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1) Introduction
Shear wave velocity is the most important material property driving amplification
phenomena during earthquakes. Shear wave velocity profiles are thus needed for
microzonation studies and for the interpretation of recorded earthquake ground
motion. Recordings at seismic stations need to be related to shear wave velocity
profiles in order to reduce uncertainties in regional ground motion prediction equation
(GMPE), and a reference velocity profile has to be defined for seismic hazard maps
and site specific uniform hazard spectra. Vs30 will not be sufficient in future hazard
products because it cannot be related to frequency dependant amplification of the
seismic wave.
The S-wave velocity structure at a specific site can be obtained through active in-situ
measurements such as S-wave seismic, surface-wave measurements with arrays, and
down-hole and cross-hole techniques. Of special interest are passive methods that are
based on ambient vibrations or micro-tremors. These methods can be applied in urban
areas where in general it is not possible to carry out active measurements due to the
lack of space for the experimental setup or the impossibility to use explosion sources.
Ambient-vibration array methods were established by Horike (1985) after the
pioneering work done by Aki (1957). These methods make use of the properties of
surface waves, and allow the determination of shear-wave velocity profiles from the
inversions of dispersion curves. The use of ambient noise recordings is indeed very
appealing: it is non-invasive and well suited for dense urban environments, the
required equipment (sensitive seismometers and data acquisition systems) is available
at affordable cost, and the processing techniques have been the topic of many
developments in recent years. However, the wide variety of processing techniques
(from very simple to highly sophisticated), and the existence of different
interpretation viewpoints (for instance on the use of H/V information: frequency only
or frequency + amplitude) results in legitimate questions and doubts in both
geotechnical and end user communities.
A series of investigations has been launched over the last decade at national level and
in Europe in order to explore the actual capabilities of noise-based techniques in view
of deriving quantitative information on site amplification. This has been achieved
mainly within the framework of two European projects: SESAME (Site Effects
aSsessment from AMbient noisE, a FP5 project, n°EVG1-CT-2000-00026, 20012004) and NERIES - JRA4 (NEtwork of Research Infrastructures for European
Seismology, a FP6 project, 2006-2010). This report outlines the main
recommendations resulting from a series of methodological, hardware and software
developments carried out within the framework of the NERIES project. The base idea
is to deploy temporary small aperture, high sensitivity seismological arrays, to record
the ambient vibrations, to extract the dispersion characteristics of surface waves including ellipticity of Rayleigh waves-, from which to derive velocity profiles or
average velocity values. Ambient vibration measurements may also be complemented
with active measurements (MASW type) allowing a better resolution of very shallow
layers.
A user-friendly, multi-platform software has been developed (http://www.geopsy.org).
It includes a large number of functionalities and proved to be robust and reliable when
used by properly trained persons. The most tricky part is the inversion step. Tests have
been performed on a representative though limited set of sites, spanning from stiff to
soft, and thick to shallow, for most of which borehole velocity measurements were
available.

2) To get started with ambient vibration array techniques
Ambient vibration array analysis is a specialist task and should not be applied in a
black box mode. It needs adapted instrumentation, a careful planning of the
experiments, and experience in the interpretation of the dispersion curves. Results
from inversions are non-unique. This therefore requires careful comparison with the
geological information available for the site of interest.

3) Instrumentation
The target is to perform synchronous recordings of ambient vibrations on 10 m to 1-2
km wide arrays within urban environments. For that purpose, seismological stations
made of a data-logger and one or more seismic sensors are necessary. The more
sensors used, the better the results of array processing. A minimum number of 4
sensors is necessary for applying classical array techniques (f-k, SPAC). However
there is no general agreement on the minimum number of sensors that assure a useful
result. Recent studies either exploit theoretical symmetry of source site and receiver
pair azimuth differences for two-station SPAC (e.g. Aki, 1957) or interpret two-station
long-term correlations as Green's function between receivers (e.g. Campillo and Paul,
2003; Shapiro and Campillo, 2004). Difficulties may arise from the theoretically
required diffusivity of the ambient vibration wavefield that is not observed in practice.
The use of a single recording station able to acquire several sensors simultaneously is
possible but the array aperture and the possible geometries of the set-up will be
limited by the cable lengths (arrays smaller than 100m). Nowadays, the most common
practice is the use of independent seismological stations synchronized by GPS.
An advance has been made on the use of recording equipment augmented with
wireless communication facilities. This concept allows for in-field visualization and
processing of the recorded data stream. The near real-time data processing is mostly
advantageous for in-situ control of recording conditions. It enables the user to prevent
setting sensors close to disturbances and to optimise the array geometry and recording
time (see also Ohrnberger et al., 2010).
The influence of instrumentation on ambient vibration recordings in general has been
studied by Guillier et al. (2008).

3.1 Sensors
Due to the low energy content, special equipment is necessary to correctly acquire
ambient noise. Regarding the sensors, it is recommended to use sensitive
velocimeters, with reliable and well-known instrument characteristics. It is not
recommended that measurements be performed using accelerometers, as they are
generally not sensitive enough for this purpose, especially at low frequencies. As well,
the use of geophones, i.e. velocimeters with a cut-off frequency of 4.5Hz or more, is
not recommended. Processing noise data at frequencies below the eigen-frequency of
the sensor should be avoided if possible. The correction for the instrument response is
possible, but requires proper and accurate calibration information for each
sensor/digitizer pair and may be therefore difficult in practice.
For array measurements it is of utmost importance to take care of the phase response
of the sensor. Even minor calibration uncertainties (few percent error in the
instrument constants) may lead to non-tolerable 'fake' phase delay times around the

corner frequency of the sensor. For this reason, when long periods waves are studied,
it is mandatory to use broadband seismometers that, however, require a long
stabilization time and thus may be not the optimal choice for short-term experiments
in urban environments.
In case of array measurement, the use of different sensor types should be avoided for
a similar reason. Only, if a proper sensor calibration is available, the instrument
response can be corrected for each sensor before further processing. Sensor stability
should therefore be tested in regular time intervals, e.g. by performing a "huddle
test", during which seismometers are placed very close to each other. This allows also
to detect the malfunctioning of sensors and recorders, and, if different sensor types are
used, to check that the plus/minus definition of the two horizontal components (e.g.
positive is in North and East direction) and vertical component (e.g. positive is updirection) is the same. A homogeneous set of sensors will make the work easier and
prevents any error introduced by the different wiring in the sensors.
The final remarks relate to cables and connectors. Most of times, measurements are
performed in difficult and unfavourable environmental conditions. Consequently, it is
strongly suggested to use good quality cables and hermetic connectors.
Electromagnetic shielding is a mandatory feature, since electrical disturbances can be
experienced, especially when using long cables and extensions. See also the Sensor
set-up paragraph in the next section.

3.2 Acquisition system
The acquisition system basically consists of a single device that includes a preamplifier/filter module (plus some impedance matching components), an ADC (or
analog-to-digital converter) and a storage unit. The pre-amplifier/filter section is
necessary to remove the frequencies above the Nyquist limits before digitization. The
ADC transforms the analogue signal (Voltage) into a digital representation. It can be
fully characterized by three main properties: input voltage range, digital resolution
and sampling rate. Input range (in Volts) and digital resolution (in bits) basically
control the accuracy with which the amplitude of signal will be acquired. Both values
together define the discretization of the input voltage for one count, i.e. the least
significant bit (LSB). The input voltage range needs to match the expected output
voltage range of the connected sensors. If not selected properly, you might get clipped
signals or might loose most of the available dynamic range of the equipment. Large
input voltage dynamic range and high resolution (24+ bits) lead to better
representation of both large and small signals. In pure ambient vibration measurement
campaigns for site characterization, weak to moderate motion amplitudes are
expected. Most important for the quality of recordings is thus an appropriate size of
the LSB. LSB values should be in the order of microV/count for standard
velocimeters with generator constants between 100 to 3000 Vs/m. Common
resolutions for modern seismic data-logger and seismological stations are between 16
and 32 bits.
The sampling rate, complementary, controls the resolution in time of the digitization
process and is defined as the number of discrete samples that an ADC can acquire in
the unit of time. The sampling rate is commonly selectable in most ADC, with a
maximum level that controls the highest frequency that the instrument can record. In
case of ambient noise measurements, a sampling rate of 100Hz is suggested. Finally,
the storage units save the digital signal on a physical support unit (magnetic disks,
solid state memory, etc.) to be accessed afterwards. Ambient noise recordings are very
often of medium duration (hours), and consequently the storage capacity is generally

not an issue with current available products.

3.3 Time synchronization
In case of array processing, recordings must be synchronized between stations, since
phase delays are computed. Synchronization can be achieved in different ways. Via
direct connection between devices, via radio link or, most commonly, using the
Global Positioning System (GPS or NAVSTAR GPS). We will discuss here only the
latter as most appropriate option. The GPS synchronization bases on the acquisition of
a clock signal that is transmitted from a number of satellites. This yields to a high
accuracy, but has the disadvantage of requiring that the satellites are “visible” from
the station antenna. This might be problematic in urban areas or within forests.
Depending on the hardware, seismic stations usually require a certain amount of time
to synchronize through GPS. Most of the modern stations have the possibility, once
synchronized, to work without the GPS reference signal using the internal clock. This
situation, if possible, should be avoided, since the accuracy of the internal clock might
not be sufficient for long recording times. The occurrence of time drifts in that case is
a critical issue for array processing.

4) Measurement set-up
4.1 Experimental conditions - preliminary check
Before performing the field measurements, it is recommended to check the
availability of any geological, geotechnical and geophysical information of the studyarea. Above all, information about the shallower structure has to be obtained, like
types of local geological formations, soil classes and morphology. Subsequently, deep
structure information from former, direct (boreholes) or indirect (seismic, geo-electric
or magnetic) measurements has to be considered. This includes the probable range of
S-wave velocities, presence of water tables and the depth of the bedrock. The
assumption of one-dimensionality of the investigated area, required by the method,
must be checked and the absence of 2D or 3D phenomena should be verified (see
chapter 5.1.3).
The measurement location has to be carefully defined (Chatelain et al., 2008). In case
of single station measurements, no special requirements are necessary, with the
exception of the selection of good ground coupling conditions (see paragraph 4.2) and
the low level of disturbances. In case of array acquisition, however, the choice might
be more complex. First of all, the investigated area has to be wide enough to cover the
whole array aperture that is selected in relation to the depth to be investigated (see
paragraph 6.1). Then, the possible geometrical configurations of the sensors have to
be considered. This is important, since the array geometry primarily affects the
presence of side-lobe aliases in the array response, which might lead to degradation in
the f-k spectrum. In urban environments, most of the times, the arrangement of
buildings guides the selection of the geometry to be used. GPS connectivity might be
sometimes problematic, due to obstacles like trees and surrounding buildings.
The average level of anthropogenic noise and presence of strong local sources has to
be checked carefully. Especially in the case of array processing, it might be worth to
perform a preliminary quality control by means of single station measurements.
Powerful and coherent noise sources located within the array should be avoided
because they destroy the useful information.

4.2 Sensor set-up
In order to correctly record the noise signal, the coupling between the sensor and the
soil has to be assured. Quality of coupling depends on two concurring factors. The
first one, most important, is related to the ground type. The second concerns the
sensor support. Regarding the ground type, stiff and/or well-compacted materials (like
rock or cemented gravel) provide a very good coupling to the sensor. In case of
artificial ground cover (like concrete and asphalt), some minor effect induced by
reverberation of waves can be experienced. Such effects have an influence on high
frequencies (>10Hz, depending on the thickness). It should be verified if it influences
the frequency band of interest, and a test measurement is then suggested for
evaluation. Conversely, soft and irregular soils, like mud, loose gravel and ploughed
agricultural soil, should be handled with more attention. In such cases, a good practice
consists in removing, by mean of digging, the uppermost soil cover until the
satisfactory level of compaction is reached.
Regarding the sensor support, an additional artificial interface between sensor and
ground may sometimes be useful to guarantee a good soil-sensor coupling. This is the
case when a rugged topography is present, like on a steep slope or a pebbly soil
surface. The simplest artificial interface can consist in a pile of sand or in a plastic
container filled with sand. The disadvantage stays in the difficult transportation of
such devices. Most commonly, the use of a metal plates or special leveling devices
(e.g., triedrons) in between the sensor and the ground is advantageous and generally
does not modify the result. In such case, however, some tests have to be performed
before doing the recordings, in order to examine a possible influence of the chosen
interface. As a general rule, avoid any soft, weak or non-cohesive materials such as
foam-rubber, cardboard and gravel (whether in a container or not) to help setting up
the sensor.
Other than the ground type and condition, external concurring factors have to be
considered carefully, such as presence of grass, snow or ice. In general, grass by itself
does not affect the results, provided that the sensor is firmly coupled to the ground.
However, folded grass under and surrounding the sensor has to be avoided, especially
in situation with strong wind, where perturbations can be transmitted to the device. In
such situations it is strongly suggested to cut and remove the grass excess along the
installation area. Snow and ice, as well, do not influence the recordings directly, but
the melting due to temperature variation (in the environment or induced by active
sensor heating) can produce some tilting. To avoid this, adequate protections have to
be used (e.g., plastic or metallic box, blanket...). Protections against people should
also be organized like simple explanation sheets, colored flags, signalization triangle
and/or plastic boxes.
Positioning of the sensor is an important issue. Its importance is often underestimated.
To correctly operate, sensors should be leveled horizontally, with the help of a spirit
level (usually integrated in the device). In case of three components sensor, moreover,
a reference horizontal direction must be defined, in order be able to reconstruct the
motion afterwards. North direction is commonly used for this purpose, being easily
detectable in the field using a magnetic compass. To process the horizontal
components with array techniques (e.g., processing Love wave dispersion), the error
in orienting the sensor should be kept lower than about 5-10°.
Array techniques also require an accurate measure of the relative sensor position, that
is conversely not crucial in single station measurements. The position of all stations
needs to be defined with respect to a reference station (generally in the center of the
array), while absolute geographical information is not necessary. The level of

accuracy required, however, strongly depends on the array geometry. As an empirical
rule, location precision should be better than 5% of the smallest inter-distance
between sensors. In case of very large arrays (diameters in the order of more than 300
m) this can be achieved simply using a good quality stand-alone GPS or even a high
resolution Google satellite image. Time-averaging improves the result, since accuracy
increases with the larger number of time stamps, collected over large time windows.
For small array, on the opposite, this level of accuracy can be achieved using a
theodolite, a Differential GPS or simply tapes (accurate for short distances with a
clear line of sight, less than 50 meters).
4.3 Recording duration
As will be explained in more detail in the following chapters, ambient noise is a
stochastic process and consequently has to be analyzed statistically. This can be done
by mean of dividing the recorded traces in several time windows of defined duration.
For each window, the processing provides a single output result. Results from all
windows are then analyzed to obtain a more robust estimate and assess the local
uncertainties. Consequently, the total duration of the recording depends on the
window length and the number of windows used for the statistics. The window length
is mostly related to the frequency band of interest. It is clear that the lower are the
frequencies to investigate, the larger will be the length of the time window. In general,
a single window is commensurate to include several wave cycles of the lowest
frequency to be processed. A common number of cycles should vary between 10 and
40, depending on the technique that will be used for analysis. The choice of the
number of windows to record is more subjective. Generally it is a compromise
between how accurate the statistics should be, and how much time is available for the
field measurement. Roughly speaking, a number of windows not less than 100 is
suggested.

fmin
[Hz]

Recommended minimum
record duration [min]

0.2
0.5
1
2
5
10

240'
120'
60'
30'
20'
20'

Table 1. Example of recording duration with respect to minimum analysed frequency.

As a practical example we can consider the case where frequencies between 2 and 10
Hz have to be investigated. The maximum duration of a single window will be
approximately 20 s (40 cycles at 2Hz). For a minimum number of 100 windows, the
total record will be then around 33 minutes. Clearly, this is just the minimum
requirement, but longer durations might be necessary if special algorithms are used
(e.g. window block averaging) or in case of transient disturbances. This last point is
important, since high-energy impulsive disturbance can strongly deviate the results,
and some criteria of window selection (e.g. anti-triggering procedures) might be

necessary. Sometimes, additional recording duration must be included, e.g. if the
sensor requires a stabilization period (typical case of long-period acquisition systems).
This information is provided by the manufacturer. Also the digitizers may require
some warm-up time, usually between 2 to 10 minutes, sufficient for most instruments
to assure that the baseline is more or less stable. This later delay can be skipped if a
proper high pass filter is applied before cutting signals into processing time windows.
Users are encouraged to test instrument stability before use.
4.4 Check for disturbances
4.4.1 Nearby structures
Users are advised that recording near structures such as buildings, trees, etc., may
influence the results. There are evidences that these oscillating structures back-radiate
energy in the ground at their resonance frequencies especially in the horizontal
directions. This phenomenon is known as “soil-structure interaction” (SSI) and comes
from the fact that building foundation and soil are not perfectly rigidly connected,
except in the case of foundation on rock. The amplitude of these vibrations depends
on the distance from the structure (attenuation), the structural fundamental frequency
(lower frequencies are less attenuated in the ground, higher frequencies increase SSI),
structural mass (heavier structure are likely to show more SSI), the ground properties
(lower shear-wave velocity increase SSI), vibration amplitude of the structure (that
varies with ground shaking and wind). It is therefore impossible to predict the
influence of nearby structure on data but their influence should be systematically
minimized. Moreover, the presence of frequency peaks in data due to nearby
structures must be systematically checked and interpreted. Eventually, short
recordings at the top of the incriminated structure may confirm the origin of observed
peaks.
For these reasons sensors should possibly not be installed close to trees and buildings.
It is also strongly recommended to avoid measuring above underground structures
such as car parks, pipes, sewer lids, etc.. These structures may significantly alter the
amplitude of the ground motion.
4.4.2 Weather conditions
Wind probably has the most important influence and it is suggested to avoid
measurements during windy days. Even a slight wind (approx. 5m/s) may strongly
influence the results by introducing large perturbations in the ambient vibrations not
only at low frequencies below 1Hz (Cara et al., 2003; Withers et al., 1996; Gorbatikov
et al. 2004; Mucciarelli et al., 2005). Measurements during heavy rain should also be
avoided (De Angelis, 2008), while slight rain has no noticeable influence on results.
Extreme temperatures should be treated with care, following the manufacturer's
recommendations for the sensor and recorder. Tests should be made by comparing
night / day or sun / shadow measurements. Low-pressure meteorological events
generally raise the low frequency content. If the measurements cannot be delayed, the
occurrence of such events should be noted on the measurement field sheet.
4.4.3 Anthropogenic influence
No influence from high voltage cables has been noticed as long as appropriate
equipment is used. However a check for disturbances related to frequency of the

power supply network should be performed (e.g. 50Hz). All kinds of short-duration
local sources (footsteps, car, train,...) can disturb the results. The distance of influence
depends on the energy of the source, on the soil conditions, etc., therefore it is not
possible to give general minimum distance values. Strong sources should be avoided
within the array. Users are encouraged to check recorded time series in the field when
they perform measurements in a noisy environment. Measurements during night times
generally improve the results in urban areas.
As introduced, short-duration disturbances of the signal can be avoided during the
analysis by using an anti-trigger window selection to remove the transients. It is also
advised to avoid measurements near monochromatic sources such as construction
machines, industrial machines, pumps, etc. The recording team should not keep its car
engine running during recordings.

5) Noise processing
5.1 Single station methods: H/V ratios
Among microtremor methods, single station H/V spectral ratio (e.g. Nakamura, 1989)
is probably the most simple and widely used. This is due to the fact that it can provide
useful information about the soil structure, like the fundamental frequency of
resonance, in a fast and cost effective way (e.g. Tokimatsu, 1997; Bard, 1998;
Bonnefoy-Claudet et al., 2006a). This technique has been investigated during the
European research project SESAME (Contract. No. EVG1-CT-2000-00026) and the
user is recommended to study the specific recommendations provided on the project
WEB-page (http://sesame-fp5.obs.ujf-grenoble.fr). Guidelines for single station
ambient vibration measurements were developed and quality requirements defined. A
software was made available including a user manual. All tools are included in the
multi-platform software that has been developed within the NERIES project
(http://www.geopsy.org).
The implementation of H/V spectral ratio is rather simple. Fourier amplitude spectra
are computed on the three components recording of ambient noise. The two horizontal
components are usually combined together, in the time or frequency domain, using
vector composition or some type of averaging (arithmetic, geometric or quadratic
mean). Finally, the ratio between the horizontal and the vertical spectra is performed.
This basic approach can however be extended and refined, introducing more complex
procedures, like the signal windowing to improve the final statistic, or the polarization
and time-frequency analysis to isolate and extract specific information from the noise
wave-field (see chapter 5.1.2).
It has been pointed out that the H/V technique alone is not sufficient to characterize
the complexity of site effects and in particular the absolute values of seismic
amplification as a function of frequency. The method has proven to be useful to
estimate the fundamental frequency of soil deposits (Haghshenas et al., 2008).
However, measurements and analysis should be performed with caution. The practical
SESAME guidelines recommend procedures for field experiment design, data
processing and interpretation of the results for the implementation of the H/V spectral
ratio technique. The recommendations given are the result of a consensus reached by
the participants of the SESAME project, and are based on comprehensive and detailed
research work conducted during three years. The main recommended application of
the H/V technique in microzonation studies is to map the fundamental frequency of

the site, and to help constrain the geological and geotechnical models used for
numerical computations.
The interpretation of the H/V spectral ratio is strongly related to the composition of
the seismic wave-field responsible for the ambient vibrations, which in turn is
dependent both on the sources of these vibrations, and on the underground structure.
For 1D media, H/V spectral ratios are nowadays interpreted as the result of surface
wave propagation (Rayleigh and Love waves, fundamental or higher modes), with a
significant contribution of body waves at sites exhibiting moderate to low impedance
contrast between the sediment cover and the seismic bedrock (Bonnefoy-Claudet et al,
2006a; Koehler et al., 2006; Endrun et al., 2010). For sites with a high impedance
contrast, the typical shape of an H/V curve appears to be mainly influenced by the
ellipticity function of Rayleigh waves (the fundamental mode, but sometimes higher
modes can be important, e.g. Yamanaka et al., 1994) and Love waves. Separating the
different wave contributions is not an easy task. However, special techniques (see
chapter 5.1.2) allow the extraction of the ellipticity of the fundamental mode Rayleigh
wave.
The ellipticity information can then be used in inversion procedure to estimate the
local 1D shear-wave velocity profile. Yamanaka et al. (1994), Satoh et al. (2001), Arai
and Tokimatsu (2004), and Parolai et al. (2005, 2006) applied this approach to deep
sedimentary basins, while Fäh et al. (2001, 2003) used it also for shallow sites.

5.1.1 Fundamental frequency of resonance
The estimation of the SH fundamental frequency of resonance f0 is generally
straightforward. One of the most important outcomes of numerical simulations
performed within the SESAME project was that despite the fact that the H/V peak
may have several origins (Rayleigh waves ellipticity, Love waves Airy phase, or the
S-wave resonance) depending on the site velocity structure and noise source locations,
the peak frequency derived from H/V curves always gives a very satisfactory estimate
of the fundamental resonance frequency (for a 1D sedimentary structure) (BonnefoyClaudet et al, 2006). This finding is corroborated by the comparison of H/V peak
frequency and actual site resonance frequency derived from earthquake measurements
at more than 100 different sites (Haghshenas et al., 2008). Conversely, both numerical
simulations and real data analysis showed the failing of this H/V method to provide
the site amplification factor. The amplitude of the H/V spectral ratio at the
fundamental frequency f0 is only a qualitative indicator for the S-wave velocity
contrast between bedrock and sediments, and provides some information on the
severity of possible resonance effects during earthquakes. The higher the amplitudes
the larger is the velocity contrast. However, the amplitude of the H/V ratio depends
not only on the velocity contrast but also on the source-depth distribution and sourcedistance distribution. By knowing the fundamental frequency of resonance, we also
qualitatively know the expected amplification as function of frequency: The expected
amplification is generally large at the fundamental frequency of resonance and might
be significant for the frequency range above, but absent in the frequency range below
about f0/2.
Due to the extreme simplicity in implementing such technique, the f0 value can be
mapped over large areas in relatively short time. This is useful in seismic
microzonation to identify regions of potential amplification of the seismic input
motion or any soil-structure interaction phenomena.
Additionally, if some estimate of the average S-wave velocity is available and
assuming one-dimensionality of the soil structure, f0 can be used to compute the

approximate depth corresponding to the larger contrast of seismic impedance at depth
(generally the interface between soft sediments and the bedrock). This can be done
using this simplified equation:
z=

Vs Layer
SH

4 f0

where the soil structure is approximated by a single layer over an elastic half space.
However, more complex models can also be used, if more detailed information is
available. For complex S-wave velocity profile, the travel-time based estimate, or
even better the simplified version of the Rayleigh procedure (Dobry et al., 1976),
should be used to estimate average S-wave velocity.
5.1.2 Ellipticity information
Two single-station methods were proposed during the NERIES project to extract the
ellipticity of Ralyeigh waves from ambient vibrations recordings. The first method is
based on time-frequency analysis with continuous wavelet transform. It has been
integrated in the software package (http://www.geopsy.org). This development was
initiated during the SESAME project. It reduces the SH-wave influence by identifying
P-SV wavelets along the signal and computing the spectral ratio from these wavelets
only. The second method is the "RAYDEC" technique (Hobiger et al., 2009) that is
basically looking for the optimal cross-correlation between the vertical motion and
one direction of horizontal component provided that vertical and horizontal
components exhibit a 90° phase shift. Tests on synthetic noise with both single station
methods proved to be very encouraging, with resulting ellipticity estimates much
closer to the theoretical ones than the raw H/V curves. Reliable results were obtained
for the right flank of the H/V curve, between the first peak at the fundamental
frequency of resonance and the first trough at higher frequency. Automatic processing
was very successful and is therefore recommended. Longer signals produced better
results. A recording duration of about 30 minutes is generally sufficient if the
analyzed frequency band is above 1Hz. For the frequency band below 1 Hz, we
recommend using longer time windows. .
For array recordings of ambient vibrations, there are two ways to retrieve ellipticity
information. Such techniques were developed within the NERIES project. The first
strategy to derive ellipticity curves considers a reduction factor that accounts for the
correct Rayleigh/Love proportion ratio. The ratio is a function of frequency and is
derived from three-component SPAC analysis (Köhler et al., 2007). A combination
with the H/V curve computed by the classical method (simple spectral ratios) should
produce a good estimated ellipticity of Rayleigh waves. The reliability of such a
method is still to be proved.
The second strategy proposed by Poggi and Fäh (2010) is using high-resolution
frequency-wavenumber array analysis. The technique is applied to the three
components of motion and is based on the assumption that amplitude maxima in the fk cross-spectrum must represent the true power amplitude of the corresponding signal.
In the case of Rayleigh waves, therefore, the ratio between maxima obtained from the
horizontal (radial-polarized) and vertical components of motion will also represent the
frequency-dependent ellipticity function. Consequently, if the Rayleigh dispersion
curves of the different modes can be identified on the f-k plane, then the
corresponding modal ellipticity patterns can also be separated and extracted. This
second method also offers the possibility of estimating the Rayleigh/Love ratio.

Testing all these single-station and array methods in real cases is part of on-going
research.
5.1.3 Testing the 1D assumption
The approximation of horizontal layering is a condition for the inversion of dispersion
curves obtained from array methods. We consider here sites for which at least one of
the interfaces with significant impedance contrast exhibits steep slopes (i.e., larger
than around 10°, this value being however only indicative). Such sites are therefore
either "transition" zones between areas with more or less horizontal layering, or
deeply embanked valleys and basins having a large thickness to width ratio (typically,
larger than 0.2).
The hypothesis of the 1D medium needs to be verified by comparing the H/V spectral
ratio of the central station of the array with those of the other stations. H/V ratios
need to be similar within the array. However, an identified resonance frequency and
similar H/V ratios can also be due to 2D or 3D resonances caused by the valley shape
and the shear wave velocities in the sediment fill (e.g. Roten et al., 2006). In the case
of 2-D resonance the resonance frequency is the same across the whole valley (Bard
& Bouchon 1985; King & Tucker 1984; Tucker & King 1984; Kagami et al. 1982). As
Bard & Bouchon (1985) demonstrated, the 2D fundamental frequencies of SH and SV
waves are slightly above 1D resonance frequency for shallow valleys and increase
with increasing thickness to width ratio. The frequencies observed in the case of 2D
resonance can, therefore, not be explained with 1D analysis of the sediment fill. When
the shear-wave velocity profile and geometry of the sediments-bedrock interface can
be estimated, the possibility of 2D resonance effects can also be investigated (Figure
1). Bard & Bouchon (1985) provide simple equations to estimate the 2D resonance
frequency for 2D valley shapes.

Figure 1. Critical equivalent shape ratio for the SH case as a function of velocity
contrast and shape ratios of the investigated sites in the Rhone valley in the Swiss
Alps for a range of estimated velocity contrasts (from Roten and Fäh, 2007).

2D and 3D resonance can also be recognized by the directionality of the azimuthal
H/V spectral ratio. 2D resonance can be identified by comparing H/V directionality at
different stations with the shape of the sedimentary basin (Burjanek et al., 2010). In
the 2D case the directions of SH- and SV-resonances are oriented along and
perpendicular to the main valley axis. Depending on the mode of eigen-vibration, inphase or anti-phase motion between the stations of an array is expected close to the
resonance frequencies (Roten et al., 2006). This can be tested through crosscorrelation of each signal against the signal at a reference position. The simplest case
is the SH fundamental mode 2D resonance that shows an in-phase pattern for all
stations. f-k analysis can also be applied in order to distinguish between horizontally
propagating surface waves and standing waves caused by 2D resonance (Roten et al.,
2006). 2D resonance produces standing waves that are characterized by very high
phase velocities in the f-k representation close to the fundamental frequencies of
resonance.
The identification of 3D resonance is more difficult and often caused by strong
variations of the bedrock-sediment interface, which cannot be recognized from the
surface. 3D resonance might be identified from measurements, when on the one hand
H/V spectral ratios show a clear stable peak at all array stations, indicating a surface
layer with low S-wave velocities, and when on the other hand array measurements
identify phase velocity curves with high velocities. An example of such kind of results
is given in Fritsche & Fäh (2010) for a site with particular high damage during a past
earthquake.
Numerous geophysical techniques allow 2D or 3D imaging of the subsurface, among
which the most widespread are the seismic, geoelectric and gravimetric techniques.
Our focus is on the shear wave velocity of the subsurface, and NERIES - JRA4 with
its deliverable D5 proposes a set of seismic techniques and strategies for site 2D/3D
characterization. Focus is on the sensitivity to seismic S-wave contrasts that may not
correspond to contrasts in other physical properties.

5.2 Array techniques
All the array techniques basically perform some phase-delay analysis (in time or
frequency domain) of the wave-field between the different sensor locations, to
provide an estimate of the apparent horizontal velocity of propagation. In case of
ambient vibrations, the apparent horizontal velocity of propagation is in narrow
frequency bands and is interpreted as surface-wave phase velocity. Frequency
dependent phase velocity is observed, called dispersion. Array techniques can be
summarized in two main categories: the frequency-wavenumber methods (F-K) and
the spatial auto-correlation techniques (SPAC). In the first category fall several
approaches like beam-forming (Lacoss et al., 1969), high-resolution beamforming
(Capon, 1969) and the MUSIC derived algorithms (Goldstein, 1987). F-K can be
thought as a 3D-Fourier transform of the seismic wave-field (two spatial and one
temporal dimension). The HRFK uses adaptive filters (sensor weighting schemes) to
improve the resolution. The SPAC techniques (Aki, 1957), conversely, base on the
analysis of the correlation functions between noise recordings at different locations.
5.2.1 Classical beamforming
FK analysis can be thought as a three-dimensional Fourier transform (from the spatial
domain composed of time, x coordinate, y coordinate) to the frequency domain
(composed of temporal frequency, x wavenumber, y wavenumber). With the FK

technique, the power of a signal crossing the array with a given velocity and direction
is estimated. Velocity of the signal and direction of arrival are unambiguously linked
with temporal frequency, x and y wavenumber. Another possible way to interpret FK
analysis is viewing it as delay-and-sum beamforming. Signals from each sensor are
delayed according to direction of arrival, velocity, and sensor position. The delayed
signals are then stacked together in order to increase the signal to noise ratio (SNR).
At a given frequency (narrow frequency band), it is possible to visualize the result of
FK analysis in the x - y wavenumber plane. It is possible to map the power of
incoming signals distributed in the x-y plane and infer velocities and direction of
arrivals (Figure 2, left part).
FK analysis is repeated at several frequencies, and at each frequency the signal with
maximum power is picked and velocity is inferred as explained in the caption of
Figure 2. By plotting the velocity versus frequency the dispersive behaviour of the
signals of interest is captured. In order to achieve better results several time windows
of the signals are analysed. In this way, for every frequency multiple estimates of the
signal velocity are available (each one corresponding to each time window), and the
final result is improved. As a rule of thumb, time windows should contain between 30
and 50 full cycles of the period (1/f) of interest.
A limitation of the FK technique is the inability to resolve signals with wavenumber
differences smaller than k min . The consequence of this limit is found by analysing the
dispersion curve at low frequency (where typically wavenumbers are small and thus
signals propagating in different directions are located very close in the wavenumber
plane). For this situation, velocities are typically overestimated by the FK technique.
Another limitation of the method is found when two modes are too close and the
method is not able to distinguish between them. This leads to a merging of the two
modes and an erroneous interpretation of the real dispersion curve.

Figure 2. The figure shows how the power of the signals recorded by the array is
distributed on the x-y wavenumber plane. Left side: classical beamforming; right
side: high-resolution beamforming. The figure refers to analysis at a specific
frequency. Maxima of this picture correspond to plane wavefronts propagating
through the array. From each maximum it is possible to associate the wavenumber as
the distance of the maximum from the center and the direction of arrival as azimuth of
the maximum. Velocity is readily computed since wavenumber and frequency are
known.

5.2.2 High resolution beamforming
The HRFK is very much related with the FK technique. HRFK is an adaptive
technique where a filter is computed in order to decrease spectral leakage in the x
wavenumber - y wavenumber domain. Compared to FK, it is typically possible to
more accurately localize the signal in the x wavenumber - y wavenumber plane
(Figure 2, right). HRFK is not limited at small wavenumbers to the same extent as
FK, this limit is typically lower but cannot be defined theoretically. HRFK requires
the inversion of the covariance matrix of the data. This inversion can be inaccurate, or
not possible at all, when the covariance matrix is singular or close to singular.

5.2.3 Spatial Autocorrelation
The SPatial AutoCorrelation techniques SPAC (e.g. Aki, 1957; Bettig et al., 2001)
relies on a stochastic ambient noise wavefield stationary in both time and space.
Correlation coefficient between pairs of stations are estimated and compared to
theoretical ones. SPAC is not affected by the limitation at small wavenumber as FK,
and can bring significantly superior results especially at low frequency (small wavenumbers). However, SPAC requires noise sources to be distributed uniformly all
around the array, in presence of a strongly directional wave-field SPAC will not lead
to satisfactory results. It is important to note that f-k techniques may help to determine
the directionality of wavefields and thus can be used to check the reliability of SPAC
results.

5.2.4 Three components f-k analysis and 3D-SPAC
It is also possible to use the mentioned techniques for all of the three components. By
means of rotating the horizontal components it is possible to analyse radial and
transverse component in addition to the vertical component. From the radial and
vertical components information about Rayleigh waves can be extracted, from the
transverse component about Love waves. The use of FK technique with three
components is proposed in Fäh et al. (2008) while a modification for SPAC to use
three component is found in Köhler et al. (2007). From the analysis of the three
components it is also possible to estimate Rayleigh wave ellipticity (Poggi et al.,
2009).
When performing 3 component FK analysis three dispersion curves are obtained, one
for each component analysed: vertical, radial, and transverse. Vertical and radial
dispersion curves are related to Rayleigh waves while transverse to Love waves. In
theory perfect agreement between vertical and radial dispersion curve is expected.
However it has been noted that in practice there is some disagreement between
vertical and radial component dispersion curves. The reason for such mismatch is due
to the interference between Love and Rayleigh waves on the horizontal components
that cannot be solved with the method. Therefore attention should be paid when
interpreting results, as it is possible that in some frequency bands radial and/or
transverse dispersion curves are unreliable. Vertical component dispersion curves are
not affected from Love wave interference.

5.2.5 Comparison of array techniques

As explained in the earlier paragraph, each technique has advantages and
disadvantages. The ability to resolve signals of FK is limited at small wavenumbers
and in presence of modes that are too close to each other. However, FK has been
proven to be very robust and may be the only viable technique when the others are not
working. The major issue in HRFK is related to the inversion of the covariance
matrix. Therefore HRFK is not always applicable. A major advantage of SPAC is the
ability to investigate lower frequencies, but it is more useful in situation where noise
sources are well known to be equally distributed around the array, while FK and
HRFK work better with strongly and well defined directional sources. In the latter
case, SPAC may be completely unusable. Concerning the identification of higher
modes, it is more problematic using SPAC while FK techniques are more successful
(provided that the modes are separated enough). It is recommended to apply all
techniques and to compare the outcome.

6) Interpretation of results
6.1 Influence of the array geometry
The resolution capabilities of an array can be summarized by the shape of its
beampattern or, in other words, the array response function (Wathelet et al., 2008).
The resolving power of an array (or capability of distinguish between two similar
signals) strongly depends on the number of receivers used for the survey and the
geometry of the array. As a matter of fact, the number of receivers controls the width
of the central lobe in the response function, whose convolution with the input impulse
signal produces the final array power output. It follows that the sharper is this peak
the higher will be the possibility to distinguish between two signals close in the
wavenumber domain. This is often the case where two modes are close to apparent
intersection (at an osculation point; dispersion curves never intersect). In such a case,
if the array has not been correctly designed, distinguishing between modes is
impossible and the f-k analysis will lead to an erroneous signal of the average
properties. This phenomenon is called mode superposition.
There is no general agreement on the minimum number of sensors that assure a useful
result. This depends on the analysis method (e.g. SPAC, BF, HRBF) and, to some
extend, on the site under investigation (level of structural complexity, distribution of
noise sources). Even if some results have been obtained in literature using a relatively
low number of sensor (e.g., 4-6), our recommendation is to use the highest possible
number of sensors, since this will primary control the quality of the final result. High
quality dataset were acquired during NERIES project with a 8-sensor array.
There is not one optimal configuration for array measurements, but each configuration
has some small advantages and disadvantages over others. As a general rule, too
regular configurations have to be avoided, if possible. Such geometries indeed, like
squares or hexagons, produce redundancies on the station inter-distances.
Consequently, this can lead to the presence of high amplitude side-lobes in the beampattern (Figure 3a,b), responsible of aliasing in the final output. The current practice is
to perform random sampling, i.e. positioning seismic sensors in a random fashion as
opposed to a regular grid-like structure (Figure 3c). However, while this is an
effective way to prevent aliasing, it might produce a too irregular azimuth-response of
the array. During JRA4 array measurements, 7 stations were distributed more or less
on a circle around a central station, i.e. as far as constraints at the site due to

buildings, roads etc. permitted.
The output of the elaboration with the different arrays can be reliably interpreted only
within certain limits. Interpretation of results outside these limits is in general not
recommended. The two important parameters defining these limits are directly related
to the array geometry, namely the minimum wavenumber k min and the maximum
wavenumber k max . Their definition is intrinsically linked to the distribution of
distances between stations: k min is linked to the maximum distance between stations
while k max is related to the aliasing, or the minimum distance between stations.
Simple rules often found in the literature are not valid for irregularly shaped arrays.
The preferred definitions for k min and k max includes considerations on the power of
the array response (Wathelet et al., 2008; Asten and Henstridge 1984; Woods and
Lintz, 1973). Real-time processing during JRA4 array measurements used explicit
calculations of the array response (Wathelet et al. 2008), which is possible with the
geopsy software, determined the reliable part of the measured dispersion curve, and
adjusted the array configuration if necessary. Note that, similarly to frequency
−1
−1
(measured in s ) and angular frequency (measured in 2 s ), the wavenumber can
−1
−1
be found in literature measured in m or 2 m . In both cases they are called
simply wavenumber and usually are denoted with k . For a specific frequency f , it
is then possible to define the minimum and maximum resolvable velocities as:
V min =

2 f
k max

[ m s− 1 ] V max=

2 f
[ m s− 1 ]
k min

The dispersion curve obtained from array processing is considered to be reliable
within these two boundaries. It follows that, if a guess of the probable velocity range
exists, the array geometry must be planned accordingly (Figure 4). The k max limit is
valid for every processing technique and defines a limit over which spatial aliasing is
very likely to occur. The first limit k min defines the smallest wavenumber that can be
interpreted reliably with FK analysis. For HRFK this limit is lower and cannot be
computed explicitly because it depends also on the quality of the seismic data. For
SPAC techniques there is, in theory, no lower limit, but using wavenumbers several
times larger than the FK limits is dangerous.
Some considerations are useful to better understand the occurrence of aliasing and, to
some extent, mitigate its impact. Different array geometries will lead in general to a
different aliasing pattern. Therefore if a measurement campaign is repeated at the
same site using a different array geometry, the dispersion curve will appear in the
same location of the velocity / frequency plane (e.g. Endrun et al. 2009), while the
aliasing pattern will be different.

Figure 3. Geometry and theoretical response function (beampattern) for three
example array configurations; grid (a), circular (b) and random (c).

Figure 4. Relation between array resolution limits in the frequency-wavenumber (on
the left) and in the frequency-phase velocity domain (on the right).

6.2 Mode identification and energy content
One of the most problematic issues in array processing of surface waves is the mode
addressing of dispersion curves. In general, there are no strict and unambiguous
criteria to distinguish between fundamental and higher modes. The fundamental
mode, however, is assumed to be the most dominant one in the vast majority of field
works, which is not always fully correct. For this reason, mode addressing should be
carefully done, since mistakes can lead to large deviation in the final result, i.e. the
derived velocity model. The use of any prior geological/geophysical knowledge about
the soil structure might help to constraint the choice on mode number. Sometimes,
several attempts of inversion are necessary, before obtaining a reasonable model
compatible with the local structure.
The existence of higher mode surface waves strongly depends on the velocity
structure and the source depths. When large contrasts of seismic impedance are
present, waves are forced to resonate within the structure and the energy is trapped.
For analogue reasons, buried sources have been identified as the main origin of the
development of higher mode surface waves.
In some cases and some frequency ranges, energy can strongly vary between different
modes. If these modes are close, moreover, there could be situations where the
apparent dispersion curve “jumps” from one mode to the other. It is therefore possible
to interpret a dispersion curve as fundamental mode which in reality is composed of
the fundamental mode below a certain frequency and by the higher mode above that
frequency or vice versa. This misleading result, if not correctly identified, lead to an
erroneous velocity estimation and, in some cases when also higher mode or Love
wave dispersion curves are available, to the impossibility to invert for any realistic
model. A comparison between observed and theoretical dispersion curves is a possible
way to identify such mistake.
Analysis of Rayleigh wave ellipticity can help in the interpretation of dispersion

curves. In the pure theoretical case, when a peak in the ellipticity function of a
specific mode exists, the Rayleigh wave motion for this mode is totally horizontally
polarized. In the corresponding frequency band, consequently, no energy is present on
the vertical component of motion for this mode, and the related dispersion curve, then,
cannot be identified in the f-k plane for this mode. For the fundamental mode, the
ellipticity peak can be detected by mean of single station H/V spectral ratios,
assuming a major contribution of Rayleigh waves in the noise wave-field. Similarly,
the same behaviour can be observed on the horizontal component, when a minimum
of the ellipticity function exists. However, this last is more difficult to identify in H/V
ratios, since the presence of other wave contributions (e.g., SH standing waves, Love
wave Airy phases) tends to compensate for the presence of a minimum.
The filtering effects of the soil have also to be considered. This can influence the
energy content of surface waves in two complementary ways. As first, the effect of
attenuation has to be taken into account. This generally affects more visibly the high
frequencies. Attenuation, however, is difficult to evaluate quantitatively and no
general recommendation can be given. Subsequently, the high-pass behaviour of the
soil must be considered (e.g. Scherbaum et al., 2003). It is well know that at
frequencies lower than the soil fundamental frequency, waves are not trapped in the
soil structure, because the wavelength is too long to give rise to resonance, and most
of the energy of the wave-field is dispersed in the basement. For such reasons, energy
of surface waves tends to vanish just below f0 (Wathelet et al 2008). No dispersion
curve can be practically observed on the vertical component below this frequency. It
represents a natural limit to be considered additionally to previously introduced
resolution limits in f-k analysis.

6.3 Definition of the data uncertainties
Uncertainties in surface-wave dispersion analysis are mostly assessed by the
stationarity in time of the velocity estimates. For each frequency, all the velocity
estimates are gathered in one histogram to produce a phase-velocity likelihood
function. The natural way to formulate the results is not velocity but slowness, being
more linear versus the f-k measurements (differences in time). The shape of the
probability function is generally very close to a Gaussian distribution eventually after
filtering the outliers. They are most probably the result of aliasing or due to the
presence of several modes. The extraction of the mean and standard deviation must be
achieved for each mode individually. Hence, a manual inspection is often required to
properly separate all visible modes.
The dispersion curve is historically defined as velocity versus frequency (or period). A
better alternative is definitively slowness versus log10(frequency) as experienced
during projects SESAME and NERIES. An even better approach would be to
represent dispersion curve with slowness versus wavelength, which more directly
maps experimental data to inverted profiles, i.e. velocity (or slowness) versus depth.

7) Inversion of surface wave information
Surface wave inversion is a procedure to estimate the soil properties (mainly S-wave
velocity as a function of depth, and to a lesser extend P-wave velocity) from
observation of phase- or group-velocity dispersion curves of Love or Rayleigh waves.
The procedure of inversion covers generally five main topics:

•
•
•
•
•

Model space parameterization
Data vector preparation
Forward problem solver
Optimization method
Combined inversion of multiple datasets.

The first two points will be discussed in more detail, as these require generally more
end-user interaction and have a strong influence on results. Forward computation of
dispersion curves was studied intensively in the past and does not present a major
issue. Several codes are freely available for use for calculation of dispersion curves in
the elastic case (e.g., Wathelet et al., 2004; Herrmann, 2008). Codes are also available
for the anelastic and anisotropic cases but they are currently not used for ambient
vibration analysis owing to the large uncertainties observed in experimental results.
Although the comments and recommendations are general, more emphasis is naturally
put on topics related to optimization performed by direct search methods, e.g. the
inversion code DINVER developed within the framework of this project. Finally, it
has to be considered that the inversion problem, like the majority of inversion
problems in geophysics, is highly non-linear and non-unique, and may require
additional a priori knowledge in order to provide a robust solution. The nonuniqueness is particularly severe in the presence of large data uncertainties, which
makes all least-square approaches unreliable when they are used without a priori
information (lateral constrains, good starting model, ...). The use of external
information and the fit of multiple-datasets will be the subject of the last section.

7.1 Initial assumptions and model parametrization
A key assumption made during the inversion is the assumption of the 1D horizontally
layered structure. 2D cases can be handled in a different way (Roten and Fäh, 2007).
In the 1D case, layers with elastic isotropic material are assumed. Each layer is
physically described by 4 parameters (thickness, compressional wave velocity, shear
wave velocity and density). Although both anisotropy and anelasticity have an effect
on dispersion curves, these effects are usually neglected in ambient vibration studies.
It might not be the case in the future, if successful studies are carried out related to the
two phenomena. More specifically, anisotropy can result in the so-called LoveRayleigh incompatibility (e.g., Babuska & Cara, 1991), when it is not possible to
simultaneously fit Love and Rayleigh wave dispersion curves. Sites where a-priori
indicators for anisotropy exist must be analysed carefully.
DINVER developed during NERIES proposes a new approach of the parameterization
of a 1D structure with the concept of profiles (partly described in Wathelet (2008)).
The model is defined by independent profiles (Vp, Vs, Density and Poisson's ratio)
and no longer attached to a particular layering. The conversion to a layered model is
still necessary for the forward computation but this is entirely handled internally. Each
profile is a function of depth that may contain one or more discontinuities
corresponding to layer boundaries. The discontinuities may or may not be linked to
those of other profiles, e.g. Vs profiles require more parameters than Vp profiles
because more details are resolved by the inversion. Playing with random Vs and Vp is
a major problem considering the physics: Poisson's ratios have only a restricted range
of possible values for geological material, merely between 0.2 and 0.5. Above 0.5 the
forward computation is not physical and fails. Strong conditions exist then on Vp and

Vs. For efficiency reasons, DINVER has an explicit formulation of these conditions to
avoid wasting time by generating unrealistic or non-physical models. The Poisson's
ratio profile does not provide parameters like other profiles but defines limits on
Poisson's ratio as a function of depth (often a constant over depth). One difference
with classical layering methods is also the possibility to invert depths rather than
thickness. This is justified by statistical reasons (Wathelet, 2008) but also ease the
integration of prior information that can come from boreholes or other investigation
techniques (e.g. electromagnetic or electric surveys). The parameter values can be
constant or can vary (linear or power law) inside each layer to reduce the number of
required parameters in case of gradients. Velocity at each discontinuity can be
constrained to avoid low velocity zones (LVZ). LVZ can have a dramatic effect on the
parameter resolution, usually reducing the information contained in the dispersion
curve to null (Renalier, 2010). However, it is possible to perform inversions with one
or a few LVZs, they should be supported by some prior knowledge, e.g. evidence
from borehole logs. The density profile is kept constant unless a priori depth
dependence is available. In first approximation, density can be slightly depth
dependent for soft sediments and constant in the bedrock.
This profile scheme can be tuned to behave also like a classical parameterization with
a large number of layers with constant thicknesses, eventually with Vs variations only
(fixing Poisson's ratio and having no parameters for Vp). The minimum thickness of
the uppermost layer should be comparable with the shortest wavelength and the depth
of the bottom layer should not be larger then one third of the maximum wavelength
included in dispersion curves. If no LVZs are allowed this approach provides similar
results as assuming a low number of layers. The inversion is however less efficient,
and requires more time.
The number of layers is always the difficult choice. A conservative approach is
recommended, starting with a small number (e.g. one layer over a half-space) and
increasing it until no better misfit is achieved. When the number of layers increases,
the inversion might get less efficient in searching the whole parameter space. Running
several inversions (3-5) with distinct random seeds is generally required. Some
constraint might also be added to depth parameters to force some layer to search for
potential variations in certain parts of the soil column or bedrock. Several publications
are in preparation related to the topic of parameterization.

7.2 Data vector preparation
Data vector preparation is a key issue in surface wave inversion. Surface wave
analysis provides an estimate of surface wave dispersion curves in a band-limited
frequency range. Data can then be discontinuous, within the same or between
different modes. As previously introduced, this can be due to the lack of energy or to
the resolution limits of the employed method. Additionally, data collected from
surveys made with different array apertures and geometry can be overlapping in some
frequency bands, but the corresponding velocities might not necessarily coincide. The
frequency data sampling, moreover, could be not optimal for the inversion. For all
these reasons, a data formatting procedure is necessary.
When curves of different type are present (Love and Rayleigh wave, fundamental and
higher modes) a frequency re-sampling is suggested using a common logarithmic
scale. This allows for a uniform weighting of the different data blocks during the
inversion. However, the choice of the frequency sampling to be used is not
straightforward. Uniform sampling is preferable in log scale, in order to emphasize
the fit of the low frequency portion of the dispersion data, for which the model
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parameters are generally less sensitive. Interpolation between discontinuous portions
of data is strongly discouraged, since it will not provide additional information for the
inversion and might also introduce some artefacts. If overlapping data chunks are
present and if they significantly differ, they cannot be left as independent data
components, otherwise the inversion algorithm will choose by itself an intermediate
solution. Merging and averaging is valid even if the difference between overlapping
values is large. Combined standard deviations are computed in all cases and they are
included in the inversion. However, it is strongly suggested to carefully analyse the
site conditions to seek for possible bias (lateral variations, distinct wavefield
environment, modal distribution,...). If standard deviations are large, the “best”
inverted model is even less significant than usual. A “minimum misfit” approach
which hides all non-significant scatter of the data points to the inversion algorithm is
strongly advised.
Depending on the processing method, dispersion curves are provided in velocity,
slowness or (less frequently) in wavenumber versus frequency. Data has to be
reformatted according to the input type of the inversion program. Each mode has to be
correctly addressed. Some inversion schemes allow to automatically decide for mode
addressing, as an additional free degree of freedom.
Uncertainty estimates must be included in all inversions. There is no real dataset with
a pure deterministic dispersion curve. Uncertainties are not necessarily materialized
by standard deviations. Most active source experiments have no direct error values
attached to it like ambient vibration studies. Though widely encountered, using the
width of the curve in the f-k plane as an error estimate is not better that just
considering an global relative error of 2, 5 or 10%. In fact, this width is inversely
proportional to the resolution power of the array, hence the length of the acquisition
line, or better, the length used for dispersion curve computation. Often the chosen
colour scale controls most of the job, which is not a real improvement for uncertainty
estimation. DINVER accepts curves with and without standard deviations. In the first
case, the misfit is normalized by the standard deviation of each sample, in the second
case, by the value itself. The first case is required only if the standard deviations are
strongly varying between samples, if not the two solutions are rather equivalent. With
standard deviations, a misfit of one corresponds to approximately one standard
deviation. Without standard deviations, a misfit of 0.1 corresponds to approximately a
10% deviation.
7.3 Optimization
Dispersion curves are inverted using direct search techniques like the Monte Carlo
approach (e.g. Edwards, 1992; Mosegaard and Tarantola, 1995; Socco et al., 2008),
the neighborhood algorithm (Sambridge, 1999; Wathelet et al., 2004, 2008) or the
genetic algorithm (e.g. Goldberg, 1989; Yamanaka and Ishida, 1996; Kind et al.,
2005; Dal Moro et al., 2007). Classical linearized algorithms are also widely used
(e.g. Herrmann, 1987; Satoh et al., 2001) but they require a careful choice of the
starting model or additional regularization techniques such as lateral constrains.
Direct search techniques are probably the most common approach nowadays, since
they provide the possibility to investigate a wide region of the parameter space, with
the disadvantage however of requiring longer computational time to converge (not
significant with modern algorithms and computers). With all approaches based on
random sampling of the parameter space, it is strongly suggested to collect results
from several inversion tests (runs) using the same parameterization with different
random seeds. This helps checking the robustness of the results and may evidence
some runs trapped in local minima of the misfit function.

7.4 Combined inversion and multiple datasets
In some cases, it is useful to perform combined inversions with external datasets, like
Rayleigh ellipticity, SH resonance or seismic travel times, to decrease the degree of
non-uniqueness of the inverse problem. One of the major issues in using multiple
datasets is the definition of a global misfit function and the corresponding weighting
scheme. Generally, a total misfit is computed by summing of single misfit functions
from each dataset (e.g. Love and Rayleigh, fundamental and higher modes). However,
since the different contributions can have different influence in driving the inversion,
a dataset weighting might be necessary. Unfortunately, no strict rule can be defined in
this sense, and a useful approach consists in performing several tests, starting from
simple uniform weighting. Other approaches include the Pareto front technique (Dal
Moro 2008), or an original method developed during NERIES project that do not
require any weight though based on a sum of individual misfits (Wathelet et al. in
preparation).
Also SPAC curves can be directly included in the data vector (i.e., directly inverting
for the velocity structure without dispersion curve estimation, see Asten et al. (2004)
or Wathelet et al. (2005). The use of SPAC curves is an alternative to the use of
dispersion curves. If both SPAC and dispersion curves from F-K are available, they
can be inverted together.
Love waves dispersion curves are not influenced by compressional wave velocities.
Joint inversion of Love and Rayleigh wave dispersion curves constrains the shear
wave velocity profile. An incompatibility of the Love and Rayleigh dispersion curves
can indicate a problem in the mode assignment (e.g. mode jumping) or in basic
assumptions (isotropy, incorrect parameterization). In other words, the inversion can
be viewed as a check of consistency of a set of dispersion curves for a given
parameterization. Dispersion curves of higher modes can serve in a similar way,
however, the mode addressing is often non-unique and so the reliability is not high in
that case. Joint inversion of dispersion and ellipticity curves can reduce the scatter in
resulting velocity profiles in particular in relation to the depth of the soil-bedrock
interface. The ellipticity has a strong influence on the inversion and one has to be
careful with the selection of weights for the inversion since estimated ellipticity can
be subject to large errors for certain frequency bands. It is not straightforward to
define which of the intervals of the picked ellipticity curve correspond to the true
ellipticity of Rayleigh waves. On the one hand the true ellipticity of Rayleigh waves
reaches infinite values at frequencies where the particle motion changes from
retrograde to prograde. This happens usually in the presence of a sharp contrast in the
velocity profile. On the other hand, the true ellipticity may also contain a smooth peak
in case of gradual increase of the velocity with depth. Unfortunately, it is difficult to
distinguish the two cases, as all methods for estimation of Rayleigh wave ellipticity
provide just smooth curves. It is recommended to find the optimal weighting by trialand-error. Too much weight on ellipticity could result in 'well defined' velocity
profiles, which could be far from the real structure.
Ambient vibration measurements may also be complemented with active
measurements (e.g. MASW type) allowing, under certain circumstances, a better
resolution of very shallow layers (see chapter 9).

7.5 Problems related to non-uniqueness and non-linearity
The inversion of dispersion curves is a non-linear and non-unique problem like many

geophysical inversion problems (e.g. vertical electrical surveys). Non-uniqueness of
the result can be reduced by additional a priori constraints or the inclusion of external
datasets. Sensitivity of dispersion curves on model parameters has been extensively
analysed within the SESAME project (deliverable D14.07, http://sesame-fp5.obs.ujfgrenoble.fr/Delivrables/D14-07_Texte.pdf). Simple examples of sensitivity of
different model parameters could be found in the appendix of deliverable D14.07
(http://sesame-fp5.obs.ujf-grenoble.fr/Delivrables/D14-07_Appendices.pdf).
Generally, inversion of dispersion curves is reliable only down to a specific depth,
mostly depending on the frequency range of the available data. Beyond this limit the
non-uniqueness of the result increases quickly. This depth limit should be addressed
e.g. by looking at the full ensemble of models and not just the best model. The
maximum depth of resolution is the depth where the scatter of the inverted velocity
profiles increases unreasonably. The scatter should be analysed with respect to a
priory initial bounds of the model space parameters. Consider as example Figure 5,
where the scatter tends to increase in the velocity profile around the depth of 150m.
This corresponds to an increase of the scatter in the dispersion curves below
approximately 1Hz.

Figure 5. Fitting of Rayleigh wave dispersion curve (on the right) and corresponding
inverted model (left). Colours distinguish between different misfit values.

7.6 Visualization of uncertainties
A sufficiently large set of models together with dispersion (or ellipticity) curve fits
should be always presented to get a rough estimation of the velocity profile
uncertainty. As the statistics of velocities inside layers is generally not known, it is not
recommended to calculate mean models, but to use a number of best fitting models.
Minimum and maximum velocity profiles (for a given maximum misfit value) overestimate the a posteriori uncertainty on Vs profiles, because it does not inform about
the trade-off between parameters. For instance, the results of inversion oscillate within

these bounds: a relatively high velocity in the upper part is compensated by relatively
low velocity in the lower part of the model and vice versa. The value of misfit is
directly linked to the uncertainty on the data. If a strict error definition is available on
the data, the uncertainty on the Vs profile can be compared from site to site. However,
the definition of the uncertainty on the data is rarely well defined (different frequency
bands, availability/non-availability of higher modes, etc.).

8) Software for ambient vibration analysis
The necessary software includes tools to derive the fundamental frequency of
resonance of the soils, ellipticity curves of Rayleigh waves, dispersion curves, and
shear wave velocity profiles from non-invasive, surface measurements. This requires
tools to compute and analyse H/V curves, to extract the dispersion characteristics
(DC) of Rayleigh and Love waves, and an inversion toolbox to derive velocity
profiles or average velocity values from the information.
A specific, multi-platform software tool was developed during the SESAME and
NERIES project, named geopsy. It is open source and freely available online
(http://www.geopsy.org). geopsy is both the name of the software project itself and the
name of the main application developed. It contains several tools dealing with all the
aspects of the processing of ambient vibrations for soil characterization. The main
applications are geopsy and dinver, for signal processing and inversion, respectively.
Software geopsy includes the tools for analysing single station ambient vibration
recordings, a graphical user interface, standard and high-resolution frequencywavenumber analysis (FK, HRBF), spatial autocorrelation (SPAC), horizontal
component processing, and tools for processing active surface wave experiments.
Software dinver includes the inversion part and is based on the neighbourhood
algorithm (Sambridge, 1999 modified after Wathelet, 2008).
During NERIES project, an effort was put on writing a technical documentation for
these softwares. During the first Geopsy Documentation Workshop (Thessaloniki,
2010), a first draft was produced through a collaborative tool (WikiMedia). This
manual is now available online at http://www.geopsy.org/wiki.
Other softwares are also available for academic usage or through commercial licenses
thanks to the increasing popularity of ambient vibration techniques. Nevertheless
Geopsy is currently the only integrated plate-form dedicated to ambient vibrations
available for geophysicist as an Open-source code.

9) Comparison between different techniques
9.1 Active S-wave techniques
Active S-wave measuring techniques can be primarily divided in two main categories,
depending if body or surface waves are analysed. All these methods are characterized
by a certain degree of resolution and offer some advantages and disadvantages. The
estimation of S-wave velocity is not necessarily the same within the different
approaches, while deviations are mostly due to the frequency band used for the
investigation, and the limitations and problems of the particular techniques. Regarding
body-wave based techniques, it is possible to distinguish between invasive (that
requires the drilling of one or more boreholes) and non-invasive methods, like S-wave
refraction and reflection analysis. Within the first category we find the down-, up- and

cross-hole techniques. The up- and down-hole techniques have a limited resolution of
the fine layering, and velocity estimations can be biased by the influence of the
uppermost low-velocity soil layer. The cross-hole technique mostly solves these
problems, but on the expense of drilling an additional hole.
Invasive and non-invasive body-waves techniques operate in a frequency band
(generally 10-30 Hz, or much higher for cross-hole and sonic-log techniques) much
higher than the required frequency band used in seismic hazard assessment. The very
short wavelengths used for the investigation have resolution on the small-scale
heterogeneities of the structure. This will affect the estimation of the S-wave velocity
that not necessarily will coincide with S-velocities in the frequency band below 10
Hz. Additionally, all these techniques face the problem that S-waves are secondary
phases and are preceded by P-waves that might make readings of the first S-wave
pulse difficult. Major problems are wave conversions from P- to S-waves at interfaces
and vice versa, which might distort the measured travel-times. To analyse the shear
component of the ground motion, special type of sources and sensors have to be used.
Generation of artificial pure-shear sources is not trivial, mostly because of the
problems related to coupling between the device and the ground. Conversely, sensors
to record shear-motion are nowadays very common and are generally not very
expensive.
Active surface-wave techniques offer the advantage of being non-invasive, with the
disadvantage however of a limited resolution of the structural details, especially at
larger depths. The Spectral-Analysis-of-Surface-Waves (SASW) and MultichannelAnalysis-of-Surface-Wave (MASW) methods generally involve the measurement of
Rayleigh-wave group- or phase-velocity to invert the S-wave velocity profile from the
dispersion curves. Love wave dispersion analysis is less common, due to the difficulty
in implementing artificial sources with a sufficient SH-wave excitation. For Rayleigh
wave excitation a vertical load is applied on the ground only (sledge-hammer or, less
frequently, explosive). As in the case of passive surface wave techniques, these
methods provide an estimation of the average properties of the investigated site over
the whole area of measurement. This can be an advantage if an average 1D profile is
required, but can also lead to distorted results, if the degree of heterogeneity in the
underlying structure is too high with respect to the one-dimensionality assumption.
Due to the range of frequencies employed (roughly above 5~10 Hz), the penetration
depth is generally limited to the first 20 to 30 meters of the soil. In most cases, the
bedrock cannot be resolved. One of the main advantages in active surface-wave
analysis is the possibility of excite higher modes that, when retrieved, represent a
formidable constraint for the inversion, decreasing the non-uniqueness of the inverse
problem. However, the same problems that we discussed for ambient noise processing
are also present here. This includes possible mode mixing, mode jumping and energy
issues, and the problem to assign a mode number to a dispersion curve segment.
9.2 Experience in JRA4
Within the NERIES project, active and passive seismic experiments were performed
at the 19 sites selected in Italy, Greece and Turkey (see JRA deliverables D1 and D2).
The results are provided in JRA4 deliverable D6 “Comparative analysis of classical
measurements and newly developed methods”.
Ambient vibration array techniques were compared to classical measurement
techniques, i.e. down-hole and cross-hole tests, which were available a priori at most
of the sites. Active seismic was also applied at each site. In order to stay cheap, active
seismic experiments involved 24 geophones for recording the signals generated with
hammer and plate (other options would have involved the use of explosives or

vibroseis; this would not only have been more expensive, but would have needed
specific permissions and would not have been possible at city sites). For the recording
of transverse components, used to extract Love wave dispersion, a hammer and a
wooden beam were employed. Seismic data were processed with the MASW
technique to compute both Love and Rayleigh dispersion curves. Ambient vibration
data were acquired with an array of 8 stations linked with wireless connections and
monitored with a near real-time processing software, which allowed the adaptation of
the acquisition layout and timing to the site. Stations were consecutively deployed on
three to four increasingly larger layouts. Dispersion curves were computed both with
the frequency wavenumber (FK as well as HRFK) and with the Spatial
AutoCorrelation (SPAC) techniques for both Rayleigh and Love waves.
In general, ambient vibration array techniques and MASW led to consistent results for
both Love and Rayleigh waves, especially at 1D sites of EC-class B, C and D. The
observed exceptions are two sites (EC-classes A and E) with strong topography (i.e.
non-1D) that might influence the measurements with the two methods in different
ways, one shallow site (EC-class E) which probably features a significant lowvelocity layer, leading to mode jumping at high frequencies in both methods, and one
site (EC-class B) where the acquisition was not performed at the same location, i.e.
differences are probably due to lateral variability of the conditions at this site.
Comparing the vs profiles and vsZ values estimated from borehole and ambient
vibration measurements, it was found that invasive and non-invasive methods give
similar results for sites where vs30 is lower than 600 m/s. For higher vs values (i.e.
corresponding to site class A), borehole measurements in all considered cases gave
higher velocity values at shallow depths (above 5 m) than both ambient vibration
array techniques and MASW. However, ambient vibration array techniques – at least
as used here, starting with minimum array diameters of 10 m - have very limited
resolution at these shallow depths. The differences might further be explained by the
fact that it was often impossible to perform the field measurements directly next to the
borehole location, so lateral heterogeneity in the shallow-most sedimentary layers
might influence the results: The surface wave methods used in this study average
laterally over the length of the profile (MASW) or the size of the array (ambient
vibrations), whereas borehole measurements provide data for a single point in space.
The point-like nature of the borehole measurements might also be responsible for the
different EC-8 classes derived from repeated borehole logs performed in 2007 and
1991 at two Italian sites. At least at one of those sites, the distance between the two
boreholes is clearly sufficient (1.5 km) to allow for large lateral heterogeneities.
Besides, as pointed out in section 9.1, borehole logging and seismic measurements
with surface waves are performed in two different frequency ranges. This influences
the level of vertical heterogeneity that is resolvable and thus might lead to differences
in results.

Figure 6. Velocity-wavelength representation of dispersion curves measured at all 19
sites. Different colors relate to EC-8 site classes, as indicated in the label. Horizontal
dashed black lines indicate wavelength of 30 m and 100 m, respectively.
Minimum and maximum wavelengths observed with array measurements range from
3.5 to 45 m and from 50 to 5000m, respectively, depending on the acquisition
geometry but also on the frequency content of the ambient noise (Figure 6). Minimum
and maximum wavelength recorded with MASW range between 1.5 and 20 m and
between 12 and 100 m, respectively (Figure 6). The corresponding penetration depths
are typically in the range of 10 to 25 meters for MASW, and except in one case- more
than 100 m, often more than 200 m and up to 500 m for ambient vibrations - while
they are typically a few tens of meters for boreholes, with cost significantly increasing
with drilling depth.
Average vs30 values estimated from MASW are well correlated with the ones
estimated from ambient vibrations for sites with vs30 lower than 400m/s, and were
slightly lower for sites with higher vs30 values. This difference can at least partly be
attributed to the limited depth extend of reliably derived velocities from MASW, i.e.
actual penetration depths of less than 30 m. Moreover, a large variability in MASW at
high frequencies was observed on the dispersion curves estimated from the different
shots and profiles at a significant number of sites, indicating either an uncorrected
influence of higher modes or a large variability and strong heterogeneity in the
shallow-most (uppermost 1-5m) structures This variability could also offer an
explanation for the difference with borehole results which were mainly observed at
the shallowest depth levels. In contrast to previous studies, for example in SESAME,
the comparison of the high-frequency parts of Rayleigh wave dispersion curves
measured with ambient vibrations on the one hand and MASW on the other hand did
not show any enlarged discrepancy. This means that the FK method also provides a
good estimate of the high frequency part of the dispersion curve. Similar results apply
for Love waves, where FK analysis was only applied to a limited number of sites (see

Endrun et al., 2009, Figs. 6 and 8). MASW and SPAC dispersion curves, however,
were found to be complementary to obtain the dispersion curve from high frequencies
down to the fundamental frequency. In those cases where FK results from the
horizontal components were available, they were also compatible, often spanning a
wider frequency range than SPAC and approaching the high-frequency limit of the
MASW results. However, additional care has to be taken when applying FK to the
horizontal components, compared to processing the vertical component.
9.3 Requirements and experience of national networks
Future seismic hazard models need more and better information related to the seismic
stations. Recordings need to be related to velocity profiles in order to reduce
uncertainties in regional ground motion prediction equation (GMPE), and to define a
reference velocity profile for the GMPE and the seismic hazard maps. Vs30 is not
sufficient because it cannot be related to frequency dependent amplification of the
seismic waves. We therefore propose to provide the soil profiles to the users, together
with geological, geotechnical and geomorphological information. From the velocity
profiles, quarter-wavelength as a function of frequency and depth can be derived as
one of the useful products for applications in engineering seismology (Figure 8).

Figure 8. Example of measured Vs velocity profiles at the Swiss broadband station
BRANT (on the left) and its quarter-wavelength representation (on the right).
Statistics are computed over the ensemble of all inverted velocity profiles from surface
wave analysis (from Poggi et al., 2010).
In the NERIES-JRA4 module, a data base structure for site
characteristics information has been implemented in order to store
and manage the information of seismic stations. Particular attention
has been paid to the collection of information regarding: the general
site condition and geographical location, the main features of the
recordings, the geological and geo-morphological setting of the area,

the geotechnical and geophysical surveys performed in the area and
values of the available transfer functions, the fundamental frequency
of resonance and dispersion curves.
In order to make the examination of the information easier, detailed
monograph files have been compiled for 72 European accelerometric
stations (Italy, Greece, Turkey, Switzerland, France), where tables,
figures and graphs are included. The monograph files are reported in
the Appendix A3 of Deliverable 1 of NERIES-JRA4. This example can
help national seismic observatories as a general guideline for the
collection of site-specific information.

In the following sections lessons and experience related to ambient vibration
techniques and active seismic methods are summarized in the following:
France

Greece
During the period 2002-2010 a number of 57 sites were investigated in
Greece with ambient vibration array techniques. The typical array
geometry used for the majority of the experiments was a central
station and two circles of diameter D and 2*D with a shift of the
angle between them (Figure 9) using 11 sensors. For non-urban areas
or open areas within urban environment it was a convenient deployment
scheme at least for arrays with radius smaller than 50m. Real-time
acquisition of dispersion curves (using the WARAN system developed
during NERIES-JRA4) along with accurate GPS positioning installed at
each sensor was judged the ideal solution for ambient noise array
measurements.

Figure 9. Typical array geometry used for the ambient noise
measurements for the national strong motion network in Greece.

For a number of sites in Greece different measurement techniques were applied. The
comparison of results is provided in JRA4 deliverable D6 “Comparative analysis of
classical measurements and newly developed methods”. A summary is given in
chapter 9.2. As an additional information Table 2 compares “normalized”
costs between ambient noise array measurements and cross-hole, downhole in Greece. Costs for ambient vibration measurements are at least
five times less expensive than invasive seismic methods.

General Information
Distance to Site
(Km)-Reference
Penetration Depth of
Geophysical Method
(m)
1st Phase Survey Boreholes
Boreholes Needed
Borehole Cost (€/m)
Drill Depth (m)
Casing (€/m)
Partial Cost
Employees Needed
Working Days
Payment For
Employees (€/day)
Partial Cost
Equipment Transport
Cost (€)
Partial Cost
2nd Phase Survey In situ Geophysical
Measurements
Geophysicists Needed
Manpower
Geophysicists (€/day)
Working Days
Partial Cost
Equipment Transport
Cost (€)
Total Cost (€)

Crosshole

Downhole

Ambient Noise
Array Technique

100

100

100

30

30

30

Cost(Euros)
2
30
30
10

Cost(Euros)

Cost(Euros)

1200

0

200

0

120

0

1
30
30
10
2400

2
2

2
1

100

100
400

120

120
120

3

3

3

100

100

100

1

1
300

60

60
3280

1
300

60

60

300
60

1880

Table 2. Comparison of “normalized” costs between ambient noise
measurements and cross-hole, down-hole in Greece.
Remark (1): For borehole(s) a relatively "soft" and easy to drill site is
assumed.
Remark (2): Equipment cost/investment is not taken into account.

60
360

array

Italy
In the framework of the project “Italian strong motion data base” of the Dipartimento della
Protezione Civile (DPC) and Istituto Nazionale Geofisica e Vulcanologia (INGV) a large number of
sites of accelerometric stations were investigated. The projects main objectives are firstly the
assessment of the reliability of surface wave techniques (either based on microtremors or active
measurements) and their limits of application for seismic characterization, and secondly to enlarge
the number of sites with a quantitative characterization of the shallow soil profile with the final goal
to do it for the entire Italian accelerometric network.
Mostly surface wave techniques have been selected as the primary tool for the characterization of
the accelerometric stations in terms of Vs profile, due to their flexibility and cost effectiveness.
Surface wave methods are considered particularly useful if the average properties of a soil deposit
are to be assessed, as needed for site response analysis. Furthermore the parameter Vs30, adopted in
the European building code (EC8), can be evaluated very efficiently with surface wave methods. It
is however recognized that surface wave tests cannot identify lateral variation and that a certain

degree of uncertainty remains in the final shear wave velocity profile due to the non-uniqueness of
the inverse problem.
Related to the different site characterization techniques the following general recommendation were
drawn:
• It is recommended to possibly avoid the use of active 2-station SASW method, because of
the difficulty to interpret signals in noisy environment and due to the process of phase
unwrapping that can lead to substantial errors.
• It is recommended to possibly avoid the use of ReMi method because it relies on the strong
assumption of a homogeneous distribution of sources, and because the picking of
intermediate points in the f-p (or f-k) spectrum is operator dependent. In case the ReMi
technique is used, it is suggested to combine it with the MASW technique.
• A major problem encountered is the influence of higher modes and mode conversions,
especially for sites of complex geology. The use of global search methods in the inversion of
surface wave dispersion curves avoided the entrapment in local minima.
• Passive ambient vibration array measurements were successful in retrieving the S-wave
subsoil structure. The work suggested that more efforts should be devoted in exploiting the
potential of coupled analysis of Rayleigh and Love waves from microtremor array
measurements.

Figure 10. Map showing the sites of the Italian accelerometric network that have been selected for
in-situ investigation aimed at verifying the suitability of surface wave methods.

As a result of testing the different surface wave techniques it was decided to investigate sites with
thin sedimentary cover sites with active surface wave techniques, with preference to MASW. At site
in deep basins passive ambient vibration techniques were preferentially applied. If possible
combination of active and passive methods were used in order to guarantee a good resolution at
shallow depth. Selected rock sites have been investigated with a combination of surface wave

techniques and classical geomechanical approaches in order to assess the effects of faulting, jointing
and weathering conditions on the seismic response at the site.
A summary of all findings in Italy will be available in Deliverable 7 of the project “Italian strong
motion data base”.

Switzerland
Site investigations at seismic stations in Switzerland were performed in two projects. The first
project concerned sites in the Basel area, in densely populated urban environment (Fäh and
Huggenberger 2006; Havenith et al., 2007). In this region, 27 ambient vibration array measurements
with varying station configurations have been carried out to determine the S-wave velocity
properties of the geological layers down to a depth of 100-250 m. For eight sites, the outputs of the
array measurements have been compared with the results of other investigations using active
sources, the spectral analysis of surface waves (SASW) and S-wave reflection seismic. Due to the
limited source energy, profile length, and natural frequency of the geophones, the SASW method
worked within a higher frequency range (typically 10-60 Hz) than the array technique (typically
<20 Hz) and allows to define the Vs-structure of the shallow layers (down to a maximum of 20-30
m). The S-wave reflection and refraction measurements were carried out using a horizontally
vibrating device shearing the ground in order to excite S waves (Polom et al. 2005). Where
possible, direct P- and S-wave velocity measurements in boreholes were also carried out in order to
validate the surface investigations. In the field, the SASW method is ‘lighter’ than the two other
methods and several sites can be investigated in 1 day by two geophysicists; the processing of those
data requires another few days. Array and S-wave reflection methods are equally laborious: one or
two sites could be studied per day by two or three investigators; and at least 1 day is required for the
processing of the data collected at one site. A major drawback of the array technique is the time
required for the laborious geodetic measurements of the station positions. Actually, the other
measurements are performed along profiles with fixed length and known geophone spacing
(depending on the spreads); only, an insignificant amount of time is needed to define the relative
geophone position. Within an array the positions of the single stations are not fixed and have to be
measured with high precision; as mentioned above, up to 50 per cent of the total field work time
may be spent on those measurements. A significant improvement of the system is reached if the
stations can be positioned automatically. From the point of view of signal quality, array records and
their processing revealed to be the least affected by uncorrelated noise. As expected, this was
particularly true for measurements in densely inhabited areas were interpretation of the S-wave
seismic was difficult due to the high noise level.
During the second project (Fäh et al., 2009; Poggi et al., 2010), mostly sites of permanent seismic
stations on rock were investigated, often in mountain areas and therefore on rough topography. At
some sites the rock is weathered or covered with a layer of loose sediments. The ground conditions
are often very heterogeneous and the properties of the ground changes considerably within the
measurement area. At many sites ambient vibrations measurements were not possible due to
insufficient space or the highly variable structure. Measurements were made at 20 sites, using
hybrid P-wave seismic surveys, S-wave seismic surveys and Multiple channel Analysis of Surface
Waves (MASW). Each of the 20 sites is a special case and therefore required special consideration.
MASW was used to define the S-wave velocity profiles, including the profiles from the hybrid Pwave seismic surveys in the interpretation. Major problems were observed with S-wave seismic.
Wave conversions from P- to S-waves at interfaces and vice versa, caused by the very complex
structures, distorted the measured travel-times and made the interpretation difficult or impossible.
More problems were encountered at sites with high S-wave velocities. One problem in the
interpretation of MASW results was to decide whether or not the measured dispersion curve
corresponded to the fundamental or a higher mode Rayleigh wave. Four of the 20 sites were also
investigated with ambient vibration techniques (AMV) to compare different procedures. At a site

composed of very hard rock no useful dispersion curve could be measured with AMV. As long as
the sites could be considered to be approximately 1D, the results obtained from MASW and
ambient vibration array measurements were comparable within the uncertainties of the methods and
due to the difference in measurement location.

10) Application for soil classification for building codes
10.1 Simplified tool developed during NERIES
This work started with the PhD thesis of Cadet H. (2007) and developed thanks to
the support of the CETE Méditerranée (Nice, France, December 2007), LGIT
(Grenoble, France,2008) A. Rodriguez-Mareck and the TOK project (ITSAK-GR,
Thessaloniki, Greece, 2009-2010).
The goal was to improve site effect assessment dealing with economical pressure.
Usually site effects are estimated in a frequency domain by comparing a rock
spectrum to the studied site spectrum, so-called Standard Spectral Ratio, SSR.
As many regions do not have empirical data (i.e. recordings of earthquake at
both rock site and target site) for such a comparison, the use of a physical
parameter as a proxy to estimate site effect is the fastest and most
economically relevant method. In regulation process (as European code EC8 and
American codes NEHRP), site effects are divided in classes mainly based on Vs30,
the time-averaged shear-wave velocity of the first 30 meters. This parameter was
strongly criticized (Castellaro et al. 2008) for not being a pertinent proxy to
assess site effect. Indeed Vs30 does not contain neither deep information nor
frequency information. In Cadet (2007) strategy, the proxy chosen were: Vsz, the
time-averaged shear-wave velocity of the first z meters, with z equals to 5, 10,
20 or 30, combined with f0 the fundamental resonance frequency. Using the f0 as a
parameter provides deeper characteristics and frequency information.
Based on this new proxy, these parameters were
related to empirical SSR. In order to have a
statistical meaning, a large amount of data
gathering f0, Vsz and SSR were needed. The KiK-net
database (figure 1) satisfies these requests as it
provides more than 600 accelerometric stations
composed of a couple-sensor with surface and downhole accelerometers, characterized by a down-hole
velocity measurement for each station. To assign
Vsz and f0 was the first easy step achieved with the
available velocity profiles. Then the SSR was
determined from the surface over down-hole spectral
Figure 1: The accelerometric network KiKratio with a correction of the depth and impedance
net
contrast effects. Indeed a correction was necessary as the down-hole rock site
varies from one to another and the common used reference is at the surface.
Firstly the definition of a standard rock site (Cadet et al. 2010a) with a Vs30
about 800 m/s and a f0 higher than 8Hz was established, as it is a major issue

to homogenize site effect assessment. This major issue in site effect assessment
is often not take carefully into account and may lead to bias in raw comparison.
A study on both empirical and numerical data allows this standard rock
definition that is our base for our further works on site effect. It should have
a major application on site effect comparison from a place to an other and also
from a method to an other.
Then a proposition of correction was applied to all sites (Cadet et al. 2010b).
This correction procedure allows to gather homogenous SSR that all refer to an
outcrop standard rock site. Finally, this huge database was used to set-up an
amplification function. With a statistical study, an amplification factor value
was defined according to Vsz and f0, for each frequency between 0.2 Hz to 20 Hz.
These values were estimated with linear regression, using less-square approach,
between the couple-proxy (Vsz, f0) for each site and the amplitude of the
corrected SSR of the associated site. This function is named Site Amplification
Prediction Equation, so-called SAPE.
The SAPE has a bell-shape that is specified
to the frequency content of a studied site
(cf. figure 2). In this figure, the amplitude
of the SAPE increases with Vs30 varying from
100 m/s to 2340 m/s. The misfit between the
SAPE estimation and all the empirical SSR
estimation of the KiK-net sites is compared
to the misfit between the European regulation
(EC8) factor amplification estimation and all
the empirical SSR estimation of the KiK-net
sites. This comparison shows that the SAPE
provides a more precise estimation than the
EC8 regulation propositions, only based on
Vs30. This puts forward the improvement in
Figure 2 : The SAPE defined with f0 equals to 1Hz
site effect assessment obtained by using the
and Vs30 varying from 100 m/s to 2340 m/s
resonance frequency parameter as a
complementary information to a velocity parameter. The fundamental resonance
frequency can provide deeper information that constrains low frequency content
of the spectral ratio, whereas Vsz provide shallow characteristics.
The SAPE has to be tested in site outside Japan. Some comparison with models can
be found in Cadet et al. 2010c.

10.2 Soil classes in EC8
According to Eurocode 8 - Part 1: “Design of structures for earthquake resistance. General rules,
seismic actions and rules for buildings”, the soils are classified in 7 categories, depending on the
lithostratigraphic composition and the mechanical properties. These categories (A to E, plus S1 and
S2), which are presented in Table 3, are mainly dependent on the VS,30 parameter.
Consequently, to perform the site classification it is necessary to compute the VS,30. Generally it is
defined as the travel time average of the shear wave velocity over the upper 30 meters:

30
hi
∑
i =1 Vi
where N is the number of layers up to 30 meters, each with thickness hi and the shear wave velocity
Vi. However there is no standard procedure to compute or estimate VS,30.
The simplest way is to estimate it from the geological description of the site; however, this is highly
imprecise and not recommended. An estimate can be obtained by correlation with several
geotechnical parameters. This however is also highly imprecise, and is also not recommended. The
estimation of VS,30 from local topographic slope, as used in USGS for shaking maps (Allen and
Wald, 2007), turned of to be imprecise and can be only acceptable as a first rough estimation for
1:500 000 or higher scales.
The use of geophysical measurements is preferred. However techniques such as cross-hole, downhole, and suspension logging are usually expensive and are only used in some particular studies
(concerned with engineering structures as bridges, for instance) or in countries with high level of
seismic risk. Less expensive methods are seismic refraction and reflection, and on the analysis of
surface waves (SASW, MASW). The use of ambient vibrations array analysis, which requires only
limited resources, seems to be a good technique to implement in areas of moderate seismicity
and/or developing countries. From the ambient vibrations array analysis the estimation of a “mean”
VS,30 is very robust, usually presenting a standard deviation close to 3% and seldom reaching 10%
or more. In particular, in view of simple site characterization, EC8 site classes could be derived with
an acceptable accuracy directly from dispersion curves in the velocity / wavelength plane, thus
skipping the inversion step (Reference).
VS ,30 =

Ground
type

i= N

Description of stratigraphic profile

Parameters
VS,30 (m/s)

A
B

C

D

E

S1

S2

Rock or other rock-like geological formation, including
at most 5 m of weaker material at the surface
Deposits of very dense sand, gravel, or very stiff clay,
at least several tens of m in thickness, characterised by
a gradual increase of mechanical properties with depth
Deep deposits of dense or medium-dense sand, gravel
or stiff clay with thickness from several tens to many
hundreds of m
Deposits of loose-to-medium cohesionless soil (with or
without some soft cohesive layers), or of predominantly
soft-to-firm cohesive soil
A soil profile consisting of a surface alluvium layer
with VS values of type C or D and thickness varying
between 5 m and 20 m, underlain by stiffer material
with VS > 800 m/s
Deposits consisting – or containing a layer at least 10 m
thick – of soft clays/silts with high plasticity index
(PI>40) and high water content
Deposits of liquefiable soils, of sensitive clays, or any
other soil profile not included in types A – E or S1

Table 3. EC8 site classification.

Cu (kPa)

> 800

NSPT
(blows/30cm)
-

360 - 800

> 50

> 250

180 – 360

15 - 50

70 - 250

< 180

< 15

< 70

< 100
(indicative)

-

10 - 20

-

11) Final recommendations
Non-invasive, surface wave methods do provide an alternative to widely accepted
borehole techniques. These techniques also pave the way for new site
classification in building codes, that will improve the classical one based on
VS30. The initial goal of project NERIES-JRA4 was the development of a reliable,
low cost characterization of strong motion sites in Europe. It turns out that
these results can be extended to improve requirements by building codes.
Tests have been performed on a representative though limited set of sites, spanning from stiff to
soft, and thick to shallow, for most of which borehole velocity measurements were available. The
comparison indicate that non-invasive, surface wave methods do provide a reliable, lower cost
alternative to existing and widely accepted borehole techniques. This is especially true for soft and
intermediate stiffness sedimentary sites (the worst for site amplification). In particular, in view of
simple site characterization, EC8 site classes could be derived with an acceptable accuracy directly
from dispersion curves in the velocity / wavelength plane, thus skipping the inversion step. Though
initially targeted for strong motion sites only, this tool may be very useful for a reliable, low cost
characterization of sites as required by all building codes, and microzonation studies as well.
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Appendix A: The nature of the noise wave-field
A.1 Source of ambient vibrations
Ambient noise includes the ensemble of all micro-vibrations induced by natural phenomena and
human activities. The “natural” ambient noise is generally characterized by
low frequencies , covering a broad range of frequencies. It composes the greatest part of the wavefield from hundreds of seconds up to approximately 1Hz. Long wave-length waves travel over large
distances with little attenuation and penetrate deep into the earth. This makes natural noise of
primary importance for the seismic characterization of deep (from tens of meters to several
hundreds of meters depth) structures. Within this framework, principal sources are recognized to be
oceanic (waves, sea storms, tides) and atmospheric factors (large-scale pressure differences, wind,
rain), but additional factors have to be considered in special-local environments (e.g. volcanic and
geothermal areas, rivers...). Anthropogenic ambient noise, i.e. produced by human activity, also
defined as cultural noise, is mainly produced by traffic (car, trains...) and industrial activities. It is
therefore very variable depending on the site. Human-induced noise is commonly made of highfrequencies (higher than 0.5-1Hz).
The broadband nature of ambient vibrations leads to a high-resolving power for passive seismic
techniques on the soil upper meters to hundred meters.
A.2 Spatial distribution of noise sources
The spatial distribution of noise sources can vary in relation to type. Generally atmospheric sources
are considered to be uniformly distributed over large areas, while the oceanic sources are most of
times experienced to be strongly directional (depending on the geographical setting of the
measurement point). Anthropogenic sources are more variable, depending on the location and the
extension of the settlements. Of particular importance is the industrial-originated noise from
machinery or pumps. This kind, in addition to being highly directional, is generally monochromatic
and very energetic. It is considered to be a disturbance in most ambient noise-based techniques,
since it does not carry useful information and, at the same time, tends to mask the surrounding lowlevel noise signal. Some passive seismic techniques like SPAC and noise tomography are based on
the assumption, that the noise sources are uniformly distributed around the measurement location.
This is however not always satisfied. Conversely, other techniques, like those based on frequencywavenumber analysis, require a finite and well-defined number of sources in space, at least over
short time windows. In practice, an intermediate situation between the two assumptions is most of
times present, with some strongly directional wave-fields (generally the most energetic) surrounded
by an azimuthal variable, diffuse wave-field.
A.3 Wave type and relative proportion
The noise wave-field can be considered composed by a mixture of surface waves (Rayleigh and
Love) and body waves (P and S). The different phases are hardly separable in time, since a single
microtremor record of few minutes can include several tens of wavelets impinging from different
directions and overlapping each others. Defining the relative proportion of the different wave
components is a critical issue. The large variability in the energetic content relative to the different
phases can lead to large scatter in the interpretation of the results from ambient noise techniques.
Generally speaking, surface wave contribution is dominating in most situations, although the
influence of body waves can be significant at specific sites. The type and location of sources is the
main controlling factor. Usually, in or nearby urban areas, sources are assumed to be artificial and
located at the surface. Here, the fundamental modes of surface waves tend to dominate the wavefield in a range of frequencies between 1 and 15 Hz (Asten & Henstridge, 1984; Yamanka et al.,
1993, 1994; Lachet & Bard, 1994; Tokimatsu et al., 1992). Higher modes of surface waves are also

possible, but these are conversely more sensitive to the degree of heterogeneity of the soil structure.
As a matter of fact, higher modes are hardly detectable by conventional array techniques if the local
ground noticeably differs from the assumption of one-dimensionality, required by the methods. The
relative contribution of Love and Rayleigh waves is commonly considered to be equal on the
horizontal components of motion of the noise wave-filed. At some sites, however, a strong increase
in the energy of Love waves has been experienced.

