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Introduction

We perform some numerical simulations to assess the median ground motion for a M =

6.5 event at short distances from the fault. We take into account the 1-D Northern

Switzerland model (CHN) and two fault mechanisms, i.e. vertical strike-slip and 45◦

dip-slip fault. In order to evaluate the ground motion variation with both distance and

azimuth, seismograms are computed along five arrays of receivers at different distances

from the fault in the distance range from 1 km to 25 km..

We focus on the median ground motion. For this reason, the source parametrization

follows different criteria from those used in our previous study (Priolo et al., 2002), whose

goal was to assess the extreme motion. Here, we define seismic moment (or slip) distri-

butions having medium stress drop level and feature no sharp and localized asperities.

Furthermore, instead of evaluating a single critical case, we need to build-up a robust

statistics. Therefore, we take into account a large number of simulations for which we

let to vary the slip distribution and rupture propagation (i.e., the aleatory parameters).

Simulations are performed using EXWIM 2.1 method. Version 2.1 improves version 2.0,

used in our previous study, in that it implements a hybrid low-frequency-deterministic,

high-frequency-stochastic approach. The need of using a hybrid deterministic-stochastic

approach comes from few observations (Liu and Helmberger, 1994) and a common ac-

ceptance among authors (for instance, Pitarka et al, 2000; Madariaga, 2002) of the fact

that the signal looses its coherence in the high-frequency band (e.g., for f > 2 Hz) as an

effect of the wavefield propagation through the earth. Any modelling method should take

into account this aspect correctly (Madariaga, 2002). In particular, the high-frequency

stochastic character of the seismogram is relevant when one wants to simulate realistic,

highly likely situations, as we try to do here. However, the use of a full deterministic ap-

proach (Priolo et al., 2002) is still justified to evaluate extreme cases in which the signal

coherence persists in the high frequency band (Zahradnik, 2002b).

In this report, we first summarize the improvement of the new version of EXWIM,

then we describe the setting of the numerical simulations, summarize the results obtained,

and draw some conclusions.

EXWIM 2.1 Method

Version 2.1 of EXWIM improves the full deterministic approach of version 2.0 by intro-

ducing a stochastic hybridization of the signal in the high frequency band. The imple-

mentation of the stochastic approach is similar to the perturbation and extrapolation

method (PEXT) recently introduced by Zahradnik and Tselentis (2001) and Zahradnik

(2002a). We introduce some changes in order to preserve the deterministic spectrum of
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Figure 1: EXWIM 2.1 flow chart.

both amplitude and phase in the low frequency band, avoid the spectral holes displayed

by most hybrid methods in the cross-over band, and take into account a high-frequency

spectral decay according to a pre-assigned attenuation law.

A schematic description of EXWIM 2.1 is illustrated in Figure 1. At first, seismograms

for rupture propagating along an extended fault are computed deterministically in the low-

frequency band. The computational procedure of this part coincides with EXWIM 2.0,

whose description can be found in (Priolo, 2002). In this study, rupture velocity is held

constant to 0.8 VS. The low-frequency deterministic signal includes all details of the wave

propagation through the structural model, near-field terms, and focal mechanism. This

signal defines a deterministic envelope, which is filled up by the high-frequency signal with
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Table a: Structural model of Northern Switzerland (CHN). Model parameters are: H = layer thickness;

(α, β) = P- and S-wave velocities; ρ = density; (Qα, Qβ) = P- and S-wave quality factors. HSP means

half-space continuation.

random phase. The spectral amplitude of the high-frequency stochastic signal is controlled

by the amplitude of the deterministic spectrum in its high frequency limit. The stochastic

spectrum can be defined in two ways, that is by either setting a flat plateau or using a pre-

defined frequency-dependent attenuation law. The transition between the deterministic

and stochastic signal is made smooth by blending the deterministic and stochastic spectra

within a cross-over band.

Description of the Simulations

Simulations are performed for the Northern Switzerland model (CHN, Table a) and for

two fault mechanisms. The values of the parameters used for the two cases are described

in Table b. The geometrical settings are illustrated in Figure 2.

For the low-frequency deterministic part, the maximum computational frequency of

the Green’s functions is set at fmax = 2.5 Hz, and the fault is discretized by a 51 × 101

grid of elementary sources, for all distances. The high-frequency stochastic contribution is

added to each seismogram up to the maximum frequency of 20 Hz, which is therefore the

maximum frequency of the final seismograms. The deterministic-to-stochastic cross-over

band is set at [1 Hz, 2 Hz].

In the low-frequency band (i.e. f < 2 Hz), the fault rupture is described by a kinematic

approach using a k−2 seismic moment density distribution (Herrero and Bernard, 1994).

The slip duration his set at 0.5 s. A complete description of the source model is given in

(Priolo et al., 2002). As requested by NAGRA, the average stress drop is set at a medium

level (Priolo et al., 2002), thus the seismic moment is distributed over the whole fault and

features no extreme contrasts.

To estimate the median ground motion, we need to take into account the uncer-
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Table b: Description of the simulated cases

Table c: Summary of the computations performed in this study

tainty due to the aleatory parameters (i.e., slip distribution and rupture starting point)

and perform a statistics on a large number of simulations. We consider 5 different slip

k−2-distributions and 153 nucleation points (Figures 3 and 4), for a total population of

765 rupture scenarios. Thus, at each of the 155 sites we compute 765 three-component

seismograms for each of the two fault mechanisms. The amount of the final data-set is

summarized in Table c.

Computations have been performed on the high performance parallel computers of the

CINECA computing center (Bologna, Italy), and took about one week of an IBM SP4

computer with 64 dedicated processors.
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Figure 2: Geometrical settings (top view) defined for the simulations: (SS) Strike-slip; (DS) dip-slip.

Solid lines defines the fault area projection on the surface. The arrow shows down-dip direction. The

numbers indicate the site locations.
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Figure 3: The five different k−2 seismic moment distributions (Herrero and Bernard, 1994) used in the

simulations.

Figure 4: Location of the nucleations on fault.

6



Results

The results consist of three-component displacement waveforms and acceleration response

spectra. Due to the huge amount of output data, a reduced data-set of PGA and spectral

accelerations at the eight frequencies of 0.5, 1.0, 2.5, 5.0, 10, 20, 33, and 50 Hz is provided.

The whole data-set (about 10 GB on disk), or part of it, is available on demand.

Here we show a synthesis of the results. We keep our comments at the minimum, due

to the short time available for the analysis of the results. Instead, we are ready to satisfy

some additional specific analysis or requests by the experts.

Figure 5 shows the mean horizontal PGA estimated at all sites from all simulations.

The horizontal ground motion is the average of the two horizontal components. The exper-

imental layout is that of Figure 2. The maps clearly show both radial and azimuthal vari-

ations of the ground motion. For both mechanisms, the maximum PGA occurs obliquely

to the front end of the fault, and on the footing wall for the dip-slip mechanism. The two

mechanisms provide comparable maximum values (i.e., about 3 m/s2). However, while in

the strike-slip case the ground motion peak is concentrated along the fault at the shortest

distance, for the dip-slip the maxima spread over a wide area, which extends to about 10

km, and has a peak at 3 km of distance and 45◦ of azimuth. Obviously, this result has

not general validity, but it depends on the particular fault geometry and position within

the structural model that have been chosen for our simulations. Note also that the values

displayed in the maps have been obtained including all the possible rupture scenarios,

and therefore they take into account all possible rupture directions, such as up-dip, down-

dip, bilateral, and both forward and backward unilateral. A different statistics selecting

specific rupture directions can be provided on request.

Figures 6-25, which are included at the end of this report, summarize the results. The

figures are grouped according to the fault mechanism, i.e. Figures 6-15 for strike-slip and

Figures 16-25 for dip-slip mechanisms, respectively.

Figures 6-9 and 16-19 show the acceleration waveforms (horizontal components) com-

puted for the strike-slip and dip-slip mechanisms, respectively, and for seismic moment

distribution n. 1. Two different rupture directions are shown, i.e. an up-dip, forward

unilateral rupture and an up-dip bilateral rupture (nucleation points n. 26 and 80 of

Figure 4, respectively).

Figures 10-14 and 20-24 show PGA and spectral accelerations (mean value and mean

value plus/minus the first standard deviation) estimated for the eight reference periods for

the strike-slip and dip-slip mechanisms, respectively. The maximum spectral acceleration

occurs at periods from 0.1 s to 0.2 s, in all cases. It is worth noting that, with dip-

slip mechanism, the strike direction represents a point of local minimum of the spectral

accelerations.

With the exception of the two longest periods of 1 s and 2 s, the statistical upper

7



Figure 5: Peak ground acceleration (mean value) estimated at all sites. Top panel: strike-slip; bottom

panel: dip-slip. The thick black line indicate the fault projection on earth’s surface.
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bound (mean plus the first standard deviation) of the spectral acceleration of this study

compare well to those estimated for the upper limit ground motion (Priolo et al., 2002), in

the sense that they are in general considerably lower. The inconsistency found at the two

longest periods is due to the choice of the seismic moment distribution made in (Priolo

et al., 2002) — one dominant and localized asperity —, which had the effect of dropping

the energy in the low frequency band. This fact was already outlined by the experts.

Finally, Figures 15 and 25 show a sample of the acceleration response spectra obtained

for the SS and DS mechanisms, respectively. The spectra refer to seismic moment dis-

tribution n. 1 (i.e., 153 spectra) and three groups of sites aligned along three different

azimuths. It can be appreciated both the variability of the ground motion as a function

of the different ruptures as well as the directivity effect, which shows up with the spectral

peak at about 1 Hz.

Conclusions

We have performed all the planned simulations. The resulting data-set is huge and can be

used only through a statistical analysis. The statistics here displayed takes into account

all the rupture scenarios computed for each mechanism. More specific analysis can be

performed on selected subsets of the entire data-set. This document shows a first synthesis

of the results and it can represent the background for further discussions and processing.
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Figure 6: Case SS. Acceleration seismograms computed for slip distribution n. 1 and unilateral rupture

propagation toward North (nucleation point 26 in Figure 4). Horizontal North component. The values

on the top of the traces indicate the maximum acceleration (in m/s2).
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Figure 7: Same as Figure 6, but East component.
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Figure 8: Same as Figure 6, but for bilateral rupture propagation (nucleation point n. 80). Horizontal

North component.
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Figure 9: Same as Figure 8, but East component.
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Figure 11: Same as Figure 11, but for distance 3 km.
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Figure 12: Same as Figure 12, but for distance 5 km.
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Figure 13: Same as Figure 13, but for distance 10 km.

18



P
G

A

45 46 47 48 49 50 51 52 53 54 55

10−1

100

0.13 0.13 0.14 0.14 0.14 0.14 0.15 0.16 0.16 0.16 0.17

0.06 0.06 0.06 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.08

0.28 0.28 0.29 0.29 0.31 0.32 0.34 0.36 0.37 0.35 0.36

m
/s

s

10−1

100

0.13 0.13 0.14 0.14 0.14 0.14 0.15 0.15 0.16 0.16 0.17

0.06 0.06 0.06 0.06 0.07 0.06 0.07 0.07 0.07 0.07 0.08

0.27 0.28 0.29 0.29 0.31 0.31 0.33 0.35 0.36 0.34 0.36

m
/s

s

T=
0.

02
 s

10−1

100

0.14 0.14 0.14 0.14 0.15 0.15 0.16 0.17 0.17 0.17 0.18

0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.08 0.09

0.29 0.30 0.31 0.31 0.33 0.33 0.37 0.38 0.39 0.37 0.38

m
/s

s

T=
0.

03
03

 s

10−1

100

0.13 0.13 0.14 0.14 0.14 0.14 0.15 0.15 0.16 0.16 0.17

0.06 0.06 0.06 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.08

0.28 0.28 0.29 0.29 0.31 0.32 0.34 0.35 0.37 0.35 0.36

m
/s

s

T=
0.

05
 s

10−1

100

0.26 0.25 0.26 0.26 0.28 0.28 0.29 0.30 0.32 0.32 0.34

0.12 0.12 0.12 0.12 0.13 0.13 0.13 0.13 0.14 0.15 0.16

0.54 0.54 0.54 0.56 0.60 0.62 0.66 0.68 0.71 0.69 0.71

m
/s

s

T=
0.

1 
s

10−1

100

0.23 0.22 0.23 0.24 0.24 0.25 0.25 0.27 0.28 0.28 0.29

0.11 0.10 0.11 0.11 0.11 0.11 0.11 0.12 0.12 0.13 0.14

0.48 0.48 0.51 0.52 0.53 0.56 0.58 0.61 0.63 0.60 0.63

m
/s

s

T=
0.

2 
s

10−1

100

0.16 0.16 0.17 0.17 0.17 0.18 0.19 0.19 0.20 0.20 0.21

0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.09 0.09 0.10

0.35 0.36 0.37 0.37 0.39 0.41 0.43 0.44 0.46 0.45 0.46

m
/s

s

T=
0.

4 
s

10−1

100

0.17 0.17 0.17 0.17 0.18 0.18 0.18 0.19 0.19 0.20 0.20

0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.09

0.43 0.43 0.43 0.44 0.45 0.46 0.48 0.49 0.48 0.47 0.45

m
/s

s

T=
1 

s
T=

2 
s

45 46 47 48 49 50 51 52 53 54 55

10−1

100

0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.14 0.14 0.14

0.06 0.06 0.06 0.05 0.06 0.06 0.05 0.05 0.06 0.06 0.06

0.30 0.30 0.30 0.30 0.30 0.30 0.31 0.32 0.33 0.32 0.31

m
/s

s

Figure 14: Same as Figure 14, but for distance 25 km.
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Figure 15: Case SS. Acceleration response spectra for three groups of sites transversally aligned to the

fault strike at the five reference distances. Receiver number and distance are indicated at top left corner

of each panel. Horizontal East component.
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Figure 16: Case DS. Acceleration seismograms computed for slip distribution n. 1 and unilateral

rupture propagation toward North (nucleation point 26). Horizontal North component. The numbers

indicate the maximum acceleration (in m/s2).
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Figure 17: Same as Figure 16, but East component.
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Figure 18: Same as Figure 16, but for bilateral rupture propagation (nucleation point n. 80). Horizontal
North component.
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Figure 19: Same as Figure 18, but East component.
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Figure 20: Case DS. Peak ground acceleration and spectral accelerations at distance 1 km. Blue bullet:

mean value of the two horizontal components. Red triangles: mean value plus/minus the first standard

deviation. Values are in in m/s2.
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Figure 21: Same as Figure 20, but for distance 3 km.
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Figure 22: Same as Figure 20, but for distance 5 km.
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Figure 23: Same as Figure 23, but for distance 10 km.
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Figure 24: Same as Figure 24, but for distance 25 km.
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Figure 25: Case DS. Acceleration response spectra for three groups of sites aligned along different

azimuths and located at the five reference distances. Receiver number and distance are indicated at top

left corner of each panel. Horizontal East component.
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