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Abstract

Ambient vibration array measurements were performed in Graechen within the COGEAR and
the Swiss Strong Motion Renewal projects. The measurements were adequate to characterize
station SGRA of the Swiss Strong Motion Network, newly installed in 2010. The array used
to estimate the velocity profile below the station has an aperture of 240 m. The measurements
were successful in deriving a velocity model for this site, which is a deep-seated landslide. The
20 first meters (moraine) are a gradient increasing from approximately 250 to 550 m/s. At this
depth, a sharp interface is found with velocities of the lower layer starting around 900 m /s and
increasing with depth with a gradient-shape up to 2000 m /s at 400 m depth. Finally, the bedrock
interface is found at 500 m but it is poorly constrained as well as the velocity in the bedrock.
It corresponds to a fundamental resonance frequency of 0.7 Hz. V3 is found to be close to
580m/s. The EC8 and SIA261 ground types are B. Recordings on the new station will allow
to validate the proposed 1D models.
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4 1 INTRODUCTION

1 Introduction

The station SGRA (Gréchen Ausblick) is part of the Swiss Strong Motion Network (SSMNet) in
the Valais region. SGRA was newly installed in the framework of the SSMNet Renewal project
in 2010, densifying the SSMNet in the Valais in coordination with the COGEAR project. The
SSMNet renewal project includes also the site characterization. The passive array measurement
has been selected as a standard tool to investigate these sites. Several measurement campaigns
were performed in Grichen in the frame of the COGEAR project [Burjanek et al., 2010]. Two
are of particular interest to characterize the station site array GRA2 was performed 900 m away
from station SGRA and array StN_array_3 600 m away from the station. In addition, array
GRA3 was performed 100 m away from station SGRA for both projects (Fig. 1). The station
is located on debris of landslides and moraine and on a deep-seated landslide. This report
presents the measurement setup of GRA3, the results of the array processing of the surface
waves (dispersion curves). Comparison between the different experiments is presented. Then,
an inversion of these results into velocity profiles is performed.

Canton City Location Station code Site type  Slope
Valais  Griichen Ausblick SGRA Rock slope > 15°

Table 1: Main characteristics of the study-site.

Figure 1: Picture of the GRA3 array.



2 Experiment description (GRA3)

2.1 Ambient Vibrations

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

e natural sources (ocean and large-scale atmospheric phenomena) below 1 Hz,
e Jocal meteorological conditions (wind and rain) at frequencies around 1 Hz ,

e 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) are used to derive the resonance frequencies of the ground layers. Second,
the phase delays between stations are used to derive the velocity of surface waves at different
frequencies (dispersion). The information (H/V, dispersion curves) is then used to derive the
properties of the soil layers using an inversion process.

2.2 Equipment

For these measurements 12 Quanterra Q330 dataloggers named NR1 to NR12 and 14 Lennartz
3C 5 s seismometers were available (see Tab. 2). Each datalogger can record on 2 ports A
(channels EH1, EH2, EH3 for Z, N, E directions) and B (channels EH4, EH5, EH6 for Z, N, E
directions). The time synchronization was ensured by GPS. The sensor are placed on a metal
tripod in a 20 cm hole, when possible, for a better coupling with the ground.

Digitizer Model Number Resolution
Quanterra Q330 12 24 bits
Sensor type Model Number | Cut-off frequency
Velocimeter Lennartz 3C 14 0.2Hz

Table 2: Equipment used.

2.3 Geometry of the array

Two array configurations were used, for a total of 4 rings of 10, 25, 60 and 120 m radius around a
central station. The first configuration includes the 3 inner rings with 13 sensors (point GRA301
was not recorded); the second configuration includes the 2 outer rings with 10 sensors. The
minimum inter-station distance and the aperture are therefore 10 and 120 m and 60 and 240 m,
respectively. The experimental setup is displayed in Fig. 2. The final usable datasets are detailed
in section 3.2.
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Figure 3: An overview of array measurements at Graechen. Red triangle represents the new strong motion station
SGRA.



2.4 Positioning of the stations 7

2.4 Positioning of the stations

The sensor coordinates were measured using a differential GPS device (Novatel), including a
base station and a rover station. The differential GPS computation is done by post-processing
using the GraphNav software.

3 Data quality

3.1 Usable data

The largest time windows were extracted, for which all the sensors of the array were in position
and the GPS synchronization was ensured. Station NR8 (point GRA301) did not record. The
characteristics of the datasets are detailed in Tab. 3.

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 (GRA here)
and 3 digits. Recordings were not corrected from the instrument response.

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

1 2010/07/08 8:55 95min 200Hz 10m 120m 13
2 2010/07/08 11:30 65min 200 Hz 60 m 240m 10

Table 3: Usable datasets.
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4 Array processing

4.1 Methods

Different methods and algorithms were tested and compared.

The first array method we used is based on the high-resolution beam-forming (HRBF). It
was originally proposed by Capon [1969] but developed and applied to vertical recordings of
ambient vibrations by Kind et al. [2005]. We have extended this method to analyze also the
horizontal components [Fih et al., 2008]. Ambient noise consists mostly of surface-waves, and
surface-waves are dispersive. This means that wave-packages with different frequency content
are propagating with different velocities. In general, subarrays with different apertures are set
up for the measurement to optimize the resolution in a certain frequency band. Small apertures
are used to resolve the shallow part of a structure, and by increasing the aperture, deeper and
deeper structures can be investigated. The final dispersion curve over a wide frequency range is
then composed of the parts obtained by the different subarrays. The limits of each subarray are
given by the aliasing at high frequencies and the loss of resolution at low frequencies.

Ellipticity of Rayleigh waves was shown to be useful additional constrain for the inversion
of dispersion curves [Fih et al., 2003]. The estimate of ellipticity by f-k method (array method)
was introduced by Poggi and Fih [2010]. It is based on the assumption that a peak in the f-k
cross-spectrum obtained from horizontal (radial-polarized) and vertical components of motion
must be representative of the signal power of a particular Rayleigh wave mode. Thus the relative
frequency-dependent surface displacement ratio can be calculated for each mode separately,
once the mode-correspondent dispersion curve is identified on the f-k plane.

In the wavelet-based method of ellipticity estimation, the time-frequency representations of
the vertical and both horizontal components are computed using continuous wavelet transform
(CWT). In contrast to Love waves, Rayleigh waves will have an energy maximum on the ver-
tical component. Therefore, to extract mostly Rayleigh waves, the absolute value of the CWT
for the vertical component is scanned for all maxima. For each maximum identified on the
time axis, the value of horizontal component wavelet coefficient is picked with a delay of one
quarter of period. That is the theoretical delay between vertical and horizontal components for
a Rayleigh wave. It can be positive (prograde particle motion) or negative (retrograde particle
motion). The ratio between horizontal and vertical values is saved for each maximum found on
the vertical component. Ratios are analyzed statistically, and the whole process is repeated for
all frequencies, so the ellipticity of fundamental Rayleigh wave is estimated. We apply a method
that was developed during the European project NERIES (Network of Research Infrastructures
for European Seismology) joint research activity JRA4 [Fih et al., 2009].

4.2 Results

FK processing results in quite peculiar result for this array (Fig. 4). Picked Love dispersion
curve follows Rayleigh dispersion curve. Since other two array measurements were performed
close by (see Fig. 3), joint interpretation of dispersion curve might bring more insight (see
Fig. 4). The Rayleigh dispersion curves present good agreement among the three arrays. In
particular, the three curves converge to the same low frequency and high frequency asymptotes.
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Therefore we conclude that subsurface composition is very similar at the three sites, just the
depths of the interfaces are likely changing. In case of Love waves, we obtained just band
limited dispersion curves for StN_Array3 and GRA?2, however, they are very well separated
from the Rayleigh DC. This is not the case of the GRA3 array, where the picks at transversal
component are very close to the Rayleigh wave DC. Assuming qualitative match of DC for the
three arrays (as in case of Rayleigh DC) we find the pick from the transversal component of the
GRAZ3 array unreliable, and we do not use it in the inversion.

The H/V curve computed at each array point and compared to the ellipticity extracted from
the 3C FK analysis [Poggi and Fih, 2010] is presented on Fig. 5. They all show a fundamental
frequency peak at 0.7 Hz.
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Resolution limits GRAZ3 - transversal (Poggi)
StN_Array3 - RQ =— GRA3 - vertical (Poggi)
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Figure 4: A complete set of dispersion curves (DC) for Graechen area
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Figure 5: A complete set of ellipticity curves (H/V) for the array
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5 Inversion and interpretation

5.1 Inversion

For the inversion we used “dinver”, implemented within the GEOPSY software package (http:
/ /www.geopsy .orqg). Dinver is using the Conditional Neighbourhood Algorithm for solv-
ing inversion problems [Wathelet, 2008].

A number of joint inversions (Rayleigh DC + ellipticity) was performed (see Fig. 6). It was
hard to fit both DC and ellipticity, thus we tested several different values of the relative weights
(see different rows in Fig. 6). The results are also compared with GRA2 inversion results (Fig. 6,
bottom row). In general, the results are similar — rapid increase of the shear wave velocity in
the first 20 meters (from 300 to 900 m/s), followed by weak gradient (1000 to 2000m/s) down
to 300-400m, and a stronger gradient (potential interface) around the depth of 400m, which is
constrained by the peak in the ellipticity. The GRA3 Rayleigh DC favors slightly faster middle
part of the profile (20-300m), which pushes the deep interface even deeper (>500m). On the
other hand, putting more weight on the ellipticity brings the results closer to the GRA?2 results,
which are quite well constrained (good fit for all Rayleigh, Love DC and Rayleigh ellipticity
— see Fig. 6). To conclude, the uncertainty of the results for the GRA3 array is quite large
compared to the other two arrays in the area. The final selection of the representative models
covers best 10 models of each inversion (first four rows in Fig. 6), so that 40 models in total.

Velocity down to 200 m remains below 1500 m/s, which is particularly low for rock, and
increases gradually but significantly below this depth. This has to be interpreted in the light of
the deep-seated landslide that has its basement at 200 — 300 m depth in Griachen according to the
geologists [Eichenberger et al., 2010]. Even if the depth of this basement cannot be precisely
seen with the data presented here, it confirms this interpretation.


http://www.geopsy.org
http://www.geopsy.org
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Figure 6: Inversion for the GRA3 array (first four rows), changing the relative weight of the ellipticity. Results for
GRAZ2 are shown in the last row for a comparison.
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Figure 7: V; ground profiles for the selected 40 best models.
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5.2 Travel time average velocities and ground type

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 since the parameter space was not fully explored. V; s, is found to be 576 m/s, that is
associated to type B in the Eurocode 8 [CEN, 2004] and SIA261 [SIA, 2003].

Mean Uncertainty

(m/s) (m/s)

Vs 322 32
Vs, 10 398 22
Vs 20 485 17
Vs 30 576 19
Vs 40 644 22
Vi 50 694 25
Vsi00 878 38
Vsis0 1002 37
Vso00 1094 39

Table 4: Travel time averages at different depths from the inverted models. Uncertainty is given as one standard
deviation from the selected profiles.

5.3 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 dispersion
curves at 2.3 Hz and in the ellipticity curve 0.6 Hz here). The results using this proxy show
that the dispersion curves constrain the profiles down to 90 m and the ellipticity data down
to 700 m (Fig. 8). Moreover, the quarter wavelength impedance-contrast introduced by Poggi
et al. [2012] 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., 2012]. It shows a trough (inverse shows a peak) at
the resonance frequency.

Moreover, 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. 9). In this case,
the models are predicting an increasing amplification with frequency with small amplification
peaks at the resonance frequencies (1 and 2.5 Hz).
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Figure 8: 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 V 3.



16 5 INVERSION AND INTERPRETATION

20

15[

101

Amplification
W

2 4
1 .
0.5
0.5 1 3 4 5 10 15 20
Frequency (Hz)

Figure 9: 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. 8.
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6 Conclusions

The array measurements in Graechen were successful in deriving a velocity model for the site
of the strong motion station SGRA. We found a gradient velocity profile with some sharp inter-
faces. The 20 first meters are a gradient increasing from approximately 250 to 550 m /s made of
moraine according to Dupray et al. [2012]. At this depth, a sharp interface is found with veloci-
ties of the lower layer starting around 900 m/s and increasing with depth with a gradient-shape
up to 2000 m/s at 400 m depth. Finally, the bedrock interface is found at 500 m but it is poorly
constrained as well as the velocity in the bedrock. It corresponds to a fundamental resonance
frequency of 0.7 Hz. V 5 is found to be close to 580 m/s. The EC8 and SIA261 ground types
are B. Recordings on the new station will allow to validate the proposed 1D models.
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