VJF station (Figure 19). The same effect will be highlighted
later as outcome of the modelling in Figure 29.
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5. Design implications for stiff structures

One can notice that the high frequency content in the CAMUS study (Figure 6) is fairly low,
compared to the values observed in the Kuovola earthquake, on bedrock. In order to
emphasise further the effect of NF shaking to activating higher modes we compared the
CAMUS building to the shaking measured in station K\V03 component north. The CAMUS
building has been a five story shear building, with constant stiffness distribution along the
height, and equal floor masses (Figure 5). The concrete shear walls of the specimen were 1.7m
long 0.06m thick and the total height 5.1m. The total mass was 36tonnes.

With a simple estimate of floor stiffness equal to 181kN/mm and floor masses of 7.2 tonnes
for each floor we can estimate the five horizontal vibration frequencies to be f;=7.2Hz,
f,=21Hz, f3=33Hz, f,=42Hz and fs=48Hz. Plotting these values over the KV03 spectra,
filtered with high-pass over 0.25Hz, one can observe that the signal is significantly larger for
modes 3, 4 and 5. It can also be noted that the input spectra is very small, with spectral
ordinate of only 4mm/s® (0.0004g) at the first vibration frequency. All resulting forces and
displacement will be very small, but the purpose of the calculation is to show the effect of the

higher vibration modes.
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Figure 20. Estimated vibration frequencies of the CAMUS structure, overlapped on the pseudo-acceleration
spectra of station K\V03 component North

The structure was calculated using a 5SDOF oscillator, directly carrying out time-history (TH)
calculation to the KVO03_bn signal with, and by decomposing the spectral contributions of
each of the 5 modes and recombining them into the complete response. Since the structure has
five dynamic degrees of freedom, once all modal contributions are summarised the results
must equal that of the TH analysis. Damping was assumed 5% on all modes.

Three quantities were monitored — (1) the top displacement, (2) the bases-shear force and (3)
the horizontal story shear of the 5 floor. The first two quantities are global measures of the
response of the structure, while the third is a local measure.

In Figure 21 we present the base shear force estimates using the two analysis methods, time-
history (TH) and modal decomposition of responses. As expected, the two calculations lead to
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identical values. Further, in the Figure 22 we present the base-shear and top displacement of
the structure as calculated from a TH analysis and as estimated only by using the response in
the fundamental mode (7.2Hz). As it can be seen, the simplified estimate is giving a very
reasonable value for both quantities.
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Figure 21. Base-shear force estimates from time-history (TH) analysis and re-composition of the five modal
responses
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Figure 22. (a) Base force from time-history (TH) analysis and 1* mode contribution and (b) top-floor
displacement from TH analysis and 1* mode contribution.

However, the situation is very different in Figure 23, where the 5" floor shear force is plotted.
It can be observed that at least the first three modes are needed to reasonably estimate this
quantity from a modal spectral simplified analysis (Figure 23.c). An estimate based on the 1%
mode is completely inadequate (Figure 23.a), and the estimate based on the first two modes is
also severely underestimating the 5™ floor shear force (Figure 23.b).
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Figure 23. 5" floor shear force (a) from time-history (TH) analysis and 1% mode contribution only; (b) 1% and 2"
mode contribution and (c) 1%, 2" and 3™ mode contributions.

It can be concluded that, in order to give a reasonable estimate for the 5™ floor shear force in a
modal-spectral calculation, one need to cover at least the first three vibrations modes. Since
the third mode frequency is f3=33Hz, the correct representation of the PSA spectra at least to
that frequency is needed. A signal filtered to low upper cut-off frequency or a signal with
inadequate sampling is not able to fulfil these conditions.

With larger magnitudes the fault size is larger and a different rupture time can be expected.
Hence, the effect of magnitude increase on the tremor duration can be estimated. Beyond the
fault itself, the larger the fault and magnitude the lower the frequency content will be, as more
and more of the higher frequencies cancel out from interference during the rupture. If you are
close to the fault, and the fault is long, then there is more uncertainty about the frequency
content.
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6. Rupture and ground motion modelling

A model was developed using the COMPSYN computer program to simulate rupture of faults
and wave propagation to the Earth's surface (Spudich and Archuleta, 1987; Spudich and Xu,
2003). The modelling is compared to the Kouvola M 2.6 event, and primarily the
measurements at the K\VV03 station. The work is ongoing and current status of the comparison
work is reported here.

In COMPSYN, it is possible to model the fault, its rupture process and the propagation of
waves up to an observer located on the ground surface. While there are several limitations
discussed later, the program is very fast, one run taking only seconds to complete. An example
of possible model arrangement is given in Figure 24.
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Figure 24. Top (a) and cross sectional (b) view of a vertical fault with rupture area of 10x5km. The hypocentre is
marked and three observers are located on the ground surface (Spudich and Xu, 2003).
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An important input parameter to the models is the crustal velocity model. Since only
incomplete information usually exists of the local geology at depth, we reconstructed the
velocity model presented in Figure 25 from different sources. The main input was the velocity
model used by the Institute of Seismology at the University of Helsinki , correlated with data
from Saari (1998), and near-surface properties adjusted with the borehole data from a nearby
location at Loviisa NPP (Okko et al., 1999; Okko et al., 2000; Okko et al., 2003). The profile
used in the models is presented in terms of pressure wave velocity (P-wave), shear-wave
velocity (S-wave) and assumed density (Figure 25).

The generic representation of the fault in COMPSYN is given in Figure 26. The basic input to
the model is the fault area and the slip. The slipping area in the models have been chosen to
preserve compatibility with the estimated moment magnitude of the event, M,,=2.3. Hence,
the slip area was estimated to be bounded between 100x100m and 200x200m (Leonard,
2010). This area was divided in 11x11 slipping patches. The rupture takes place in a circular
area with radius of 100 and 200 meters, with the hypocentre located in the centre of the
circular area.

slip s=d-d
(u=0, v=0}/‘} umin u:jrrax

[l

I\‘- Boundary of fault defined in TFAULT

Figure 26. Generic representation of an earthquake fault in COMPSYN (Spudich and Xu, 2003). In the figure

[ 1]

x” is the strike direction, “dip” is the dip angle. “d” are the displacement vectors corresponding to movement of
the fault; the slip “s” is calculated as the vector sum of displacements. The “u” and “v” values represent local
coordinates of a point in the plane of the fault. Only a certain portion of the fault (defined in TFAULT) may be
defined as slipping as given in the figure.

At this modelling stage we utilized the most basic form of slip-rate function presented in
Figure 27.a, presuming a constant slip-rate or slip velocity during the entire time while a point
on the fault slips (dashed lines). This assumption results in a linear increase of the slip with
time (Figure 27.a — full line). The slip at each point on the fault is characterised by a rupture
time, the time when the rupture arrives to that point (ts) and a rise time, the time while the slip
is continuing in that point (t). If we assume the fault rupture propagating from the hypocentre
towards the edges of the rupture area, it means that each point on the fault will start slipping at
the moment when the rupture front from the hypocentre arrives to its position. A more
complex representation of the fault slip is the modified Kostrov model, which was not yet
employed in this study. However, the modified Kostrov model has been used to generate high-
frequency synthetic seismograms.
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Figure 27. Possible slip and slip rate functions: (a) the Haskell model and (b) the modified Kostrov model
(Spudich and Archuleta, 1987).

To define the time in all positions of the rupture area we assumed the following behaviour: (1)
rupture starts at the centre of the circular rupture area (the hypocentre); (2) the rupture
propagates toward the edges with a velocity of about 0.76xVs, the shear wave velocity; (3)
once the rupture reached the edge there is a time lapse of 0.02s, and the “healing” starts to
propagate from the edges towards the centre and (4) once the “healing” process reaches the
hypocentre, the entire slip process stops. The time lapse was necessary in order to avoid very
high slip rates on the edges of the rupture zone. If no time lapse is inserted, the “healing” is
starting instantly, and the points very close to the edge slip rate approaches infinity. The
healing velocity was assumed to exceeded the rupture velocity and being the range of the
shear wave velocity (Spudich and Archuleta, 1987). As a consequence, the rise time is longest
in the hypocentre and it is equal to the time for the rupture propagating to the edges, plus the
“healing” propagating from the edges to the hypocentre plus the 0.02s time lapse. On the other
hand, the rise time of points close to the rupture edges is very small, on the edges equal to the
time lapse only.

The slip displacement was assumed to parabolically decrease from the maximum value (Dmax)
at the centre of the fault towards the edge; with displacement at the edges being zero. This is
an initial approximation, as slip may be concentrated on much smaller area even within an
already small-size fault (Dreger et al., 2007), and alternative models exist for the estimation of
Dmax (Kim and Sanderson, 2005).
The mid-fault displacement was calibrated in order to achieve the desired moment magnitude:

M, = %-Iog(M )-6.03 (1)
Where: My, (=2.32) the moment magnitude as defined by Hanks and Kanamori (1979)

Mo is the seismic moment in [Nm]

My is calculated is:

MO:H‘ZAi'Di 2

Where: My is the seismic moment
u is the shear modulus of the rocks (Pa)
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A is the area of the i" individual slip patch (m?)
D is the assumed displacement of the i slip patch(m)

In the model all patch areas are equal and displacements are decreasing from the hypocentre to
the edges. All patch areas displacements are summed for the entire slip area. The
approximations of u=32GPa has also been adopted.

Hence, the largest slip takes place at the centre patch of the circular fault, and there the slip
time is long. On the other hand, for the points in the vicinity of the fault edge there is much
smaller slip but also very little time. Hence, the slip velocity is increasing towards the edges of
the fault. In fact, one reason for inserting the time-lapse is also to avoid extremely high slip-
rates at the edges of the fault. The resulting rupture time and rise time are given in Figure 28.

Rupture time Rise time Slip velocity (dip direction)
0.03282 0.07145 14.44
0.02917 0.06352 12.84
0.02553 0.05558 11.23
E 0.02188 0.04764 9.63
% 1.50 0.01823 0.03970 8.02
‘é 0.01459 0.03176 6.42
° 0.01094 0.02382 4.81
0.00729 0.01588 3.21
0.00365 0.00794 1.60
—-0.05 0.00 0. 0.00000 -0.05 0.00 000000 0. 0.00 0. 0.00
a) Strike [km] Strike [km] Strlke [km]
Rupture time . Rise time Slip velocity (dip direction)
0.01636 0.04027 79.26
0.01455: 0.03580 70.46
0.01273 0.03132 61.65
E‘ 1.44 0.010914 0.02685 52.84
; 0.00909 0.02237 44.04
E’lj 1.46 0.00727H 0.01790 35.23
= 0.00545 0.01342 26.42
0.00364+ 0.00895 17.61
0.00182 0.00447 8.81
-0.04 -0.02 0.00 0.02 0. 0.00000° -0.04 -0.02 0.00 0.02 0.04 0.00000 -0.04 —-0.02 0.00 0.02 0. 0.00
b) Strike [km] Strike [km] Strike [km]

Figure 28. Rupture time and rise time in seconds (s) and slip velocity (cm/s) for the 200x200m (a) and the
100x100 (b) faults

The primary outputs of the models are plots of velocity on the ground surface resulting from
the fault movement. Two example outputs are presented in Figure 29, for the model based on
the fault plane solution given in Figure 13, with the simplification that only dip-direction
movement was included. The velocities are measured in mm/s and are given for the direction
parallel to the fault (FP) and the direction normal to the fault (FN), as well as vertical
direction (VER). The plots were obtained by locating several observers (as in Figure 24)
around the monitored area of about 20x20km and extracting the outputs with a self-developed
PYTHON script.

The horizontal direction plots emphasize the pressure and tension quarters around the fault.
The fault-normal (FN) components are an order of magnitude larger compared to fault-parallel
(FP) components. This can be attributed to the movement of the fault which is dip-direction
only. As strike-direction movement is added, the fault-parallel components of velocity
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increases. The vertical direction velocity plot clearly emphasizes the movement of the fault in
the dip-direction.
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Figure 29. Velocity plots for the model with the 200x200m (a) and the 100x100m (b) fault models. The black
dots are the locations of the stations KV2, KV3 and KV4 (see also Figure 18). Fault is presented with a black
line. Fault size is exaggerated in the pictures for clarity.

The KV stations are present in the plot as dark dots. At this stage of the study we are
analysing the individual KV station outputs. Preliminary analysis shows that the models are
able to capture the magnitude of velocities, at least in the in the KV3 station, where rock
conditions are postulated.
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7. Conclusions

This is the first progress year of the ADdGROUND project, so only preliminary conclusions
can be presented. These are:

1. The recent PSHA studies, especially the de-aggregation results, suggest that the
principal source of hazard to plants is within close range of the plant (~60km). In
earthquake-engineering terms this range corresponds to epicentral, near-field and
intermediate field sites. But the immediate vicinity of the plants (~5..20km) is usually
well mapped for surface faults, and hence the potential of these sources is understood.

2. The scarcity of ground motion measurement data in this range is contributing to the
uncertainties of the hazard studies, especially because GMPE’s are calibrated with data
from larger distances, where ground motion amplitudes are more homogeneous.

3. Ground motion amplitudes are always affected by the radiation pattern, creating ground
motions with different amplitudes in the different propagation directions. However, in
the close vicinity of the hypocentre, the nearness of the fault amplifies this effect and
make it less straight forward to predict. Data emphasizing the amplitude differences is
not available from measurements in Fennoscandia, because of the small events and
small size of the faults.

4. From measurements with high sampling of very small events (M 2.6, M,,2.3), some
near-source effects can be confirmed — these are: shorter duration (Figure 12, KV
stations), the presence of very high frequency components in the shaking (Figure 17,
especially KVV03) and relatively high value of the vertical shaking component (Figure
17, KV03). Some of the stations were, unfortunately, not located on bedrock making
interpretation difficult.

5. Other near source effects, like fault directivity would be easier to observe on events
with the range of magnitudes within the design range e.g. M=5.

6. Near-source effects are not of the nature to endanger the structures of a nuclear plant
designed to a comparable magnitude far-field earthquake; however they need to be
considered for qualification of equipment.

7. Modelling of the source has the potential to predict some features of the near-source
ground motions. This allows for studying the effects of different focal mechanisms,
and to extrapolate results to larger events, where measurements are lacking.

8. So far, we improved our modelling capability in COMPSY M, developed interpretation
tools for result extraction and made a preliminary calibration of models to a small
local earthquake in Kouvola, Finland.

Plans for 2016 within the project:

1. With the tools developed in 2015 we intend to further improve the model calibration
based on the Kouvola event.

2. Extend the study to higher shaking frequencies. So far, we managed to compare model
output with measurements up to about 3-4Hz.

3. Extend the study to M5-5.5 earthquakes, more within the interest range of safety
studies for nuclear plants.
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Appendix A: Program of the workshops organized in 2015 in the ADAGROUND project

TECHNOLOGY FOR BUSINESS

The Technical Research C"enter of Fi'nl.én.

< cordially invites you to the workshop on

Potentlal of numerical methods to supplement

empirical earthquake observations
When: 8" May 2015, 10.00-13.00
Where: Room Aari, Tekniikantie 1, Espoo

Background Organizer:

Significant hazard to a site in Fennoscandia is generated from mid-magnitude

seismic event with epicenter localized in the proximity. Earthquake source

modeling can be used to understand vibrations in areas close to the earthquake v

epicenters; but source modeling in stable continental region has limited research WT
background. Different modeling techniques were used for modeling fault

stresses/rupture in glaciation scenarios (Lund & Schmidt, 2011) and earthquakes Proi )
Falth et al (2014). roject partners:

Uncertainty in such complex models is significant. Measured data from
earthquakes and/or explosions can be used to calibrate models. This type of data
being rare, the goal of the Workshop is to identify and share relevant Nordic data
for the purpose.

References: ) ) y ) ) . ) Aalto-yliopisto
- B. Lund, P. Schmidt, Stress Evolution and Fault Stability at Olkiluoto During the Weichselian

Glaciation, Working Report 2011-14

- Falth, B., H. Hokmark, B. Lund, P.M. Mai, R. Roberts, R. Munier (2015) Simulating earthquake

rupture and off-fault fracture response: Application to the safety assessment of the Swedish nuclear UPPSALA

waste repository, Bull. Seismol. Soc. Am., 105, 134-151, doi: 10.1785/0120140090 UNIVERSITET
]
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10.00 — 11.00
|

« Earthquake hazard estimations for southemn Scandinavia (Peter H. Voss)

* Recent developments of the Fennoscandian shield ground motion UNIVERSITY OF HELSINKI
characterization models (Tommi Vuorinen, Timo Tiira, Bjérn Lund, Marja Uski)

+ Simulation of earthquake rupture using 3DEC (Billy Falth)
Coffee break
11.20-12.20

= Overview of the M4.1 Sveg earthquake of Sep 15, 2014 (Bjorn Lund)
= Seismic recordings of Posiva (Jouni Saari) G E U S
» Characterization of the Kouvola data from 2012 (Vilho Jussila, Ludovic Fulép)

12.30-13.00 Discussion and conclusions

Welcome!
Supported by:
The workshop is organized within the project “Modelling as a tool to augment ground
motion data in regions of diffuse seismicity” (ADdGROUND / NKS_R_2015_113). I
Local organizer S
Name: Ludovic Fiilsp Nordic nuclear safety research

Mob. +358 40 593 4698
E-mail: ludovic.fulop@vtt.fi
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The
Geological Survey of Denmark and Greenland
and the
Technical Research Center of Finland

cordially invites you to the workshop on

Potential of numerical methods to supplement

empirical earthquake observations
When: 15" Dec 2015, 10.00-13.00
Where: @ster Voldgade 10, Copenhagen

Background Organizer:

Significant hazard to a site in Fennoscandia is generated from mid-magnitude
seismic event with epicenter localized in the proximity. Earthquake source
modeling can be used to understand vibrations in areas close to the earthquake
epicenters; but source modeling in stable continental region has limited research
background. Different modeling techniques were used for modeling fault
stresses/rupture in glaciation scenarios (Lund & Schmidt, 2011) and earthquakes h
Falth et al (2014). -

G EUS
Uncertainty in such complex models is significant. Measured data from
earthquakes can be used to calibrate models. The goal of the workshop is to Project partners:
discuss modeling techniques and present exploratory modelling work.

References:

- B. Lund, P. Schmidt, Stress Evolution and Fault Stability at Olkiluoto During the Weichselian
Glaciation, Working Report 2011-14

- Falth, B., H. Hokmark, B. Lund, P.M. Mai, R. Roberts, R. Munier (2015) Simulating earthquake

rupture and off-fault fracture response: Application to the safety assessment of the Swedish nuclear UPPSALA

waste repository, Bull. Seismol. Soc. Am., 105, 134-151, doi: 10.1785/0120140090 UNIVERSITET
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10.00 — 11.00 UNIVERSITY OF HELSINKI

+ Seismic studies with safety focus to NPP's (Ludovic Fiilép)

+ Swam events in Finland (Peter H. Voss) _VA_

+ Parameters and exploratory models for the ML2.6 Kouvola earthquake (Vilho WT
Jussila, Ludovic Fulép, Bjérn Lund, Billy Falth)

Coffee break

11.20 — 12.20

+ Implementation and tests of spontaneous rupture models (Billy Falth)

« Preliminary calibration results from the Baltic Sea 1.7 ton blast on 18 = Aalto-yliopisto
November 2015 (Bjérn Lund)

12.30-13.00 Discussion and conclusions

Welcome!
Supported by:

The workshop is organized within the project “Modelling as a tool to augment ground

motion data in regions of diffuse seismicity” (ADdGROUND / NKS_R_2015_113).

Local organizer
Name: Peter Vioss Nordic nuclear safety research

Phone. +45 40 21 62 88
E-mail: pvi@geus.dk
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De-aggregation of probabilistic hazard assessment (PSHA) results
show that the dominating source of vibrations with engineering
significance to NPP safety is from mid-magnitude earthquakes
located at close distances to the plant. This region is called the “near-
field” and is known for its particularities when compared to “far-
field”. For example, significant duration of the ground motions is
shorter, corresponding to S-wave and surface wave arrivals; there are
distinctive high velocity peaks in the ground motions and vertical
shaking components may exceed horizontal components. These
particularities are known to have design consequences, but are often overlooked by
engineering codes.

In Fennoscandia, near-field observations of larger magnitude (M>3)
earthquakes are missing, and modelling is the only way to
supplement the existing empirical data underpinning the attenuation
equations in the PSHA studies.

In the ADAGROUND project, during the financial year 2015, we
confirmed the near-source effect in small magnitude earthquake
recordings in Finland and developed modeling skills and tools to
generate synthetic near-field accelerograms starting from process of
the fault rupture. We calibrated models with the very few existing
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Key words

near-field measurement cases of small earthquakes. In this report we
also highlight some of the potential design consequences of near-
source earthquakes to nuclear installations. The consensus seems to
be that the destructive potential of these types of earthquakes is
generally low. However, they can produce surprisingly larger
acceleration values in the range of high frequencies, and can generate
high strain rates in the loaded structures and components. In nuclear
installations, with stiff components the effect of high frequency
shaking should be carefully considered.

Within the ADdGROUND activity we organized two workshops,
one on the 8th May 2015 in Espoo, and the second in Copenhagen
(15th December 2015). The outcomes have been presented to the
nuclear community in the Nordic countries in the NKS Seminar
“Nordic perspectives of Fukushima: Where are we now and where
do we go? Joint NKS-R and NKS-B Seminar” in Stockholm (12-
13.01.2016).

nuclear power plant safety, earthquake, near-field effects, fault source
modeling
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