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Abstract

Site characterization using active seismics and ambient vibration measurements were performed
on the EPFL campus in Lausanne. The station SEPFL of the Swiss Strong Motion Network was
installed in 2011. In order to characterize the velocity profile under the station, existing geotech-
nical and geophysical data collected for a microzonation study as well as new geophysical data
were used. Particularly, a 46 m long seismic line was performed. These investigations showed
that the velocity profiles have 5 first meters with low velocity, around 130− 140 m/s. A second
layer from 5 to 10 m has slightly higher velocities around 200 m/s. Finally, the layer down to
25 m shows relatively homogeneous velocities around 275 m/s. Below 25 m, this velocity may
increase gradually down to the bedrock, located at 37 m. Vs,30 is found to be 224 m/s. These
profiles are close to the models used for microzonation of the EPFL site. The theoretical SH
transfer function and impedance contrast of the quarter-wavelength velocity computed from the
inverted profiles support a large amplification up to a factor of 10 at the resonance frequencies,
especially the fundamental frequency at 1.9 Hz. Recordings on the new station will allow to
validate these simple models.
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4 1 INTRODUCTION

1 Introduction

The station SEPFL (Lausanne EPFL) is part of the Swiss Strong Motion Network (SSMNet)
in the Canton Vaud. SEPFL has been installed in the framework of the SSMNet Renewal
project in 2011. This project includes also the site characterization. Active seismics has been
selected for this task at this site. Detailed geological, geotechnical and geophysical data were
already available at this site where a microzonation study was performed [Résonance, 2006].
In addition, active seismics and single station measurements were performed at the station site.
This station is located on loose lacustrine sediments on top of moraine. This report presents
the measurement setups, the H/V results and of the seismic processing of the surface waves
(dispersion curves). 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

Vaud Lausanne EPFL SEPFL Lacustrine sediments Flat

Table 1: Main characteristics of the study-site.

Figure 1: Picture of the site.
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2 Geology and geotechnics

For the spectral microzonation of EPFL [Résonance, 2006], the De Cerenville company made a
detailed geological and geotechnical study of the EPFL site, including borehole investigations
that are summarized in the following.

Silty glaciolacustrine deposits (named A) can be found at the surface with increasing thick-
ness to the North. According to the map of this layer, at the station site, it is 17 m thick, 18 m
thick at the active seismic experiment site. Below this layer, a non-consolidated moraine with
silt, sand and some gravels (named B) can be found, irregularly in space. Its thickness is 8 m and
7 m for the station and the active seismic experiment sites, respectively. A compacted moraine
(named C) is present below with a thickness of 12 m and 13 m for the station and the active seis-
mic experiment sites, respectively. Finally, the bedrock (named D) is made of a molasse from
the Chattian Age with marls and sandstones, consequently at 37 and 38 m depth, respectively.

The ground water table was at 3 m below the surface at the station site in 1971.

Layer Depth Density Frict. angle Coh. c’ Undrained Coh. Elasticity mod. NSPT

m kg/m3 φ ◦ kN/m2 cu kN/m2 E MPa /30cm

A 0 2000 27 4 20 4-8 4-7
B 17 2000 27 6 22 6-8 6-10
C 25 2200 33 30 150 40-120 50-70
D 37 2500 - - - 1500-5000 -

Table 2: Geotechnical characteristics of the soil column under station SEPFL (De Cerenville, 2006).

Using these parameters and the theoretical formula for the shear wave velocity : Vs(E) =√
G
ρ

=
√

E
2(1+ν)ρ

, we can deduce the corresponding Vs(E) in each layer (Tab. 3). The results
are not relevant since much higher velocities are awaited.

Moreover, using Ohta and Goto [1978] empirical formula Vs(N) = 68.79×N0.171×H0.199×
E × F , with H the depth, N the SPT number for 30 cm penetration, E being 1 for Holocene
soils, 1.303 for Pleistocene deposits and F from 1 to 1.15 depending on the soil type (excepted
gravels, that is not present in this profile), one can extract velocity values that are closer to the
expectations (Tab. 3).

Layer Vs(E) Vs(N)
m/s m/s

A 25-40 100-185
B 30-40 230-290
C 80-160 330-440
D 520-1020 -

Table 3: Shear wave velocity in each layer deduced from the geotechnical measurements based on 2 different
parameters (E the Young’s modulus and N the SPT count)
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3 Experiment description

3.1 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 so called H/V measurements is to record these ambient vibrations and to use
the polarization of the recorded waves (H/V ratio) to derive the resonance frequencies of the
soil column.

Moreover, active seismic experiments were performed. Two types of artificial sources have
been employed, with the aim of assessing their possibilities and limitations; as first it was used
a weight drop system with a mass of 120 kg, dropping from an height up to 2 m (1.13 m used
in this experiment) (Fig. 2). Subsequently, a sledge hammer was tested. In addition, data from
Geo2X company using 200 g explosives [Résonance, 2006] were re-processed. The objective of
the measurements is to record the produced vibrations and to use their propagation properties to
infer the underground structure. The phase delays at many different stations are used to derive
the velocity of surface waves at different frequencies (dispersion). The dispersion curves are
then used to derive the properties of the soil column using an inversion process.

Figure 2: The 120kg dropping mass device which has been used as artificial source to stimulate the generation of
Rayleigh waves.
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3.2 Equipment

For H/V measurements, a Quanterra Q330 datalogger with Lennartz 3C 5 s seismometer were
used (see Tab. 4). The time stamps was not synchronized on GPS and may suffer from a shift
of several seconds (or more). The sensor is placed directly on the ground (generally road) and
leveled using the screws.

For the active seismic measurements, 24 three-component geophones (4.5Hz corner fre-
quency) were used (see Tab. 4) and 3 Geode dataloggers connected together for time syn-
chronization. Channels 1/2/3 correspond respectively to Transverse/Longitudinal/Vertical di-
rections.

Digitizer Model Number Resolution
Quanterra Q330 1 24 bits

Geode 3 24 bits
Sensor type Model Number Cut-off frequency
Seismometer Lennartz 3C 5s 1 0.2 Hz

Geophone ? 24 4.5 Hz

Table 4: Equipment used.

3.3 Geometry of the experiment

H/V measurements were performed by Resonance on the whole EPFL campus (Fig. 7). In
addition, test measurements to find a new location for the strong motion station SEPFL were
performed in two locations and a single station measurement at the final location of the station
was performed.

Active seismic lines were also performed by the Geo2X company for Resonance at 2 loca-
tions on the campus (Fig. 7). Profile 1 is representative of the glaciolacustrine deposits with
similar characteristics compared to the SEPFL station location. The seismic lines includes 48
geophones with 4 m inter-distance. We performed an additional line at the SEPFL station loca-
tion. The performed seismic line includes 24 geophones with 2 m inter-distance (total of 46 m)
(Fig. 3). The final usable datasets are detailed in appendix.

3.4 Positioning of the stations

For these measurements, the positioning of the stations was done by picking points on Google
Earth. It allows a positioning with an accuracy of about 2 m.

4 Data quality

For the single station data, only the recordings in the 3 points performed by SED were available
for processing. For the active seismic data, both lines performed by the Geo2X company and
SED are available for (re-)processing.
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Figure 3: Location of the seismic line (in red) and of the two source locations A and B (red stars).

4.1 Geo2X dataset

Geo2X performed 2 shots of explosives at 2 locations: Profile 1 is representative for glaciola-
custrine deposits, similar to the SEPFL station location and reprocessed in the following; Profile
2 is representative for moraine and not included here. It seems that a filter at 25 Hz was used
for profile 1, which makes impossible the processing above this value.

4.2 SED dataset

Four groups of wave-field excitations of 7 to 12 shots each were performed on the two ends
of the line (A and B in Fig. 3). Unfortunately, source location A didn’t provide any reliable
result, probably because of the heterogeneity of the sub-soil structure and the presence of the
nearby building, which prevented from the generation of a coherent surface wave-field. This
also invalidated the comparison between the two source types, which was performed in location
A. In the following, therefore, only the results from source location B will be considered as
reliable.

For each wave-field excitation a recording of about 2 seconds was performed. For the pro-
cessing, then, the consecutive recordings have been merged in a unique continuous stream of
data (e.g. Fig. 4). However, not all the shots were identically successful during the experiment.
Therefore, a further selection on the quality of the performed wave-field excitation has been
performed. As such, only the best shots were selected and gathered into a continuous stream.

Several problems were experienced with automatic triggering. For unknown reason, it was
not possible to correctly synchronize the shot time with measurements. Therefore, some record-
ings were performed by manually triggering the start time. This is generally not a problem for
surface wave analysis, since only relative time-differences between couple of receivers are used,
but it prevents from using any other type of technique based on the analysis of the absolute
travel-time (reflection or refraction seismics). Finally, some channels of the three components



4.2 SED dataset 9

sensors didn’t work properly during acquisition (see next paragraph), and they were conse-
quently not considered in the elaboration.

Figure 4: Example of continuous stream of shots obtained by using the 120kg mass source (here source location
A, channel 2, shots 41-46).

Detailed information about these active recordings can be found in the appendix.
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5 H/V processing

5.1 Processing methods

Recordings were processed using the classical H/V method. In this method, the ratios 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.

5.2 Results in EPFL

The H/V spectral ratios computed at the test station XLAU1 and at the final SEPFL station site
are very similar (Fig. 5), with a peak at 2.15 and 1.93 Hz, respectively (Fig. 6). Fig. 7 provides
the resonance frequencies mapped by Résonance [2006], with values between 1.5 and 3.5 Hz
on the EPFL campus, 2 Hz close to the station site, in agreement with SED measurements. No
correlation can be shown with the bedrock depth, but a correlation with the interface between
glaciolacustrine sediments and moraine is highlighted in Résonance [2006] (Fig. 7).

Figure 5: H/V spectral ratios at test station XLAU1 and at final site for station SEPFL.
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Figure 6: Single station measurements performed by SED (blue points) with resonance frequency.

Figure 7: H/V points performed by Resonance (red crosses), SEPFL seismic station and active seismic lines (blue).
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6 Seismic processing

6.1 Processing methods and parameters

For the Geo2X data, the vertical component was processed using the classical f-k approach and
the t-f-k analysis [Poggi et al., 2012].

For the SED data, the vertical (channel 3) and the radial (channel 2) directions of record-
ing have been processed using the classical f-k approach and the t-f-k analysis [Poggi et al.,
2012]. The transverse direction was processed, 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.

6.2 Obtained dispersion curves

For the Geo2X data, results are presented in Fig. 8. The results using the two approaches are
comparable.

Figure 8: Results from the acquisition survey performed by Geo2X (profile 1 - glaciolacustrine). In A using Classic
F-K processing, in B using the wavelet T-F-K method. The fundamental mode is clearly visible and can be tracked
from a frequency of 4Hz up to 20Hz. Unfortunately, recordings were strongly filtered above 25Hz, which make

difficult the elaboration at high frequencies.



6.3 Interpretation 13

For the SED data, several surface wave modes are clearly identifiable in the velocity-
frequency plane (e.g. Fig. 9 and Fig. 10). A maximum in the spectrum can also be identified in
the range 10 to 15Hz and rather low velocities. This might correspond to the fundamental mode
of Rayleigh waves, which is not sufficiently excited by using the available source to be visible
along the whole frequency range of elaboration. This creates some ambiguity in addressing the
mode number of the higher modes. However, the presence of this mode is confirmed by the
results of the Geo2X in the site "glaciolacustrine" (Fig. 8).

Figure 9: Result for the shot location A using classic F-K processing on the vertical (top) and horizontal-radial
(bottom) direction. Few parts the dispersion curves can be identify and reliably addressed to a give mode.

6.3 Interpretation

The definition of the final dispersion model required some manual interpretation. This was done
by cross-comparing the results from different elaborations and datasets (e.g. Fig. 11). To avoid
bias in the definition of the final velocity model, the modal interpretation was then performed
in a rather conservative way. Only those modes which appeared to be well defined and could be
tracked between different elaborations were considered and included in the interpretation. The
result is a three modes model, which spans a velocity range between about 120m/s and 300m/s
(Fig. 12).
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Figure 10: Result for the shot location B using wavelet T-F-K processing on vertical (top) the horizontal-radial
(bottom) direction. Few modes can be identify, even if it is impossible to track the fundamental mode at high

frequencies.

Figure 11: Example comparison between the picked modes from the different datasets. Note that the results
from Geo2X profile 1 are not fully comparable to our results, since the two measurements locations differ in few

hundreds of meters.
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Figure 12: The final modal interpretation which will be used for the inversion.
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7 Inversion and interpretation

7.1 Inversion

For the inversion, the 3 Rayleigh modes dispersion curves were used as simultaneous targets
without standard deviation to avoid different weighting as well as the right flank of the H/V
curve with weight 0.3 and the resonance frequency at the SEPFL station site 1.9 Hz with weight
0.1. All curves were resampled using 50 points between 1.8 and 50 Hz in log scale.

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. 5.

Itmax Ns0 Ns Nr

500 10000 100 100

Table 5: 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 fixed according to the geotechni-
cal study between 2000 and 2500 kg/m3. Inversions with free layer depths as well as fixed layer
depths were performed. For the fixed layer depth, the layering proposed by the geotechnics was
followed and the bedrock depth and velocity were fixed at 37 m and 1500 m/s. Trials without
fixing these values were also performed but the geophysical data do not constrain the bedrock
depth and velocity. The smooth ellipticity curve leads to a smooth gradient in the bedrock that
was not observed in the boreholes. Concerning the free depth layering, the velocity of the last
layer was also fixed to 1500 m/s, but not its depth. Results show that the right depth is retrieved
thanks to the ellipticity.

More layers than needed to explain the targets are used to smooth the obtained results and
better explore the parameter space. 5 independent runs of 5 different parametrization schemes
(5 and 7 layers over a half space, see Fig. 13 and 7, 9 and 10 layers with fixed depth, see
Fig. 14) were performed. For further elaborations, the best models of these 25 runs were se-
lected (Fig. 15).

The velocity profiles show 5 first meters with low velocity, around 130−140 m/s. A second
layer from 5 to 10 m has slightly higher velocities around 200 m/s. Finally, the layer down to
25 m shows relatively homogeneous velocities around 275 m/s Below 25 m, this velocity may
increase gradually down to the bedrock. For free layer depth, the bedrock velocity was fixed
but not the depth and it happen to be found in the range 30 to 40 m showing the data constrain
the order of magnitude of the depth but the precision is poor.

When compared to the target curves (Fig. 13), the 3 Rayleigh modes are well reproduced, as
well as the ellipticity peak. The ellipticity right flank is sharper in the models due to the sharp
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velocity contrast. It is however not clear whether the smooth observed H/V curve is realistic or
not. Reliable data are lacking to constrain this part of the profile.

This inversion shows that the H/V peak is due to the bedrock interface and not the moraine
interface as the correlation in Fig. 7 could suggest. The velocity profile down to the bedrock,
very variable in the area, is controlling the peak frequency more than the bedrock depth, which
shows only little variation, explaining the distribution of resonance frequencies.

Compared to Vs extracted from the SPT measurements of Tab. 3, these profiles are in agree-
ment. On Fig. 16, the results are compared to 2 profiles (P1 and P5 - P5 has higher velocities
at the top) used in the microzonation of EPFL [Résonance, 2006], close to SEPFL station and
to the Vs extracted from the SPT measurements. It shows little difference but the results dis-
played here show that the precision of the used geophysical methods is probably lower than the
differences between the profiles used in the microzonation.
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Figure 13: Inverted ground profiles in terms of Vp and Vs (top) and comparison between inverted models and
measured Rayleigh and Love modes and corresponding ellipticity, free layer depth strategy.
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Figure 14: Inverted ground profiles in terms of Vp and Vs (top) and comparison between inverted models and
measured Rayleigh and Love modes and corresponding ellipticity, fixed layer depth strategy.
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Figure 15: Vs ground profiles for the selected 25 best models.
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Figure 16: Vs ground profiles for the selected 25 best models compared to 2 of the closest models used for the
microzonation and the velocity range obtained from SPT (see Tab. 3).
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7.2 Travel time average velocities and soil class

The distribution of the travel time average velocities at different depths was computed from
the 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. Vs,30 is found to be 224 m/s, meaning the site can be classified as class C in the
Eurocode 8 [CEN, 2004] and class D in SIA261 [SIA, 2003]. The map of foundation classes
on the website http://map.bafu.admin.ch/ is also providing a class D at this site.

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

Vs,5 137 3
Vs,10 162 2
Vs,20 201 4
Vs,30 224 5
Vs,40 255 10
Vs,50 - -
Vs,100 - -
Vs,150 - -
Vs,200 - -

Table 6: Travel time averages at different depths from the inverted models. Uncertainty is given as one standard
deviation from the selected profiles.

7.3 SH transfer function and quarter-wavelength velocity

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 ellipticity and
dispersion curves, 2 and 7 Hz, respectively). The results using this proxy show that no data is
controlling the results below 26 m and the dispersion curves constrain the results down to 5 m
only (Fig. 17). In this case, this proxy does not seem to provide relevant results (too conserva-
tive) since the 20 first meters seems well constrained, not only by the ellipticity.
Moreover, the theoretical SH transfer function [Roesset, 1970] is computed from the inverted
profiles. It is compared to the quarter-wavelength impedance contrast that is a proxy for am-
plification, that however cannot take resonances into account [Joyner et al., 1981] (Fig. 18). In
this case, the SH transfer function shows amplifications up to 10 at the resonance frequencies
and upper modes. This very large predicted amplification will be compared to observations at
this station.

http://map.bafu.admin.ch/
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Figure 17: Quarter wavelength velocity representation of the velocity profile. Black curve is constrained by the
dispersion curves, grey curve by the ellipticity function, light grey is not constrained by the data. Red square is

corresponding to Vs,30.
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Figure 18: Theoretical SH transfer function (solid line) and quarter wavelength impedance contrast (dashed line)
with their standard deviation. Grey scale represents the constraint by the data as in Fig. 17.
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8 Conclusions

Thanks to existing geotechnical and geophysical data, as well as new geophysical data, the site
of SEPFL station could be characterized in terms of elastic properties. The H/V survey showed
the site has a resonance of 1.9 Hz. Using the MASW measurements, a velocity model below
SEPFL was extracted. The velocity profiles show 5 first meters with low velocity, around 130−
140 m/s. A second layer from 5 to 10 m has slightly higher velocities around 200 m/s. Finally,
the layer down to 25 m shows relatively homogeneous velocities around 275 m/s. Below 25 m,
this velocity may increase gradually down to the bedrock, located at 37 m by the geotechnical
survey. Vs,30 is found to be 224 m/s. The theoretical SH transfer function and impedance
contrast of the quarter-wavelength velocity computed from the inverted profiles support a large
amplification up to a factor of 10 at the resonance frequencies. Recordings on the new station
will allow to validate these simple models.
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Appendix: description of datasets for the performed active
seismic line

Group A Source type: weight drop
Number of shots: 10 (files 41.dat to 50.dat)
Direction: normal (source A), offset 22 m
Synchronized: YES
Selection: [ 41 42 44 45 46 ]
Note: channel 1 of the geophone at offset 11 did not work

Group B Source type: weight drop
Number of shots: 10 (files 51.dat to 60.dat)
Direction: normal (source A), offset 22 m
Synchronized: YES
Selection: [ 51 57 58 59 60 ]
Note: traces 52:56 failed (trigger started too late),
channel 1 of the geophone at offset 11 did not work,
channel 3 of the geophone at offset 10 did not work

Group C Source type: weight drop
Number of shots: 9 (files 70.dat to 78.dat)
Direction: reversed (source B)
Synchronized: NO
Selection: [ 73 74 75 77 78 ]
Note: on the traces are visible two separate pulses of different amplitude

Group D Source type: sledge hammer
Number of shots: 5 (files 1.dat and 4.dat to 7.dat)
Direction: Normal, offset 21.86 m
Synchronized: NO
Selection: [ 1 4 6 7 ]
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