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Summary

This report is divided in three different sections. 

The first section analyses the influence of a sloping interface on the dispersion curve 
estimation and on the inversion results. The inversion of dispersion curves obtained from 
active (synthetics  and real data) and passive (synthetics) seismics  over a dipping interface 
resulted in Vs profiles with a velocity gradient and a bedrock deeper than in the true model. 

In the second and third sections, a procedure for detecting 2D/3D sites  is  defined from data 
of the 20 strong motion sites and of the Avignonet landslide (Isère, France). Based on 
active (seismogram, lateral spectrogram, dispersion curve comparison) and passive (shape 
of the H/V ratio, lateral variation of the H/V frequency peak) seismics, this procedure (which 
is  summariezd in the third section) aims at adapting the choice of imaging technique during 
site characterization
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1. General introduction

JRA4 aims at developing prototype, reliable, low cost tools for the geotechnical 
characterization of European strong motion sites and broadband stations. An overview of 
available methods  used in site characterization suggested that surface wave inversion 
(SWI) from array recordings  of ambient vibrations (AMV), while non-standard until now, 
could be a cheap tool of satisfactory accuracy to derive the shear wave velocity (Vs) 
structure of the uppermost 50 or more meters. However, SWI techniques rely on the 
assumption that the subsurface can be approximated by a horizontally stratified medium 
and previous experiments showed that results  on 2D or 3D sites may not be reliable. It is 
therefore necessary, first to understand the influence of non-1D geometries on the 
measured dispersion curve, and second to propose tools  for detecting 2D/3D sites  where 
SWI may not be appropriate. 

It is here important to define at what scale a site is considered 1D, 2D or 3D. The 
subsurface may indeed be geometrically complex at different scales, depending on the 
type of geology. At sedimentary sites for example, the bedrock/sediments interface often 
presents a non-planar geometry, and may be overlaid by sedimentary layers organized in 
complex features (for instance when deposited in fluvial sedimentary contexts). This 
complexity can therefore be studied at the scale of the whole geological setting (for 
example the sedimentary basin), or at the scale of the geophysical investigation (which 
varies from several tens to several hundreds of meters depending on the acquisition). The 
former may influence site effects through 1D, 2D or 3D resonance affecting the whole site 
(important for estimation of seismic wave amplification both for strong motion records and 
for civil engineering), whereas the latter may influence the results of the geophysical 
investigation. As the aim of this  study is  to provide recommendations for estimating the 
reliability of the results obtained with the surface wave methods proposed within NERIES - 
JRA4, we concentrate in this section essentially on the acquisition scale. A site recognized 
as 1D will therefore be a site where the results of surface wave inversion are reliable, 
although there may be 2D/3D site amplification effects at longer wavelength / lower 
frequencies than those addressed with the geophysical experiment. Such amplification 
effects can only be determined from a complete and detailed study of the geological setting 
and numerical simulations, but are not the main concern of the present work. 

This  report is divided into two parts. The first one focuses on the influence of a sloping 
interface on the measured dispersion curve. The second one reviews the different seismic 
techniques available for detecting such 2D/3D structures. 
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2. Influence of a sloping interface on the dispersion curve and 
on its inversion

2.1. Introduction
Surface wave methods are increasingly used as a tool for deriving shear wave velocities 
(Vs). Contrarily to more traditional techniques  like downhole or crosshole seismic tests, 
they are not invasive, easy to acquire and thus less expensive. Moreover, if the borehole 
methods provide accurate and well-resolved Vs values, seismic measurements from 
surface sample a larger area, more relevant for estimating average parameters of the 
medium. Surface wave inversion techniques are divided in two main categories, based on 
the type of sources and receivers used for acquiring the data. Active techniques (the most 
known of which is the Multi-channel Analysis of Surface Waves (MASW),  Park et al., 1999) 
consist in recording the vibrations generated with an artificial source on a profile of 
geophones. They generally provide information at frequencies above 2 Hz (Tokimatsu, 
1997), with corresponding penetration depths usually limited to a few tens  of meters 
(Jongmans, 1992; Socco and Strobbia, 2004). This makes them useful for shallow 
geotechnical or environmental investigations. On the contrary, ambient vibrations or 
microtremors are produced by sources of lower frequency (Aki, 1957; Satoh et al., 2001; 
Okada, 2003), allowing a deeper investigation of the ground particularly useful for site 
effect estimation in sedimentary basins (among others: Asten and Henstridge, 1984; Bard, 
2004). They are generally recorded with several concentric arrays  for covering a large 
frequency band, from high frequencies  with small arrays to low frequencies  with large 
arrays (Capon, 1969; SESAME-project, 2002a; Scherbaum et al., 2003). Surface wave 
dispersion depends essentially on the Vs profile (Vs values and thicknesses of the different 
layers), and to a lesser degree, on the P-wave velocity and density profiles (Xia et al., 
1999). Starting from seismic records, Vs profiles are thus estimated in two steps: 1) 
deriving the dispersion curve by transforming the recorded ground motion from the time-
space domain to the velocity-frequency domain, and 2) inverting the dispersion curve to 
retrieve the 1D shear wave velocity structure. 

Numerous methods have been proposed to process surface waves and estimate their 
dispersion curve, depending on the sensor layout (linear or two-dimensional arrays), the 
surface wave type (Love or Rayleigh) and the considered velocity (group or phase). An 
overview of the different techniques can be found in Socco and Strobbia (2004) and in 
Wathelet et al. (2008). Two main methods can be combined to determine the phase 
velocity dispersion curve: the frequency-wavenumber (FK) method (Lacoss et al., 1969) 
and the high-resolution frequency-wavenumber (HRFK) method (Capon, 1969), in which 
the relative weight given to each sensor is  optimized in order to decrease the influence of 
records that are not consistent with the majority. In the second step, this  dispersion curve is 
usually inverted using a classical linearized algorithm (Herrmann, 1987; Satoh et al., 2001) 
or direct search techniques like the Monte Carlo approach (Edwards, 1992; Mosegaard 
and Tarantola, 1995; Socco et al., 2008), the neighborhood algorithm (Sambridge, 1999; 
Wathelet et al., 2004; Wathelet, 2008) or the genetic algorithm (Goldberg, 1989; Yamanaka 
and Ishida, 1996; Kind et al., 2005; Dal Moro et al., 2007). 

Although both steps (dispersion curve estimation and inversion) rely on the assumption of 
a 1D medium, it is  nowadays quite common to use surface wave inversion for imaging 2D 
Vs structures from seismic profiles. For example, Xia et al. (1999) applied the MASW 
method to continuous-profiling shot records, and interpolated the resulting 1D profiles  to 
retrieve a pseudo 2D section. In order to increase the signal to noise ratio, Grandjean and 
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Bitri (2006) refined this  technique by stacking, for each receiver spread, the dispersion 
curves derived from several shot positions. However, these 2D applications still assume (1) 
that the dispersion curve constructed from each group of geophones only depends on the 
structure below it, and (2) that the dispersion curve resulting from this structure is  the one 
of the equivalent 1D medium defined by the vertical profile at the middle of the spread. If 
this  last assumption is verified for 2D media containing steps (Luo et al., 2009), it is not 
obvious that the dispersion curve generated by a dipping interface corresponds, even 
locally, to this 1D profile. In this paper, we therefore investigate the influence of a dipping 
interface on the measured Rayleigh wave dispersion curve and on its inversion. 

Several studies were conducted in the 1960’s and 1970’s to understand the surface wave 
propagation over laterally varying media, and particularly over a dipping interface such as 
the ocean (thin) - continent (thick) transition zone. The questions addressed by these 
studies regarded 1) the difference or consistency between phase velocities measured in 
the transition zone or in its vicinity for two waves propagating in opposite directions  (we will 
talk here about phase velocity and fundamental mode, although Drake (1972) recalls that it 
is  not strictly correct to use these terms in such a laterally varying medium), 2) the 
percentage of energy reflected or transmitted for both directions of propagations. 

Among these works, Kuo and Thompson (1963) and Abe and Suzuki (1970) used model 
experiments to study the propagation of Rayleigh waves on media with respectively 2.5° 
and 3 to 7° (i.e. 4.3% and 5.2 to 12.3%) dipping interface between top layer and half space. 
Kuo and Thompson (1963) found that phase velocities were independent of the direction of 
propagation, whereas Abe and Suzuki (1970) measured different phase velocities for the 
two directions. 

Boore (1970) used a finite difference scheme for measuring phase velocities between pairs 
of sensors above a model with a 17% slope. He found significant perturbations  both in the 
phase and amplitude spectra, on the whole frequency range above the transition zone, and 
at low frequencies in its vicinity. A comprehensive review of the sloping interface problem is 
given in Drake (1972). This author used finite element simulations  for estimating Rayleigh 
wave velocity in a model where a transition zone containing a 10% dipping interface links 
two 1D areas. He estimated mean phase velocities in this transition zone via two methods: 
• from the phase of the transmitted mode, measured on the nodes of the vertical 

section at the far extremity of the transition zone, 
• from 2D - Fourier analysis of vertical displacements measured at surface. 

The former of these estimations corresponds to Rayleigh wave only, and was  found to be 
independent from the direction of propagation. On the contrary, the latter is similar to phase 
velocities measured in the studies cited above, and was also found to depend on the 
direction of propagation. The author links  this dependence to interferences with body 
waves coming from the sloping interface. Moreover, he explains the results obtained by 
Kuo and Thompson (1963) by the fact that their slope was not steep enough to give rise to 
noticeable interference.

To summarize the findings of these studies, the phase velocity of the Rayleigh wave 
fundamental mode alone does not depend on the direction of propagation. This has also 
been demonstrated theoretically by studies describing the surface waves eigenfunctions 
and corresponds to the isotropy of the period equation (e.g. Gregersen, 1976). However, 
phase velocities as derived in surface wave inversions are measured from surface 
measurements and are sensitive to the whole wave field. The above-cited studies showed 
that in such case, measured phase velocities might depend on the direction of propagation 
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due to interference with body waves, scattered waves and higher modes.

Two questions may thus be raised regarding the current application of surface wave 
inversion in shallow geophysics in the case of a dipping interface. The first one regards the 
consistency between phase velocities measured from down-dip and up-dip propagation. 
The second question is about the 1D model derived from the dispersion curve inversion: 
what ‘average model’ is it?  Does it correspond to the vertical profile below the center of the 
receiver array?  

Bidet et al. (2004, 2005) started to look at these questions both with numerical, finite 
difference calculations  and with model experiments. Their acquisition layout was intended 
to simulate an active seismic experiment. Because they applied a vertical source in the 
middle of the spread, and not at both ends, they could not compare, for the same receiver 
gather, up-dip and down-dip measured dispersion curves. However, comparing the 
measured dispersion curves to each of the theoretical dispersion curves of 1D media 
defined by the middle of each spread, Bodet et al. (2005) concluded that the observed and 
theoretical dispersion curves correlated well, except for wavelengths longer than the 
spread length resolution limitation (O’Neill, 2004).

In this work, we use both numerical and real data to investigate further these two 
questions. In the first part, we concentrate on a profile configuration typical from MASW 
measurements, whereas we focus on array measurements in the second part. 

2.2. Profile configuration

2.2.1. Numerical data computation
We use the 2D spectral element method implemented in the PLAST2 code (Baillet et al., 
2005; Baillet and Sassi, 2006) to simulate a seismic profile acquired with 201 geophones 1 
m spaced from 0 to 200 m (Figure 1a). The central area, from x=-20 to 220 m, and y=0 to 
70 m, is meshed with Q4 spectral elements of about 1 * 1 m2 containing 9 Gauss points. 
Surrounding areas  with looser meshes were designed so that reflection of body waves on 
the edge of the model does not disturb the resulting seismograms. 
The source f(x,t) (equation Erreur ! Source du renvoi introuvable., Figure 1b and c) is an 
imposed displacement following a Gabor function (equation Erreur ! Source du renvoi 
introuvable.) applied either at x=0 or 200 m on a locally refined mesh and within an 
influence radius of r0=0.6 m (equation Erreur ! Source du renvoi introuvable.): 

 (1)
with 

 (2)
and 

  (3)
The source parameters are detailed in Table 1.
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Figure 1: MASW spectral elements simulation. a) Model used for the simulation: example of 
the 8% slope. Characteristics of medium A and B are given in Table 2. b) Source time history. 
c) Source spectrum.

Table 1: Parameters of the Gabor function used for the source.
The model contains two elastic homogeneous layers A and B whose mechanical properties 
are gathered in Table 2. In order to test the influence of the dipping interface on the 
dispersion curves, four models  were used with different slopes between x=50 and 150 m. 
The models, illustrated in Figure 2, are always flat for x < 50 and x > 150 m, with the 
interface separating the two layers  at the depths DL (left side) and DR (right side) required 
by the mean depth DM and the slope of the dipping part. In the three first models  (group A), 
the mean depth DM is  5 m and the dip is respectively 0 (reference model), 4 and 8%. The 
fourth model (group B) has a slope of 26%, with a mean depth DM of 14 m. The 
corresponding 1D resonance frequencies range between 5 and 125 Hz. Geometrical 
parameters together with associated resonance frequencies are gathered in Table 3. 
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Table 2: Mechanical parameters of the numerical models.

Figure 2: Schematic representation of the 4 models for MASW simulation. Group A (thick 
black lines): models with mean depth at 5 m (0, 4 and 8% slope). Group B (thick grey line): 
model with mean depth at 14 m (26 % slope). DL, DR are depths of the flat parts on the left 
and right sides of the models, DM is the mean depth of the dipping part. Example is given for 
the 26% model. Ldip: length of the dipping part, Spread 1 and spread 2: position of the two 
different sets of geophones used for dispersion curve computation.

Table 3: Geometrical parameters of the numerical models. Depths : DL=on the left, DM= in 
the middle, DR=on the right; resonance frequencies: f0L=on the left, f0M=in the middle, 

f0R=on the right.

For computing and inverting the dispersion curve, we use the software available in the 
Sesarray package (www.geopsy.org), namely Geopsy and Dinver.
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2.2.2. Numerical data results

Figure 3: a) Numerical seismograms for the model with a flat interface at 5 m depth. b) Same 
seismograms filtered in the 20 to 30 Hz frequency band. c) Dispersion image for geophones 
between 70 and 130 m (color scale goes from white (=0) to black (=0.5) to white (=1) again). 
Continuous lines: theoretical dispersion curves for the fundamental and 2 first higher modes 
of the Rayleigh wave; dashed and dotted lines: dispersion curves respectively measured with 
geophones between 40 and 200 m, and between 70 and 130 m.

Figure 3a shows the synthetic seismograms computed for the reference, flat model. Each 
trace has been normalized by its maximum. The different wave trains can be identified: the 
refracted P-wave (P), with a velocity of 1800 m/s, the refracted S-wave (S), with a velocity 
of 900 m/s, and the Rayleigh waves (Ry), whose last arrival is the Airy phase (A). The 
dispersion curve computed with geophones from 40 to 200 m is  shown with a dashed line 
in Figure 3c. It is very close to the theoretical fundamental mode (continuous line), down to 
13 Hz, below which there is not much energy. 

In order to look at the effect of the slope, dispersion curves will be in the following 
computed for two different spreads: with geophones from 70 to 130 m and geophones from 
40 to 160 m (Spread 1 and Spread 2 in Figure 2 respectively). The dispersion curve 
resulting from Spread 1 on the reference model (dotted line in Figure 3c) is close to the 
theoretical dispersion curve down to 40 Hz only. At lower frequencies, interferences with 
body waves disturb the dispersion curve, as  enlightened by the seismograms filtered 
between 20 and 30 Hz with a Butterworth filter of the first order (Figure 3b). This 
phenomenon resembles the ‘near field effect’ described in the literature. In order to avoid 
this  effect, Stokoe et al. (1994) recommended that λmax < 2 x1, where x1 is the distance 
between the source and first receiver, and O’Neill (2004) recommended that λmax <0.4L, 
where L is the length of the spread used to compute the dispersion curve. In our case, we 
have λmax = 640/40 = 16 m, which is both less than 2 x1 = 140 m, and 0.4L = 24m. This 
interference may be linked with the long duration of body waves due to the absence of 
attenuation, that can be observed on the seismograms (Figure 3a).
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Figure 4: Numerical seismograms for the shots at 0 (a) and 200 m (b), for the model with an 
8% slope between 50 and 150 m offsets.

The two sets of seismograms obtained for shots at 0 and 200 m on the model with an 8% 
slope are shown in Figure 4. The position of the top of the slope, at x=50 m, can be seen 
on the seismograms themselves. Moreover, the propagation of the fundamental and higher 
modes of the Rayleigh wave looks very different from one shot to the other. In both cases, 
the apparent phase velocity of the dominant frequency is faster for 40 m < x < 80 m than 
for 120 m < x < 160 m, resulting in ‘opening’ seismograms for the down-dip propagation, 
and ‘closing’ seismograms for the up-dip one. However, the mirror symmetry of the 
fundamental Rayleigh wave around the t=0.2 s axis is quite striking.

Figure 5: MASW numerical results: dispersion curves measured for geophones between 70 
and 130 m (a, b, and c) and between 40 and 160 m (d, e, f) for the models with a 4% slope (a 
and d), an 8% slope (b and e), and a 26% slope (c and f). Dashed lines: shot at 0 (down-dip 
propagation); continuous lines: shot at 200 m (up-dip propagation). Black lines: FK method; 
grey lines: HRFK method. Thin black line: theoretical dispersion curve of the corresponding 
1D medium at mid-slope (central profile).

Figure 5 presents the dispersion curves computed from the three models with a dipping 
interface (top: 4% slope, middle: 8%, bottom: 26%). In the graphs on the left, geophones 
from 70 to 130 m were used, whereas geophones from 40 to 160 m were used for the ones 
on the right. Dispersion curves in black (resp. in grey) were computed with the FK (resp. 
with the high resolution FK [HRFK]) method. Those computed from down-dip (resp. up-dip) 
propagation are represented with a dashed line (resp. continuous line). Moreover, the 
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dispersion curve of the profile below the middle of the spread (called the central profile 
hereafter) is represented with a thin black line. In the following, we compare these 
dispersion curves from different points of view.

• Direction of propagation: up-dip / down-dip 
Despite the differences observed on seismograms and previously discussed (Figure 4), the 
dispersion curves from down-dip and up-dip propagation are similar on a wide frequency 
range for the three dipping models, whatever the length of the spread and the method used 
to compute the dispersion curve. The only exception comes from the HRFK method for the 
long spread over the 26% slope (grey lines in Figure 5f). At low frequencies, down-dip and 
up-dip dispersion curves are slightly different for the models  with 4% and 8% slopes, and 
very different for the model with 26% slope. Moreover, they show undulations similar to the 
ones observed on the reference model with a small spread length.
 
• Spread length: Spread 1 / Spread 2 

For models with 4% and 8% slopes (Figure 5 a, b, d and e), dispersion curves  computed 
from the FK method (black lines) are different depending on the spread used in the 
computation. At low frequencies, long spreads (right column) present much less 
undulations than short spreads, but velocities are of the same order. At intermediate 
frequencies, both long spreads present a jump in the dispersion curve that is not observed 
on short spreads (at frequency Fj=40 [resp. 34] Hz for the 4% [resp. 8%] model, Figure 5d 
[resp. 5e]). Finally at high frequencies  (above 60 Hz), dispersion curves are similar for the 
two spread lengths. On the contrary, dispersion curves  derived with the FK method for the 
26% model (black lines in Figure 5 c and f) are similar for the two spreads on the whole 
frequency range.

Dispersion curves computed with the HRFK method (Figure 5, grey lines) look similar 
between the two spread lengths  up to the same frequency Fj. Above this frequency, 
dispersion curves computed from long spreads (right column) decrease more slowly toward 
the velocity of the first layer than the ones estimated from short spreads (left column), 
particularly for the two steepest models  (Figure 5 b/e and c/f). Moreover, as  already 
mentioned, the up-dip propagation HRFK dispersion image of the 26% model shows a split 
dispersion curve. 

• Processing technique: FK / HRFK 
For short spread lengths (Figure 5, left column), the two techniques give similar results  for 
all models. On the contrary, they give different results for long spread lengths at 
frequencies above the jump observed on FK (black) curves. On this frequency range, these 
last ones show lower velocities than HRFK curves. 

• Interpretation 
Undulations observed at low frequencies are similar to the ones observed on the short 
spread of the reference model (Figure 3c) and on the results of Boore (1970). Like these 
latter, they may be linked to interferences with body waves. Uebayashi (2003) showed that 
in in such configurations, the corners  of the model act as  diffractors, i.e. secondary 
sources. In such case, the Rayleigh wave interferes with the diffracted waves and the wave 
field can no longer be simplified to a plane wave. 
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Figure 6: Seismograms measured for the 8% slope model (top: shot at 0 m, bottom: shot at 
200 m) filtered around 30 Hz (left) and 45 Hz (right).

In order to understand the observed differences between processing techniques  and 
between spread lengths, Figure 6 shows the seismograms of the 8% slope model filtered 
around 30 Hz (below the jump in the dispersion curve, Figure 6 a and b) and around 45 Hz 
(above this jump, Figure 6 c and d). The Rayleigh wave velocity around 650 m/s  measured 
at 30 Hz on both spreads and with both techniques (Figure 5 b and e) matches the phase 
delay measured between the first and the last receiver of each spread, corresponding to 
the ‘672.8 m/s’ and ‘641.9 m/s’ velocities measured in Figure 6a. At 45 Hz, the velocity 
arount 580 m/s measured with both techniques on the short spread (Figure 5b) and with 
the HRKF technique on the long spread (Figure 5d) corresponds  to the same phase delay 
(measured velocities of ‘575.9 m/s’ and ‘578.4 m/s’ for short and long spreads respectively, 
Figure 6c). On the contrary, the Rayleigh wave velocity around 520 m/s measured with the 
FK technique on the spread (Figure 5e) is closer to the velocity of the Rayleigh wave in the 
100 - 200 m distance range (‘469.8 m/s’ in Figure 6c). To summarize, velocities measured 
at low frequencies on all curves and at high frequencies on short spread lengths (whatever 
the method) and/or with the HRFK method (whatever the spread length) correspond to the 
phase delay between the first and last receiver of the spread. On the contrary, velocities 
measured at high frequencies with the FK technique on long spreads is  closer to the 
Rayleigh wave velocity in the first layer. The frequency from which this change occurs is 
the one from which the kink in the propagation is  at 100 m, i.e. is  the first frequency for 
which the Rayleigh wave propagates  with the velocity of the first layer on more than half 
the spread. 
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To conclude this comparison, forward and reverse shots on gentle slopes (up to 8%) give 
the same dispersion curves, slightly contaminated by body wave interference at low 
frequencies. For steep slopes (26%), these interferences occur at lower frequencies, 
resulting in a wider frequency range for the inversion (next section). They are stronger than 
those observed on gentle slopes and result in different dispersion curves for the forward 
and reverse shots. These body waves are probably diffracted from the upper and lower 
corner of the model (Uebayashi, 2003). Moreover, when the geophone spread covers a 
significant lateral variation (length of the spread greater than length of the dip), dispersion 
curves computed with the FK and HRFK techniques are different. In the following, we try to 
understand what equivalent 1D model presents a dispersion curve similar to the one 
measured on these 2D models  with the FK technique and the 70 - 130 m spread of 
geophones. 

Because the waves go through the whole medium, the measured dispersion curves were 
compared to the theoretical dispersion curve of an average profile, i.e. a 1D profile for 
which the slowness  at each depth is an average of the slownesses of the 2D model at the 
same depth (equation Erreur ! Source du renvoi introuvable., Figure 7): 

  (4)
Where  is the average slowness, z is  depth, n is the exponent and N is the number of 
sensors below each of which the 1D slowness profile is  si(z). Figure 7 illustrates  the 
average profiles (both in velocity and slowness) thus computed for n=1. The average 
profile of the reference (flat) model corresponds to its central profile.

Figure 7: Schematic representation of the calculation of the average profile. a) distance-depth 
section below the spread. Triangles: receivers used in the calculation. Thick black line: 
interface between layer and half space. grey line: position of the slowness values used in the 
calculation for depth zk. b) and c) Slowness and velocity profiles respectively. Thick line: 
average profile of the dipping model in a). Dashed line: central profile, which is equal to the 
average profile of the reference, flat model.
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Figure 8: MASW numerical results. a) to d) Comparison of the dispersion curve measured 
with geophones between 70 and 130 m (grey lines) with the theoretical  dispersion curves of 
the average profile (equation Erreur ! Source du renvoi introuvable.). a) Reference model, 
b) 4% slope, c) 8% slope, d) 26% slope. e) Average profiles of the three models of group A 
(flat, 4% slope and 8% slope lodels with mean depth at 5 m depth). f) Average profile of 
models of group B (flat and 26% slope models with mean depth at 14 m). a) to c) and e) 
Black dashed line: reference model; continuous line: 4% slope; Grey dashed line: 8% slope. 
d) and f) Continous line: flat model; dashed line: 26% slope.

The best results (Figure 8) were obtained with the exponent n=2, at least for the high 
frequency part. The four graphs on the left (Figure 8a, b, c and d) show the dispersion 
curves measured with the FK technique with geophones between 70 and 130 m (grey lines 
with error bars) for the reference model, and the 4%, 8% and 26% models  respectively. On 
the three first graphs  (Figure 8a, b and c) are also represented the theoretical dispersion 
curves of the average profiles of the models  of group A (mean depth at 5 m, Figure 8e): the 
black dashed line for the reference model, the continuous line for the 4% model, and the 
grey dashed line for the 8% model. On Figure 8d are drawn the ones of the average 
profiles  of the models  of group B (continuous  line: reference model, dashed line: 26% 
slope). The theoretical dispersion curves of these average profiles better fit the measured 
ones down to the frequency at which all of them intersect (42 Hz for the 4% and 8% 
models  [Figures 8 b and c], and 18 Hz for the 26% model [Figure 8d]). Below this 
frequency however, the measured velocities  are not well retrieved; they seem to be better 
fitted with the average profile of a twice steeper 2D model, but this would need to be 
confirmed with further studies.
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Figure 9: MASW numerical results: dispersion curves inversion. Top: shades of grey: inverted 
Vs profile, light brown: central profile, Bottom: shades of grey: theoretical dispersion curves of 
the inverted profiles, light brown: measured dispersion curve. a) and e) Flat model. b) and f) 
Model with a 4% slope. c) and g) Model with a 8% slope. d) and h) Model with a 26% slope.

Although better explained with such gradient average profiles, the measured dispersion 
curves are nevertheless quite close to the theoretical dispersion curves of the 
corresponding central profiles. Figure 9 shows the inversion of the dispersion curves 
measured with the FK technique and geophones from 70 to 130 m. Forward and reverse 
shots  were averaged, and the undulating low frequency parts  of all measured dispersion 
curves were cut out before the inversion. The parameterization is a two layer model, with 
Vp ranging between 200 and 3000 m/s, Vs between 150 and 1000 m/s, Vp and Vs linked 
by a well constrained Poisson’s ratio between 0.3 and 0.35, fixed density of 2000 kg/m3, 
and thickness of the layer ranging between 1 and 15 m for the 0, 4% and 8% slopes, and 
from 1 to 30 m for the 26% slope. The inverted profiles correspond to the central profile 
(light brown in Figure 9a to d) for the reference and 4% slope models, but the velocity and 
depth of the half space are slighlty underestimated for the 8% slope models, and clearly 
underestimated for the 26 % one.

To conclude this numerical analysis, we found that dispersion curves computed from 
forward and reverse shot over a dipping layer interface are similar except at low 
frequencies, particularly for the steepest model (26 % slope). This difference at low 
frequencies was linked to the interference with body waves diffracted from the corners of 
the models. Moreover, when the length of the spread of geophone is larger than the length 
of the dipping part of the model, the FK and HRFK techniques provide different dispersion 
curves. We found that the high frequency part of the measured FK dispersion curve is 
better fitted with the average 1D profile (computed from squared slownesses, equation 
Erreur ! Source du renvoi introuvable.) than with the central 1D profile (corresponding 
the 1D profile below the middle of the spread). Finally, the inversion of the measured 
dispersion curves lead to an underestimation of the velocity and depth of the half-space for 
the models with an 8% and 26% slope.
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2.2.2.1.Real data acquisition
In order to test on real data the influence of a dipping layer on MASW measurements, a 
seismic profile was deployed on the north western edge of the Colfiorito basin, in Italy 
(Figure 10). Previous  studies indicate at this location a dip of the bedrock around 20 % 
(Di Giulio et al., 2006, Figure 10b, ), from the surface at the edge of the basin to 100 m 
depth about 500 m further east. A 69 m long profile oriented W-E (Figure 10c) was 
acquired with 24 vertical and 24 horizontal 4.5 Hz geophones spaced by 3 m. Vertical 
displacements were generated with a 5 kg sledge hammer on an aluminium plate, while 
transverse horizontal ones were triggered with the same hammer hitting a wooden beam 
laid on the ground, perpendicularly to the profile. Signals were recorded with a 4000 Hz 
sampling rate during 2 s. Shots were performed at the middle of the profile, and at 3 and 9 
m offsets of both ends. 

Figure 10: MASW real data acquisition in Colfiorito. a) Location of the Colfiorito basin in Italy. 
b) Location of the acquisition (black square) in the Colfiorito basin whom bedrock depth was 
estimated from combined geophysical and geotechnical information: modified from (Di Giulio 
et al., 2003). The arrow locates the point from which the photography in c) was taken. c) 
dashed line and white arrows: location of the seismic profile in the field.
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2.2.2.2.Real data results
The signals recorded at 3 m offsets are presented in Figure 11 both for vertical (a and b) 
and horizontal (c and d) records. Like in numerical simulations, the dominant frequency of 
the surface waves show lateral variations, with faster velocities in the 10 - 30 m range than 
in the 40 - 60 m range.

Figure 11: Vertical (a and b) and horizontal (c and d) seismograms shot at -3 (a and c) and 72 
m (b and d).

Table 4: Dipping layer model from refraction analysis
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Figure 12: Results of the refraction analysis. a) and b) P-wave; c) and d) SH-wave; a) and c) 
Distance-first arrival time plots; b) and d) Inverted dipping layer models. Seismic parameters 
are indicated in Table 4.

Figure 12 and Table 4 show the results of the refraction analysis, performed with 
SARDINE, a multi dipping layer algorithm. The seismic model is composed of a first 
superficial 1.5 m thick low velocity layer, overlying two layers of sediments, below which the 
bedrock dips from about 15 m to 28 m depth from West to East, in good agreement with 
the model of Di Giulio et al. (2003). In the following, we compare the results of surface 
wave analysis to the central profile, defined from this model as the 1D profile below the 
center of the spread.
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Figure 13: Dispersion curves measured from vertical (a and b) and horizontal (c and d) 
records of shots at -9 (a and c) and 78 m (b and d).

Dispersion curves derived with FK analysis  from the two 9 m offset shots, and both vertical 
and horizontal records are showed in Figure 13. For Rayleigh waves (a and b), the low 
frequency part of the fundamental mode can be identified on both shots, which give similar 
dispersion curves. At higher frequencies, two different higher modes can be identified from 
the two shots. For Love waves (13 c and d), only the fundamental mode seems to be 
excited, but forward and reverse shots do not give so consistent dispersion curves as for 
the Rayleigh waves. 

These measured dispersion curves are consistent with the theoretical dispersion curves 
computed from the central profile and the average profile (defined in paragraph 2.2.2 
equation Erreur ! Source du renvoi introuvable.) derived from the refraction model 
(Figure 14). Because the dipping bedrock is relatively deep, dispersion curves from these 
two profiles are almost similar, with very slight differences only in the low frequency range 
of each of the 5 computed modes. For Rayleigh waves (Figure 14a), these theoretical 
dispersion curves are consistent with the measured fundamental and two first higher 
modes. For Love waves, the high frequency part (>10 Hz) of the fundamental mode 
measured with the up-dip propagation (grey crosses in Figure 14b)is  in good agreement 
with the one forward modeled from central profile. On the contrary, the high frequency part 
of the dispersion curve measured from down-dip propagation is different. Comparing it to 
the Rayleigh waves different modes (Figure 14c), it seems that the apparent dispersion 
curve is  contaminated with Rayleigh wave energy. It is indeed possible that the profile is 
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actually not perpendicular to the dip of the bedrock, inducing wave conversion. At low 
frequencies (below 10 Hz), the Love wave dispersion curve measured from down-dip (resp. 
up-dip) fits the theoretical dispersion curve of the thick (resp. thin) side of the refraction 
model (Figure 14e). Like for the Rayleigh wave on the steepest model of the numerical 
analysis (section 2.2.2, figure 5), down-dip propagation is  slower than up-dip propagation. 
However, without validation with synthetic tests (which would require the use of another 
code than the one used in section 2.2.2 allowing displacement in the third dimension), it is 
difficult to interpret further these results.

Figure 14: Comparison of the measured dispersion curves (black circles: down-dip, grey 
crosses: up-dip) with theoretical dispersion curves of the models estimated from refraction: 
a) measured Rayleigh waves and theoretical 5 first modes of the Rayleigh waves from central 
(black line) and average (grey line) profiles, which only differ slightly at low frequency. 
b) measured Love waves and theoretical 5 first modes of the Love waves from central (black 
line) and average (grey line) profiles. 
c) measured Love waves and theoretical 5 first modes of the Rayleigh wave from central 
(black line) and average (grey line) profiles. 
d) measured Rayleigh waves and theoretical Rayleigh waves from models on both sides of 
the refraction model (dashed line: shallow side, dashed dotted line: deep side). 
e) measured Love waves and theoretical Love waves from models on both sides of the 
refraction model (dashed line: shallow side, dashed dotted line: deep side). 
f) continuous line: central profile, grey line: average profile, dashed line: profile on shallow 
side, dashed dotted line: profile on deep side.
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Figure 15: Results of the inversion of the up-dip Love fundamental model and three Rayleigh 
waves first modes, presented with a common misfit grey scale. Light brown: central profile 
derived from refraction. a) resulting Vp profiles; b) Resulting Vs profiles; c) Love fundamental 
mode; d) Rayleigh fundamental mode; e) Rayleigh first higher mode; f) Rayleigh second 
higher mode.

Finally, the dispersion curves of the three Rayleigh modes and up-dip Love fundamental 
mode were jointly inverted with a three layer over half space parameterization. All models 
with a misfit lower than 1 are presented in Figure 15. The resolution is  only good down to 
about 10 m depth, below which a large range of Vs values explain the data, including the 
central profile of the refraction model (light brown curve). 

To conclude, this active seismic acquisition gave complementary information on the 
influence of a dipping interface on dispersion curve inversion. First, we found that forward 
and reverse shots gave similar Rayleigh wave fundamental mode dispersion curves  in the 
low frequency part of the dispersion image, and that at higher frequencies, higher modes 
dominated the wave field. The analysis of the horizontal displacements  showed that at high 
frequencies, part of the energy was converted to Rayleigh wave, certainly due to the 3D 
(and not only 2D) geometry of the ground model / profile configuration. At lower 
frequencies, measured Love wave velocities were slower for down-dip propagation than for 
up-dip propagation, consistently with the results obtained for Rayleigh waves in the 
numerical analysis (section 2.2.2). In this case study, the bedrock was too deep to be well 
resolved by MASW measurement. However, it is worth to notice that with such a steep 
interface, increasing the length of the profile would not have improved the resolution of the 
bedrock because the problem is homothetic.
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2.2.3. Array configuration
In this  last section, we investigate the influence of a dipping interface on array 
measurements. We use numerical data computed in the frame of the 2002-2005 SESAME 
project (SESAME-project, 2002b), and the acquisition geometry adopted within the 
2006-2009 NERIES project (NERIES-JRA4, 2008). The chosen model, named M3A in the 
SESAME collection, is  a 1 * 2.2 km 2D geometry dipping along its width with a 10° or 17% 
slope, from the surface at 450 m to 70 m depth at 850 m (Figure 16). Seismic parameters 
of the two layers are given in Table 5. Sources are located at random positions, but away 
from all receivers  (Figure 16a). Within all available receiver positions, we chose the 22 
ones located in Figure 16b in order to reproduce three concentric arrays A (small radius) to 
C (large radius), with 7 sensors  spread around a central one. Figure 16c shows three Vs 
profiles  corresponding to these sensors: the profile below the central sensor (dashed line), 
the average profile (continuous  line), as defined in section 2.2.2 equation Erreur ! Source 
du renvoi introuvable. and considering equally all 22 sensors, and the deepest profile 
(dashed dotted line), i.e. the profile of the thickest part of the investigated area, below 
sensors C3 and C4 (Figure 16). 

Figure 16: SESAME M3A model used for the numerical study. a) Whole area with location of 
sources. Grey scale indicates the depth of the interface. b) Location of the three concentric 
7+1 sensor arrays, with same grey scale. c) Dashed line: central Vs profile; continuous line: 
average Vs profile (see section 2.2.2 for definition); dashed dotted line: deepest Vs profile 
below the array.

Table 5: Seismic parameters of model M3A
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Available data are 1 mn 44 s long seismic synthetics sampled at 250 Hz. This is very short 
for ambient vibration measurements, and influences the quality of the measured dispersion 
curves. Because of this  very short duration, records were divided, for each frequency, in 
25-period long time windows overlapping by 50%. This allowed an increased number of 
time windows to be processed compared to the 50-period long time windows without 
overlap usually used when enough data is available, and improved the quality of the 
dispersion image measured with both FK and HRFK method. The resulting FK dispersion 
curves are presented in Figure 17. Although their amplitude is not very high because of the 
short duration of the signal, dispersion curves of arrays A and B (Figure 17b and c) are 
relatively well defined. On the contrary, it is  not possible to identify any dispersion curve on 
the image of array C (Figure17a). Figure17d corresponds to the processing of all records at 
once, which is  usually not possible in the field because the different arrays are not acquired 
at the same time. The resulting dispersion curve is also relatively well defined. Figures 17 e 
and f) will be discussed below.

The dispersion curve of array A is in good agreement (within aliasing and resolution limits) 
with the theoretical curve of the central profile (dashed line in Figure 17a). On the contrary, 
the dispersion curve of array B (Figure 17b) shows lower velocities than expected from 
both the central and average profiles. This  is even more the case for the dispersion curve 
computed from all sensors (Figure 17c). Both of these dispersion curves lie between the 
theoretical dispersion curves  of the central and deepest profiles. The same results  were 
obtained with the HRFK technique (not shown). 

Dispersion curves  measured with ambient vibrations on the edge of such a valley may 
therefore not correspond to the average medium below it, but to a medium with a first layer 
whose thickness is comprised between the thickness below the central sensor, and the 
largest thickness below all receivers. This effect results from the so called site effects that 
induce a larger amplitude of the ground motion at sensors located on the thickest part of 
the model (Figure 18). Because no normalization is  applied during the processing, this 
larger amplitude gives  a more important weight to these sensors, and shifts the dispersion 
curve toward the velocity values of the Rayleigh wave at this location. On the contrary, it is 
difficult to identify any dispersion curve when all seismograms are normalized by their 
maximum (Figure 17d) or whitened in the 1.5 - 15 Hz frequency band (Figure 17e). In 
these cases like for the largest array, it is  not possible to estimate one single velocity in the 
considered frequency range because the pseudo Rayleigh wave fundamental model 
changes too much across the array. 
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Figure 17: Dispersion image obtained a) from array A, b) from array B, c) from array C, d) 
from all 22 sensors. Thick dashed line: aliasing limit (kmax); thick continuous line: resolution 
(kmin/2) limit; thin lines: theoretical dispersion curves of the central profile (dashed line), 
average profile (continuous line) and deepest profile (dashed dotted line).

Figure 18: Vertical signals recorded on array B. Sensors are ordered from shallow (top) to 
thick (bottom) part of the model.

Dispersion curves measured on arrays A and B were combined and inverted with three 
different parameterizations: one layer over half space, two layers over half space, and one 
layer with linear increase of velocity with depth over half space. The results are presented 
in Figure 19. Because of the large uncertainty due to the short duration of the seismic 
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signals, a wide range of models explain the dispersion curve within its error bar (misfit < 1). 
However, if we decide to be more confident in the central value of the dispersion curve, we 
find that the observed dispersion curve is  less well fitted with the 1 layer over half space 
parameterization, particularly at high frequencies (Figure 19d). None of the inverted 
models, even with misfit up to 1, is close to the central profile (dashed line in Figure 19 a to 
c). At shallow depths (less than 15 m), velocities are slightly overestimated, particularly for 
the 1 layer parameterization (between 270 and 350 m/s instead of 250 m/s). At 
intermediate depths (between 15 and 30 m), they are comprised between the average and 
the deepest profiles. Finally at large depths (between 30 and λmax/3 = 640/4/3 ≈ 50 m), 
velocity values are underestimated by the low misfit models. 

The dispersion curve measured from all receivers was also inverted with the same 
parameterizations (Figure 20). One-layer models that best fit the dispersion curves  are 
close to the deep profile (dashed dotted line in Figure 19a), and the best models with a 
linear velocity law fit at shallow depth the average profile (continuous  line in Figure 19c). 
However, like previously, lowest misfits are given by the two layer over half space 
parameterization. Because the dispersion curve goes at lower frequencies than the one 
estimated from arrays A and B, the corresponding penetration depth is larger and the 
velocity of the bedrock is not underestimated.

Figure 19: Inversion of the dispersion curves measured on arrays A and B with: a) and d) one 
uniform layer over half space, b) and e) two uniform layers over half space, and c) and f) one 
layer with linear increase with depth over half space. a), b) and c) Resulting Vs profiles; d), e), 
and f) Corresponding dispersion curves.
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Figure 20: Inversion of the dispersion curves measured on all receivers with: a) and d) one 
uniform layer over half space, b) and e) two uniform layers over half space, and c) and f) one 
layer with linear increase with depth over half space. a), b) and c) Resulting Vs profiles; d), e), 
and f) Corresponding dispersion curves.

To summarize, several points were enlightened by this surface wave inversion of ambient 
noise simulated over a 3D model containing a 2D dipping interface between a soft layer 
and a half space. 

First, we found that the dispersion curve of the second, intermediate size array was  shifted 
toward lower velocities / lower frequencies compared to the profile below the center of the 
array. This is due to site effects, which amplify the ground motion in the thickest part of the 
soft layer and give more weight to sensors in this area during the processing. 

Moreover, no dispersion curve could be derived from the largest array because the model 
changes too much below it, preventing from retrieving any consistent phase velocity. 
Consequently, the velocity of the half space was underestimated during the inversion. 
Moreover, the measured dispersion curve was  better fitted with a 2 layer over half space 
parameterization than with a 1 layer one. 

2.2.4. Discussion and conclusions
In this  work, we used both numerical simulations and real data to investigate the influence 
of a sloping interface on the results  of surface wave inversion, and more particularly on 
Multichannel Analysis of Surface Waves and on AMbient Vibrations Measurements. 2D 
numerical simulations were performed with a spectral element method to reproduce MASW 
acquisition. Four models were used, with an interface dipping between 50 and 150 m 
offset, respectively with 0, 4, 8 and 26% slopes of 5 and 14 m mean depths. Simulated 
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seismograms reproduced shots  at 0 and 200 m, and dispersion curves were computed for 
geophones between 70 and 130 m, and between 40 and 160 m. In a second step, we 
analysed the vertical and horizontal seismograms acquired on an active seismic profile at 
the edge of the Colfiorito basin (Italy). At this location, refraction analysis on the same data 
showed an about 20% slope of about 22 m mean depth. Finally, one simulation of the 
SESAME project was used to reproduce AMV measurements with three arrays of about 20, 
40 and 90 m radius over a dipping interface with 17% slope of 20 m mean depth. The time 
length of these simulation was limited to 1 mn 44 s, and the related results should therefore 
be considered with caution. 

These three studies enlighten several points  regarding both observed dispersion curves 
and inverted shear wave velocity profiles. 

• Measured dispersion curves 
First, surface waves velocities are independent from direction of propagation for gentle 
slopes (4 and 8%) in the MASW numerical simulations, and for Rayleigh waves in the real 
MASW acquisition. On the contrary, measured velocities are higher (resp. lower) for up-dip 
(resp. down-dip) propagation at low frequencies  on the steep (26 %) slope of the MASW 
numerical simulation and for Love waves of the real data acquisition. These differences are 
due to interferences with body waves diffracted on the dipping interface. 

The high frequency part of the dispersion curves measured on all 4 MASW numerical 
simulations (with 0 to 26% slopes) is well fitted with the theoretical dispersion curve of an 
equivalent average profile (equation Erreur ! Source du renvoi introuvable.). On the 
other hand, dispersion curves measured from ambient vibration simulations are influenced 
by differential site amplification at the different sensors, which gives more weight to those 
located on the thickest area. The dispersion curve measured over a dipping interface is 
therefore not equal to theoretical dispersion curve of the profile below the center of the 
survey. 

Furthermore, when computed from the long spreads  (40 - 160 m) overlying the corners of 
the dipping part of the MASW numerical model, estimated dispersion curves depend on the 
processing technique (FK or HRFK). For ambient vibration simulations, no dispersion curve 
can be measured from the largest array of the ambient vibration simulations. Such large 
lateral variations may therefore be detected by checking the quality of the dispersion curve 
and the consistency between results estimated from different processing techniques. 

Finally, down-dip propagating Love waves measured in Colfiorito are contaminated at high 
frequencies with Rayleigh wave energy. This effect certainly results from wave conversion 
at the bedrock interface, whose dip was probably not in line with the profile. More complex 
effects may therefore be expected for geometries more complicated than the dipping 
interface case investigated here. 

• Inverted Vs profiles 
In most cases, inverted Vs profiles do not correspond to the Vs profile below the center of 
the survey. This  is only the case for the 4% and 8% slope models of the MASW numerical 
simulation. As expected from the discussion on dispersion curves, the 1 layer over half 
space profiles inverted from the dispersion curve esimated from all sensors of ambient 
vibration simulations match the profile below the thickest part of the investigated area. 
However, this dispersion curve is better fitted with a 2 layer over half space 
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parameterization, and the resulting profiles overestimate the thickness of the soft layers. 
Moreover, when inverting the dispersion curve estimated with successive, concentric 
arrays like usually performed in the field, bedrock depth is also overestimated, and bedrock 
velocity is underestimated, due to the impossibility of measuring a dispersion curve from 
the largest array. Finally, both the profiles inverted from the steep (26%) slope of the 
MASW numerical simulation and the best models inverted from real MASW acquisition 
underestimate both the depth and the shear wave velocity of the bedrock.
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3. Detecting and imaging 2D/3D sites

3.1. Introduction
The first part of this report enlightened that surface wave inversion at sites  with strong 2D/
3D geometries may provide velocity profiles  with fictitious velocity gradient above a 
bedrock whose depth may be misestimated and/or whose velocity underestimated. It is 
therefore necessary to be able to evaluate the validity of the 1D approximation when 
performing site characterization.

The aim of the second part of this  report is to review the different techniques available for 
detecting and imaging 2D/3D geometries of the subsurface. It is useful to remind here the 
importance of performing a preliminary survey to gather all available knowledge before any 
site characterization. Information derived from topography, geology, or any geotechnical or 
geophysical previous survey will help better understanding the site configuration. 

Numerous geophysical techniques allow 2D or 3D imaging of the subsurface, among which 
the most widespread are the seismic, geoelectric and gravimetric techniques. However, 
site effects being more sensitive to the shear modulus of the subsurface, the tool proposed 
by NERIES - JRA4 for site characterization gathers a set of seismic techniques. These 
ones are sensitive to seismic contrasts which may not correspond to contrasts in other 
physical properties. We therefore concentrate hereafter on seismic methods. After a first 
part presenting the 7 sites used for illustration purposes, the second part focuses on simple 
seismic tools allowing a quick detection of 2D/3D features. In the third part, more advanced 
techniques allowing a detailed imaging of the subsurface are briefly reviewed. Finally, we 
propose a procedure for the European strong motion site characterization using the 
seismic tools proposed within NERIES - JRA4 that takes into account the geometry of the 
investigated site. As enlightened in the general introduction, we concentrate here on these 
2D/3D structures at the scale of the investigation. Larger 2D/3D structures, affecting longer 
wavelength than the ones recorded with subsurface geophysical acquisitions, may be 
present at sites defined here as 1D, and may induced 2D/3D amplification effects at lower 
frequencies.

3.2. Site description and data acquisition
Among the 19 sites  investigated within NERIES - JRA4, we use in this report data from 
Bolu, in Turkey, from Knidi and Korinthos, in Greece, and from Colfiorito, Cerreto and 
Tolmezzo, in Italy. All details on the acquisition were reported in NERIES JRA4 - 
Deliverable D2, and we only recall here the information used in the following part of the 
report. Beside the NERIES sites, we also use data acquired on the Avignonet landslide, 
which affects clayey deposits of laterally varying thickness in the Drac river valley, near 
Grenoble in France. A comprehensive presentation of this  landslide can be found in 
Jongmans et al. (2009). 

In all cases, seismic profiles were acquired with 24 vertical and 24 horizontal 4.5 Hz 
geophones. Shots were given with hammer and plate (vertical records), and hammer and 
wooden beam set perpendicular to the profile (horizontal records). Geophone 1 is  always 
located at 0 m on the profile. Moreover, profiles are never longer than 115 m, above which 
length the signal/noise ratio of the source would be in most cases not sufficient. Ambient 
vibrations were recorded with 8 (resp. 6) three-component Lennartz-5s sensors on the 
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NERIES sites  (resp. on the Avignonet landslide). All sites are located in Figure 21, and 
details  on all acquisitions used below are given in Table 6. The geology and geometry of 
the different sites are described in the next paragraphs, and synthesized in Table 7. 

Figure 21: Location of the 8 sites used in this report.

Table 6: Acquisition parameters at all sites

3.2.1. Avignonet
The Avignonet landslide is  a 2 * 2 km slide affecting clayey deposits  (glacio-lacustrine clays 
of the Würm period) along the Drac river valley (Southern Alps, Isère, France). The clay 
unit, whose thickness  varies from 0 to 200 m, lays either on the irregular carbonate 
bedrock of Jurassic age, or on highly compacted and cemented glacio fluvial material (see 
Figure 22, AVIGNONETb). Two acquisitions will be mentioned in this report: a 115 m long 
SH seismic profile performed on a very disturbed area, and ambient vibration 
measurements recorded with three concentric arrays  (of 20, 40 and 60 m radius 
respectively) over the dipping part of the bedrock. These two acquisitions are located in 
Figure 22 (AVIGNONETa). 

3.2.2. Bolu
Bolu is located in a large alluvial plain, and the investigated site is known from borehole 
investigation to lay on very stiff to hard sandy clays and clayey sands, at least down to 30 
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m depth. No information is available at greater depth, and the only measurements  allowing 
in depth investigations are the ambient vibration array measurements performed during the 
NERIES project. Their dispersion curve inversion results in a 1D profile where no strong 
velocity contrast separates bedrock and sediments  (Figure 22, BOLU). In the following, we 
refer to the H/V results obtained on this  ambient vibration acquisition, which consists in 4 
concentric arrays of 5, 15, 45 and 100 m radius. 

3.2.3. Colfiorito
The Colfiorito basin is a 3-km wide intramountain basin in the Appenninic arc (Figure 22, 
COLFIORITOa). Its sedimentary fill consists of alluvial deposits  (lateral debris fans mixed 
with lacustrine sandy-clayey deposits) overlaying limestone and marls  of the Umbria-
Marche Meso-Cenozoic sequence. The bedrock topography was determined by Di Giulio 
et al. (2003) with boreholes  and extensive seismic refraction and geoelectrical surveys 
(Figure 22, COLFIORITO). Two locations were investigated within the NERIES project. The 
first one is close to the strong motion station (Colfiorito SM, Figure 22, COLFIORITOa). We 
use in this report data from one array acquisition with 2 concentric arrays of 15 and 100 m 
radius (called Location 2 in NERIES JRA4 - Deliverable D2), and one 115 m long active 
seismic profile (called P3 in NERIES JRA4 - Deliverable D2). At this location, the shallow 
sedimentary layers correspond to horizontally layered Eocene marsh (Figure 
22COLFIORITOd) with shear wave velocity increasing from 70 to 150 m/s in the first 10 m. 
The bedrock interface dips slightly from 50 to 60 m depth eastwards  (Figure 22, 
COLFIORITOa). The second location (Colfiorito BE, Figure 22, COLFIORITOa) is the one 
showed in section 2, at the NW edge of the basin. It was investigated with a 69 m long 
seismic profile (called P1 in NERIES JRA4 - Deliverable D2), over a bedrock dipping from 
15 to 25 m depth (Figure 22, COLFIORITOc). This depth is  of the same order as the 
penetration depth of the survey, and is thus considered deep in the following. Vs in the first 
10 m increases from 120 to 300 m/s.

3.2.4. Cerreto
Cerreto site is  in a narrow river valley, whose western side is filled with travertine and 
eastern side with alluvia (Figure 22, CERRETOb). Both array and profile acquisitions are 
located on the eastern side of the valley. The profile acquisition (35 m long) is  ‘exactly’ on 
the edge of the valley, lying both on alluvial deposits on its  western part, and on mountain 
side debris on its  eastern part (figure 22, CERRETO a and b). Moreover, the three smallest 
arrays (of 5, 15 and 20 m radius) are spread on alluvial deposits, whereas the larger one 
(about 80 m radius) lays both on alluvial deposits and on travertine. Shear wave velocity in 
the upper meters is comprised between 160 and 200 m/s.

3.2.5. Knidi
In Knidi, the geology of the upper part of the subsurface is essentially composed of 
conglomerates and sandstone. The refraction analysis of the active seismic data used in 
this  report indicates a shallow dipping interface (Figure 22, KNIDI) separating a soft layer 
(Vs ≈ 100 m/s) from a much stiffer one (Vs ≈ 500 m/s). The dip is  not important in absolute 
value (1 m vertically against the 35 m length of the profile), but is  relatively important 
compared with the depth of the interface itself, varying from 1 to 2 m.
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3.2.6. Korinthos
Korinthos city is located in a large alluvial plain, whose bedrock depth and morphology are 
not well known (Endrun et al., 2009). Borehole logs indicate slow sediments (Vs<600 m/s) 
extending to at least 40 m depth. Four concentric arrays of radius 5, 15, 35 and 50 m 
radius were successively settled in the city center, on a pedestrian square surrounded by 
busy streets, particularly on the northern and western sides. Urban activity was very 
important during acquisition of the three smallest arrays, and much more quiet during the 
last one. 

3.2.7. Tolmezzo
Finally, the strong motion station in Tolmezzo (TLM1) is located on rock, on top of a ridge 
(Figure 22, TOLMEZZO). The array acquisition used in this report (called Location 2 in 
NERIES JRA4 - Deliverable D2, with 5 and 15 m radius arrays) is close to the station. 

3.2.8. Schematic representations
In order to remind the reader of the geometry of each site in the following sections, each of 
them was associated to a schematic representation presented in table 7. 

Figure 22: Geological and topographical information on all sites. 
AVIGNONET: a) aerial photograph of the landslide. Dashed line: outer limit of the landslide, 
white circles: location of array acquisition, white line: location of profile. b) geological cross-
section of the valley. Modified from Jongmans et al. (2009). Dashed line: outer and deeper 
limit of the landslide. 1) Morainic deposits, 2) clays, 3) alluvial deposits, 4) carbonate bedrock. 
COLFIORITO: a) Location of the two acquisitions close to SM: strong motion station, and BE: 
basin edge. Modified from Di Giulio et al. (2003). b) Cross-section below the basin obtained 
from the same study. c) and d) results of the refraction analysis with a multi dipping layer 
algorithm at BE and SM respectively. 
TOLMEZZO: aerial photograph from Barnaba et al. (2007). Acquisitions are close to TLM1. 
CERRETO: a) Photograph taken from the mountain side (from A. Rinaldi), with position of 
larger array (triangles), small arrays (rhombus) and profile (black line). White dashed line: 
position of b). b) Geological cross-section of the valley with position of larger array and profile 
(From S. Martino, personal communication). 1) alluvia, 2) travertine, 3) moutain side debris, 
4) carbonate bedrock. 
BOLU: Vs profiles with misfit < 1 resulting from surface wave inversion of ambient vibration 
measurements. 
KNIDI: result of the SH refraction analysis.
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Table 7: Synthesis of the site description with associated schematic representations. ACQ: 
Type of acquisition, P=profile, A=array).
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3.3. Detecting 2D/3D sites
This section reviews simple seismic tools  allowing detection of 2D/3D features: 
seismograms, spectrograms, dispersion curves and first arrival times for active seismics, 
H/V ratio for ambient vibration measurements. Almost all of them can be available in the 
field, and may be used for adapting the imaging technique during acquisition. 

3.3.1. Active seismics
• Seismograms 

Figure 23: Seismograms of the forward shot gathers (a, d, g, j) and reverse shot gathers (b, e, 
h, k); lateral spectrograms of the middle shot gathers (c, f, i, l). a) to c) Colfiorito - SM (1D), d) 
to f) Colfiorito - BE (deep bedrock dip), g) to i) Cerreto (sharp lateral variation) and j) to l) 
Knidi (shallow interface dip)

.
Simplest observables derived from active seismics are the seismograms. Figure 23 shows 
vertical seismograms of forward and reverse offset shots recorded at Colfiorito - SM (1D, a 
and b), Colfiorito - BE (deep bedrock dip, d and e), Cerreto (sharp lateral variation, g and h) 
and Knidi (shallow bedrock dip, j and k). Because sources are located at the surface, 
Rayleigh waves dominate the recorded signals. In Colfiorito - SM, these ones present 
constant phase and group velocities on both shot gathers. On the contrary, surface wave 
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velocity varies continuously along the profile in Colfiorito - BE, being faster on the thinnest 
side (around 0 offset) and slower on the thickest one (around 70 m offset). This is also the 
case in Knidi, where velocities are slower around 0 than around 35 m. In Cerreto, the 
phase velocity changes sharply in the middle of the profile, where the change in medium is 
known to be located. The analysis  of seismograms therefore gives  a first idea of lateral 
heterogeneities of the subsurface. 

• Lateral spectrograms 
The lateral spectrograms computed on middle shot gathers of the same surveys are also 
shown in Figure 23 (c, f, i and l). They correspond to the normalized Fourier amplitude 
spectra, laterally smoothed with a 5 trace average filter. On all spectrograms, the 
diminution of the dominant frequency when increasing the distance to shot point results 
from attenuation, more important at high frequency. 

The spectrogram at Colfiorito - SM (1D, Figure 23c) is exactly symmetric around the shot 
point; the one at Colfiorito - BE (deep dipping bedrock, Figure 23f) is  almost symmetric; on 
the contrary, at Knidi and Cerreto (Figure 23 i and l), where there are lateral variations in 
the near surface, the spectrograms are not symmetric. The symmetry of the lateral 
spectrogram of the middle shot gather therefore gives complementary information on 
lateral variations in the upper part of the subsurface. 

Both seismograms and spectrograms give indications on lateral variations down to the 
penetration depth of the dominant frequencies. These ones are typically comprised 
between 10 and 40 Hz for cheap active seismic surveys  performed with light source 
(hammer), depending on the soil characteristics and the survey length. For soils  with Vs 
between 100 and 300 m/s  like here, the penetration depth of these frequencies(λmax/3) is 
not larger than 10 m. 

• Dispersion curve comparison 
 Figure 24 presents the dispersion curves  calculated on both sides of the middle shot, for 
the same 4 surveys (Colfiorito - SM, Colfiorito - BE, Cerreto and Knidi). At each site, they 
were computed from geophones 1-8 and 17-24. Black lines indicate the aliasing and 
resolution limits. The two dispersion curves computed in Colfiorito - SM (1D) are very 
similar (Figure 24 a and e). Both of them show the fundamental mode on a large frequency 
range, and a higher mode around 8 - 10 Hz. Even the aliased energy, observed at 
frequencies higher than 20 Hz, is  comparable. On the contrary, dispersion images 
computed at the three other sites are very different from one side of the spread to the 
other. In Colfiorito - BE and Knidi, surface wave velocities are higher on the thinnest part of 
the first layer (geophones 1-8 in Colfiorito - BE, Figure 24 b, and geophones 17-24 in Knidi, 
Figure 24 h, respectively) than on the thickest one (Figure 24 f and d respectively). In 
Cerreto, velocities are, like expected, higher on the mountain side debris (geophones 
17-24, Figure 24 g) than on the alluvia (geophones  1-8, Figure 24 c). Maximum 
wavelengths observed on these dispersion curves range between 15 m (Knidi and Cerreto, 
Figure 24 c, d, g and h) and 45 m (Colfiorito - SM, Figure 24 a and e). Their penetration 
depth is therefore never larger than 15 m.
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Figure 24: Dispersion curves computed on both sides of the central shot at a) Colfiorito - SM 
(1D), b) Colfiorito - BE (deep bedrock dip), c) Cerreto (sharp lateral variation) and d) Knidi 
(shallow interface dip). Top: geophones 1-8, Bottom: geophones 17-24. Thin lines indicate the 
resolution and aliasing limits.

• First arrival times 
Finally, Figure 25 shows the SH first arrival times identified on the 4 surveys. Again, the 
graph corresponding to Colfiorito - SM is symmetric whereas the others are not: arrival 
times are longer on the thickest side (right side for Colfiorito - BE, Figure 25b, left sides for 
Cerreto and Knidi, Figures 25 c and d) than on the thinnest one. With 115 m long profiles, 
the penetration depths  of the refracted waves are rarely greater than 20 m (depending of 
course on the velocities). 

Figure 25: SH first arrivals times at a) Colfiorito - SM (1D), b) Colfiorito - BE (deep bedrock 
dip), and c) Cerreto (sharp lateral variation), and d) Knidi (shallow interface dip). 

Thanks to the computers nowadays available, the three tools mentioned in the previous 
paragraphs (seismograms, spectrograms and dispersion curves) can be visualized in the 
field during the acquisition with simple automatic processing algorithms. On the contrary, 
arrival times picking requires  a manual intervention, that takes time and can not always be 
performed in the field. 
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3.3.2. Passive seismics
Passive seismics are usually processed in two different ways: estimation of the H/V curves 
and determination of the autocorrelation and/or dispersion curves. The H/V ratio is  the ratio 
between horizontal and vertical Fourier spectra of the recorded wavefield at each sensor. 
Technical details  on this technique may be found in SESAME-project (2004). Dispersion 
curves are usually estimated with frequency-wavenumber (FK) like techniques, and 
autocorrelation curves with techniques modified from the spatial autocorrelation (SPAC) 
defined by Aki (1957). For all three techniques, dividing the record length in a large number 
of time windows reduces influence of strong events and/or near sources. This also allows 
the derivation of statistics on the measured values. Examples may be found in NERIES 
JRA4 - Deliverable D6. 

Because the FK and SPAC techniques assume a 1D medium, no information on site 
geometry can be derived from the dispersion or autocorrelation curves estimated from 
array processing. On the contrary, the lateral variations of the H/V curves computed at all 
stations of an acquisition may help distinguishing between 1D sites and other geometries. 

• H/V frequency peak and wavefield characteristics. 

Previous projects showed that the H/V frequency peak measured from ambient vibrations 
corresponds to the fundamental frequency of the investigated site (Bonnefoy-Claudet et al., 
2006; SESAME-project, 2004; Roten et al., 2006). 

At sites where the thickness of the soft layer is  small compared to its width (e.g. in plains), 
the fundamental frequency results  from the 1D resonance of shear waves, trapped 
between surface and compact bedrock. On the contrary, at sites where the maximum 
thickness of the soft layer is small relatively to its  width (e.g. in embanked valleys or deep 
basins), waves are also trapped on the edge of the sedimentary unit. The fundamental 
frequency then corresponds to 2D or 3D resonance. Bard and Bouchon (1985) introduced 
the concept of critical shape ratio to distinguish geometries  inducing 1D and 2D resonance. 
This  ratio depends on the width and depth of the valley and on the velocity contrast 
between soft sedimentary filling and bedrock. In the case of 1D resonance, waves 
propagate laterally. The local fundamental frequency is related to the local thickness of 
sediments and is  the same for all horizontal directions. In the case of 2D resonance, 
standing waves develop: fundamental modes are the same across the whole valley, in 
which the wavefield is in phase everywhere (Bard and Bouchon, 1985). FK analysis 
performed on such wave fields therefore results  in null slowness values (Roten et al., 
2006). Moreover, SH and SV modes are respectively excited in the axial and perpendicular 
directions of the valley (i.e. in the long and short dimension respectively) and present 
different fundamental frequencies. Azimuthal variations of the H/V ratio may therefore give 
indications on such effects. 

The interpretation of the H/V frequency peak in terms of fundamental frequency is  founded 
on the reliability of H/V curves and on the clarity of the peak (if any). Two criteria were 
defined during the SESAME project (SESAME-project, 2004), in order to help decision 
about the validity of the information. The first one, the reliability criterion, aims at verifying 
the validity of the processing. It is based on the number of wave cycles in each time 
windows, on the total number of cycles at this frequency and on the standard deviation of 
the amplitude of the H/V ratio. The second criterion, the clarity criterion, aims at verifying 
that the frequency of the observed peak can be interpreted as  the fundamental frequency. 
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It is  based on the amplitude of the peak, on its width and on standard deviations of its 
frequency and amplitude over successive time windows. For more details  on these criteria, 
see SESAME-project (2004). In the following, we assume the reliability criterion is fulfilled 
on the observed frequency range, and use the clarity criterion as a help in 2D/3D effects 
detection. 

• Shape of the H/V curves 

Figure 26: H/V curves of the outer arrays of a) Colfiorito - SM (1D), b) Cerreto (2D valley), c) 
Bolu (no strong velocity contrast, and d) Tolmezzo (top of ridge). e) H/V curves of the same 
array in Cerreto, represented individually.

Figure 26 shows all H/V curves computed on the largest array in the sites of Colfiorito - SM 
(a), Cerreto (b), Bolu (c) and Tolmezzo (d). 

In Colfiorito - SM (1D), all H/V curves  show a clear peak around 0.6 Hz, which completely 
fulfill the clarity criteria. This frequency therefore corresponds to the fundamental frequency 
at this location, which may correspond to 1D, 2D or 3D resonance. The distribution of the 
energy in the 2D wavenumber plane (kx, ky) (Figure 27) shows that the waves propagate at 
this  frequency with a velocity around 300 m/s (i.e. plausible velocity). Moreover, the 
azimuthal representation of the H/V ratio shows that the peak is at the same frequency on 
both North and East components. Such observations are typical of 1D sites with a strong 
velocity contrast. 

In Cerreto (dipping bedrock in a 2D valley), all H/V curves are different. Some of them 
(stations 1, 2 4, 6 and 7) show a relatively well defined peak that fulfill the clarity criteria. 
They mainly correspond to stations located in the center of the valley (Figure 26e). On the 
contrary, stations  located close to the edge of the valley (number 5 and 8) do not have a 
clear peak, but a large bump of small amplitude, in agreement with the few observations 
noted in the literature for 2D/3D sites  (SESAME-project, 2004; Guillier et al., 2006; 
Uebayashi, 2003). The shape of the H/V curve and its large uncertainty observed at station 
3 (on travertine) suggest that the propagation is not 1D at this location. 
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a) b)

Figure 27: a) FK analysis on the largest array of Colfiorito - SM: repartition of the energy in 
the (kx, ky) plane at 0.65 Hz, the fundamental frequency of the site (Figure 26a). The black 
circle represents all 300 m/s velocity values. b) Azimuthal variation of the H/V ratio. North is 
up, East is right. Dashed lines indicate frequencies of 0.5, 1 and 5 Hz.

In Bolu (apparent velocity gradient), all H/V curves are relatively flat, as expected for sites 
with no strong velocity contrast (Bonnefoy-Claudet et al., 2006). However, such flat H/V 
curves have also been reported for sites with strong 2D/3D effects (Uebayashi, 2003). 
Since the only information on large depths in Bolu derives from surface wave inversion, 
which, as showed in the first part of this report, may also result in smoothed velocity 
contrasts at 2D/3D sites, the presence of 2D/3D effects in Bolu can not be excluded. 

Finally in Tolmezzo (on a crest), all curves are very similar and have values above 2 on a 
large frequency band, between 1.5 and 10 Hz, with several peaks of amplitude 4. Such 
curves are representative of 2D/3D resonance effects  affecting the whole hill, and therefore 
seen at all stations. 

To conclude, the shape of the H/V curves may be a first indicator on the geometry of the 
site. Sites presenting a clear peak at all stations  - and lateral propagation inferred from 
array analysis - are probably at least locally 1D. Sites without any sharp velocity contrast 
show flat curves or curves with large bumps. However, such large bumps may also be 
linked to 2D/3D effects. In such cases, the type of geometry cannot be surely determined 
from H/V ratios. Finally, when all H/V curves are different or present 2D/3D resonance 
patterns, the site is clearly 2D/3D. 

• Lateral variations of the H/V frequency peak 
When one peak fulfilling the clarity criteria can be observed at all stations of an array, the 
lateral variations  of the frequency peak is another indicator of the geometry of the site. This 
is  illustrated in Figure 28 with measurements performed in Avignonet (deep dipping 
bedrock). The central graph shows the lateral variations of the frequency peak, and outer 
graphs present the H/V curves measured at each station of the outer array. Frequencies 
are regularly increasing to the east, in good agreement with the decreasing thickness of the 
clay layer. Peaks are well defined at stations C2, C3 and C5, whereas the H/V peak is not 
so clear at stations C1 and C4, certainly due to stronger 2D/3D effects at these locations. 
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Figure 28: H/V analysis in Avignonet (deep dipping bedrock). Inner graph: lateral variations of 
the frequency of the peak indicated with the grey scale; outer graphs: individual H/V curves 
on the outer array.

3.3.3. Synthesis
To summarize, active seismics may provide information on the geometry of the subsurface 
at shallow depth (less than 20 m) from 1) velocity variations observed on seismograms, 2) 
symmetry of the middle shot lateral spectrogram, 3) comparison of dispersion curves 
computed on both sides of the middle shot, and 4) symmetry of first arrival times plot. The 
former three tools may be used in the field for adapting the acquisition to the complexity of 
the site (considering a complexity at this small scale).

The H/V curves measured from ambient vibration measurements on array configurations 
may give information on the geometry at larger depth, or may in some cases provide clues 
on 2D or 3D resonance. Important points are the shape of the H/V curves, and, if peaks are 
clear, the lateral and azimuthal variations of their frequencies. These information concern 
depths or widths related to the wavelengths of the observed frequencies, but 2D/3D 
amplification effects at lower frequencies cannot be inferred from such observations.

3.4. Imaging 2D/3D sites
More complex methods, some of them developed for more than half a century, allow the 
imaging of 2D or 3D shear wave velocity structure. They are more expensive in terms of 
acquisition and/or processing than the simple tools described on the previous section. 
Again, we begin with active seismics (the oldest techniques), then describe techniques that 
are still under research for 2D/3D imaging from ambient vibration measurements. 
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3.4.1. Active seismics
• Refraction analysis 

Classical refraction techniques may be used to interpret first arrival times for retrieving a 
2D shear wave velocity section of the subsurface. These techniques are identical for P 
wave and SH wave refraction, and are presented in all books dealing with applied 
geophysics (e.g. Reynolds, 1997). They all rely on the assumption of increasing velocity 
with depth. They include the multiple dipping layer algorithm, as used in this report, or more 
complex algorithms such as the plus-minus method (Hagedoorn, 1958), or the Generalized 
Reciprocal Method (GRM,  Palmer, 1969). These last two methods are mostly used for 
retrieving the detailed geometry of the deepest refractor, and estimating mean velocity 
values of the different units. 

On the contrary, first arrival times tomography allows more precise imaging of velocity 
lateral variations, but tend to smooth sharp interfaces, depending on the initial model used 
in the inversion. Moreover, it requires a greater number of shots  along the profile, and is 
thus slightly more time consuming and more expansive. Figure 29 shows the result of a 
tomographic inversion applied on the Avignonet landslide enlightening a low velocity area 
at the eastern end of the profile. 

Figure 29: Tomographic inversion of SH first arrival times in Avignonet. From Jongmans et al. 
(2009).

Refraction algorithms are the most widespread techniques  within the civil engineering 
community for deriving wave velocity from surface. SH sources are usually from 
sledgehammer and wooden beam lead perpendicular or steel I-beam imbedded in the 
ground. With low surrounding noise, they allow recording on surveys up to 200 m length, 
corresponding to penetration depths between 30 and 50 m (Hunter et al., 2002). In noisier 
condition however, these length and depth may be considerably reduced. 

• Reflection 
Shallow seismic reflection has also been extensively developed in the last 30 years. First 
developed with P-waves, it was applied then with S-waves for being used directly in site 
effect investigations. Hunter et al. (2002) describe case studies where they use a steel I-
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beam for generating SH waves recorded on transverse geophones and deriving a 2D 
section of the top 100 m in Fraser River Delta, United States (Figure 30). Seismic reflection 
is  usually acquired on roll-along configurations and requires more efforts than seismic 
refraction both for acquisition and processing. 

Figure 30: Example of SH reflection from Hunter et al. (2002): “A 12-fold Common Mid Point 
stack of SH reflection data using a 7.5 kg hammer and I-beam source in a ‘noisy’ suburban 
area of Fraser River delta, BC. The dipping reflector interpreted to be the top of Pleistocene 
(T.P.) was subsequently confirmed by geological and geophysical borehole studies”.

• Multi spread surface wave inversion 
The use of surface waves for retrieving 2D Vs sections  was developed more recently. Miller 
et al. (1999) proposed to deploy roll along surveys. The dispersion curve computed from 
each shot gather is  inverted within the 1D assumption to retrieve a 1D Vs profile below the 
center of the gather. A pseudo 2D section is  constructed from the juxtaposition of all 1D 
profiles. However, these authors provide a unique 2D section and leave apart the problem 
of the non-uniqueness of the solution, which is  a major problem in surface wave inversion. 
Socco et al. (2009) proposed to address this problem by introducing a priori information 
(when available) on one of the gathers, and constraining laterally the results  of the other 
gathers. Figure 31 shows the example of their second real case, performed in an alpine 
valley in Italy. Top graphs represent the resulting Vs section, middle graphs the normalized 
residuals, and bottom graphs the standard deviation factor (STDF) on the inverted 
parameters, linked to the square root of the diagonal of the covariance matrix. The 
comparison between individual (Figure 31a) and laterally constrained inversion (Figure 
31b) enlightens the improvement introduced by the lateral constraint. However, although 
surface wave inversions have been more and more used in the last ten years, they are not 
routine tools in the geophysical community of private companies. 
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Figure 31: Example of surface wave laterally constrained inversion (LCI). From Socco et al. 
(2009). Res = normalized residuals, STDF = standard deviation factors, computed from the 
diagonal of the covariance matrix.

• Synthesis 
Several active seismic techniques exist for retrieving 2D sections of 2D/3D media. When 
performed with light equipment, their penetration depth is however usually limited to the 
first 20 to 30 meters, which is appropriate for civil engineering application, but does not 
provide any information at larger depths. 
 

3.4.2. Passive seismics
Because ambient noise has a lower frequency content than active sources, passive 
seismics in general allow a deeper investigation of the subsurface. Surface wave inversion 
techniques based on ambient vibration measurements, greatly developed in the last fifteen 
years and proposed in NERIES - JRA4, allow the estimation of the 1D Vs profile down to 
the bedrock when recorded on arrays of sufficiently large aperture, but are limited to 1D 
sites. 

In recent years, it has been demonstrated both theoretically and experimentally that the 
cross-correlation of a diffuse wavefield recorded at two distant receivers converges toward 
the Green’s function of the medium between these two receivers (Sánchez-Sesma et al., 
2008; Gouédard et al., 2008). For example, seismologists retrieved the propagation 
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characteristics  between two sensors by cross-correlating coda waves or ambient noise 
(Campillo and Paul, 2003; Shapiro and Campillo, 2004). This technique was applied from 
the continental scale to the regional scale for retrieving 3D images of the Earth: Shapiro 
et al. (2005) mapped the Rayleigh wave group velocity in California and Brenguier et al. 
(2007) reconstructed a 3D Vs model of the Piton de la Fournaise Volcano. 

In the last year, this technique was applied at the scale of geotechnical investigations. 
Picozzi et al. (2009) used a 100 m wide arrays  of 21 receivers for delineating a dipping 
bedrock, and Renalier et al. (2009) derived a 1 km2 3D Vs model of the Avignonet landslide 
down to 100 m. Cross-correlation techniques therefore seem promising for imaging 2D/3D 
sites at local scales. However, these two experiments were based on a few (7 to 15) days 
recording, which is much longer than the few hours required for surface wave inversion of 
ambient vibration measurements at 1D sites. Convergence of the cross-correlation towards 
the Green’s function indeed relies on the uniform distribution of sources around the array. 
When long records are available, this one is achieved with averaging over time: non-
controlled sources have time to occur all around the acquisition. The time length required 
for reaching this uniformity is highly dependent on the site environment (busy or quiet in the 
considered frequency range).
 
To the opposite, if a unique source contributes to the ambient noise during recording time, 
the cross-correlated waveforms is distorted by a factor that depends on the direction of 
propagation and on the azimuth of the sensor pair. Measured arrival times then do not 
correspond to the propagation between the two sensors A and B, but to the propagation on 
the distance deff between A and Beff, the point which is on the path between source and 
receiver A, at the same distance from the source as B (Figure 32).

Figure 32: Effect of source directivity on the correlation function. A and B are the two sensors, 
S is the source, θ is the source direction. Beff is the point on the half straight line [S A) at 
distance  from S. From Gouédard et al. (2008).

Figure 33 enlightens this  issue on ambient vibrations  measured within the NERIES project 
in the city center of Korinthos. The top graphs indicate the position of noise sources on 
arrays C and D computed from FK analysis. Frequency ranges are limited by the 
respective resolution limits of the two arrays. During recording of array C (performed during 
lively urban activity, Figure 33a), sources  are found almost all around the array, though 
locations between N 200 and N 30 dominate. The corresponding correlation functions 
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computed for all station pairs around 4 Hz, and scaled by the distance between sensors 
are showed in Figure 33c as a function of the azimuth of the sensor pair. The slowness of 
their main arrival (highlighted with a black dot) does not depend on this azimuth. On the 
contrary, sources in the 2.7 to 6 Hz frequency band were essentially located north of array 
D during its acquisition at a more quiet time (Figure 33b). The slowness of the main arrivals 
plotted versus azimuth of station pairs (Figure 33d), describes a sinusoid whose maximum 
is at N 180 : only station pairs in line with the source measure the true velocity. 

Figure 33: Influence of ambient noise source position on cross-correlations. a) and b) Position 
of noise sources derived by FK analysis of arrays C and D respectively. Black circles: 
resolution and aliasing limits. c) and d) Cross-correlations computed in the 4 ± 30% Hz 
frequency range. Black dots: maximum of the envelope (modulus of the Hilbert transform) of 
the correlations in the positive and negative times.

 NERIES JRA4 D5: Recommendations on site geometry.

 



Fi
gu

re
 3

4 
: G

ra
ph

ic
al

 re
pr

es
en

ta
tio

n 
of

 th
e 

pr
oc

ed
ur

e 
pr

op
os

ed
 fo

r i
nf

er
rin

g 
2D

/3
D

 c
ha

ra
ct

er
is

tic
s 

fro
m

 a
m

bi
en

t v
ib

ra
tio

n 
m

ea
su

re
m

en
ts

. (
1)

 to
 (4

) r
ef

er
 to

 te
xt

. NERIES JRA4 D5: Recommendations on site geometry.

 



In order to overcome this  limitation, Roux (2009) proposed a rotation algorithm that forces 
each station pair to realign in the noise direction, thus allowing an unbiased travel times 
estimation. He used this algorithm to derive group velocity maps of the San Andreas Fault 
in the Parkfield area (California, USA), where noise in the 0.1-0.2 Hz is essentially 
generated on the western coast of America. Further improvements of the technique 
therefore seem promising for 2D/3D passive imaging at the local scale. 

Moreover, all pre-processing and processing steps within the cross-correlation computation 
are very simple, and could therefore be implemented on field computers. Although it is 
impossible to predict, for a given site, the recording time length needed for the correlations 
to be stable, it would thus be conceivable to monitor this convergence, and adapt the 
recording time to the site environment. 

However, these techniques are still under research, and cannot yet be recommended as 
routine tools for imaging 2D/3D structures. 
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4. Procedure for site characterization adapted to site 
complexity

.As mentioned in the last two sections, active and passive seismics have different 
penetration depths. Active seismic techniques are more appropriate for geotechnical 
investigations down to a few tens of meters, whereas ambient vibration measurements 
may provide information on the whole soil column, as required for complete site effect 
estimation. 

For shallow site investigations, it is possible to consider active seismic surveys during 
which a first shot is given in the center of the profile for detecting in the field the presence 
of complex features. In such case, the number of shots and design of the following profiles 
may be adapted to the complexity of the site. 

However, as the NERIES - JRA4 activity aims at providing tools for site effect estimation at 
the European strong motion stations, a deeper investigation with array acquisition is 
recommended. In order to provide information on site geometry from the same dataset, we 
propose a procedure based on array acquisition, that uses the criteria on H/V curves 
mentioned above for detecting possible 2D/3D geometries or 2D/3D site effects. This 
procedure divides in three main steps, including preliminary survey, ambient vibration 
measurements and interpretation, and if needed, complementary investigations. 

4.1. Preliminary site information
Before planning any site investigation, it is highly recommended to gather all information 
available for the targeted site: topography, geology or previous geotechnical or geophysical 
measurements will be useful for a better interpretation of the surface wave inversion 
results. 

Strongly 2D or 3D sites such as basin edges or embanked valleys  should be in most cases 
at least guessed from the geological map and a minimum knowledge of the geological 
history. In order to estimate properly the seismic amplification at such sites, techniques 
allowing a more detailed imaging of the subsurface than surface wave inversion of ambient 
vibration measurements should be applied. However, 2D/3D geometries may also be met 
in case of buried paleo-topography, which may remain unknown in case of absence of 
previous geophysical surveys. 

4.2. Ambient vibration measurements
In a second step, ambient vibration measurements should be recorded following the 
measurement guidelines given in the SESAME project (SESAME-project, 2002a). The H/V 
curves computed at all stations  may then give indications on the site geometry, and the 
reliability of the surface wave inversion results  in view of estimating site effects. We 
assume here that the reliability criteria defined in the SESAME project have been checked 
for all curves. 

On the computed H/V curves, clear peaks may be observed at all, some or none stations. 
The following points are synthesized in Figure 3.5.
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• Case A: all H/V curves show a peak that fulfills the clarity criteria defined in the 
SESAME project. 

Clear peaks have been shown to be related to the site fundamental frequency. If all curves 
present a clear peak at constant and low frequency, this fundamental frequency may be 
linked to 1D, 2D or 3D resonance. 1D resonances may be distinguished from 2D or 3D 
resonance with analysis of FK results or azimuthal variations of the H/V ratio: 1D 
resonances present propagating waves (i.e. with plausible velocities), and the H/V peak at 
a constant frequency independent of azimuth. On the contrary, 2D or 3D resonances are 
linked with standing waves (apparent infinite velocities), and H/V ratios with different 
frequency peaks in different directions. However, FK analysis only gives information when 
the H/V frequency peak lies within the array resolution limits.

In case of 2D or 3D resonances, no information on the type of geometry can be inferred 
from H/V ratios, and complementary investigations should be performed (case (4) in Figure 
3.5). In other cases, the frequency of the peak is equal to the site 1D fundamental 
frequency f0 (Bonnefoy-Claudet et al., 2006). If this frequency is constant across the array, 
the site is clearly 1D, and results of surface wave inversion from array measurements are 
reliable (case (1) in Figure 3.5). If this frequency varies from station to station, the site is 
2D, and surface wave inversion provides an average velocity profile below the survey 
(case (3) in Figure 3.5). However, this  average may be weighted toward sensors  receiving 
more energy (due to source repartition, or to differential amplification effects as  the ones 
observed on ambient vibrations simulation in the first part of the report), and bedrock depth 
may be misestimated. 

 
• Case B: none of the curves present such a clear peak 

Several shapes of H/V curves may not allow the identification of any clear peak. 

The first case is  the one of a flat curve, of constant amplitude equal to 1. Such H/V curves 
have been observed on non-weathered rock sites, which can then be considered as good 
sites to be used as reference in site/reference amplification studies. Surface wave 
inversion results on the 2 rock NERIES sites provided lower velocities than borehole 
measurements at shallow depth (NERIES-JRA4, 2009). However, the 2 sites from which 
these conclusions were drawn do not present flat H/V curves  with amplitude 1 like 
discussed here (case (2) in Figure 3.5). Such a flat curve has also been observed in one 
site with stiff sediments, in Tehran (SESAME-project, 2004). In that case, conclusions 
about site geometry are the same than for large bumps, discussed in the next paragraph 
(case (4) in Figure 3.5). 

H/V curves may also present a large bump of low amplification (as in Bolu, Figure 26c). 
Such curves may be observed in two types of sites: 1D sites where no strong velocity 
contrast separates sediments and bedrock, and sites affected by strong 2D/3D effects 
(Uebayashi, 2003). Ambient vibration results are reliable in the first case, but not in the 
second one. As it is impossible to distinguish between them from H/V curves, we 
recommend performing further tests  (described in the last paragraph) for the site 
characterization (case (4) in Figure 3.5). 

Finally, H/V curves may present a large frequency band with H/V larger than 2 and several 
peaks of larger amplitudes (as in Tolmezzo, Figure 26b). These curves result from 2D/3D 
resonance effects, due to 2D/3D geometries either of the tomography (like in Tolmezzo) or 
of the subsurface (e.g. deep and narrow basin or valley). A single Vs profile is therefore not 

 NERIES JRA4 D5: Recommendations on site geometry.

 



sufficient for estimating site effects, and further tests are required (case (4) in Figure 3.5). 

• Case C: some curves show a clear peak, others do not. 
In between the two above-mentioned cases, H/V curves  may present variable shapes 
across the array, some with clear peaks and others without. Such differences  also indicate 
lateral variations in the subsurface. If the clear peaks can be related to 1D resonance like 
described in the first paragraph, ambient vibration measurements may be restricted to the 
area where they are observed. Further tests should be performed for a complete site 
investigation below the other sensors. 

4.3. Complementary site investigations
• At 1D sites 

Depending on the frequency content of noise sources, and on the aliasing limit of the 
smallest array, it may not be possible to estimate the dispersion curve at high frequencies. 
In such cases, a supplementary small size MASW survey may help completing the 
dispersion curve at these frequencies.

• At sites with possibly complex geometries. 
At sites where 2D/3D effects  are expected from the preliminary survey, or suspected from 
the analysis of H/V curves, more detailed, thus more expensive, investigations  are needed 
for a complete site investigation. The techniques described in section 3.4 may be applied 
for deriving the shallow part of the 2D shear wave velocity structure, down to 100 m with 
seismic reflection. For deeper imaging, geomagnetic or gravimetric techniques or P wave 
reflection may be required for retrieving strong geological contrasts such as  the sediment/
bedrock interface, that will also be shear wave velocity contrast. Shear wave velocities will 
then have to be estimated from borehole experiments or values extracted from the 
literature. In any case, possible 2D/3D site amplification effects  at frequencies  lower than 
the ones measured with surface wave inversion can only be estimated from such large 
scale studies associated to numerical simulation of the wave propagation, or from the 
analysis strong motion records.
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