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1 INTRODUCTION 	
The assessment of seismic site effects at the scale of 
urban planning (shake maps, seismic microzonation) 
or at the scale of the single construction (building 
codes) requires the knowledge of the mechanical 
properties of subsoil down to the bedrock and of the 
‘characteristic’ bedrock motion expected at the site. 
As output, it normally provides the SH-wave bed-
rock-to-surface amplification function - that is the 
ratio between the Fourier spectra of the accelero-
gram on the surface and on the bedrock - and the re-
sponse spectrum - that is the expected maximum ac-
celeration/velocity/displacement on a single degree 
of freedom oscillator of a specified damping and 
eigen-period, which mimics the behavior of a build-
ing. The first function mostly depends on the subsoil 
properties, while the latter is dependent on the input 
ground motion.  
Determining the input needed for this kind of analy-
sis requires the measurement of a large number of 
parameters (P and S-wave velocity profile down to 
the bedrock, density profile, depth of the water table, 
shear modulus dependence with strain, etc.) and the 
analysis itself is based on several assumptions, such 
as the existence of a characteristic earthquake and 
the dominance of vertically propagating SH-waves, 
which are in many cases contrary to available evi-
dence.  

As a consequence, taking into account all uncertain-
ties associated to the inputs, reveals the huge uncer-
tainty associated to the output of the current numeri-
cal modelling procedures. 
The need for quick simplified alternatives to seismic 
soil response assessment for the standard daily prac-
tice appears scientifically justified. Despite a num-
ber of approaches presented in the literature, at pre-
sent, the best known simplified procedure is based 
on Vs30, that is the shear-wave velocity of a homo-
geneous layer equivalent to the first 30 m depth, 
which is used as a proxy to the SH amplification fac-
tor, i.e. the maximum of the amplification function 
(Borcherdt, 1994). This approach, which was devel-
oped on a purely empirical basis, has been shown to 
suffer from statistical (Castellaro et al., 2008) and 
physical problems (Lee and Trifunac, 2010).  
In this paper we try to cast the basis for an alterna-
tive simplified approach by first assessing what are 
the minimum physical parameters necessary to 
quantify seismic stratigraphic amplification. Then 
we show that the same effort currently used to 
measure Vs30 can produce subsoil classifications 
based on more physically meaningful parameters.  
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2 WHAT CONTROLS STRATIGRAPHIC 
SEISMIC AMPLIFICATION? 

Seismic amplification has several causes (Anderson, 
2007), the most important of which is stratigraphic 
amplification. This is due to the existence of imped-
ance contrasts (Z =  V, density x seismic wave ve-
locity) in the subsoil (Aki e Richards, 1980), which 
rule seismic wave reflection and transmission at the 
interfaces, determining wave interference and ‘guid-
ed wave’ effects. 
At a specified frequency, amplification would theo-
retically be given by the ratio between the seismic 
impedance at the source depth Z0 and the impedance 
averaged over the quarter-wavelength depth <Zi> 
(Joyner et al., 1981; Day, 1986). It is therefore clear 
that it is not the absolute Vs value that controls 
seismic amplification	 but	 the	 size	 of	 the	 imped‐ance	contrast.	
3 THE VFZ APPROACH 

In order to characterize how seismic amplification is 
related to impedance contrasts, we study the 1D 
equivalent linear response of 600 subsoil models 
characterized by different levels of impedance con-
trasts (cover layer vs. bedrock) at different depths 
and different absolute stiffness. 
In the modeling we used the same shear modulus 
and damping vs. strain curves. The specific choice 
of these curves clearly affects the fundamental mode 
amplitude and the amplitude decay of higher modes 
of the amplification function but the absolute values 
are not of primary interest in a methodological paper 
like the present one.  

To avoid the incongruence of using whole accel-
erograms to model input motion, and in order to 
minimize the number of variables, the input motion 
function (the earthquake) is kept as simple as possi-
ble assuming it as a Ricker wavelet with frequency 
of 1 Hz and 0.5 Hz. This represents the onset of the 
SH-wave of intermediate-small and intermediate-
large earthquakes, respectively. PGA0 is set equal to 
0.35 g. The 1D equivalent-linear site response simu-
lations for the 585 models is run by using the com-
puter code for equivalent linear earthquake site re-
sponse analysis of layered soils by Bardet et al. 
(2000). 

Let us now plot only the maximum amplification 
for each tested Vs of  the cover layer as a function of 
its frequency of occurrence, which depends on the 
bedrock depth and we obtain the plots shown in Fig. 
1. Each line in these plots connects the points char-
acterized by the same impedance contrast between
the cover layer and the bedrock. These are slices of a
4D function of the type: Fa = f(<Vs>, f0, Z).
This function, only graphically defined, allows to
get a quick estimate of the maximum SH-wave am-

plification factor Fa from the average <Vs> of the 
cover layer, its resonance frequency f0 and the im-
pedance contrast Z between the cover layer and the 
bedock.  

<Vs>, f0 e Z (or VfZ) constitute the minimal phys-
ical basis for a simplified classification of the strati-
graphic site amplification potential. 

It is to be noted that the absolute values of Fa de-
pend on many other variables not explicitly consid-
ered in the modeling. Fig. 1 is therefore to be read 
only in relative sense (high or low amplification). 

Figure. 1. Amplification factors for the SH wave expected at 
the resonance frequency as a function of Vs of the cover layer 
and of the impedance contrasts Z (for simplicity, Z is the simp-
ly the ratio between the Vs of two layers, being density the 
same for all layers). The input motion used for the calculation 
is a Ricker wavelet with 1 s period. The Fa values must be in-
terpreted only as relative (not in absolute sense) because they 
depend on many other variables and assumptions. 

4 VFZ VS VS30 

It is not our intention to set boundaries between new 
seismic site classes. However, let us discuss what 
would potentially be the benefits of a subsoil classi-
fication based on <Vs>, f0 e Z rather than on Vs30. 

VfZ
We group our 585 soil modes in terms of the ex-
pected amplification at low (< 1 Hz) or high fre-
quency (≥ 1 Hz) and in terms of low (< 1.5), inter-
mediate (1.5-2) and high (> 2) amplification. We 
name these classes C1, C2, … C6 as shown in Fig. 
2. The effects of the proposed classification (Fig.2
on the response spectra for an input ground motion
Ricker wavelet with frequency 1 Hz are given in
Fig. 3. We find that the maximum acceleration in the
response spectrum is expected on soils with Fa ≥ 2
and f0 ≥ 1 Hz, which is intuitive. The minimum ac-
celeration is expected on soils with Fa < 1.5 and f0 <
1 Hz.

For the 0.5 Hz input motion, the maximum accel-
eration is expected on soil classes with Fa ≥ 2 and f0 
< 1 Hz, which is again intuitive. The minimum ac-
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celeration is expected on soils with Fa < 1.5 and f0 ≥ 
1 Hz. 

 

 

Figure. 2. Example of seismic site classes defined on the basis 
of the expected amplification frequency (odd classes: f0 < 1 
Hz; even classes: f0 ≥ 1Hz) and value (Fa). 

 

Figure. 3. Average response spectra for C1-C6 site classes for 
(left) input ground motion which is a Ricker wavelet with 1 Hz 
frequency and (right) input ground motion which is a Ricker 
wavelet with 0.5 Hz frequency. 

Vs30 
The VfZ matrix and the related subsoil classes 

(Fig. 2) are conceived to distinguish amplification 
factors and frequencies and, as it has just been 
shown, this implies a ‘predictive power’ on the re-
sponse spectra, as a function of the earthquake mag-
nitude. 

Approaches based on Vs30 do not have the same 
capability because they do not explicitly take into 
account the main reason for stratigraphic amplifica-
tion, that is the existence of an impedance contrast. 
As a further verification, we group the amplification 
maxima (and related frequencies) of the 585 models 
as a function of their Vs30 soil class as defined by 
the Italian Building Code (NTC, 2008). Note that 
the Vs30 soil classes are very similar worldwide, 
what changes is mostly the class-labeling (A, B, 
C…). 

Results are illustrated in Fig. 4 and show that 
Vs30 cannot effectively discriminate neither differ-
ent soil amplifications, nor different frequencies of 
amplification. Subsoils classified as B, C and D give 
completely overlapped amplification levels and fre-
quencies of amplification. Class B and Class E re-
sults are largely overlapped, too. Additionally, soils 
classified as B or C can result in any size of amplifi-
cation at any frequency of engineering interest. 
Since the bedrock-to-surface amplification function 

is little sensitive to the specific ground motion input, 
this result does not change with the specific input. 

Class A, representing subsoils with maximum 5 
m cover overlying a stiff bedrock (Vs0 > 800 m/s), 
obviously leads to amplification at high frequency 
only. However, it is still largely overlapped to soils 
E and B. 

We now analyze the average response spectra de-
rived from our models grouped in their Vs30 site 
class. Differently from the bedrock-to-surface ampli-
fication functions, response spectra are strongly sen-
sitive to the specific input ground motion used. In 
Fig. 5A we show the results when the input motion 
is the 1 Hz Ricker wavelet. We see that at short pe-
riods the highest accelerations are expected for 
buildings on soil classes C and E while at long peri-
ods there is no significant difference between the 
classes. When the input motion is a Ricker wavelet 
with a lower frequency (e.g. 0.5 Hz in Fig. 5B), the 
pattern changes at long periods, where the D and C 
class (those having the bedrock at higher depths) 
show the maximum response spectra. The frequency 
band of the maxima shifts from shorter to longer pe-
riods, consistently with the input motion dominant 
period.  
The low class D normalized acceleration values at 
short periods might appear unexpected while they 
are not since D classes are associated, according to 
our models, to very deep bedrocks, therefore damp-
ing plays a major role at short periods and is respon-
sible for low acceleration values. 

The simplified numerical-modeling approach 
suggests that the Vs30 parameter is not an ideal site 
response proxy even when response spectra are con-
sidered, because the latter are very sensitive to the 
specific frequency content of the input motion com-
pared to the subsoil eigen-frequency, information 
which is not included in the Vs30 parameter. 

 

Figure. 4.  SH wave amplification factors expected at the reso-
nance frequency for the 585 subsoil models, grouped accord-
ing to their Vs30 site class. The complete overlap of class B, C, 
D and, in large part, E, can be observed. 
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Figure. 5.  Average response spectra for the Vs30 site classes. 
A) input ground motion is a Ricker wavelet with 1 Hz frequen-
cy, B) input ground motion is a Ricker wavelet with 0.5 Hz 
frequency. 

In summary, a simplified subsoil classification has 
to rely on the minimum physical information needed 
to predict stratigraphic amplification, that is on 
<Vs>, f0, Z or similar combinations. Note that Vs30 
classes, are not unambiguously related neither to Fa, 
nor to f0. 
Since the final goal of site effect assessment studies 
is to predict the behavior of an oscillator (the 
structure) founded on another oscillator (the subsoil) 
and since such behaviors are both a function of 
frequency,  shifting the reasoning from a depth-
dependent approach (Vs30) to a frequency 
dependent approach (f0), appears very natural. 

5 DISCUSSION AND CONCLUSIONS 

Since the final goal of site effect assessment studies 
is to predict the behavior of an oscillator (the struc-
ture) coupled to another oscillator (the subsoil), it is 
convenient to shift the reasoning from a depth-
dependent approach (Vs30) to a frequency depend-
ent approach (f0). 

By observing that the main cause for stratigraphic 
seismic amplification is the existence of impedance 
contrasts in the subsoil, we propose a simplified 
seismic site classification scheme based on three pa-
rameters: <Vs>, f0 and Z (in short, VfZ), that is the 
average velocity of the cover layer, the resonance 
frequency of the subsoil and the impedance contrast 
between the cover and the bedrock or pseudo-
bedrock.  

The 1D numerical analysis of seismic response of 
several subsoils (all characterized by increasing Vs 
with depth) allows to generate a 4D function relating 
the amplification factor  expected for the SH-wave, 
Fa, to (<Vs>, f0, Z).  

VfZ constitutes the minimum physical basis for a 
first-order approximation of stratigraphic amplifica-
tion and can be measured with the same instrumental 
effort required to measure Vs30. Among the several 
techniques available, the joint fit of surface-wave 
based multichannel techniques and H/V or – under 
favourable circumstances – the H/V alone accompa-
nied by an adequate knowledge of the site stratigra-
phy appear to offer the best cost effective perfor-
mance. In particular, the H/V provides a sufficiently 
reliable estimate of f0 while the joint fit of dispersion 

curves and H/V provide an adequate estimate of 
<Vs> down to f0. Z can be inferred from the H/V 
peak amplitude or from the Vs profile. 

A common objection to the proposed method is 
that, once the VfZ parameters are known for a site, 
one could – with a modest additional effort – per-
form a complete 1D numerical modeling rather than 
applying the simplified procedure. 

Actually, the application of numerical models re-
quire the study of seismic response with several (3 
to 9, depending on the specific regulation) different 
inputs (earthquakes), in order to provide an average 
value and its uncertainty (which is often ignored be-
cause not requested by law) and also requires the us-
er to operate several other input choices (water table 
position, shear modulus and damping curves as a 
function of strain rate for all layers, position of the 
source, choice of the characteristic earthquake, etc.). 
All this makes the 1D numerical procedure more 
cumbersome and give results with often just an illu-
sory accuracy, as discussed in the introduction.  The 
use of full accelerograms in 1D numerical models 
conceived to model vertically incident SH waves is 
not fully justified and is the reason why we have 
based our models on simple Ricker wavelets. 

The VfZ matrix could also help in the interpreta-
tion of the H/V curves. In fact, it allows a rough es-
timate of the expected SH-wave amplitude from the 
H/V peak amplitude and allows to understand the 
amplification potential of the observed peaks. 
It is important to emphasize that the Fa values 
provided by the VfZ matrix (and in general by any 
simplified procedure) should only be interpreted as 
relative values (low or high amplification) because 
they depend on a very large number of other 
parameters and assumptions not explicitly taken into 
account in the models. 
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