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Abstract

Ambient vibration array measurements and active seismics following the MASW technique
were performed on the molassic hill of Bramberg in the city of Lucerne. The site, where the
new station SLUB of the Swiss Strong Motion Network was installed, is the reference station for
the Lucerne basin (station SLUW). In order to characterize the velocity profile under the station,
array measurements with a 160 m aperture and a 46 m long seismic line were performed. The
combination of passive and active measurements was successful and allowed deriving a velocity
model for this site. The soil column underlying station SLUB is made of a first layer of 10 m
of a weak sandstone with an unclear velocity profile that is on average 700 m/s. Below, a rock
layer with velocities around 1500 m/s down to about 30 m depth is found at SLUB site. Hard
rock is found at this depth with a velocity of 2700 m/s. Vs,30 is found to be close to 1100 m/s
corresponding to EC8 and SIA261 ground types A.
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4 1 INTRODUCTION

1 Introduction

The station SLUB (Luzern Bramberg) is the rock reference station of the Swiss Strong Motion
Network (SSMNet) for the Lucerne basin. SLUB has been newly installed in the framework of
the SSMNet Renewal project in 2011. This project includes also the site characterization. In this
project, passive array measurements have been selected as a standard tool to investigate these
sites, but active seismics is also used especially for rock sites. A passive array measurement
was therefore carried out on 15th May 2012 at this site (Fig. 1). In addition, in date 05.12.2011,
an active seismic experiment has been performed, with the aim of mapping the phase velocity
dispersion function of the surface-waves at high-frequency (>10Hz). The goal of the experiment
is to extend the resolution of the passive seismic survey on the shallower part of the velocity
model. The station is located on a molasse hill made of sandstone, within the city of Lucerne.

This report presents the measurement setup, the H/V analysis, the array analysis and the
active seismic processing of the surface waves. The results of both measurements are compared
and merged. Then, an inversion of these results for a velocity profile is performed. Standard
parameters are derived to evaluate the amplification at this site.

Canton City Location Station code Site type Slope

Luzern Lucerne Bramberg SLUB Hill Sloppy

Table 1: Main characteristics of the study-site.

Figure 1: Picture of the site.
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2 Experiment description

2.1 Ambient vibration sources

The ground surface is permanently subjected to ambient vibrations due to:

• natural sources (ocean and large-scale atmospheric phenomena) below 1 Hz,

• local meteorological conditions (wind and rain) at frequencies around 1 Hz ,

• human activities (industrial machines, traffic. . . ) at frequencies above 1 Hz [Bonnefoy-
Claudet et al., 2006].

The objective of the measurements is to record these ambient vibrations and to use their prop-
agation properties to infer the underground structure. First, the polarization of the recorded
waves (H/V ratio) is used to derive the resonance frequencies of the soil column. Second, the
arrival time delays at many different stations are used to derive the velocity of surface waves at
different frequencies (dispersion).

2.2 Active seismic sources

For the active experiment, a special device was use as active source, consisting of mass of
120 kg, dropped from a height of up to 2 m (1.13 m used in this experiment) (see Fig. 2). Two
shot-offset distances were tested (18.5 and 40 m) because the distance at which the surface-
waves start developing from the source is generally unknown (without some prior knowledge
on the local velocity structure). Different consecutive wave-field excitations (6 to 12) have
been performed for each source off-set, with the goal of improving the signal-to-noise ratio by
stacking in the time (classical f-k method, [Lacoss et al., 1969]) or in the frequency (wavelet
t-f-k method, [Poggi et al., 2012a]) domain.

2.3 Equipment

For the active seismic measurements, two types of instrumentation were used together (see
Tab. 2 and Fig. 3); an array of 24 vertical geophones (10Hz corner frequency, GEODE sys-
tem), with 2m distance between, and an array of 6 six-channel seismological stations, with 4m
inter-distance. Combining these two equipments theoretically allows having the large spatial
resolution (from the dense geophone array) together with the possibility of using three com-
ponent recordings. Unfortunately, one of the seismological stations failed to record, reducing
the number of usable acquisition points from 12 to 10 only. Each seismological station was
equipped with two three-component velocity seismometers (Lennarz 3C, 5s eigenperiod) and
a 24bit data-logger (Quanterra Q330) named NR02, NR04, NR06 and NR09. Each Quanterra
datalogger can record on 2 ports namely A (channels EH1, EH2, EH3 for Z, N, E directions)
and B (channels EH4, EH5, EH6 for Z, N, E directions). Synchronization between stations was
assured by standard GPS. The sensors were placed on a metal tripod in a 20 cm deep hole for
better coupling with the ground.
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Figure 2: The 120kg dropping mass device which has been used as artificial source to stimulate the generation of
Rayleigh waves.

Figure 3: The two set of instruments used for the surface-wave survey. A geophone string of 24 elements (on the
right) and 12 high-resolution three-component seismological stations (on the left).
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For the passive measurements, 10 Quanterra Q330 dataloggers named NR01 to NR04 and
NR06 to NR11 and 14 Lennartz 3C 5 s seismometers were used (see Tab. 2). Time synchro-
nization was ensured by GPS. The sensor were placed on a metal tripod in a 20 cm deep hole,
when possible, for better coupling with the ground.

Experiment Digitizer Model Number Resolution
Active Geode 10 24 bits
Active Quanterra Q330 6 24 bits
Passive Quanterra Q330 10 24 bits

Experiment Sensor type Model Number Cut-off frequency
Active 1C Geophone ? 24 10 Hz
Active Seismometer Lennartz 3C 12 0.2 Hz
Passive Seismometer Lennartz 3C 14 0.2 Hz

Table 2: Equipment used.

2.4 Geometry of the arrays

For the active seismic measurements, 2 parallel seismic lines of 24 geophones and 12 seis-
mometers were installed, with a spacing of respectively 2 and 4 m, i.e. with a length of 46 and
44 m, respectively (Fig. 4).

Figure 4: Location of the seismic line (in red) and the two wave-field excitations (A at 18.5 m and B at ≈ 40 m)
with green stars.

For the passive measurement, two array configurations were used, for a total of 4 rings of
10, 20, 40 and 80 m radius around a central station. The first configuration includes the 3 inner
rings with 13 sensors (one point of the third ring could not be recorded because of a missing
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cable); the second configuration includes the 2 outer rings with 11 sensors. The minimum inter-
station distance and the aperture are therefore 10 and 80 m and 10 and 160 m, respectively. The
experimental setup is displayed in Fig. 5. The final usable datasets are detailed in section 3.2.

Figure 5: Geometry of the arrays (blue triangles) compared to the seismic line (purple).

2.5 Positioning of the stations

The relative positioning of the sensors for the active experiment was performed using a measur-
ing tape, with an accuracy of 10 cm. The absolute positioning of the seismic line was performed
on the Swissimage, with an accuracy of 2 m.
The sensor coordinates of the array were measured using a differential GPS device (Leica Viva),
including only a rover station and using the Real Time Kinematic technique provided by Swis-
stopo. It allows an absolute positioning with an accuracy of about 3 cm on the Swissgrid. For,
some of the points below trees, this accuracy was not reached due to reflections of the GPS
signal but it was always better than 6 cm.



9

3 Data quality

3.1 Usable data

From the active experiment, for each wave-field excitation, a recording of about 2s was per-
formed when using the GEODE data-logger. These consecutive recordings have been then
merged in a unique continuous stream of data, removing the noisy tail of the traces (Fig. 6).
Conversely, the seismological stations recorded continuously, so that a manual selection of the
usable part of the recording had to be performed. Station NR05 failed and point LUB008 in the
E direction shows strange features and should not be used. It has to be noticed that not all the
shots were identically successful during the experiment. Therefore, a further selection on the
quality of the wave-field excitation has been performed. As such, only the best shots were se-
lected (see 7) and gathered into a continuous stream. Datasets 1 and 2 have an offset of 18.5 m,
datasets 3, 4, 5 and 6 an offset of 40 m.

Figure 6: Example of six consecutive wave-field excitations using the 120kg dropping mass. Note that the time
interval between consecutive shots has been artificially shortened, in order to remove the not-usable part of pure

noise.

For the passive array, the largest time windows were extracted, for which all the sensors
of the array were in position and the GPS synchronization was ensured. Strong wind (20 −
40 km/h) was blowing during the whole measurement. It affects the spectra below 0.8 Hz in
Vertical but 2 Hz in the horizontal components. Component E of point LUB101 failed and the
vertical components shows undamped peaks in the spectra due to interferences. A peak at 10 Hz
is found in the N component of all recordings, it may be due to the tunnel below the hill. Large
disturbances are present above 20 Hz. Orientation of the sensors was checked by maximizing
the correlation with the central station at low frequencies [Poggi et al., 2012c]. Deviations lower
than 8 ◦ were found for all points except point LUB301 (16 ◦). Original and rotated datasets are
available for the 3C array analysis even though non-rotated was used here.

The characteristics of the datasets are detailed in Tab. 3.
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3.2 Data processing

The data from the Quanterra stations were first converted to SAC format, including in the header
the sensor coordinates (CH1903 system), the recording component and a name related to the
position of the station. The name is made of 3 letters characterizing the location (LUB here)
and 3 digits. For the active line, numbers are increasing from 001 to 012, for the passive array,
1 digit stands for the ring and 2 more digits for the number in the ring. Recordings were not
corrected from the instrumental response.

Dataset Starting Date Time Length Fs Min. inter-distance Aperture # of points

active 2011/12/05 12:27 130 min 200Hz 4m 44m 10

1 2012/05/15 10:15 98 min 200 Hz 10m 80m 13
2 2012/05/15 12:25 115 min 200Hz 10m 160m 11

Table 3: Usable datasets from the seismological stations.
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4 H/V processing

4.1 Processing method and parameters

In order to process the H/V spectral ratios, several codes and methods were applied to the pas-
sive data. The classical H/V method was applied using the Geopsy http://www.geopsy.
org software. In this method, the ratio of the smoothed Fourier Transform of selected time
windows are averaged. Tukey windows (cosine taper of 5% width) of 50 s long overlapping by
50% were selected. Konno and Ohmachi [1998] smoothing procedure with b=60 was used. The
classical H/V of Fäh et al. [2001] was also applied.

Moreover, the time-frequency analysis method [Fäh et al., 2009] was used to estimate the
ellipticity function more accurately using the Matlab code of V. Poggi. In this method, the
time-frequency analysis using the Wavelet transform is computed for each component. For
each frequency, the maxima over time (10 per minute with at least 0.1 s between each) in the
TFA are determined. The Horizontal to Vertical ratio of amplitudes for each maximum is then
computed and statistical properties for each frequency are derived. A Cosine wavelet with
parameter 9 was used. The mean of the distribution for each frequency is stored. For the sake
of comparison, the time-frequency analysis of Fäh et al. [2001], based on the spectrogram, was
also used, as well as the wavelet-based TFA coded in Geopsy.

The ellipticity was also extracted using the Capon analysis [Poggi and Fäh, 2010] (see sec-
tion on 3C array analysis) and also plotted on Fig. 8.

Method Freq. band Win. length Anti-trig. Overlap Smoothing

Standard H/V Geopsy 0.2− 20 Hz 50 s No 50% K&O 60
Standard H/V D. Fäh 0.2− 20 Hz 30 s No 75% -

H/V TFA Geopsy 0.2− 20 Hz Morlet m=8 fi=1 No - -
H/V TFA D. Fäh 0.2− 20 Hz Specgram No - -

H/V TFA V. Poggi 0.2− 20 Hz Cosine wpar=9 No - No

Table 4: Methods and parameters used for the H/V processing.

4.2 Results

H/V curves are consistent for all the recordings for the active data except LUB008 as explained
before that shows a strange behaviour (Fig. 7). Moreover, all the methods to compute H/V
ratios are compared on Fig. 8, in which the classical methods were divided by

√
2 to account

for Love waves contribution [Fäh et al., 2001]. The matching above the resonance frequency
is good except smoothing issues. However, the peak at 0.6 Hz is most likely due to wind. The
case of the peak at 1.2 Hz is not clear.

For the passive data, the results are the same except that the wind was stronger making the
peak at 0.6 Hz stronger and very variable through the array. The frequencies of interest for this
measurement are anyway above 3 Hz. The comparison with the 3C FK analysis is successful,
but considering the array size, this concerns only frequencies above 3.5 Hz. It shows that the
wind is not much affecting the frequencies of interest.

http://www.geopsy.org
http://www.geopsy.org
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Figure 7: H/V spectral ratios (time-frequency analysis code V. Poggi) for the active (top) and the passive (bottom)
experiments.
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Figure 8: H/V spectral ratios for point LUB001 (active) and LUB000 (passive) using the different codes. Classical
methods were divided by
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5 Processing

5.1 Processing methods and parameters of the active data

From the geophone recordings only the vertical direction is available for processing, while from
the seismological stations both the vertical (channel 3) and the radial (channel 2) directions of
recording have been analyzed. In all cases the classical f-k approach and the t-f-k analysis
[Poggi et al., 2012a] have been used, providing nevertheless comparable results. In this report,
then, only the results from the second method are presented. A tentative analysis of the trans-
verse direction was also made, but the results have not been included in this report, since the
employed sources do not give the possibility to directly generate anti-plane motion, and it is
consequently not possible to rely on those results. Therefore, the following considerations are
representative of Rayleigh-wave dispersion only.

5.2 Processing methods and parameters for the passive data

The vertical components of the arrays were processed using the High-resolution FK analysis
[Capon, 1969] using the Geopsy http://www.geopsy.org software. Better results were
obtained using large time windows (300T). The results in the FK plane were concatenated.

Moreover, a 3C array analysis [Fäh et al., 2008] was also performed using the Array Tool
3C software [Poggi and Fäh, 2010] using the Capon SVD method. It allows to derive Rayleigh
and Love modes. The results of computations of both datasets were merged to estimate the
dispersion curves.

Method Set Freq. band Win. length Anti-trig. Overlap Grid step Grid size # max.

HRFK 1C 1 2− 40 Hz 300T No 50% 0.006 1.3 5
HRFK 1C 2 2− 40 Hz 300T No 50% 0.002 1.3 5
HRFK 3C 1 2− 30 Hz 20T No 5% 700 4500 5

Tap. 0.1 m/s m/s
HRFK 3C 2 2− 30 Hz 20T No 5% 700 4500 5

Tap. 0.1 m/s m/s

Table 5: Methods and parameters used for the array processing.

5.3 Obtained dispersion curves from the passive analysis

For unknown reason, file LUB303 was corrupted and was removed from the 1C analysis. Both
1C and 3C (Fig. 9) analysis provided similar results. The Rayleigh fundamental mode could be
picked between 5 and 13.5 Hz including its standard deviation. Velocities range from 3000 m/s
at 5 Hz down to 1800 m/s at 13.5 Hz. The first higher mode can be picked from 15 to 30 Hz.
The mode jumping at 14 Hz is not obvious from these results only, but it much clearer when
passive and active dispersion curves are put together.

http://www.geopsy.org
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Moreover, the SVD method allowed to derive the ellipticity of the Rayleigh mode [Poggi
and Fäh, 2010], with resolution down to 3.5 Hz.

The transverse component allows to pick the fundamental Love mode between 5 and 25 Hz
including its standard deviation (Fig. 9). It is relatively similar to the Rayleigh mode.

Figure 9: Dispersion curves obtained from the 3C array analysis (left): Top: Vertical - Centre: Radial - Bottom:
Transverse component, and the 1C analysis (top right), as well as ellipticity from the 3C analysis (bottom right).

5.4 Obtained dispersion curves from the active analysis and merging with
the passive results

The results using the two equipments are comparable for the vertical component of motion
(Fig. 10). Two surface wave modes are clearly identifiable in the velocity-frequency plane. The
fundamental mode is stable up to 30 Hz and extends nicely the estimate from passive recording
of ambient vibration (Figure 5, green curve). At 30 Hz a large velocity jump is observable,
where the fundamental mode drops from about 1200m/s to 600m/s. At the same frequency also
the first higher mode starts to develop, and it can easily be tracked up to 80Hz.

Interpretation of the results from the processing of the radial direction is more difficult.
In this case the fundamental mode has slightly higher velocities with respect to the vertical
direction in the low frequency range (Fig. 11). In such a way, it doesn’t match anymore the
results from the passive seismics. Above 30Hz, both the fundamental and the higher modes
cannot easily be tracked anymore. There might be several reasons for such discrepancy; as
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first, anisotropy of the underground velocity structure can be present, which leads to different
surface-wave propagation patterns in the vertical and the radial directions. On the other side, this
can also be interpreted as an artifact of the processing, when the energy on the radial component
is insufficient to produce an image of the dispersion. Unfortunately, we don’t have any mean to
propend for an interpretation or for the other at the present level of knowledge. Therefore, the
results obtained from the radial component were not taken as granted.

Figure 10: Results of processing the vertical direction using the geophone string (top) and the Lennartz sensors
(bottom). In both cases, the analysis was performed with the wavelet t-f-k approach. In green, the portion of

fundamental mode dispersion curve from passive acquisition of natural ambient vibration (array measurement).

Using Fig. 12, the extracted Rayleigh dispersion curves were finally interpreted as follows.
The fundamental Rayleigh mode is the concatenation of the fundamental passive and active
modes extracted from the vertical component Fig. 13. The first Rayleigh higher mode is found
on the vertical component of the passive measurement as well as on the radial component of
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Figure 11: Results of processing the radial direction using the Lennartz sensor array. The picked fundamental
mode is compared with the same one but from the vertical direction (Fig. 10)-bottom.

both active and passive data. What was previously thought to be the first higher Rayleigh mode
from the vertical component of the active experiment is finally interpreted as the second higher
mode.
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Figure 12: Picked dispersion curves from 1C and 3C analyses.
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Figure 13: Interpreted dispersion curves selected for the inversion.
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6 Inversion and interpretation

6.1 Inversion

For the inversion, only the Rayleigh modes were used. The fundamental mode (5.6 − 70 Hz)
from the passive and the active measurement, the first (15−50 Hz) and the second (35−90 Hz)
higher modes from the active measurement were used as simultaneous targets. All curves were
resampled using 50 points between 5 and 100 Hz in log scale. After tests with Love modes, they
were re-interpreted as presented in Fig. 13.

The inversion was performed using the Improved Neighborhood Algorithm (NA) Wathelet
[2008] implemented in the Dinver software. In this algorithm, the tuning parameters are the
following: Ns0 is the number of starting models, randomly distributed in the parameter space,
Nr is the the number of best cells considered around these Ns0 models, Ns is the number of
new cells generated in the neighborhood of the Nr cells (Ns/Nr per cell) and Itmax is the
number of iteration of this process. The process ends with Ns0 + Nr ∗ Ns

Nr
∗ Itmax models. The

used parameters are detailed in Tab. 6.

Itmax Ns0 Ns Nr

500 10000 100 100

Table 6: Tuning parameters of Neighborhood Algorithm.

During the inversion process, low velocity zones were not allowed. The Poisson ratio was
inverted in each layer in the range 0.2-0.4 and the density was supposed equal to 2500 kg/m3 on
the whole profile. Inversions with free layer depths as well as fixed layer depths were performed.
3 layers are enough to explain most of the targets (dispersion and ellipticity), but more layers
are used to smooth the obtained results and better explore the parameter space. 5 independent
runs of 5 different parametrization schemes (5 and 6 layers over a half space and 9, 10 and 11
layers with fixed depth) were performed. For further elaborations, the best models of these 25
runs were kept (Fig. 17).

The velocity profile is clearly layered. The 10 first meters show a velocity of about 700 m/s.
At this depth, a clear interface is present with velocities below around 1500 m/s down to about
45 m depth. Below, hard rock is found and its velocity seems constrained around 2700 m/s.

When compared to the target curves (Fig. 14), all Rayleigh modes are approximately repro-
duced. The picked curve from the transverse component of 3C array analysis as well as the H/V
curve are displayed on Fig. 14 for comparison purposes. It shows that this curve is a mix of the
fundamental and first higher mode. Ellipticity curve does not match perfectly but the trend is
fine.

Another inversion has been conducted allowing for a velocity inversion in the upper part. It
is then possible to perfectly reproduce the Rayleigh fundamental and second higher mode, the
Love fundamental and first higher mode are also matching (Fig. 16). The first higher Rayleigh
mode is not matching better, as well as the ellipticity. The inverted profiles are not very different
from the previous ones (Fig. 17): the lower interface is located at 40 m depth, with velocity in
the lower part of 2700 m/s. Between 10 and 40 m depth, the rock layer with a velocity of
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1400 − 1500 m/s is still present. In the upper part, a minimum velocity of 300 m/s (not very
realistic) is found at 3 m depth. Higher velocities are found above and below. This peculiar
behaviour may be very local and may not be relevant at SLUB site so that this inversion is not
further used.
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Figure 14: Top figure: Inverted ground profiles in terms of Vp and Vs (top); Bottom figure: comparison between
inverted models and measured Rayleigh modes (top) and inverted Love modes (fundamental and first higher) com-
pared to observed curve on the transverse component - not used - (bottom left and centre) and inverted ellipticity

compared to the H/V curve - not used - (bottom right), free layer depth strategy.
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Figure 15: Top figure: Inverted ground profiles in terms of Vp and Vs (top); Bottom figure: comparison between
inverted models and measured Rayleigh modes (top) and inverted Love modes (fundamental and first higher) com-
pared to observed curve on the transverse component - not used - (bottom left and centre) and inverted ellipticity

compared to the H/V curve - not used - (bottom right), fixed layer depth strategy.
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Figure 16: Same as Fig. 14 by allowing for a velocity inversion in the top part.
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Figure 17: Vs ground profiles for the 25 best models without velocity inversion (left), with velocity inversion
(right).
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6.2 Interpretation

A comparison with observed amplification at station SLUB obtained from earthquake record-
ings have been performed a posteriori [Edwards et al., 2013]. The first peak in the SH transfer
function, related to the interface at 40 − 45 m depth, is found at 9 Hz for the obtained mod-
els (Fig. 17) but is located at higher frequency at SLUB (13 Hz), showing that this interface
is located at a shallower depth. A quick computation leads to depths around 30 m at SLUB.
It should be reminded that the active seismic experiment has been conducted 50 m away from
SLUB, downhill, so that lateral variability is expected. The second layer may have been eroded
more at the top of the hill than below. The second peak in the SH transfer function is shifted
as well towards higher frequencies. SH transfer function of the set of profiles with the velocity
inversion is not different from the one from the other profiles, showing again that the observed
differences are due to lateral variability and not uncertainties in the inversion, even though the
first 10 m are not clearly defined.

Therefore, 10 of the obtained profiles have been modified to shift the lower layer at about
30 m (Fig. 18). These models are selected for further computations. The amplitudes above
10 Hz are however not well reproduced in the 1D models (too large).

According to a rock outcrop and sampling when the station SLUB was installed, the first
meters are made of a weak sandstone that can be crushed with the hand. Samples have been
extracted to obtain the wave velocity of this sandstone.

6.3 Travel time average velocities and ground type

The distribution of the travel time average velocities at different depths was computed from
the 10 selected models. The uncertainty, computed as the standard deviation of the distribution
of travel time average velocities for the considered models, is also provided, but its meaning
is doubtful since the parameter space was not fully explored. Vs,30 is found to be close to
1100 m/s, that is associated to type A in the Eurocode 8 [CEN, 2004] and SIA261 [SIA, 2003].

Mean Uncertainty
(m/s) (m/s)

Vs,5 701 8
Vs,10 711 4
Vs,20 948 4
Vs,30 1100 11
Vs,40 1287 16
Vs,50 1436 16
Vs,100 - -
Vs,150 - -
Vs,200 - -

Table 7: Travel time averages at different depths from the inverted models. Uncertainty is given as one standard
deviation from the selected profiles.
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Figure 18: Vs ground profiles for the 10 selected models for station SLUB.
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6.4 Quarter-wavelength velocity and SH transfer function

The quarter-wavelength velocity approach [Joyner et al., 1981] provides, for a given frequency,
the average velocity at a depth corresponding to 1/4 of the wavelength of interest. It is useful
to identify the frequency limits of the experimental data (minimum frequency in dispersion
curves at 5.6 Hz here). The results using this proxy show that the dispersion curves constrain
the profiles down to 75 m (Fig. 19). Moreover, the quarter wavelength impedance-contrast
introduced by Poggi et al. [2012b] is also displayed in the figure. It corresponds to the ratio
between two quarter-wavelength average velocities, respectively from the top and the bottom
part of the velocity profile, at a given frequency [Poggi et al., 2012b]. It shows a trough (inverse
shows a peak) at the resonance frequency.
The theoretical SH-wave transfer function for vertical propagation [Roesset, 1970] is computed
from the inverted profiles. It is compared to the quarter-wavelength amplification [Joyner et al.,
1981], that however cannot take resonances into account (Fig. 20). In this case, the models are
predicting an amplification above 10 Hz only.
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Figure 19: Quarter wavelength velocity representation of the velocity profile (top: depth, centre: velocity, bottom:
inverse of the impedance contrast). Black curve is constrained by the dispersion curves, light grey is not constrained

by the data. Red square is corresponding to Vs,30.
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Figure 20: Theoretical SH transfer function (solid line) and quarter wavelength impedance contrast (dashed line)
with their standard deviation. Significance of the greyshades is detailed in Fig. 19.
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7 Conclusions

The combination of ambient vibration array measurements and active seismics presented in this
study were successful in deriving a velocity model for the Bramberg site in Lucerne, below the
SLUB station. The passive measurement allowed to constrain the deepest part of the profile
down to 75 m according to the QWL proxy, whereas the active measurements could inform
about the upper 15 m. This combination was crucial in this case since a contrast was found at
10 m depth which could not have been seen only with passive measurements. The 10 first meters
show an unclear velocity profile, with possibly a velocity inversion. On average the velocity is
about 700 m/s corresponding to a weathered sandstone, whereas the lower layer has velocities
around 1500 m/s down to about 45 m depth at the tested site. However, at SLUB station, this
interface is located around 30 m depth so that profiles were modified to reflect this. Below,
hard rock is found with a velocity of about 2700 m/s. Vs,30 is found to be close to 1100 m/s
corresponding to EC8 and SIA261 ground types A.
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Appendix

This paragraph is describing the datasets of the active seismic experiment.

Active dataset 1 Source type: weight drop, 1.13 m
Number of shots: 10 (files 1.dat to 10.dat)
Offset 18.5 m
Note:

Active dataset 2 Source type: weight drop, 1.13 m
Number of shots: 10 (files 11.dat to 20.dat)
Offset 18.5 m
Note:
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Active dataset 3 Source type: weight drop, 1.13 m
Number of shots: 10 (files 21.dat to 30.dat)
Offset 40 m
Selection: [ all ]
Note:

Active dataset 4 Source type: weight drop, 1.70 m
Number of shots: 1 (file 31.dat)
Offset 40 m
Note: with 1 damper under the weight

Active dataset 5 Source type: weight drop, 1.70 m
Number of shots: 3 (files 32.dat to 34.dat)
Offset 40 m
Selection: [ all ]
Note: without damper under the weight

Active dataset 6 Source type: weight drop, 1.13 m
Number of shots: 6 (files 35.dat to 40.dat)
Offset 40 m
Selection: [ all ]
Note: without damper under the weight
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