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ABSTRACT 

The fundamental frequency of the soil and the shear wave velocity soil profile until bedrock are key 
parameters for an appropriate seismic site response estimation. Both can be identified in an easy 
and cost-effective way by using surface seismic methods, such as the HVSR technique, the 
MASW method and the microtremor Rayleigh wave curve inversion. The possibility to identify the 
shear wave velocity soil profile until a considerable depth without the implementation of large 
receiver spreads is now possible through the combination of the latter two techniques (joint 
inversion of Rayleigh wave dispersion and ellipticity curves). In this study, we test the accuracy and 
capabilities of the latter methodology for the identification of the shear wave velocity soil profile of a 
site whose soil structure is known. The reliability of the results obtained through the HVSR method, 
for the estimation of the fundamental frequency of the soil, is also analysed. 

Keywords: shear wave velocity profile, joint inversion, MASW method, Rayleigh 
wave ellipticity 

1. INTRODUCTION 

 The current EC8 soil classification 
scheme has shown to be inadequate for 
the estimation of the seismic response of 
certain sites, such as thick soil deposits 
(for instance: Park & Hashash, 2004). This 
classification system, considers the 
average shear-wave velocity soil profile 
down to 30m depth (Vs,30) as a proxy of 
seismic amplification. As a consequence, 
the method is limited to superficial effects 
and does not take into account the real 
impedance contrast between soil and 
bedrock, characteristic that highly affects 

seismic amplification. According to several 
authors (Pitilakis, 2004; Castellaro et al, 
2008; Pitilakis et al, 2013), the current soil 
classification system could be optimized 
by including the fundamental frequency of 
the soil deposit as a primary parameter of 
the classification scheme, because it 
carries implicit information about soil 
stiffness and thickness of the whole soil 
deposit. By these means, the identification 
of the fundamental frequency of the soil, in 
addition to the shear wave velocity profile 
until bedrock, is becoming more important 
for seismic design purposes. 
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 Surface seismic methods, such as the 
HVSR method (Nakamura, 1989, 2000, 
2008) and the Multichannel Acquisition of 
Surface Waves (MASW) method (Gabriels 
et al, 1987; Miller et al, 1999; Park et al, 
1999; Foti, 2000), are competitive 
solutions for the identification of the 
fundamental frequency of the soil deposit 
and estimation of the shear wave velocity 
soil profile, respectively.  

 The HVSR method, also known as 
Nakamura’s technique (Nakamura, 1989, 
2000, 2010), is a passive seismic method 
that is applied to three-component single-
station ambient vibration recordings, 
carried out at the surface, in order to 
determine the fundamental frequency of 
the soil deposit. It consists on the 
determination of the spectral ratio between 
both horizontal components and vertical 
component, operation that aims to remove 
the effect of the Rayleigh waves. This 
technique has been widely used in many 
site effect studies (Field, 1996; Lombardo 
et al, 2001; Guéguen et al, 2006; Herak et 
al, 2010) and showed consistency 
between the HVSR peak frequency and 
the fundamental frequency of the soil 
deposit. The efficiency of the method for 
identifying soils fundamental frequency 
mainly depends on the impedance 
contrast between the soil and the bedrock. 
In case of high impedance contrast the 
curve exhibits a clear and reliable peak. 

 Although its exhaustive application, 
there is still a lack of consensus between 
researchers concerning its fundamentals. 
The main source of disagreement is 
associated to the wavefield composition 
around the HVSR peak. According to the 
author of the technique (Nakamura, 2000), 
the HVSR peak frequency results from 
multiple reflections of SH waves in the 
sedimentary layer. However, many 
authors have recently proved, through 
numerical studies (Lachet & Bard, 1994; 
Bonnefoy-Claudet et al, 2006; Konno & 
Ohmachi, 1998; Tuan, 2009; Fäh et al, 
2001), that in general this peak is mainly 
controlled by the ellipticity of Rayleigh 
waves.  

 The MASW method (Gabriels et al, 
1987; Miller et al, 1999; Park et al, 1999; 
Foti, 2000; Lopes et al, 2008), is a surface 
multi station seismic method that draws on 
Rayleigh-wave dispersion characteristics 
to determine the shear wave velocity soil 
profile. It has been gaining popularity due 
to its efficiency and ability to identify soil 
profiles with velocity inversion or low 
velocity zones, i.e., profiles with softer soil 
layers bellow higher stiffness soil layers, 
situation that is not detected by other 
seismic methods (Lopes et al, 2008). 

 The shear wave velocity soil profiles 
obtained through surface seismic methods 
result from an inversion process that aims 
to identify the soil profiles whose 
theoretical dispersion curve presents a 
good adjustment to the experimental one. 
The inversion process has a non-
uniqueness solution problem which is 
reflected into a given uncertainty in the 
results. The reliability of the results could 
be increased by combining or jointly 
inverting different data types which 
provide information about soil structure, as 
for example, borehole data or even 
seismic data like Love and Rayleigh 
dispersion curves, HVSR peak or Rayleigh 
wave ellipticity curve, respectively (Arai & 
Tokimatsu, 2004; Fäh et al, 2008; 
Boxberger et al, 2011). 

 The maximum depth of investigation of 
active methods is very site dependent but 
also depends on the receivers spread and 
on the energy of the sources that generate 
the recorded signal. The higher its 
potential to generate low-frequency 
surface waves (longer wavelengths), the 
higher is the depth of investigation (Lopes, 
2005). Due to the difficulty to generate 
low-frequency surface waves, in a cost-
effective way, using an active-source, it is 
usual to combine both active and passive 
source methods (Park et al, 2005; Humire 
et al, 2014). The latter is able to get low 
frequency seismic data from ambient 
noise sources. 

 The inversion of the microtremor 
Rayleigh wave ellipticity curve (passive) 
jointly with active-source array data has 
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revealed to be a good solution to increase 
the depth of investigation (Hobiger et al, 
2012), as an alternative to the association 
of other passive methods (ex.: spatial 
autocorrelation method (SPAC) (Aki, 
1957)) which imply the implementation of 
a wide receiver spread. The ellipticity 
curve is tightly linked to the soil structure 
and corresponds to the ratio between 
horizontal and vertical components of the 
ellipse that is described by particle motion 
of Rayleigh waves, as a function of 
frequency. It can be extracted from single-
station three component ambient-vibration 
recordings performed at the surface, using 
the RayDec method (Hobiger et al, 2009; 
Hobiger, 2011). This method is based on 
the Random Decrement Technique 
(Asmussen, 1997) and is able to identify 
Rayleigh waves by summing a large 
number of specially tuned signal windows. 
The effect of this type of waves is 
highlighted by the high correlation 
between the horizontal and vertical 
components, considering a 90º phase shift 
between them. 

 The aim of this study is to test the 
accuracy and analyse the capabilities of 
the latter methodology, i.e., joint inversion 
of Rayleigh wave ellipticity and dispersion 

curves, in determining the shear wave 
velocity soil profile of a site located over  

Tagus alluvial basin. For this purpose, 
several ambient vibration recordings were 
carried out in several points. One of those 
recordings was made at the middle of an 
active-source acquisition line in order to 
perform the joint inversion process. The 
HVSR curve associated to each recording 
was determined in order to evaluate the 
continuity of the soil layering through the 
identification of its fundamental frequency. 
Afterwards, Rayleigh wave ellipticity 
curves were extracted using the RayDec 
method. This information was used to 
determine the soil profile by performing 
the joint inversion with the dispersion 
curve. The results were validated using 
the available borehole data and compared 
with the soil profiles obtained only with the 
inversion of the Rayleigh wave dispersion 
curve (active MASW method). 

2. GEOLOGICAL SETTING AND DATA 
ACQUISITION 

 The study area is located in Forte da 
Casa, more precisely, in Vila Franca de 
Xira, central Portugal. The area is flat and 
located at the edge of Tagus alluvial basin 
(Fig. 1). 

 

  

Figure 1. Location map of the study area (left) and spatial distribution of the microtremor 
measurements, location of the boreholes and a schematic representation of active MASW 

acquisition lines (right). 
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 The available borehole data (Fig. 2) 
indicates a geological sequence of landfill 
materials, recent muddy alluvial soils and 
Quaternary river terraces laying over a 
Miocene carbonated formation. The landfill 
materials are very heterogeneous, 
composed by sand, sandy clay, clay and 
gravel. The alluvial soils are composed by 
muddy materials, sand, clay and some 
shells. The river terraces are composed by 
fine to coarse sand, gravel and some clay 
deposits. The Miocene formation 
corresponds to sandstone, marly 
limestone, micaceous sandy clay and 
fossil remains. A detailed revision of the 
site geology as well as 3D geological 
models can be found in Lopes (2005). 
According to the latter study, the alluvium 
thickness increases in the NW-SE 
direction, towards the river. 

 The site is located next to population 
clusters, sharing urban environmental 
characteristics. It is limited at northwest 
(NW) by a hillside composed by Miocene 
material and at southeast (SE) by a 
railway viaduct, located approximately 
25m from measurement point 5. The main 
identifiable sources of transient noise are 
associated to road traffic at a national 

road (N10) located on the top of the hill 
and to the passage of trains. 

 Two types of seismic data were used in 
this study, namely single-station ambient 
vibration measurements and active-source 
linear array measurements. The location 
of the single-station measurements is 
presented in Figure 1 (right), as well as a 
schematic representation of the data 
acquisition lines (active MASW) used by 
Lopes (2005) to determine the shear wave 
velocity soil profile and whose data was 
re-used in this work. In the same figure it 
is also presented the location of the 
boreholes whose information was used to 
validate the results obtained through the 
inversion of Rayleigh wave data. 

 The active-source array measurements, 
MASW measurements, were made using 
a 24bits seismograph (RAS-24, 
SEISTRONIX), connected to vertical 
geophones with 4.5Hz (GEOSPACE). The 
data were retrieved from 24 geophones 
linear spread with 2 m spacing. The active 
source was located within 2 m and 
generated using a 5 kg sledge hammer. 

 The ambient noise vibrations were 
recorded using a recorder unit MR2002-
CE (SYSCOM) and an external three 

 

Figure 2 - Soil profiles estimated from 3D geological model (Lopes, 2005) for all measurement 
points and SPT results obtained at the boreholes that are close to the measurement points. 

component velocity sensor (MS2003+, 
SYSCOM) that presents the same 

characteristics for the three components 
and a flat response between 1 and 350Hz. 
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Time series were recorded during 35 to 
40min, with a sample frequency of 400Hz 
and under favourable weather conditions, 
i.e., weak wind and no rain. The data was 
detrended, baseline corrected and 
bandpass filtered between 0.5Hz and 
200Hz in order to avoid excessive 
distortion of the signal and aliasing, 
respectively. 

3. METHODOLOGY 

 The fundamental frequency of the soil 
deposit, at each measurement point, was 
estimated by applying the HVSR method 
to each three-component signal. The 
Horizontal-to-Vertical Spectral Ratios were 
computed using the software GEOPSY 
(http://www.geopsy.org). The average 
spectral ratios and respective standard 
deviation were determined based on the 
most stationary time windows, tapered 
with a 5% cosine function. The length and 
number of time windows used for the 
determination of the H/V spectral ratios 
was defined to be high enough to 
adequately capture the frequencies of 
interest and ensure a considerable 
number of significant cycles, respectively. 
The presented HVSR curves were 
smoothed using the Konno & Ohmachi 
algorithm (Konno & Ohmachi, 1998) with 
smoothing constant of 40 and a 5% cosine 
taper. Finally, the reliability of the results 
was evaluated according to the criteria 
presented in SESAME guidelines 
(SESAME, 2004). According to this 
document, the evaluation of the reliability 
of the estimated fundamental frequency 
should be made in terms of stability and 
clarity or resolution of the peak. 

 Rayleigh wave ellipticity curves were 
computed for all seismic noise 
measurements using the RayDec method. 
Each seismic signal was splitted into 7 or 
8 time windows with 5 min length (total 
length of the recorded signals varies from 
35 to 40 min). The method was applied to 
each time window and the average 
ellipticity curve was computed as the 
geometric mean of all ellipticity curves 
associated to each part of the signal. The 
computation of the referred curves has 

two free parameters, which were defined 
according to the recommendations of the 
author (Hobiger, 2011), i.e., considering a 
length of the buffered signal (∆) and a 
width of the frequency filter (df) fixed as a 
function of frequency, corresponding 
respectively to 10/f and to 0.2f. 

 The inversion of Rayleigh wave 
dispersion curve (SWM-FC1), as well as 
the joint inversion of Rayleigh wave 
ellipticity (FC 04) and dispersion curves 
(SWM-FC1), was performed using Dinver, 
a tool from the open source software 
package GEOPSY. In this program, the 
inversion procedure is made by using the 
Conditional Neighbourhood algorithm 
(Wathelet, 2008). 

 The inversion process was made 
considering an initial model with four 
homogeneous layers over half-space. A 
wide variation of wave velocities of the 
layers was allowed, but considering the P-
wave velocity (VP) linked to the S-wave 
velocity of the same layer (VS). The 
Poisson ratio was allowed to vary between 
0.2 and 0.5 and a fixed value was 
considered for the soil density (2000 
kg/m3), since the effect of this parameter 
during this process is small. A velocity 
inversion was allowed at the second layer, 
as indicated by the available borehole 
data. It should be noted that although low 
velocity zones are not identified through 
Rayleigh wave ellipticity curves (Hobiger 
et al, 2012), they are clearly detected 
through surface wave dispersion curves. 

 An equal misfit weight was initially 
considered during the joint inversion of 
Rayleigh wave ellipticity and dispersion 
curves. Several tests were made, 
considering different misfit weights, in 
order to achieve a better adjustment of 
both curves. This was obtained by 
increasing the weight of the worst fitted 
data. In this case, the imposition of a 
minimum misfit of 0.05 (5% of the absolute 
value of slowness) was necessary, for the 
inversion of the dispersion curve, in order 
to avoid the perfect adjustment of a part of 
the theoretical curve at the expense of a 
complete mismatch at certain frequencies. 
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4. RESULTS AND DISCUSSION 

The experimental H/V spectral ratios and 
Rayleigh wave ellipticity curve are 
presented in Figure 3. In this case, it was 
only possible to identify, with a 
considerable dispersion, the fundamental 
frequency of the soil deposit at 
measurement point FC 05. The first three 
points (FC 01 03) present a typical shape 
of rock sites, which is in agreement with 
the available borehole data. According to 
the latter, those points are located over a 
very thin soil layer (thickness varying 

between 3-4 m, increasing from FC 1 to 
FC 3). The microtremor HVSR curve 
obtained at FC 04 presents a peak around 
3.4 Hz, which might correspond to the 
fundamental frequency. Since the peak is 
not clear, not respecting the criteria 
presented in SESAME, this result cannot 
be considered as reliable. In this case, the 
low impedance contrast, suggested by the 
SPT results as a gradual increase of 
resistance with depth, could be 
responsible for the low HVSR peak 
amplitude. 

 

 

  

Figure 3 - Mean Rayleigh wave ellipticity and standard deviation (continuous red line and dashed 
red lines, respectively), average Microtremor HVSR curve and standard deviation (continuous 

black line and dashed black lines, respectively).  

 Concerning Rayleigh wave ellipticity, it 
was verified a high contribution of these 
type of waves on the FC 05 measured 

wavefield. It should be noted that the 
bedrock depth was not identified in 
borehole B05 (near FC 05) and thus the 

FC ‐ 01  FC ‐ 02 

FC ‐ 03  FC ‐ 04 

FC ‐ 05 

fpeak
HVSR = 4.20±0.48 Hz 
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thickness of the soil deposit is not known. 
According to the HVSR results, in this 
point, the impedance contrast between the 
soil and the bedrock must be 
considerable. However, due to the 
significant error associated to the 
estimated fundamental frequency value, 
no qualitative analysis could be made 
concerning soil’s thickness. It should be 
noted that in case of horizontal layering, 
an increase of soil’s frequency is 
associated to a reduction of its thickness. 

 The same is not verified in case of FC 
04. It should be noted that the relative 
proportion between surface and body 
waves on the measured wavefield is not 
only controlled by soil properties, but also 
by noise source distribution (Bonnefoy-
Claudet et al, 2006). According to the 
latter study, a higher contribution of body 
waves is verified in case the source is 
located within the bedrock. 

 The results obtained with the MASW 
method are presented in Figure 4. The 
dispersion curve SWM FC1showed a 
typical behavior of a site with velocity 
inversion, exhibiting the energy 
dominance of higher modes at higher 
frequencies and mode jumping. In order to 
cover a wider range of frequencies, the 
first higher mode was inverted in addition 
to the fundamental mode, which allowed 

to increase the depth of investigation from 
8 to 11 m. The dispersion curves were 
adjusted with and approximate error of 
1.19%. The best soil model, indicated in 
Figure 4 as a continuous black line, is in 
accordance with the borehole data, 
presenting a velocity inversion at the 
second layer which corresponds to the 
alluvial soil (between 1 and 4 m depth), 
followed by a layer with higher velocity 
that might correspond to the river terrace 
layer. The location of the interface 
between the soil and the bedrock was not 
identified. For depths higher than 11 m, 
the variability of the results is too high to 
consider its velocity values as reliable. 

 The results obtained through the joint 
inversion of both Rayleigh wave 
dispersion (SWM FC1) and ellipticity (FC 
04) curves, are presented in Figure 5. 
Several tests were made in order to 
identify the segment of the ellipticity curve 
to invert and the misfit weight to assign for 
each data. 

 It should be noted that in case of 
ellipticity curves with singularities (peak 
and/or trough), the segment between the 
peak and the subsequent minimum should 
be inverted because is the part that 
contains the most important information 
about the soil structure. 

 

 

Figure 4 – Local 01: Results obtained through the inversion of Rayleigh wave dispersion 
SWM-FC1 (minimum misfit: 0.0119, maximum misfit presented 1.5min misfit). 

This is not clear in case of ellipticity curves 
without singularities, like in case of FC 04. 
According to Hobiger et al. (2012), the 

whole plateau of the curve should be 
inverted. In this study, the same was 
verified and better results were obtained 
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while inverting the segment between 3.5 
and 8.5 Hz. 

 Better results were obtained while 
inverting the fundamental mode dispersion 
and ellipticity curves. In this case, no 
higher modes were considered during the 
inversion process. The inversion of the 
first higher mode didn’t lead to a 
significant reduction of the dispersion at 
higher depths and contributed to a higher 
mismatch of the fundamental mode 
dispersion curve at certain frequencies. 

 The curves were adjusted with a 
minimum misfit of 10.82%, considering a 
misfit weight (parameter that is used in 
joint inversions as way to sum the 
individual misfits, in this case, the misfits 
associated to the dispersion curve and to 
the ellipticity curve) of 70% and 30% for 

the dispersion and ellipticity curves, 
respectively. The inversion of the ellipticity 
curve, in addition to the dispersion curve, 
allowed to increase the depth of 
investigation from 11 m to almost 60 m, 
with much less variability of results. The 
initial part of the soil profile is similar to the 
one obtained by the MASW method 
(Figure 4), with the advantage that the 
interface between the soil deposit and the 
bedrock is much better constrained 
(between 17 and 21 m depth). Although 
borehole data (borehole B16, near FC 04) 
indicates that the Miocene formation is at 
10 m depth, the SPT results show a 
smooth transition at the interface, 
consistent with a gradual increase of soil 
stiffness. 

 

 

 

Figure 5 – Local 01: Results obtained for the inversion of Rayleigh wave ellipticity FC-04 and 
dispersion curve SWM-FC1 (min misfit: 0.1082) until misfit 1.5times. 

5. CONCLUSIONS 

 In this study, the fundamental 
frequency of the soil deposit and shear 
wave velocity soil profile was determined 
by the microtremor HVSR method and 
through the joint inversion of Rayleigh 
wave dispersion and ellipticity curves, 
respectively.  

 Since the site geology favours the 
energy dominance of higher modes, the 
modal delineation of active data required 
significant attention. A sensibility analysis 
was made in order to identify the 
segments of the ellipticity and dispersion 
curves (fundamental and higher modes), 
the appropriate initial model and the 

model parametrization that should be 
considered on the inversion process.  

 The use of the microtremor Rayleigh 
wave ellipticity curve, in association with 
the active array data (MASW), revealed to 
be an effective method to increase the 
depth of investigation without implying the 
implementation of a wider receiver spread. 
Furthermore, in geological environments 
such as the one here presented (alluvial 
valleys), where the variability of soil’s 
thickness is big, the use of large arrays 
will introduce even more uncertainty to 
data interpretation. In this case, the use of 
a single-station three component 
microtremor recording allowed to increase 
the resolution of the deeper layers and 
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obtain a better constrain of the bedrock 
depth, when compared to the active 
MASW method. 
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