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Abstract 
The Final Draft of revision of the “Eurocode 8: Design of structures for earthquake 

resistance - Part 1: General rules, seismic actions and rules for buildings” introduces new 

criteria for the simplified deterministic approach of evaluation of the stratigraphic 
amplification of the seismic action. The Draft firstly proposes a new standard site 
categorisation, based on the bedrock depth and the average superficial shear wave 
velocity. It also introduces an instrumental approach to site categorisation, which employs 
the results of the H/V technique. The Draft proposes also a new shape for the horizontal 
elastic pseudo-absolute acceleration response spectrum, where the description of the 
stratigraphic amplification takes into account the period-dependence of the phenomenon, 
through a short period factor and a long period factor. 
The thesis aims to analyse different aspects introduced by the Draft. 
The first part evaluates the new site categorisation system, with particular focus on the 
instrumental approach, whose reliability is analysed with reference to a number of real 
sites. 
The main corpus attempts to assess the effectiveness of the proposed factors for the 
stratigraphic amplification.  The verification consists of a comparison between the results 
of specific local response analyses, applying the equivalent linear elastic approach over a 
wide set of 1-D ground models, generated from a database of real soil profiles through a 
Monte-Carlo procedure, and the ones derived from the application of the draft’s 

specifications. The reference input motion consists of 4 spectrum-compatible sets of 
accelerograms, covering as better as possible the range of seismic hazard in Italy. 
The interpretation of the results has been carried out with reference to a number of ground 
motion parameters, in order to assess the inter-class dispersion and evaluate the reliability 
of the proposed amplification factors. The analysis of the results shows that the new 
categorisation system allows a reduction of the variability with respect to the current 
version of Eurocode 8. As for the assessment of amplification factors, the comparison 
highlights that the proposed values provide a good prediction of the seismic action, when 
referring to a wide range of vibration periods of engineering interest. On the other side, 
the adoption of the site amplification factors give an underestimation with respect to the 
results of the analyses at short vibration periods, whereas the estimate is on the safe side 
at long vibration periods. 
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Sommario 
La Bozza Finale di revisione dell’“Eurocodice 8: Progettazione di strutture per la 
resistenza sismica - Parte 1: Regole generali, azioni sismiche e regole per gli edifici” 

introduce nuovi criteri per l’approccio deterministico semplificato di valutazione 
dell'amplificazione stratigrafica dell’azione sismica. In primo luogo, la bozza propone 
una nuova classificazione standard dei siti, basata sulla profondità del substrato roccioso 
e sulla velocità media delle onde di taglio. Insieme a questo, introduce un approccio 
strumentale alla classificazione, che utilizza i risultati della tecnica H/V. La bozza 
propone anche una nuova formulazione dello spettro elastico di risposta delle pseudo-
accelerazioni assolute orizzontali, in cui la descrizione dell’amplificazione stratigrafica 
tiene conto della periodo-dipendenza del fenomeno, attraverso un fattore a brevi periodi 
e un fattore a lunghi periodi di vibrazione. 
La tesi si propone di analizzare i diversi aspetti introdotti dal progetto. 
La prima parte valuta il nuovo sistema di classificazione dei suoli, con particolare 
attenzione all'approccio strumentale, la cui affidabilità viene analizzata con riferimento 
ad un numero di siti reali. 
Il corpo principale valuta invece l’efficacia dei fattori proposti per l'amplificazione 
stratigrafica. La verifica consiste in un confronto tra i risultati di specifiche analisi di 
risposta locale, applicando l’approccio elastico lineare equivalente su un’ampia serie di 
modelli monodimensionali, generati da un database di profili reali del suolo attraverso il 
processo Monte-Carlo, e quelli derivati dall’applicazione delle specifiche del progetto. 
L’input sismico di riferimento consiste in 4 serie di accelerogrammi spettro- compatibili, 
che coprono al meglio la gamma di pericolosità sismica in Italia. 
L’interpretazione dei risultati è stata effettuata con riferimento ad un numero di parametri 
di scuotimento, al fine di analizzare la dispersione inter-categoria e valutare l’attendibilità 

dei fattori di amplificazione proposti. L’analisi dei risultati mostra che il nuovo sistema 
di classificazione consente una riduzione della variabilità rispetto alla versione corrente 
dell’Eurocodice 8. Per quanto riguarda la valutazione dei fattori di amplificazione, il 

confronto evidenzia che i valori proposti forniscono una buona previsione dell’azione 

sismica, quando si prende a riferimento un campo esteso di periodi di vibrazione di 
interesse ingegneristico. D’altra parte, l’impiego dei fattori di amplificazione dà luogo a 

una sottostima rispetto ai risultati delle analisi a brevi periodi di vibrazione, mentre la 
stima è a favore di sicurezza a lunghi periodi di vibrazione. 
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Chapter 1: Introduction 

The evaluation of site effects in seismic conditions is a fundamental aspect in civil engineering, 
since the specific geological and morphological layout may induce significant alterations in the 
ground motion. On the other side, this kind of assessment requires detailed information about 
geotechnical properties in order to build a proper soil model and needs specific codes able to 
carry out advanced analyses. For this reason, within the field of ordinary design applications, 
several national and international building codes allow the use of a simplified deterministic 
approach. The principle of this approach is the schematisation of the ground response through 
amplification factors, which are numerical parameters scaling the seismic action – evaluated in 
a standard condition, corresponding to rock formation – as function of the geotechnical 
properties of the site. Site conditions are schematised through the definition of ground types, 
typically with reference to the average shear-wave velocity of the surficial layers. 

The simplified approach introduces a rough simplification in the evaluation of seismic action, 
since it reduces a complex problem, involving a large number of parameters and uncertainties, 
into a simple procedure dependent on few variables. Therefore, the method has been object of 
several assessments, aiming at testing its reliability and improve it. The evaluation was based 
on the comparison of its predictions with the results of numerical analyses (e.g. [1], [2]), 
analyses of observed data (e.g. [3]) or both of them (e.g. [4]). 

This study aims to perform an assessment of the Final Draft for update of the European 
“Eurocode 8: Design of structures for earthquake resistance - Part 1: General rules, seismic 
actions and rules for buildings” [5], henceforth called “EC8-1 Draft”, focusing on Chapter 5, 
which provides indications for the evaluation of site conditions and seismic action. 

The EC8-1 Draft follows the path already traced by other seismic codes (e.g. [6], [7]), 
describing the seismic action according to a design horizontal response spectrum of pseudo-
accelerations, as function of seismicity and site geology. 
The response spectrum is described according to a standard shape, referred to a specific site 
condition, i.e. horizontal outcropping formation of rock-like material. Then, the introduction of 
the effective site conditions determines a modification of the spectrum, according to 
amplification factors expressing, in a synthetic way, the specific site response to the design 
earthquake. 
The amplification factors depend on geological and geotechnical characteristics of the soil 
below the site, together with the morphological aspect. On one side, generally, the smaller 
stiffness of soil deposits induces the amplification of seismic waves, which the consequent 
increase of the ground motion. The result is an uplift of the spectrum. Furthermore, due to the 
damped behaviour, the soil deposit works as a “low-pass” filter removing high frequency 
content from earthquake signal and inducing the translation of the response spectrum towards 
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higher periods. 
The schematisation of soil behaviour refers to shear-wave velocity profile in the surficial layers. 
Indeed, shear-wave velocity represents soil stiffness, which is the parameter governing the 
response of the soil deposit. 
A large number of seismic codes (e.g. [6], [8]) refer to 𝑣𝑆,30 – the equivalent shear-wave velocity 
of the layers down to 30 m depth – as a proxy for the description of soil condition. On the other 
side, several studies questioned the reliability of the classification system based only on this 
parameter, highlighting the possibility of incorrect prediction of seismic response of soil 
deposits (e.g. [1], [9], [10]). 
The EC8-1 Draft [5] introduces a new, two-variable classification system, based on average 
shear-wave velocity and bedrock depth. The parameters assume the same weight in the soil 
categorisation, whereas amplification factors follow a continuous formulation depending on 
shear-wave velocity, for most classes. 
Amplification factors depend also on the entity of the seismic action in the site. This dependence 
represents the effect of nonlinearity in soil behaviour, since the shear modulus decreases and 
damping ratio increases when seismic input is larger, according to the equivalent linear 
schematisation. If the current codes adopt simplified approaches to take into account 
nonlinearity, e.g. discrete laws with reference to magnitude [8] or site peak ground acceleration 
[6], the EC8-1 Draft refers to a continuous law to model the decrease of amplification factors 
with the seismic hazard [5]. These new approaches for site-dependence make the new proposal 
more complex with respect to the current codes and potentially able to solve some of the 
limitations discussed in the last years. 

The aim of this work is the evaluation of the indications proposed by the EC8-1 Draft for the 
simplified ground response analysis, assessing the reliability of the amplification factors and 
the contribution of the new classification system in reducing the uncertainties in ground 
response prediction. 
The adopted approach consists of a semi-stochastic ground response analysis, with performance 
of analyses according to the equivalent linear method over a large number of one-dimensional 
ground models, generated from a base case of real soil deposits and subjected to a collection of 
input motions representative of a range of possible seismic actions in Italy. 
The results are then object of a procedure of interpretation, consisting of a filtering of 
unacceptable values and then of the computation of synthetic parameters representing the 
response of the ground models. 
With reference to the obtained parameters, the results are aggregated according to the new 
standard categorisation system [5] and the analysis of the statistical dispersion inside each 
category provides indications about the effectiveness of the new classification system. 
Then, the resulting amplification factors are compared with the ones introduced by the EC8-1 
Draft [5], in order to assess the reliability of the proposed amplification factors. 
In parallel, the present study performs a verification of an instrumental approach to site 
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categorisation, aiming at classifying soil deposits as function of shear-wave velocity and 
resonance frequency [5], in order to evaluate its accuracy. 

In summary, the main objective of this study is the verification of the new indications proposed 
by the EC8-1 Draft, but its aim is also to provide a contribution to the discussion about the 
optimal schemes and procedures for the simplified ground response analysis. 
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Chapter 2: Description of the EC8-1 Draft 

2.1: Introduction 
The Final Draft of revision of the “Eurocode 8: Design of structures for earthquake resistance 

- Part 1: General rules, seismic actions and rules for buildings” [5], commonly referred simply 
as Eurocode 8 (or EC8), introduces new criteria for the simplified deterministic approach to 
estimate the seismic action and take into account the influence of local ground conditions on it. 
The document will be henceforth mentioned as “EC8-1 Draft” in this study. 

From the conceptual point of view, the EC8-1 Draft is aligned with the main features of the 
current codes (e.g. [6]): the standard way of definition of the seismic action refers to the 
horizontal elastic response spectrum of absolute pseudo-accelerations, henceforth called 
“elastic response spectrum” or “response spectrum”. This function represents the response of a 
simple structural system, i.e. the linear elastic single-degree-of-freedom oscillator. 
The response spectrum is function of two aspects, which are the ones affecting seismic action. 
On one side, the response spectrum is time-dependent, since the seismic action depends of the 
return period 𝑇𝑟𝑒𝑓, related to the exceedance probability. The return period is a proxy for the 
entity of the phenomenon, since rare events are medially more intense. The EC8-1 Draft refers 
a large number of parameters to the standard period of return equal to 475 years, which 
corresponds to the design earthquake for ordinary structures [5]. 
On the other side, the response spectrum is site-dependent. The seismicity of a site, indeed, is 
the effect of the spatial distribution of the faults and the geological and morphological 
conditions. 
The current approach to the site-dependence consists of separating the seismologic component 
from the geo-morphological one. In particular, the seismological component is computed 
through a procedure of hazard analysis with reference to a standard site condition – typically, 
horizontal outcropping rigid formations. Then, the passage to the real condition requires the 
application of corrective factors, accounting site geology and topography, which modify the 
shape of the response spectrum. 
Focusing on local conditions, the EC8-1 Draft splits the site-specific contribution into 
geological aspects and topographic aspects, with stratigraphic coefficients and topographic 
coefficients [5]. Furthermore, it introduces an upgrade of the formulations for the computation 
of the stratigraphic amplification coefficients, since it proposes a new site categorisation system 
and new equations for amplification factors. 
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2.2: Site categorisation system 
The dependence from the geological conditions is schematised through the definition of the so-
called “site categories”, as function of stiffness and depth of the seismic bedrock (Table 2-1 and 
Figure 2-1). 

Table 2-1. Standard categorisation system (taken from the EC8-1 Draft [1]). 

   Ground class 
   Stiff Medium Soft 

   
400 m/s ≤ 
𝑣𝑆,𝐻 < 800 

m/s 

250 m/s ≤ 𝑣𝑆,𝐻 
< 400 m/s 

150 m/s ≤ 
𝑣𝑆,𝐻 < 250 

m/s 

Depth class 

Very Shallow 𝐻800 ≤ 5 m A A E 

Shallow 
5 m < 𝐻800 ≤ 

30 m 
B E E 

Intermediate 
30 m < 𝐻800 ≤ 

100 m 
B C D 

Deep 𝐻800 > 100 m B F F 
 

 
Figure 2-1. Representation of standard site categorisation in the 𝑣𝑆,𝐻-𝐻800 domain. 

The standard categorisation system is function of two parameters, describing the geological and 
geotechnical conditions of soil deposit [5]. 

 Depth of the bedrock formation 𝐻800, identified by a value of shear-wave velocity larger 
than 800 m/s. 
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 Equivalent value of the shear-wave velocity of the superficial soil deposit 𝑣𝑆,𝐻, 
computed as harmonic mean of the shear-wave velocities 𝑣𝑆,𝑖 in the soil layers from the 
ground surface down to the depth 𝐻. 

 
𝑣𝑆,𝐻 =

𝐻

∑
ℎ𝑖
𝑣𝑆,𝑖

𝑁
𝑖=1

 (Eqt. 2-1) 

Depth 𝐻 is equal to the depth of the bedrock formation 𝐻800 if smaller than 30 m; 30 m 
otherwise. 

The definition of the equivalent shear-wave velocity requires the characterisation of ground 
materials at least down to 30 m depth, unless the bedrock formation is at a smaller depth. In 
this way, the results of in situ tests already performed for site characterisation are still useful for 
site categorisation, since most of them reach 30 m of depth. 

The preferred way to obtain site parameters is the direct measurement of shear-wave velocity, 
through invasive tests or non-invasive techniques. 
The EC8-1 Draft [5] indicates also some procedures for site categorisation in case of incomplete 
information about soil deposit. The rules are different according to the availability of bedrock 
depth or of average shear-wave velocity and the draft identifies several possible situations. 

1. Bedrock formation deeper than 30 m. 

If not found through geophysical tests or geotechnical information, the identification of the 
bedrock interface may refer also to other sources of information, such as geological sections or 
microzonation maps. In case that the available information does not allow the identification 
between intermediate and deep soil deposits, the default selection is the intermediate depth. 

2. Absence of shear-wave velocity measurements. 

In absence of specific tests devoted to the evaluation of shear-wave velocity profile, its 
determination may refer to empirical correspondences with other geotechnical parameters, 
deriving from other in situ tests – e.g. SPT or CPT tests. 

3. Availability of measurement of shear-wave velocity down to a depth smaller than 30 m. 

If direct or indirect measurements of shear-wave velocity are available only for depths smaller 
than 30 m – at least 10 m is required – and the bedrock interface has not been identified, the 
reference equivalent shear-wave velocity is assumed as equal to the average value computed up 
to the end point of the tests. Generally, this assumption provides an estimate on the safe side 
[5]. 

4. Availability of equivalent shear-wave velocity. 

In case of known value of equivalent shear-wave velocity, site categorisation may refer to the 
fundamental frequency of soil deposit 𝑓0. 
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The solution is an instrumental approach to site categorisation, based on H/V tests, which works 
as shown in Table 2-2. 

5. Complete absence of geotechnical information. 

In case of absence of specific information about shear-wave profile or bedrock depth, site 
categorisation refers to simplified geological criteria. 

In this way, the EC8-1 Draft introduces quite rigorous criteria for site categorisation and tries 
to cover all the possible scenarios characterised by different degree of knowledge about 
geotechnical characteristic of soil deposit. 
Some procedures, e.g. the reference to other in situ tests or the geological classification, are 
already present in the current versions of several seismic codes (e.g. [6]), whereas the 
instrumental approach employing the results of H/V tests is a new methodology. 

Table 2-2. Site categorisation based on equivalent shear-wave velocity and resonance frequency (taken from the 
EC8-1 Draft [5]). 

𝑓0 range 𝑣𝑆,𝐻 range Site category 
𝑓0 > 12 Hz - A 
𝑓0 < 12 Hz 400 m/s ≤ 𝑣𝑆,𝐻 < 800 m/s B 

𝑣𝑆,𝐻/250 < 𝑓0 < 𝑣𝑆,𝐻/120 250 m/s ≤ 𝑣𝑆,𝐻 < 400 m/s C 
𝑣𝑆,𝐻/250 < 𝑓0 < 𝑣𝑆,𝐻/120 150 m/s < 𝑣𝑆,𝐻 < 250 m/s D 
𝑣𝑆,𝐻/120 < 𝑓0 < 𝑣𝑆,𝐻/12 150 m/s < 𝑣𝑆,𝐻 < 400 m/s E 

𝑓0 < 𝑣𝑆,𝐻/250 150 m/s < 𝑣𝑆,𝐻 < 400 m/s F 
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2.3: Seismic action: definition of the local seismic hazard 
As mentioned previously, the definition of the seismic action refers to a seismological 
component and to a geo-morphological one. 
The seismological component, referred as “local seismic hazard” [5], is the result of a seismic 
hazard assessment, typically according to a probabilistic scheme, which provides the expected 
values of ground motion parameters across the territory. 
In order to simplify the assessment, the analysis evaluates the ground motion under specific 
geological and morphological conditions, i.e. horizontal outcropping formation, assuming 
equivalent shear-wave velocity larger than 800 m/s. This condition corresponds to a formation 
described as site category A. 

The EC8-1 Draft [5] assumes two standard parameters for the description of seismic hazard, 
evaluated according to the above-mentioned conditions. 

 Reference maximum spectral acceleration 𝑆𝛼,𝑟𝑒𝑓, corresponding to the constant 
acceleration branch of the horizontal 5% damped elastic response spectrum, for the 
reference return period 𝑇𝑟𝑒𝑓. 

 Reference spectral acceleration 𝑆𝛽,𝑟𝑒𝑓, evaluated at vibration period equal to 1 s, of the 
horizontal 5% damped elastic response spectrum, for the reference return period 𝑇𝑟𝑒𝑓. 

As mentioned in the introduction, for ordinary constructions the reference return period 𝑇𝑟𝑒𝑓 is 
equal to 475 years. 
Actually, some components involved in the computation of the reference spectrum require the 
spectral parameters 𝑆𝛼,𝑅𝑃 and 𝑆𝛽,𝑅𝑃, referred to the specific return period adopted in the design. 
The EC8-1 Draft [5] allows the conversion from standard values 𝑆𝛼,𝑟𝑒𝑓 and 𝑆𝛽,𝑟𝑒𝑓 through 
performance factors 𝛾𝐿𝑆,𝐶𝐶. 
 𝑆𝛼,𝑅𝑃 = 𝛾𝐿𝑆,𝐶𝐶𝑆𝛼,𝑟𝑒𝑓 (Eqt. 2-2) 

 𝑆𝛽,𝑅𝑃 = 𝛾𝐿𝑆,𝐶𝐶𝑆𝛽,𝑟𝑒𝑓 (Eqt. 2-3) 

If the return period is 475 years, the performance factor will be equal to 1. 

In particular, the maximum spectral ordinate with reference to 475 years defines the seismicity 
level of a territory [5], as shown in Table 2-3. 

Table 2-3. Ranges of 𝑆𝛼,475 values for the definition of seismicity levels (taken from EC8-1 Draft [5]). 

Seismicity level Parameter 𝑆𝛼,475 (m/s2) 
Very low < 1.0 

Low 1.0 ÷ 2.5 
Moderate 2.5 ÷ 5.0 

High > 5.0 
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The parameters are available in seismic maps provided in the National Annexes and they are 
computed through nonlinear, piecewise fitting of the standard spectral shape to the uniform 
hazard response spectrum resulting from seismic hazard assessments. 

Actually, the EC8-1 Draft does not oblige a concurrent mapping of both parameters, but the 
parameter  𝑆𝛼,𝑟𝑒𝑓 is enough, since the other one may be derived through the application of a 
multiplying factor 𝑓ℎ, depending of site seismicity (Table 2-4). 
 𝑆𝛽,𝑟𝑒𝑓 = 𝑓ℎ𝑆𝛼,𝑟𝑒𝑓 (Eqt. 2-4) 

Table 2-4. Values of multiplying factor 𝑓ℎ (taken from EC8-1 Draft [5]). 

Seismicity level Factor 𝑓ℎ (-) 
Very low 0.2 

Low 0.2 
Moderate 0.3 

High 0.4 
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2.4: Seismic action: site amplification factors 
The geo-morphological component, according to the EC8-1 Draft [5], is synthesised through 
two categories of amplification factors. 
On one side, the effect of significant morphologic irregularities as slopes, ridges, etc. 
corresponds to a period independent topography amplification factor, whose effect is a linear 
scaling of the response spectrum. 
On the other side, the representation of ground response refers to a couple of site amplification 
factors. 

 Short period amplification factor 𝐹𝛼. 

 Intermediate period amplification factor 𝐹𝛽, referred to vibration period 𝑇𝛽, namely 1 s. 

The computation of the amplification factors in each standard site category, as shown in Table 
2-5, follows formulations depending on site parameters 𝐻800 and 𝑣𝑆,𝐻, if available; the EC8-1 
Draft indicates some default values, in absence of this information [5]. 

Table 2-5. Indications for the computation of site amplification factors (taken from the EC8-1 Draft [5]). 

 

The site amplification factors depend on geotechnical characteristics of soil deposit, i.e. 𝐻800 
and 𝑣𝑆,𝐻, and on seismic hazard parameters 𝑆𝛼,𝑅𝑃 and 𝑆𝛽,𝑅𝑃. 
The dependence from site seismicity is a consequence of the nonlinearity in the ground 
behaviour in dynamic conditions: due to nonlinearity, the ground response varies in a sensible 
way as function of the intensity of the applied seismic input, with reduction in stiffness and 
larger energy dissipation. 

A significant difference between the EC8-1 Draft and other seismic codes is the formulation of 
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these dependences, since there is a passage from a discontinuous expression (e.g. [6], [8]) to a 
continuous law [5], either in terms of geotechnical parameters or in terms of seismic hazard. 
The new formulation aims to provide more specific estimate of site response, reducing the 
related uncertainties. 

Thanks to the continuous formulation, a graphical description of the site amplification factors 
is possible. Since the equation depends of two parameters, the representation will occur in the 
3-D domain 𝑣𝑆,𝐻-𝑆𝛼,𝑅𝑃-𝐹𝛼 (or 𝑣𝑆,𝐻-𝑆𝛽,𝑅𝑃-𝐹𝛽). 
Figure 2-2 shows an example of representation of the amplification factor, in this case referred 
to ground categories B, C and D, characterised by the same function. The 3-D representation is 
coupled with a contour plot, in order to facilitate the interpretation. 

The situation is different – and more complex – for ground category E, since the amplification 
factor is given by a three-parameter equation, whose graphical representation is not possible. 
In order to obtain a graphical form, a solution may be the representation of a series of surfaces 
corresponding to “sections” of the actual shape for constant values of one independent 

parameter. In particular, the representation occurs in the 3-D domain 𝑣𝑆,𝐻-𝐻800-𝐹𝛼 (or 𝑣𝑆,𝐻-
𝐻800-𝐹𝛽) for assigned values of the hazard parameter 𝑆𝛼,𝑅𝑃 (or 𝑆𝛽,𝑅𝑃), representative of the 
different levels of seismicity defined by the EC8-1 Draft [5]. As regards 𝑆𝛼,𝑅𝑃, this is equal to 
the mean value of the range defining the seismicity level of interest, in compatibility with the 
seismic hazard in the Italian territory (more details in Figure 6-3). Parameter 𝑆𝛽,𝑅𝑃 is instead 
computed from 𝑆𝛼,𝑅𝑃, according to (Eqt. 2-4). 
Table 2-6 shows the reference values adopted for the representation and Figure 2-3 shows the 
short period amplification factor for moderate seismicity level, as example. 

Table 2-6. Reference hazard parameters for the representation of the amplification factors pertaining to site 
category E. 

Seismicity level 𝑆𝛼,𝑅𝑃 (m/s2) 𝑆𝛽,𝑅𝑃 (m/s2) 
Very low and low 1.25 0.25 
Moderate 3.75 1.125 
High 6 2.4 

The graphical representation of the amplification factor for the other ground categories is 
available in Appendix A. 
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Figure 2-2. Short period amplification factor for standard site categories B, C and D. 

 
Figure 2-3. Short period amplification factor for standard site category E (moderate seismicity level). 
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2.5: Seismic action: definition of the elastic response spectrum 
The seismic action is typically expressed by means of an elastic response spectrum of horizontal 
pseudo-absolute acceleration. 
The elastic response spectrum 𝑆𝑒(𝑇) is described according to a standardised, piecewise 
formulation with respect to vibration period 𝑇, in order to suit well the effective spectrum with 
a simple shape, from the mathematical and computational point of view. The formulation 
depends mainly on the hazard parameters 𝑆𝛼,𝑟𝑒𝑓 and 𝑆𝛽,𝑟𝑒𝑓, the site amplification factors 𝐹𝛼 and 
𝐹𝛽 and the topography amplification factor 𝐹𝑇 [5], as shown in (Eqt. 2-5). 

 𝑆𝑒(𝑇) =

{
 
 
 
 

 
 
 
 
𝑆𝛼
𝐹𝐴
                                                               0 ≤ 𝑇 ≤ 𝑇𝐴

𝑆𝛼
𝑇𝐵 − 𝑇𝐴

[𝜂(𝑇 − 𝑇𝐴) +
𝑇𝐵 − 𝑇

𝐹𝐴
]           𝑇𝐴 ≤ 𝑇 ≤ 𝑇𝐵

𝜂𝑆𝛼                                                            𝑇𝐵 ≤ 𝑇 ≤ 𝑇𝐶

𝜂
𝑆𝛽𝑇𝛽

𝑇
                                                      𝑇𝐶 ≤ 𝑇 ≤ 𝑇𝐷

𝜂𝑇𝐷
𝑆𝛽𝑇𝛽

𝑇2
                                                           𝑇 ≥ 𝑇𝐷

 (Eqt. 2-5) 

The reference spectral accelerations 𝑆𝛼 and 𝑆𝛽 are computed according to the equations (Eqt. 
2-6) and (Eqt. 2-7), involving the topography and the site amplification factors. 

 𝑆𝛼 = 𝐹𝑇𝐹𝛼𝑆𝛼,𝑅𝑃 (Eqt. 2-6) 

 𝑆𝛽 = 𝐹𝑇𝐹𝛽𝑆𝛽,𝑅𝑃 (Eqt. 2-7) 

Table 2-7 shows the meaning of the remaining parameters involved in the formulation. 

As shown by Figure 2-4, the elastic response spectrum is composed by two constant 
acceleration branches, at small and intermediate vibration periods, connected by means of a 
linear portion. At larger periods, characterised by constant velocity and displacement ranges, 
the spectrum follows a hyperbolic law of the first order – in the constant velocity response range 
– and of the second order – in the constant displacement response range. 
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Table 2-7. Description of the parameters involved in the response spectrum. 

Symbol Meaning Method of computation 

𝑇𝛽 Reference vibration period, equal 
to 1 s 

𝑇𝛽 = 1 𝑠 

𝐹𝐴 
Ratio of 𝑆𝛼 with respect to the 

zero-period spectral acceleration 
𝐹𝐴 = 2.5 

(in absence of further information) 

𝑇𝐴 - 𝑇𝐴 = 0.02 𝑠 
(in absence of further information) 

𝑇𝐶  
Upper corner period of the 
constant acceleration range 𝑇𝐶 =

𝑆𝛽𝑇𝛽

𝑆𝛼
 

𝑇𝐵 
Lower corner period of the 
constant acceleration range 

𝑇𝐵 =

{
  
 

  
 0.05 𝑠, 𝑖𝑓 

𝑇𝐶
𝜒
< 0.05 𝑠

𝑇𝐶
𝜒
, 𝑖𝑓 0.05 𝑠 ≤

𝑇𝐶
𝜒
≤ 0.10 𝑠

0.10 𝑠, 𝑖𝑓 
𝑇𝐶
𝜒
> 0.10 𝑠

 

𝜒 - 𝜒 = 4 
(in absence of further information) 

𝑇𝐷 
Lower corner period of the 

constant displacement range 
𝑇𝐷 = {

2, 𝑖𝑓 𝑆𝛽,𝑅𝑃 ≤ 1 𝑚/𝑠
2

1 + 𝑆𝛽,𝑅𝑃 , 𝑖𝑓 𝑆𝛽,𝑅𝑃 ≤ 1 𝑚/𝑠2
 

(in absence of further information) 

𝜂 
Structural damping correction 

factor 
𝜂 = 1 (for 5% viscous damping) 

 

 
Figure 2-4. Examples of response spectra according to the formulation provided by the EC8-1 Draft (taken from 

the EC8-1 Draft [5]). 



    15 
 

Chapter 3: Verification of the instrumental approach to site 

categorization 

3.1: Introduction  
The EC8-1 Draft introduces an instrumental approach to site categorisation, alternative to the 
one based on geotechnical parameters [5]. 
The method uses the spectral horizontal-to-vertical ratio (also called H/V ratio or HVSR) 
obtained from microtremor data recorded at the ground surface and estimates the ground type 
by pointing out the first peak of the H/V-ratio into the spectral ranges corresponding to the 
standard site categories. 

In this section, the study aims to assess the validity of the instrumental approach, by applying 
it over a number of sites with known geotechnical properties and characterised with HVSR 
technique. The verification compares the site category for each considered site, obtained 
according to the two systems and assuming the standard method as reference. Indeed, this 
approach is the more reliable because it employs direct measurements of geotechnical 
parameters, whereas the instrumental approach uses the results of non-invasive tests, without a 
specific seismic ground characterisation. This aspect is highlighted by the EC8-1 Draft itself, 
which suggests the use of the instrumental approach only in case of absence of specific 
documentation about quantitative geotechnical parameters [5]. 
The approach will be considered valid if it provides results compatible with the standard one. 

The assessment is carried out with reference to two versions of the Draft of revision of the 
Eurocode 8. 

 The Draft n.2, which is an elder and superseded version, proposing an instrumental 
approach based on the frequency and the amplification factor of the first peak of the 
H/V ratio. 

 The current version, i.e. the EC8-1 Draft, which refers on the resonance frequency and 
the equivalent shear-wave velocity of the soil deposit. 

  



16 
 

3.2: Methodology 
The study compares the new standard site categorisation and the instrumental approaches to 
site categorisation proposed by the two drafts, with reference to a collection of sites.  
Sites are part of a larger set, realised for the stochastic analysis of ground response (the complete 
list is available in Appendix B) and correspond to the locations of a number of accelerometric 
stations of the Italian and Swiss strong motion networks, together with a number of sites taken 
from regional geological services. The locations in exam have a collection of data derived from 
site characterisation, including direct measurements of shear waves velocity and interpretation 
of recorded microtremors according to HVSR technique. In this way, each site presents all the 
information required for the application of the two systems of site categorisation. 

3.2.1: Data selection 

This part focuses only on indicating the sources of the data employed in this study, together 
with some specifications directly concerned with this topic. More details about the selection of 
the data and their interpretation are available in 5.2.1 and 5.2.2. 

The primary source of data is the Italian Strong Motion Network (or RAN) of the Dipartimento 
di Protezione Civile [11]. Data have been queried by means of the Italian Accelerometric 
Archive (ITACA) [12], where metadata provide information concerning location and seismic 
site characterisation for each recording station . 
The data set is enriched with a number of sites belonging to the Swiss Strong Motion Network 
of the Swiss National Network (SED). The reference archives are the Engineering Strong-
Motion Database (ESD) [13] and the Site Characterization Database for Seismic Stations in 
Switzerland [14]. 
A number of reference sites derives from regional services, as the Programma Valutazione degli 
Effetti Locali (VEL) of Toscana Region ([15], [16]), the Servizio Geologico Sismico e dei Suoli 
(SGSS) of Emilia-Romagna Region [17] and the geological service of Umbria Region [18]. 

The application of the instrumental approach requires the presence of a clear first peak in the 
H/V spectral ratio. The peak should be given an interpretation in light of site stratigraphy, if 
possible. In the ITACA database and in the regional services, the description of the peaks 
follows SESAME guidelines [19] and the peak should be able to fulfil at least 5 of the 6 
SESAME criteria. In Swiss stations, metadata provide no information concerning clearness 
criteria but the first peak is indicated in the monography, coupled with a stratigraphic 
interpretation. 
Furthermore, site selection considers stations inserted in a regular topographic background, 
possibly with a flat ground surface. The condition is necessary since the interpretation of H/V 
technique and the application of the instrumental approach apply only in flat deposits with 
horizontally layered soil profile. As consequence, topography represents a restraint in the 



    17 
 

selection and only sites of T1 topographic category [6] are considered in the analysis. 

The collection of the sites involved in the study is available in Appendix C and the sites are part 
of a larger set (available in Appendix B), realised for the stochastic analysis of ground response. 
The elements fulfilling the above-mentioned restraints are 60. 

3.2.2: Standard site categorisation 

The categorisation system proposed by the EC8-1 Draft and the Draft n.2 distinguishes six site 
types (A, B, C, D, E and F), depending on ground class and depth class, which are function of 
bedrock depth 𝐻800 and equivalent shear-wave velocity 𝑣𝑆,𝐻 [5]. 
The approach introduced by the Draft n.2 was slightly qualitative, as it did not specify 
quantitative limits for the ranges of depth, whereas the criteria defined by the EC8-1 Draft are 
more precise. Despite this difference, the two methodologies provide the same result in terms 
of classification.  

The ITACA database provides all the required information for site categorisation for the 
selected sites. When bedrock depth is not known because investigations have not reached the 
bedrock formation, it is assumed as coincident to the deepest detected point, in agreement with 
the indications of EC8-1 Draft [5]. 
On the other side, Swiss sites present a direct indication of bedrock depth and 𝑣𝑆,30, which is 
the reference parameter in case of deep soil deposits. In presence of a shallow formation, the 
equivalent velocity up to bedrock interface is estimated from the average velocity profile 
available in each station monography. 

Table 3-1 shows the site categories obtained for each location through the standard site 
categorisation procedure. It can be noticed that a large number of stations are B or F class, 
whereas sites of A or D category are rare. 
Furthermore, according to the above-exposed criteria, sites BTT2 and CLF do not belong to 
any ground type, as the reference value of shear wave velocity – equal to 90 m/s and 136 m/s, 
respectively – is smaller than the lower bond of the “Soft” ground class. On the opposite side, 
site SNN assumes an equivalent shear-wave velocity equal to 835 m/s, larger than the upper 
bond of “Stiff” ground class and included in the collection of data due to the presence of an 

inversion in shear-wave velocity profile at depths larger than 30 m. These cases represent a 
particular situation, for which the code does not provide any provision for the estimate of 
seismic action, evaluable only by means of devoted analysis – in a similar way of S1 and S2 
ground categories defined by the current seismic codes [20]. 
Due to their particular nature, the verification of the instrumental approach to site categorisation 
will disregard them. 
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Table 3-1. Standard site categorisation. 

Site number Site Site category Site number Site Site category 

1 AVT A 31 
Sant’Agostino – 
Zona Industriale 

F 

2 BRC A 32 SARK E 
3 BRZ A 33 SEPFL D 
4 SRT B 34 SINS F 
5 BGN B 35 SIOM F 
6 CPS B 36 SLOP F 
7 CST B 37 SLUW F 
8 GSN B 38 SOLB F 
9 MAI C 39 SRHH E 
10 NAS F 40 SVIT E 
11 SPS E 41 SYVP C 

12 BTT2 Unclassified 42 
Foligno – Centro 

Commerciale 
E 

13 CLF Unclassified 43 
Corciano – San 

Mariano 
E 

14 RTI F 44 
Torgiano – 

Miralduolo Zona 
Industriale 

C 

15 FVZ E 45 PNT F 
16 BGI B 46 SNN Unclassified 
17 MLC B 47 AQV B 
18 MTL B 48 BRN B 
19 PZS B 49 PNR F 
20 RCC C 50 PVS B 
21 TLM1 B 51 CTL D 
22 TRL C 52 GRM F 
23 VBM B 53 NVL F 
24 VBV B 54 PNN C 
25 AVZ F 55 BNV B 
26 PGL C 56 SSV C 
27 AQA B 57 BOJ C 
28 NCR E 58 BVG F 
29 ARN E 59 BVN C 
30 MRN F 60 GBP D 
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3.2.3: Instrumental approach to site categorisation according to Draft n.2 

The instrumental approach to site categorisation uses the spectral horizontal-to-vertical ratio 
obtained from microtremor data recorded at the ground surface, assuming that it approaches the 
transfer function of the soil profile in horizontally layered soil profiles. 
The estimate of the ground type is based on the first significant peak of the H/V ratio. The first 
peak frequency is the fundamental frequency 𝑓0, which is typically indicated in station 
monographies. The corresponding amplification factor 𝐴0 is read on the HVSR plot available 
in station documentation. 
The passage from the instrumental result to the ground category is performed through the 
reference plot provided by the Draft n.2 (Figure 3-1 - [21]). The peak values define a point 
inside the graph and the region into which it is falling indicates the standard ground type. 

 
Figure 3-1. Reference plot for the instrumental approach to site categorisation, according to the Draft n.2 (taken 

from [21]). 

Figure 3-2 shows the application of the instrumental approach for the classification of the 
reference sites, represented with different icons related to the actual site category, derived from 
the standard approach. It can be noticed that a significant number of points lies outside the 
reference ranges and correspondent sites can not be classified according to this approach. 
For reason of compactness, the study represents only the global result, whereas Appendix C 
presents the plots representing the instrumental approach applied to sites clustered according to 
the actual site category. 
Appendix C contains also a table indicating the site category for each location in exam, obtained 
with the standard site categorisation and the instrumental approach. The table indicates the 
result of the check for compatibility between the two methods, which is positive when 
categories are the same in a single site, negative otherwise. In the assessment, sites BTT2, CLF 
and SNN are not considered because they do not belong to any site category, as exposed 
previously. 
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Figure 3-2. Site categorisation according to the instrumental approach proposed by the Draft n.2. 

In particular, as highlighted by Figure 3-3, sites of category A, C and D are in limited number 
and the instrumental method indicates different classes (mainly B and E), without any matching 
of the results. On the opposite, in site classes B, D and F, compatibility between results rises up 
to 40%, which is a larger value but not so significant to give reliability to the method. 

 
Figure 3-3. Analysis of the compatibility results. 

The lack of compatibility is highlighted by analysing in detail the distribution of points in the 
reference plot, either in the global representation (Figure 3-2) or in the representations of the 
application of the instrumental method, limited at locations belonging to a specific site category 
(in Appendix C). 
From the analysis of each site category, it can be noticed that the proposed curves are not able 
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to create a boundary and identify a region corresponding to the ground class. Points clouds of 
each site type seem also to cross themselves for significant portions, complicating the 
geometrical delimitation of specific regions. Furthermore, it is interesting to notice that points 
tend to be located on the upper part of the graph, in an amplification factor range variable 
between 2 and 10 ÷ 15, independently from ground type, whereas the maximum ordinate of the 
curves is about 5. For this reason, a relevant number of sites is declared as “Unclassified” 

because categorisation would be affected by too many uncertainties. 
This aspect is evident in Figure 3-4, showing the distribution of sites pertaining to ground 
category B, but the situation is similar for the other subsoil classes. 

 
Figure 3-4. Application of the instrumental approach to site categorisation, according to Draft n.2, to locations 

of site category B 

These aspects justify the lack of compatibility of the results of the instrumental approach with 
respect to the standard site categorisation. 
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3.2.4: Instrumental approach to site categorisation according to the EC8-1 Draft 

The instrumental approach to site categorisation introduced by the current version of the draft 
estimates the site category without referring only to the first significant peak of the H/V ratio, 
since the classification criterion depends on the fundamental frequency 𝑓0 and the equivalent 
shear-wave velocity 𝑣𝑆,𝐻, as shown in Table 3-2 and in Figure 3-5. 

Table 3-2. Site categorisation based on equivalent shear-wave velocity and resonance frequency (taken from the 
EC8-1 Draft [5]). 

𝑓0 range 𝑣𝑆,𝐻 range Site category 
𝑓0 > 12 Hz - A 
𝑓0 < 12 Hz 400 m/s ≤ 𝑣𝑆,𝐻 < 800 m/s B 

𝑣𝑆,𝐻/250 < 𝑓0 < 𝑣𝑆,𝐻/120 250 m/s ≤ 𝑣𝑆,𝐻 < 400 m/s C 
𝑣𝑆,𝐻/250 < 𝑓0 < 𝑣𝑆,𝐻/120 150 m/s < 𝑣𝑆,𝐻 < 250 m/s D 
𝑣𝑆,𝐻/120 < 𝑓0 < 𝑣𝑆,𝐻/12 150 m/s < 𝑣𝑆,𝐻 < 400 m/s E 

𝑓0 < 𝑣𝑆,𝐻/250 150 m/s < 𝑣𝑆,𝐻 < 400 m/s F 

 
Figure 3-5. Reference plot for the instrumental approach to site categorisation, according to the EC8-1 Draft. 

Figure 3-6 shows that the new approach provides better results, since each distribution of points 
pertaining to each class suits quite well the boundaries of the regions representative of site 
categories. The only exceptions are the points falling in ground categories C, F and D, which 
overlap with each other disregarding the boundaries. 
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Figure 3-6. Instrumental approach to site categorisation, using HVSR data. 

In particular, as highlighted by Figure 3-7, the degree of compatibility is perfect for sites 
pertaining to site category B, whereas more deformable categories does not present a good level 
of compatibility. Furthermore, a number of locations of site category A show anomalous values 
of fundamental frequency with respect to the equivalent shear-wave velocity, maybe due to 
errors in the values provided by the reference databases. 
Notwithstanding these observations, the result is better than the one obtained with the approach 
proposed in the Draft n.2. Indeed, the number of unclassified sites is much more limited than 
before, with only three cases, coincident with the ones unclassified according to the standard 
approach. Moreover, the level of compatibility is close to 50% for site classes A and D. Actually, 
sites of category A and D are in limited number and the statistics may not be representative. 
On the opposite, in site classes C and F, compatibility between results rises up to 70%. 
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Figure 3-7. Analysis of the compatibility results. 

With reference to the representations of the application of the instrumental method, limited at 
locations belonging to a specific site category (more details in Appendix C), the points clouds 
of each site type overlap themselves and cross the proposed boundaries, especially in the case 
of deformable soils. This aspect is evident in Figure 3-8, showing the distribution of sites 
pertaining to ground category C, but the situation is similar for classes F and D. 

 
Figure 3-8. Application of the instrumental approach to site categorisation, according to EC8-1 Draft, to sites of 

ground category C. 

Moreover, even if the result is quite good, the instrumental approach proposed by the EC8-1 
Draft has an intrinsic limitation. Focusing on the conditions for the attribution of site category 
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A, the resonance frequency should be higher than 12 Hz, without any restraint on the equivalent 
shear-wave velocity. This aspect is in contrast with the standard approach for site categorisation, 
which requires the average velocity to be larger than 250 m/s. For instance, a soil deposit 
composed by a 2 m thick layer characterised by shear wave velocity equal to 200 m/s presents 
the following fundamental frequency. 

𝑓0 =
𝑣𝑠
4𝐻

=
200

4 × 2
= 25 𝐻𝑧 

According to the instrumental approach, the soil deposit belongs to ground category A, whereas 
the standard approach classifies it as class E. 
Therefore, the new approach does not provide reliable results in case of shallow deposits made 
with deformable materials. 
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3.3: Results 
A comparative analysis of two categorisation systems has been carried out, associating a subsoil 
category to sites selected from the Italian Strong Motion Network and the Swiss Strong Motion 
Network, by employing the standard approach and the instrumental approach. The aim was the 
verification of the validity of the instrumental method. 
The calibration test, even if performed on a limited number of sites, showed that the 
instrumental approach proposed by Draft n. 2 provides results not compatible with the ones 
obtained through the standard way, generally underestimating the ground quality. On the other 
side, results are better with the approach introduced by the EC8-1 Draft, since the degree of 
compatibility between the standard method and the instrumental procedure is doubled, though 
some discrepancies especially in site categories A and D. Actually, the new approach conflicts 
with the standard method in presence of shallow soil deposits made with deformable materials. 
In order to solve this issue, the approach should take into account the restraint due to equivalent 
shear-wave velocity for the attribution of the ground class A, instead of considering only the 
fundamental frequency. 
Since the collection of data was limited and not fully representative of the different subsoil 
classes (especially for categories A and D), this result should be interpreted as a first stage 
assessment of the validity of the instrumental approach and a first reference for further 
improvements of this approach.   
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Chapter 4: Methodology of analysis 

4.1: Description of the method of analysis 
The ground response analysis is the core of the present study because it allows the prediction 
of the ground surface motion in a soil deposit from an assigned earthquake. Then, the 
comparison between the parameters describing the obtained motion and the imposed one 
provides the synthetic amplification factors, which will be finally compared with the ones 
proposed by the EC8-1 Draft. 

Since the study seeks to assess the effectiveness of the stratigraphic amplification factors 
proposed by the EC8-1 Draft [5], the analysis evaluates only the phenomenon of stratigraphic 
amplification. 
A valid category of techniques for the estimate of stratigraphic amplification consists of one-
dimensional ground response analyses. The assumption underlying them is that all the 
boundaries are horizontal and the response of the soil deposit mainly derives from the vertical 
propagation of horizontally polarized shear waves from the underlying bedrock (Figure 4-1). 
Moreover, the methods assume that the soil and the bedrock extend infinitely in the horizontal 
direction [22]. 

 
Figure 4-1. Schematisation according to the one-dimensional model (taken from Kottke and Rathje [23]). 

This scheme suits a large number of geological conditions, since many soil deposits present 
horizontal interfaces and their properties are almost constant along the horizontal direction. 
The simplification is also necessary because the addition of a second dimension – the 
transversal cross section – or even a third dimension would bring an additional degree of 
freedom to the problem, with an increase of variability so significant that its management would 
be complicated, unless impossible. 
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Furthermore, the results of the studies based on this model provide reliable results in many 
cases, i.e. the obtained values are in reasonably good agreement with measured response, as 
highlighted by several authors ([22], [24]). For this reason, the EC8-1 Draft [5] suggests the 1-
D modelling for site-specific ground response analyses, unless complex geological or 
morphological conditions. 
On the other side, the approach simplifies the mechanism of propagation of seismic waves, 
assuming vertical propagation instead of three-dimensional propagation. Actually, the 
hypothesis is realistic when morphologic variations in soil deposits are not significant and the 
epicentral distance is large enough, since the refraction from deeper and stiffer materials to 
shallower and more deformable ones bends inclined rays to a pseudo-vertical direction, 
according to Snell’s law (Figure 4-2). 

 
Figure 4-2. Verticalisation of seismic rays (taken from Kramer [22]). 

The chosen method is the equivalent linear viscous-elastic analysis, introduced by Idriss and 
Seed [25], which schematises the nonlinear, hysteretic behaviour of soils in dynamic conditions 
into equivalent linear viscous-elastic behaviour, described with operative synthetic parameters. 

The approach derives from the linear methods, whose aim is the estimate of the transfer 
function, representing the response of the soil deposit – in terms of displacement, acceleration, 
etc. – to an input motion. In particular, the method attempts to put the nonlinear behaviour of 
ground material together with the advantages offered by the linear approach: since the concept 
of transfer function relies on the principle of superposition – not valid in nonlinear field –, the 
equivalent linear analysis approximates the nonlinear behaviour with equivalent linear soil 
properties, derived through an iterative procedure. 
In particular, several laboratory tests showed that, under dynamic loading conditions, ground 
materials assume a nonlinear hysteretic stress-strain behaviour. This behaviour is described by 
a loop composed by curved portions closing a region of finite area. An approximation and 
simplification in the description of this phenomenon is possible through the introduction of two 
equivalent linear parameters. 

 Equivalent linear shear modulus 𝐺, equal to the secant shear modulus evaluated at the 
edge of the loop. 

 Equivalent linear damping ratio 𝐷, which produces the same energy loss in a single 
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cycle as the actual hysteresis loop and function of the area of the region closed within a 
single cycle. 

The description is consistent with the Kelvin-Voigt solid, where the dynamic response is 
described through a purely elastic spring and a purely viscous dashpot [22]. 
The equivalent parameters are strain-dependent, in the same way with which the actual 
behaviour depends on the strain level. When increasing the strain level, the hysteresis loop 
rotates and moves towards the strain axis, with a smaller slope. This implies a reduction in soil 
stiffness, corresponding to a smaller value of secant modulus and so of the equivalent shear 
modulus. At the same time, the area of the region rises up, implying larger dissipation and a 
larger value of damping ratio (Figure 4-3). 

 
Figure 4-3. Description of equivalent linear parameters, with the variation curves (taken from Matasovic and 

Hashash [26]). Here, parameter 𝛽 is the damping ratio. 

The construction – through laboratory testing or literature – of the curves allows a simplified 
description of the nonlinear behaviour, providing the relationships between shear modulus or 
damping ratio and strain level. 

The equivalent linear method employs these curves for the choice of the operative values of the 
equivalent shear modulus 𝐺 – or the reduced modulus 𝐺/𝐺0, i.e. the ratio between the shear 
modulus and the small-strain value – and the damping ratio 𝐷, that should provide a compatible 
response with respect to the real case. 
The computation of these values requires an iterative procedure (Figure 4-4), which operates as 
follows. 

1. Initial estimate of the values of reduced modulus and damping, typically starting from 
the low-strain values. 

2. Computation of the ground response of the soil model. 

3. Derivation of new values of the equivalent parameters from the strain level, through the 
nonlinear curves. 

4. Check of convergence, by evaluating the difference between the computed values in the 
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two successive iterations. If the difference is smaller than a predetermined target value 
in all layers, convergence is achieved; otherwise, the procedure is repeated, updating 
the equivalent linear parameters according to the obtained strain level. 

In the present study, the analyses are performed with the support of SHAKE91 code [24]. 

 

 

 
 

  Figure 4-4. Scheme of the iterative procedure involved in the equivalent linear analysis, with the use of 
nonlinear curves (nonlinear curves taken by Lai et al. [27]). 

This approach of analysis, as highlighted by Kramer [22], represents a good approximation of 
the nonlinear soil behaviour but it has some significant limitations. Being a linear method, the 
soil properties are constant throughout the duration of the earthquake, disregarding the actual 
changes of soil stiffness may occur during the event. Furthermore, the method is not reliable in 
deep deposits, since the one-dimensional model may suffer so large tangential stresses that they 
could bring to failure, whereas the actual situation does not. Finally, the method refers to a total 
stress approach and disregards the hydro-mechanical coupling, thus not accounting phenomena 
which may occur in case of strong seismic action (e.g. liquefaction). 
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As a consequence, the method is reliable up to small levels of shear strain, inferior to 1%. Above 
that threshold, the material shows significant nonlinearity – excess pore pressure, plasticisation, 
etc. – and the equivalent linear method does not have the capability of modelling these 
phenomena. In this case, nonlinear analysis is preferred. 
Despite this limitation, for moderate levels of shear strain, the equivalent linear viscous-elastic 
method is valid and convenient with respect to fully nonlinear analyses. On one side, the 
simplicity in the definition of input parameters and the moderate computational cost suit well 
the necessity of performing the thousands of ground response analyses required by the 
stochastic approach [2]. Then, the solutions provided by the method are more stable and 
reproducible than the ones obtained through the nonlinear analysis, since the latter is affected 
by large epistemic uncertainty, derived from the code-to-code sensitivity of the results due to 
different management of input parameters [28]. 
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4.2: SHAKE91 code 
The SHAKE91 code, by Idriss and Sun [24], is a computer program for performing one-
dimensional equivalent linear viscous-elastic analyses. It represents the upgrade of the elder 
version SHAKE, by Schnabel et al. [29], in order to improve its usability with personal 
computers – the original code was written for a main frame computer – and to enlarge the field 
of analysed soil deposits. The code is a DOS-based program, without graphic interface, and the 
auxiliary software used for the passage of input data and output interpretation is MATLAB®. 

The algorithm couples the two approaches above described, i.e. it adopts an equivalent linear 
method over a one-dimensional ground model. In particular, the analysis follows a number of 
assumptions [29], listed below. 

 The soil system extends infinitely in the horizontal direction. 

 The generic 𝑖-th sublayer is completely defined by its value of shear modulus 𝐺𝑖, 
damping 𝐷𝑖, total unit weight 𝛾𝑖 and thickness ℎ𝑖. These parameters are independent of 
frequency (Figure 4-5). 

 The response in the system is caused by the upward propagation of horizontal shear 
waves from the underlying rock half-space. 

 The shear waves are specified as acceleration ordinates at equally spaced time intervals. 

 The strain dependence of the shear modulus and damping in each sublayer is accounted 
through an equivalent linear procedure. 

The use of the code requires the previous compilation of a number of options, which define 
the fields of input arguments necessary for the analysis and the desired output elements. 
The organisation of the options follows the logical flow of a local seismic response analysis. 
The options are listed and described below, focusing on the assumptions introduced for the 
present study. 
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Figure 4-5. Scheme of the reference model of wave propagation employed in SHAKE91 [24].  
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4.2.1: Option 1 – Dynamic Soil Properties 

This option allows the definition of the dynamic properties of the soil deposit, through the 
introduction of the materials involved in the analysis. 
The code limits the number of materials types to a maximum of 13. 

The definition of the material types consists of the introduction of the modulus reduction 
𝐺(𝛾)/𝐺0 and damping 𝐷(𝛾) relationships, which represent a synthetic way to model the actual 
nonlinear behaviour of the soil. The code allows the introduction of user-defined curves, 
according to the following restraints: the curves should be introduced in a discrete form, i.e. 
couples of shear strain vs. modulus reduction or damping, with a maximum of 20 strain values. 
The possibility of introducing user-defined curves represents an advantage for the present study, 
since it allows the use of modern and advanced models for nonlinear curves and gives the 
possibility to apply a significant degree of variability in the analysis. On the other side, the data 
management and computational constraints forced the author to limit the adopted nonlinear 
relationships just to three families taken from the literature, aiming anyway to be representative 
of the behaviour of the largest part of materials. The families tend to follow the settings of the 
original code SHAKE, which distinguished rocks, sands and clays [29]. 

Sands and clays: Darendeli model 
The description of the dynamic behaviour of clayey and sandy soils refers to the formulation 
proposed by Darendeli [30]. Darendeli adopts a hyperbolic model for the backbone curve, 
following the trend of the most recent studies about the dynamic soil behaviour. 

 
𝐺(𝛾)

𝐺0
=

1

1 + (
𝛾
𝛾𝑟
)
𝛼 (Eqt. 4-1) 

The pseudo-reference shear strain 𝛾𝑟, corresponding to the shear strain level for which the 
reduced modulus 𝐺(𝛾)/𝐺0 is equal to 0,5, depends of the pre-consolidation level (described 
through the over-consolidation ratio 𝑂𝐶𝑅), the plasticity index 𝑃𝐼 and the confinement degree, 
described by means of the mean effective stress 𝜎0′ . 

 𝛾𝑟(%) = (𝜙1 + 𝜙2 × 𝑃𝐼 × 𝑂𝐶𝑅
𝜙3) × (

𝜎0
′

𝑝𝑎
)

𝜙4

 (Eqt. 4-2) 

The curvature coefficient 𝛼, describing the steepness of the curve about the reference strain 
level, assumes a constant value. 

 𝛼 = 𝜙5 (Eqt. 4-3) 

The values of the model parameters 𝜙𝑖 can be found in Darendeli [30]. 
In a similar way, damping computation refers to a hyperbolic model, describing the parameter 
as sum of small strain damping 𝐷0 and a function of the reduced modulus 𝐺(𝛾)/𝐺0. 
 

𝐷(𝛾) = 𝐷0 + 𝑓 (
𝐺(𝛾)

𝐺0
) (Eqt. 4-4) 
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The small strain damping 𝐷0 may be estimated from the over-consolidation ratio 𝑂𝐶𝑅, the 
plasticity index 𝑃𝐼, the mean effective stress 𝜎0′  and the loading frequency 𝑓𝑟𝑒𝑞. 
 

𝐷0 = (𝜙6 + 𝜙7 × 𝑃𝐼 × 𝑂𝐶𝑅
𝜙8) × 𝜎0

′𝜙9 × [1 + 𝜙10 𝑙𝑛(𝑓𝑟𝑒𝑞)] (Eqt. 4-5) 

The second addendum depends on the number 𝑁 of cycles and the Masing damping 𝐷𝑀(𝛾). 
 

𝑓 (
𝐺(𝛾)

𝐺0
) = 𝑏 × 𝐷𝑀(𝛾) × (

𝐺(𝛾)

𝐺0
)

0,1

, 𝑏 = 𝜙11 + 𝜙12 𝑙𝑛 𝑁 (Eqt. 4-6) 

Darendeli provides an approximate value of the Masing damping 𝐷𝑀(𝛾), as function of the 
curvature coefficient 𝛼 and the reference shear strain 𝛾𝑟 [30]. 
The loading frequency 𝑓𝑟𝑒𝑞 and the number of cycles 𝑁 assume the standard values of 1 Hz 
and 10, respectively. In this way, the loading conditions represent the characteristics of an 
earthquake. 
The values of the model parameters 𝜙𝑖 can be found in Darendeli [30]. 

Through the analysis of the dispersion characteristics of the reference datasets, Darendeli 
assumed a normal distribution for the soil nonlinear properties, where the variance is dependent 
from the mean value of nonlinear parameters. 

 
𝜎𝑁𝐺 = 𝑒

𝜙13 +
√0.25

𝑒𝜙14
−

([
𝐺(𝛾)
𝐺0

]
𝑚𝑒𝑎𝑛

− 0.5)
2

𝑒𝜙14
 

(Eqt. 4-7) 

 𝜎𝐷 = 𝑒𝜙15 + 𝑒𝜙16√[𝐷(𝛾)]𝑚𝑒𝑎𝑛 (Eqt. 4-8) 

The values of the model parameters 𝜙𝑖 can be found in Darendeli [30]. 
The computation of the actual curves from the mean ones refers to a Monte Carlo procedure, 
based of two uncorrelated random variables 𝜀1 and 𝜀2, with zero mean and unit standard 
deviation. 
 𝐺(𝛾)

𝐺0
= [

𝐺(𝛾)

𝐺0
]
𝑚𝑒𝑎𝑛

+ 𝜀1𝜎𝑁𝐺 (Eqt. 4-9) 

 
𝐷(𝛾) = [𝐷(𝛾)]𝑚𝑒𝑎𝑛 + 𝜌𝜎𝐷𝜀1 + 𝜎𝐷√1 − 𝜌2𝜀2 (Eqt. 4-10) 

The term 𝜌 is the linear correlation coefficient, which expresses the degree of inter-dependence 
between the modulus reduction curve and the damping curve. The curves, indeed, are dependent 
to each other: if the modulus reduction is larger, i.e. the soil is more rigid, the area inside the 
hysteresis loop will be smaller, with consequent reduction of the damping. This effect of inverse 
correlation is captured through a negative linear correlation coefficient, assumed equal to the 
value proposed by Kottke and Rathje [23]. 

 𝜌 = −0.5 (Eqt. 4-11) 

Actually, the description of the statistical dispersion through a normal distribution, even if 
coherent with the nature of the phenomenon, i.e. a classical experimental dispersion, could lead 
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to unacceptable results. Indeed, since the normal distribution is continuous and unlimited, the 
parameters may assume negative values, especially if the mean value is small. This problem 
occurs at large strains for the shear modulus and small strains for the damping. Moreover, the 
randomisation might also give values of reduced modulus larger than the unit at small strains. 
These scenarios are not physically possible and force the introduction of restraints in the values, 
implying a truncation in the distribution. The setting of the limits is slightly arbitrary and this 
study refers to the ones proposed by Kottke and Rathje [23]. 
 𝐺(𝛾)

𝐺0
≥ 0,05 (Eqt. 4-12) 

 𝐺(𝛾)

𝐺0
≤ 1 (Eqt. 4-13) 

 
𝐷(𝛾) ≥ 𝐷0 (Eqt. 4-14) 

Figure 4-6 shows an example of nonlinear curves from Darendeli model used in the analysis. 

 
Figure 4-6. Example of nonlinear curves obtained according to Darendeli model. 

As regards the field of validity, the continuous formulation of Darendeli curves would allow 
their application to whichever shear strain level, but the model is reliable up to 1%. 
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Gravels: Rollins model 
The description of the dynamic nonlinear behaviour of gravels is based on the curves proposed 
by Rollins [31], who refers to hyperbolic curves both for the reduced modulus and damping. 
The following equations describe the mean relationship. 
 𝐺(𝛾)

𝐺0
=

1

1 + 20𝛾(1 + 10−10𝛾)
 (Eqt. 4-15) 

 
𝐷(𝛾) = 0,8 + 18(1 + 0.15𝛾−0.9)−0.75 (Eqt. 4-16) 

Rollins evaluated also the dispersion of the experimental data, providing the standard deviation 
bounds of the curves in a graphical form. 
The study evaluates also the dependence of the curves from the confining pressure. Gravels, 
indeed, are granular materials whose behaviour is dominated by friction and confinement. As 
consequence, this parameter affects the nonlinear curves: as the confining pressure increases, 
the mean curve of the reduced modulus moves towards the high end of the data range, whereas 
the mean damping curve moves closer to the lower range of data. Actually, this dependence is 
moderate and, at the different values of confining pressure, the curves always fall within the 
standard deviation bounds. Therefore, the author suggests the use of the mean curve for 
confining pressures larger than 100 kPa, since the deviation is small and the use of this curve 
would not cause significant error. 
This study attempts to take into account the effect of confining pressure in an indirect way, by 
using the three reference curves, i.e. the mean curve and the standard deviation bounds (Figure 
4-7). 

 For depths smaller than 20 m, where confining pressure is relatively small, the reference 
is the lower bound for reduced modulus and the upper bound for damping. 

 For depths between 20 m and 50 m, the reference is the best-fit curve for reduced 
modulus and damping. 

 For depths larger than 50 m, where confining pressure is high, the reference is the upper 
bound for reduced modulus and the lower bound for damping. 

This way of using the standard deviation reduces the statistical dispersion of the dataset 
involved in the analysis, since the random extraction of the curves is no longer possible. On the 
other side, this choice allows taking into account in a consistent way the role of confining 
pressure, which otherwise would be disregarded. 
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Figure 4-7. Nonlinear curves according to Rollins model. 

An alternative and more complete model would have been the one proposed by Menq [32]. The 
description of the nonlinear properties refers to a hyperbolic model with an analytical 
formulation for the statistical dispersion, where the curves are function of the confining 
pressure. The model, even if more accurate, requires the introduction of granulometric 
parameters, as the uniformity coefficient or the median grain size, whose indirect estimate is 
not reliable. This limitation forced the author to adopt the simpler model proposed by Rollins. 
As regards the field of validity, Rollins formulation is reliable for shear strains less than 1%. 

Rocks: Idriss model 
The description of the dynamic behaviour for rocky materials – either intact rock, fractured 
rock or cemented soil with shear wave velocity larger than 500 m/s – refers to the curves 
proposed by Sun and Idriss in the sample problem introduced in the SHAKE91 User’s Manual 

[24]. 
The analytical formulation is not available, but the authors provide the definition of the curves 
in punctual form, giving the modulus reduction and damping at specific strain values (Figure 
4-8). 
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Figure 4-8. Nonlinear curves according to Idriss model. 

The introduction of these three models for the nonlinear curves will affect the evaluation and 
the classification of materials in the real deposits, which will be defined according to a scheme 
consistent with the models above introduced, as function of geological and geotechnical aspects 
(Table 4-1). 

Table 4-1. Definition of the reference materials. 

Material Examples Reference model 
Clay Clays, silts and sands with fines Darendeli 
Sand Clean sands Darendeli 

Gravel 
Gravels, gravels with sands and fractured rocks 

with 𝑣𝑠 smaller than 500 m/s 
Rollins 

Rock 
Rocks, fractured rocks with 𝑣𝑠 larger than 500 m/s 

and cemented soils 
Idriss 
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4.2.2: Option 2 – Soil profile 

This option allows the definition of the one-dimensional ground model, in terms of small-strain 
shear wave velocity and initial damping profile and materials. 
The option requires the introduction of the number of sublayers and the assignment of the 
mechanical properties to each one, with a maximum of 50 sublayers, including the half-space. 
The layer subdivision is a key passage to provide reliability to the analysis since the method 
assumes that each soil layer is homogeneous but a soil deposit can vary its properties not only 
due to variations in the soil itself, but also due to the differences in the strain level induced 
during shaking. In order to ensure the representation of the deposit as a sequence of layers, each 
one with constant value of shear modulus and damping, the thickness of each layer should be 
limited, so that the intra-layer variations are negligible and the value read in the middle is 
representative [29]. 
From the analytical point of view, the layer discretization implies the passage from the initial 
1-D ground model into an equivalent one, having the same mechanical properties but different 
layering (Figure 4-9). 

 
Figure 4-9. Example of layer discretization, applied to a mono-layer model (taken from Kramer [22]). 

Schnabel [29] suggested some values of thickness, increasing with depth – typically, ground 
properties are better in depth than in surface – and proposed trial runs to ensure enough 
accuracy. 

In this study, actually, this strategy is not convenient because the dataset involves a very large 
number of soil models, with different properties, and the use of trial run would be 
computationally inconvenient and time-consuming. 
The alternative strategy consists of deriving the maximum thickness for each layer as fraction 
of the minimum wavelength to be captured in the analysis, as occurs in the software for 
equivalent linear computations STRATA [23]. 
 ℎ𝑚𝑎𝑥,𝑖 = 𝛼𝜆𝑚𝑖𝑛 = 𝛼

𝑣𝑠,𝑖
𝑓𝑚𝑎𝑥

 (Eqt. 4-17) 

Given the 𝑖-th layer with shear wave velocity 𝑣𝑠,𝑖, the thickness of the sublayers should be at 
most equal to ℎ𝑚𝑎𝑥,𝑖. From the practical point of view, the layer is subdivided in a number of 
sub-units equal to the nearest integer greater than the ratio between the layer thickness and the 
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maximum value, each one having thickness equal to the ratio between the layer thickness and 
the integer itself. 
The wavelength fraction 𝛼 is equal to 0.25. The value represents a compromise between the 
suggested values – between 0.1 and 0.2 and not more than 0.3 [23] – and the necessity of 
limiting the overall number of sublayers, in order to respect the restraints of SHAKE91. The 
maximum thickness is function of the maximum frequency – or the minimum wavelength – 
which can interest the model. The maximum frequency 𝑓𝑚𝑎𝑥 of engineering interest is typically 
equal to 25 Hz. Actually, the rigid application of this rule would determine computational 
problems due to the exceedance in the number of sublayers, especially in case of deep and 
deformable deposits (as shown in Figure 5-11). Therefore, if the discretisation brought to an 
exceedance of this limitation, the maximum frequency would be reduced down to 15 Hz. This 
strategy avoids the elimination of a significant portion of the reference database, even 
respecting the recommended values of maximum frequency, which is around 15 ÷ 20 Hz [22]. 

For each sublayer is assigned the dynamic mechanical properties i.e. the maximum shear wave 
velocity, the initial estimate of damping and the total unit weight (necessary for the definition 
of the inertial component). The shear wave velocity and the total unit weight are already 
available in the profiles database, whereas the initial damping assumes the typical value of 
0.1%. 

4.2.3: Option 3 – Input Motion 

The passage of the input motion requires the definition of the number of values to be read and 
the time-step, together with other elements useful for the correct interpretation of the input 
motion file, e.g. the number of header lines and the format of numeric values. The unit of 
accelerations is gravity. 

4.2.4: Option 4 – Assignment of Input Motion to a Specific Sublayer 

The location of the input motion is mainly dependent of the source providing this kind of data 
and affects the way of interpretation. 
In this case, the ground motion data derive from accelerometric stations located on the surface, 
on outcropping rock formations. As consequence, the motion is affected by total reflection, 
which doubles the amplitude of the acceleration. On the other side, in the model the motion is 
applied at the bedrock formation, i.e. in correspondence of the interface with the half-space. In 
order to respect the boundary condition, where there is not total reflection, the input motion 
should be scaled down according to a factor 2. The operation is automatic, by specifying that 
the input is an outcrop motion. 
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4.2.5: Option 5 – Number of Iterations and Ratio of Equivalent Uniform Strain to 

Maximum Strain 

The code SHAKE91 follows a rigid scheme for the iterative procedure, since the computation 
ends at reaching a fixed number of iterations, regardless the error in the results [24]. As 
suggested by Schnabel et al. [29] and Seed and Idriss [24], about 5 ÷ 7 iterations are enough to 
obtain strain-compatible properties. 
In this study, the power of the available hardware units and the necessity of ensuring a good 
quality result in the analyses for different typologies of soil models induced to rise up the 
number of iterations to 10. Furthermore, the analysis results will be object of a check in order 
to ensure the error to be relatively small. 

During each iteration, the extraction of the new values for reduced shear modulus and damping 
requires the value of effective strain. The effective strain represents the amplitude of a regular 
cyclic action, which produces the same effects of the real one and it is smaller than the 
maximum strain. Indeed, the nonlinear curves are the result of laboratory tests, where the load 
is a harmonic time history of shear strain [22]. The earthquake causes a transient time history 
and a conversion is necessary to a harmonic one, with the same degree of severity, as shown in 
Figure 4-10. 

 
Figure 4-10. Comparison between the transient time history and a harmonic time history with the same peak 
(taken from Kramer [22]). In case of identical peak, the harmonic time history is much more severe than the 

transient one. 

Empirical results showed that the passage from the maximum strain 𝛾𝑚𝑎𝑥 to the effective strain 
𝛾𝑒𝑓𝑓 occurs through a ratio, assumed as equal to the standard value of about 0.65 for each 
sublayer ([22], [23]). 
 𝛾𝑒𝑓𝑓 = 𝑅𝛾𝑚𝑎𝑥 , 𝑅 = 0.65 (Eqt. 4-18) 
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4.2.6: Options 6 to 11 – Output data 

The results of the ground response analyses should consist of a data set composed by the 
parameters necessary and sufficient for a complete description of the response of each single 
one-dimensional ground model to the earthquake. The amount of data is quite relevant, since it 
is the result of 5 analyses over 91’500 soil models, multiplied for 4 reference sites. Therefore, 

the selection of the output parameters rises from the intent of compensating the request of 
completeness of the information with the stocking capacity of the available hardware units. 

This restraint induced not to save time histories, even though they could provide all the 
parameters of interest, because they would require excessive quantity of memory. 
The obtained parameters are the following. 

 Amplification function for accelerations. These functions, indeed, are the best way to 
represent the soil response to the ground motion and they allow the computation of 
ground motion time histories, making useless their direct saving. The code computes 
the function as the ratio of the amplitude of motion at the top of the shallower sublayer 
– interpreted as outcropping, since it corresponds to the surface – divided by that at the 
top of the bedrock – interpreted as outcropping, since it corresponds to the input motion 
applied at the interface with the half-space. 

 Pseudo-acceleration response spectrum at the surface. The mode of output is 
outcropping, since it is evaluated at the surface, where total reflection occurs. 

 Peak ground acceleration at the surface. The mode of output is outcropping, for the same 
reason of before. 

The saved data include finally the variation with depth of the maximum shear strain and the 
maximum error in terms of damping and reduced modulus, in order to assess the quality of the 
results of the analysis.  
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Chapter 5: Generation of the 1-D ground models 

5.1: Introduction 
The ground response analysis is performed over a set of about 100’000 one-dimensional ground 
models – more precisely, 91’500 elements – generated from a suite of 252 real soil profiles 
through a Monte Carlo procedure, in which the statistical distribution of geotechnical 
parameters is derived from the Toro model [33]. This solution allows the creation of a wide set 
of ground models which are realistic and aim to represent as better as possible the typical subsoil 
conditions present in Italy. 

The randomisation process has been calibrated in a way that it gives a large number of models, 
able to cover each ground category in the same way and in a homogeneous way, avoiding 
unpleasant concentrations in specific areas. This strategy is necessary to ensure a good level of 
representativeness of the analyses for the verification of the prescriptions provided by the EC8-
1 Draft. 
The randomisation is coupled with an operation of data filtering, in order to remove models 
representing deep deposits with several layers due to their incompatibility with SHAKE91 
restraints [24] and avoid computational problems in the ground response analyses. 
As a consequence, the procedure of generation of the ground models representative of real soil 
deposits is structured into three steps. 

1. Data collection about real soil deposits from accredited databases. 

2. Profiles generation through Monte-Carlo procedure. 

3. Selection of the models compatible with SHAKE91 restraints and check for the correct 
distribution with respect to the ground categories proposed by the EC8-1 Draft. 

There is also a final step, not less important, consisting of the attribution of geotechnical 
parameters (e.g. plasticity index) to each ground model, necessary for the analysis. 
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5.2: Collection of data concerning real soil deposits 

5.2.1: Reference databases 

The generation of the set of one-dimensional ground models for the local seismic response 
analysis required the collection of geotechnical and geological data about a large number of 
real soil deposits. 
The data collection was not arbitrary, since they should fulfil several restraints, consequence of 
the requests of reliability and representativeness for the ground response analysis. 

 As highlighted in several reports (e.g. [34]), the chosen deposits should possibly derive 
from invasive tests or non-invasive tests, as Down-Hole testing, Cross-Hole testing or 
surface wave methods. In order to have adequate feedback about the data, a technical 
report about results interpretation and material characterisation should be attached. 
Data may include only the profile of shear-wave velocity with depth, whereas 
information about material type is not strictly necessary. Materials, indeed, can be 
derived indirectly also from geological sections, instead of stratigraphy or geotechnical 
analyses. 

 The data should represent all the possible different soil deposit conditions which could 
be found in engineering field or, at least, the ones that could be object of a simplified 
seismic response analysis according to the EC8-1 Draft. 

In order to fulfil all these requirements, the field of search involved several accredited regional, 
national and international databases. 

 Italian Strong Motion database, which contains recordings and data about recording 
stations belonging to different networks, as the National Accelerometric Network 
(RAN) of the Dipartimento di Protezione Civile, the Basilicata Region network, the 
ENEA (now Agenzia nazionale per le nuove tecnologie e lo sviluppo economico 
sostenibile) and temporary networks [35]. Station metadata are available in standard 
reports, which include quantitative information for seismic site characterisation deriving 
from geotechnical and geophysical characterisation, such as invasive investigations, 
surface wave techniques and micro-tremor measurements. 
Data have been queried by means of the Italian Accelerometric Archive (ITACA) [36], 
where metadata provide information concerning location and seismic site 
characterisation for each recording station. 

 Swiss Strong Motion Network of the Swiss National Network (SED), composed by 
more than 150 seismic monitoring stations [37]. The reference archives are the 
Engineering Strong-Motion Database (ESD) [13] and the Site Characterization 
Database for Seismic Stations in Switzerland [14]. 

 Programma Valutazione degli Effetti Locali (VEL) of Toscana Region [15], which 
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provides a set of geological and geotechnical characterisations in different sites – 
involving Down-Hole and seismic refraction tests – for ground response assessments. 
The results are available through a Web-GIS portal [16]. 

 Servizio Geologico Sismico e dei Suoli (SGSS) of Emilia-Romagna Region, which is a 
Web-GIS service giving the results of seismic tests, geological sections and stratigraphic 
layouts [17]. This database is rich of data thanks to the massive activity of soil 
characterisation after the 2012 earthquake. 

 The database of geophysical and geotechnical tests provided by the geological service 
of Umbria Region [18], where data access is possible through Google Earth™. 

 European Interreg III project or Seismic hazard and alpine valley response analysis 
(SISMOVALP), consisting of a campaign of systematic seismic characterisation of the 
Alpine regions carried out from 2003 to 2006 ([38], [39]). 

The collection includes also data about a number of sites in Piedmont, Emilia-Romagna, 
Tuscany and Sicily, kindly offered by Foti [40] and Capilleri [41]. 

In conclusion, the collection consists of geotechnical and geological data about 272 sites, 
mainly located in Italy and Switzerland. The full information concerning the sites is available 
in Appendix B, where a table shows the location, the equivalent shear-wave velocity, the 
bedrock depth and the results of HVSR tests, if available. 

Actually, the procedure of generation of 1-D ground models refers only to a subset of this 
database, composed by 252 sites. The removed elements correspond to very deep soil models, 
with depth larger than 300 m. The ground response analysis, indeed, considers soil models with 
bedrock depth limited to 200 m, in order to respect the computational restraints of SHAKE91 
code. Given this limitation, deep deposits would not give significant contribution in the 
randomisation procedure.  
Figure 5-1 shows the distribution of the 252 reference sites in the 𝑣𝑆,𝐻-𝐻800 domain. 
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Figure 5-1. Distribution of the considered sites of the database. 

The distribution is not homogeneous, since the database includes a large number of sites with 
bedrock interface at small depth, whereas the number of elements with bedrock depth larger 
than 100 m is small. The reason of the inhomogeneity may be the smaller diffusion of deep soil 
deposits with respect to the shallower ones. On the other side, another cause is that the 
investigations are conducted down to the first tens meters deep and there are very few cases 
observing at larger depths. 
Furthermore, the upper portion of the region pertaining to ground category B is empty. This 
portion would represent deep soil deposits, with stiff surficial layers – the correspondent 
average shear-wave velocity is larger than 400 m/s –, which are infrequent situations. 

5.2.2: Data interpretation 

The data provided by the different sources are partially the result of invasive tests, such as 
Down-Hole or Cross-Hole tests. Actually, the largest portion is the result of non-invasive tests, 
as MASW tests and seismic arrays. 
This aspect is not just a statistical consideration because the data source plays a key role, as it 
affects the procedure of data interpretation for the realisation of the database. The interpretation, 
indeed, follows the framework of the method adopted for ground response analysis, assuming 
the soil deposit as composed by horizontal layers of homogeneous material, each one 
characterised by a constant value of shear wave velocity. Hence, the construction of the 1-D 
ground model requires the definition of soil stiffness profile as a step function of the shear-wave 
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velocity with respect to the depth. 
On one side, data deriving from Down-Hole tests or non invasive tests are already in agreement 
with this scheme, due to the interpretation procedures adopted. 
On the other side, Cross-Hole tests usually provide punctual values of shear wave velocity at 
different depths. In this case, the construction of the ground model requires a processing of the 
test results. The interpretation consists of defining homogeneous layers as function of the 
variations inside the result and of the stratigraphy (if available), to whom the mean value of 
shear wave velocity is assigned. Figure 5-2 shows an example of application of this scheme, 
referred to Sturno site (site n.258 in the database). 

 

Figure 5-2. Example of interpretation of Cross-Hole results, referred to Sturno site (data taken from [36]). 

Another significant aspect about the data interpretation is concerned with the bedrock interface 
and shear-wave velocity. 
The aim of the thesis is the evaluation of the stratigraphic amplification of the seismic motion 
measured on a bedrock formation, characterised by a bedrock formation with a shear wave 
velocity larger than 800 m/s [5]. Therefore, the obtained velocity profiles are truncated to the 
first interface at which velocity is equal or larger than 800 m/s, ignoring whatever is placed 
below – unless velocity inversions. 
A significant number of sites involve shear-wave velocity profiles stopping before reaching the 
standard value equal to 800 m/s. The situation is frequent especially in Italy, where soil deposits 
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may have deep seismic bedrock and ground characterisation is limited to the shallow 30 m of 
depth, since the current code refers to this depth for subsoil categorisation. In this case, the 
interpretation follows the prescriptions of the EC8-1 Draft [5] (more details in 2.2). 

 If geology shows the presence of a rigid bedrock at close distance from the end point of 
the test and without significant stratigraphic changes in between, the deepest layer is 
virtually prolonged up to the interface, which will represent the seismic bedrock. 

 Otherwise, the seismic bedrock is assumed to be located in correspondence of the 
deepest measured point. This aspect is in agreement with the indications for site 
categorisation, which suggest referring to the “Intermediate” depth class when the 
identification between intermediate and deep soil deposits is not possible. 

In both cases, in absence of specific information, the value of bedrock shear-wave velocity is 
equal to the standard value of 800 m/s. 

As regards materials, their description refers to the conventional codification introduced for the 
ground response analysis (Table 4-1). 
In partial or complete absence of information about stratigraphy, the material type is assigned 
after the randomisation, according to a procedure explained in 5.4.  
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5.3: Velocity profiles randomisation 
The process of generation of one-dimensional ground models can be interpreted as composed 
by two steps: the generation of shear-wave velocity profiles – this is the key element for the 
seismic analysis, since it affect the resonance frequency – and the assignment of the remaining 
parameters. 
The process employs a semi-stochastic approach consisting of the creation of new velocity 
profiles through randomising the ones derived from the data of real deposits. The randomisation 
refers to a Monte Carlo simulation, where the statistical properties about soil layering and shear 
wave velocity derive from the Toro probabilistic model [33]. 
The procedure starts from each single real profile and generates a set of compatible samples, 
through a two-level randomisation: layering randomisation and velocity randomisation. 

5.3.1: Layering randomisation 

The layering randomisation is a process of random extraction of the layers’ thicknesses of the 

soil profile, according to a non-homogeneous Poisson process. 

This probabilistic model corresponds to a stochastic process with events occurring at certain 
rate 𝜆 [42]. In this case, the event is a layer interface and the rate 𝜆 represents the number of 
layer interfaces per meter, which depends from the depth 𝑧. This dependence models the trend 
of soil deposits to show thin layers near to the surface and thicker at depth. The thickness 
increase implies a gradual reduction of the parameter 𝜆 with depth. Toro, from the analyses over 
a set of 557 soil profiles, proposed a modified power-law model to describe the depth-dependent 
rate of layer interfaces [33], described by (Eqt. 5-1). 
 

𝜆(𝑧) = 𝑐3(𝑧 + 𝑐1)
−𝑐2 (Eqt. 5-1) 

Toro provides an estimate of the coefficients 𝑐1, 𝑐2 and 𝑐3, obtained through the application of 
the method of maximum likelihood on same dataset of velocity profiles. 
In this study, the chosen strategy consists of evaluating site-specific coefficients, following a 
procedure similar to the one introduced by Teague and Cox [43]. 
Given a real soil profile, the procedure starts from the computation, for each layer interface, of 
the ratio between the number of above interfaces and the interface depth. This quantity, by 
definition, is the empirical rate value and its coupling with the interface depth provides the 
empirical law of depth-dependence for the rate. 
Then, the modelling of the depth-dependence of the rate may refer to two possible formulations. 

 In case of soil profiles with more than two layers, the reference model is the modified 
power-law equation, already introduced by Toro. The computation of the coefficients 
occurs through non-linear least squares algorithm. 

 Some cases are not adapt for a description with the modified power-law equation. 
Single-layer or double-layer models do not give the possibility for the correct evaluation 
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of the coefficients, from the computational point of view. Furthermore, profiles with 
homogeneous thickness in each layer do not fit with the assumed model. Hence, in order 
to ensure a valid description in the layering model, the rate is assumed constant with 
depth, with a value equal to the mean of the empirical rates. 

The result of this assumption, though a larger computational complexity in the randomisation 
process, is a better fitting between the model and the actual layering layout. 
Figure 5-3 shows the result of this procedure on a number of deposits: in all cases, the model 
derived from the fitting suits the empirical values in a better way with respect to the one 
computed with the standard values proposed by Toro. The difference is significant in the case 
A, where the layering follows a uniform value, but also the typical layering layout, with 
increasing thickness with depth (case B), shows that the fitted model provides better results, 
because it is a site-specific value and not the mean resulting from several profiles. 
The cases C and D represent profiles with thickness inversion at depth, which is important in 
the last one, due to the presence of a thin inclusion at 10 m depth. The inversion determines an 
increase of the interface rate and neither the standard Toro curve nor the fitted one suit the real 
trend in an optimal way, even though the latter one follows the empirical point in a closer way. 
This situation might bring in discussion the validity of the layering model, both in terms of the 
depth-dependence law for the rate and even of the Poisson procedure. 

Notwithstanding these potential limitations, the present study adopts the Poisson procedure. 
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Figure 5-3. Comparison between Toro layering curve (“Theoretical Curve”) and site-dependent curve (“Fitted 

Curve”). Case A represents homogeneous layering, cases B and C represent a stratigraphy with increasing 
thickness with depth and case D represents a layering with inversion in thickness. 

Having assumed two different models, depending on the stratigraphic layout, the layering 
randomisation extracts the thicknesses of each layer in different ways. 
In case of modelling of depth-dependence through uniform law, since the rate 𝜆 is constant, the 
sample generation becomes a classical homogeneous Poisson process and the random layer 
thickness ℎ is given according to (Eqt. 5-2) [42]. 
 

ℎ =
𝑙𝑛(1 − ε)

−λ
 (Eqt. 5-2) 

The term 𝜀 is a random number extracted from a uniform distribution ranging from 0 to 1. 
In the modelling with the modified power-law equation, Toro suggested a method to solve the 
non-homogenous Poisson process, by warping a unit homogeneous Poisson sample into it 
through the depth-dependence law. Let 𝑢 be the random depth provided by the unit 
homogeneous Poisson, obtained through the cumulative sum of the extracted values of layer 
thickness, Toro established a relationship for the conversion to the current depth of layer 
interfaces ([23], [33]), according to (Eqt. 5-3). 



    53 
 

 
𝑧(𝑢) = (−

𝑐2
𝑐3
𝑢 +

1

𝑐3
𝑢 + 𝑐1

−𝑐2+1)

1
−𝑐2+1

− 𝑐1 (Eqt. 5-3) 

The process of layering generation is not completely random, but it should respect two external 
restraints. 
The first restraint is the number of layers that the obtained model should present. In order to 
limit the degree of restraint exerted by this aspect and, at the same time, avoid unpleasant 
computational issues, the procedure assigns a maximum number of layers to each generated 
profile. The value derives from a random extraction from a normal distribution, with mean 
equal to the current number of layers and coefficient of variation equal to 0.25. This value is 
the result of a process of manual and visual calibration and provides a set of randomised profiles 
consistent with the base case. 
The second restraint of layering randomisation is bedrock depth, since it represents the lower 
boundary of the soil model. The computation of bedrock depth refers to a random extraction, 
according to a lognormal distribution. The mean value corresponds to the actual bedrock depth 
and the standard deviation is assumed equal to 0.3. The bedrock randomisation is independent 
of layering generation and the bedrock depth is primary with respect to interfaces depth. If the 
last interface or an entire layer falls below the bedrock interface, the soil model will be cut at 
that level; if the last interface falls above the bedrock interface, the last layer will be prolonged 
up to the bedrock depth.  



54 
 

5.3.2: Velocity randomisation 

The procedure of velocity randomisation refers to an auto-correlated lognormal distribution, 
according to Toro model [33], in order to reproduce the inter-relationship among the velocities 
of layers close to each other, which are not completely independent. 
The Monte Carlo simulation, in this case, employs the following formulation for the realisation 
of shear wave velocity 𝑣𝑆(𝑖) in the 𝑖-th layer. 
 

𝑣𝑆(𝑖) = 𝑒
𝑙𝑛[𝑣𝑆,0(𝑖)]+𝑍𝑖𝜎𝑙𝑛𝑣𝑆  (Eqt. 5-4) 

The term 𝑍𝑖 is a realization of a standard normal distribution for the 𝑖-th layer, accounting the 
inter-layer correlation. 
 

{
𝑍1 = 𝜀1

𝑍𝑖 = 𝜌𝑍𝑖−1 + 𝜀𝑖√1 − 𝜌2, 𝑖 > 1
 (Eqt. 5-5) 

The term 𝜀𝑖 is an independent standard normal variable, with zero mean and unit standard 
deviation. 
The correlation degree, expressed by the linear correlation coefficient 𝜌, is function of layers’ 

depth 𝑧 and of the distance 𝑡 between the layers midpoints. 
 

𝜌(𝑧, 𝑡) = [1 − 𝜌𝑧(𝑧)]𝜌𝑡(𝑡) + 𝜌𝑧(𝑧) (Eqt. 5-6) 

 
𝜌𝑧(𝑧) = {

𝜌200 (
𝑧 + 𝑧0
200 + 𝑧0

) , 𝑧 ≤ 200 𝑚

𝜌200, 𝑧 > 200 𝑚
 (Eqt. 5-7) 

 
𝜌𝑡(𝑡) = 𝜌0𝑒

−
𝑡
𝛥 (Eqt. 5-8) 

The values of model parameters 𝜌200, 𝑧0, 𝜌0 and Δ are provided by Toro [33] as function of site 
geology or geotechnical characteristics, described with different systems of site classification. 
For the present study, since the shear wave velocity is available, the reference is the NEHRP 
site categorisation, depending of the time-weighted average shear wave velocity of the top 30 
m, indicated as 𝑣𝑆,30. 

As regards the statistical parameters of velocity distribution, i.e. the mean velocity 𝑣𝑆,0(𝑖) and 
the standard deviation 𝜎𝑙𝑛𝑣𝑆, Toro provides sets of parameters from generic and site-specific 
results [33]. 
The common approach consists of the direct application of these parameters in the 
randomisation process, performing an interpolation of the values when a virtual layer falls 
between two layers of the base case. 
This study uses a different approach [44], more aligned with the principle of the work proposed 
by Toro: assuming that the shear-wave velocity profile of the base-case follows the statistical 
distribution introduced by Toro, a first randomisation over the base-case layering has been 
performed. The result is a distribution of shear wave velocities pertaining the base case, from 
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which to obtain the correct site-specific profile of statistical parameters at each depth. The final 
randomisation, applied over the layering samples, employs the obtained parameters. 

The Toro model provides also indications for the randomisation of bedrock velocity. In a similar 
way to soil layers, the reference distribution is the lognormal distribution, correlated with the 
previous layer. 
 

𝑣𝑆,𝑏 = 𝑒𝑙𝑛[𝑣𝑆,0(𝑠𝑢𝑝)]+𝑍𝑠𝑢𝑝𝜎𝑙𝑛𝑣𝑆  (Eqt. 5-9) 

Thus, the formulation followed in the calculation is the same employed in the previous step, 
adopting the current value of velocity as mean parameter and 0.3 as logarithmic standard 
deviation ([33], [45]). 
In order to avoid physical anomalies, the randomisation process has a lower bound, equal to the 
maximum between 1.1 times the shear wave velocity of the previous layer and 800 m/s. The 
first restraint avoids the velocity inversion in correspondence of the bedrock interface, whereas 
the second restraint ensures profile conditions fulfilling the EC8-1 Draft’s requests, i.e. the 

presence of a bedrock with shear wave velocity larger than 800 m/s [5]. 
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5.3.3: Profiles selection and resampling 

The following step consists of a selection of the one-dimensional ground models resulting from 
the randomisation process, aiming at guaranteeing the same level of representativeness to each 
subsoil category, by considering the same number of models for each one. Then, this control is 
also necessary to ensure a uniform distribution inside every single category, in order to represent 
all the possible ground conditions with the same weight. 
The reference instrument used to fulfil these requirements is the representation of soil models 
in the 𝑣𝑆,𝐻-𝐻800 domain, which synthetises a single model as a point, with coordinates given 
by the average value of shear wave velocity of the superficial layers and the depth of bedrock 
formation, according to the definition provided by the EC8-1 Draft [5]. 

The followed procedure consists of dividing the regions, corresponding to the subsoil 
categories, into a system of blocks (Figure 5-4). The arrangement is made with 100 blocks, 
having the same size. 
Only exception is ground category E, represented by an irregularly shaped region, where the 
application of the standard scheme, regardless the actual shape, would give an effective number 
of blocks much smaller than in the others categories, with excessive penalisation either in terms 
of representativeness or in terms of distribution homogeneity. Hence, the discretisation rule is 
different and consists in coupling two blocks systems with 7 blocks per side, each one applied 
to a single rectangular semi-region, with a total of 98 blocks. 

 
Figure 5-4. Scheme of the blocks arrangement. 
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Each block is associated with a maximum number of profiles. The basic assumption, deriving 
from computational restraints, is a maximum of 200 models per block. 
Actually, there is a reduction in the limit to 10% in the upper triangle of the region representative 
of ground category B. The sample set, indeed, includes a very small number of real profiles 
falling inside this portion and the filling of the portion would require several cycles of 
randomisation. This limitation is not a consequence of a lack inside the database because the 
portion represents deep soil deposits with stiff layers at the surface, characterised by large 
values of 𝑣𝑆,𝐻 and 𝐻800. From a geological point of view, this situation may correspond to deep 
deposits with a shallow rocky plate or deep stratifications of altered rock and these are 
extremely rare cases, compared with other situations falling in site category B. Thus, the 
necessity of ensuring a proper level of representativeness coherent with the level of occurrence 
of the different situations pushed forward the setting of this further limit. 
Finally, the limit is set to zero in the blocks falling in the region representative of ground 
category A. The study, indeed, ignores the corresponding soil models since the Draft does not 
assume stratigraphic amplification for this class [5]. 

The result is a collection of about 100’000 one-dimensional ground models – more precisely, 
91’500 profiles –, which is a relatively large number and compatible with the computational 
capacity of the available hardware units. Figure 5-5 shows the distribution inside the blocks 
arrangement. 

 
Figure 5-5. Blocks arrangement with colour mapping for indicating the maximum number of models inside each 

block. 
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The selection does not only follow statistical criteria of representativeness, but it is also helpful 
in fulfilling the restraints of computational nature, mainly deriving from the limitations of 
SHAKE91. 
The code, indeed, presents two fundamental limitations in the implementation of soil models. 

 Soil models should have at most 13 different materials, including the half-space. 

 The layering discretisation should bring at most 50 sublayers. 

The implemented procedure does not perform the immediate removal of the models not 
fulfilling these restraints, but applies a small relaxation to them, in an indirect way. 
As regards the number of materials, the procedure merges together neighbouring layers made 
with similar materials, i.e. layers described by the same type of nonlinear curves. 
In case of exceedance in the number of sublayers, the procedure changes the discretisation 
criterion, reducing the maximum frequency analysed from 25 Hz to 15 Hz. This reduction 
implies a more accurate selection in the seismic inputs for the analysis, as regards the frequency 
content. 
Thus, the pursued strategy does not consists in the simple removal of unadapt models. This 
solution, indeed, would cause a significant alteration of the statistics of the soil deposits, since 
it would not allow the inclusion of models representative of deep and highly deformable soil 
deposits or multi-stratified deposits, which should be described through a large number of 
nonlinear models or sublayers. Actually, these situations are quite rare cases and the analysis of 
their response should refer to an explicit nonlinear technique, instead of an equivalent linear 
approach or even the simplified method proposed by the Draft. On the other side, there is not 
the possibility of a priori judgement of the quality of the results and the request of ensuring a 
level of representativeness to these cases pushed forward to this strategy. 

In conclusion, the resampling procedure consists of locating the adequate models in the 
competent block, as function of the value of 𝑣𝑆,𝐻 and 𝐻800, up to fill it reaching the established 
limit number. The result is a regular dispersion of points, representative of the soil models, 
selected in order to obtain the same level of population for each ground category. 
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5.4: Properties assignment 
The result of the previous passages was the generation of partial information about the one-
dimensional ground models, i.e. the shear-wave velocity profiles. 
The next step estimates the remaining parameters required for the full definition of the ground 
model, adding the stratigraphic and geotechnical information to the stiffness description. 

A preliminary stage is the assignment of the material type to the layers inside each profile, in 
order to set the subsequent definition of nonlinear curves and of the mechanical parameters. 
A number of real soil profiles include the stratigraphic information, interpreted according to the 
scheme defined previously (Table 4-1). In this case, the assignment criterion of the material to 
the virtual profiles is based on the depth: each layer of the generated model is assigned the 
material type pertaining the one having the closest midpoint depth. 
In absence of information, the material assignment follows the approach proposed by Ohta and 
Goto [46]. Even though conceived for the first-stage computation of shear wave velocity from 
the soil indexes, this study employs the inverse of the relationship as reference to obtain an 
indication about the material. 
Ohta and Goto found an empirical equation relating a factor 𝐹, which defines the soil type, to 
shear wave velocity 𝑣𝑆 and depth 𝑧. 
 

𝐹 =
𝑣𝑆

78.98𝑧0.312
 (Eqt. 5-10) 

As function of the factor 𝐹, Ohta and Goto provide an indication of the material type composing 
the layer, which is the interpreted according to the scheme adopted in this work (Table 5-1). 

Table 5-1. Values of factor F per soil type, from Ohta and Goto [46]. 

Factor 𝐹 Soil type (Ohta and Goto) Soil type (this study) 
1.000 Clay Clay/sand 
1.260 Fine sand Clay/sand 
1.282 Medium sand Sand 
1.422 Coarse sand Sand 
1.641 Sand and gravel Gravel 
2.255 Gravel Gravel 

 
The material assignment is performed during the procedure of profile resampling, since the 
material type is an information necessary for the evaluation of the number of nonlinear curves 
involved in the analysis, in order to assess the respect of the restraints of SHAKE91 code. 

The complete definition of the 1-D ground models requires then the assignment of other 
geotechnical and physical properties to each layer, necessary for the construction of the 
nonlinear curves or the computation of other elements. These parameters are listed below. 

 Plasticity index 𝑃𝐼. 

 Over-Consolidation Ratio 𝑂𝐶𝑅. 
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 At-rest lateral pressure coefficient 𝐾0. 

 Porosity 𝑛 and unit weight 𝛾. 

 Groundwater depth 𝑧𝑤. 

 Random variables for Darendeli curves 𝜀1 and 𝜀2. 

The general criterion of computation of these parameters consists in limiting as much as 
possible the full random extraction from statistical parameters, since the assumed values may 
not be reliable. Therefore, the trend was to employ empirical relationships allowing the 
computation – deterministic or random, if information about data dispersion is available – 
starting from the known data, e.g. shear wave velocity. In this way, the resulting ground model 
will be consistent and robust from the conceptual point of view. 

5.4.1: Plasticity index 

The plasticity index 𝑃𝐼 is a fundamental parameter for the description of the dynamic behaviour 
of fine-grained material, since several studies demonstrated its effect on nonlinear curves, 
moving the linear and volumetric strain threshold (e.g. [47]). In particular, when increasing the 
plasticity index, the material shows linear behaviour over a wider strain range, the reduction in 
shear modulus is smaller and the damping ratio does not increase significantly. 

The adopted approach for the estimate of plasticity index depends of the type of material 
composing the layer. 
In case of rocky or gravelly formation, plasticity index is null. 
In sandy layers, since this material category includes clean sands and sands with fine fraction, 
the plasticity index assumes a small value. For the sake of simplicity, the plasticity index is 
equal to 0 or 15 and the value is obtained through random extraction. 
In clays, the plasticity index is more significant and its evaluation consists of a random 
extraction among the values 30, 50, 75 and 100. This approach is similar to the one adopted by 
Pettiti and Foti [1]. 
Table 5-2 lists the adopted criteria in a synthetic way. 

Table 5-2. Rules for plasticity index assignment. 

Material type Plasticity index 𝑃𝐼 
Rock 0 

Gravel 0 
Sand 0 or 15 
Clay 30, 50, 75 or 100 
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5.4.2: Over-consolidation ratio 

The over-consolidation ratio 𝑂𝐶𝑅 is a parameter describing the state of consolidation of the 
material and it is synthetises the geological history of the deposit in a parametric form. 

Its definition and computation are immediate and simple in fine-grained materials, where the 
experimental determination through oedometric test is possible. The computed value depends 
on the shear wave velocity, according to the formulation proposed by Pettiti and Foti [1], and it 
can be equal to 1, 4 or 16. 
 

𝑂𝐶𝑅𝑖 = {

1                            𝑣𝑆,𝑖 < 250 𝑚/𝑠

4      250 𝑚/𝑠 ≤ 𝑣𝑆,𝑖 ≤ 600 𝑚/𝑠

16                          𝑣𝑆,𝑖 > 600 𝑚/𝑠
 (Eqt. 5-11) 

This solution follows the trend of over-consolidated clays to be stiffer and characterised by 
larger values of shear wave velocity. 
In clean sands, the empirical evaluation of this parameter is more complex and the lack of useful 
relationships forces the adoption of a unitary value, regardless the shear wave velocity. 
In gravels and rocks, the computation of the over-consolidation ratio is not necessary since the 
confining stress does not play any role inside the chosen model for nonlinear properties. 
Table 5-3 lists the adopted criteria in a synthetic way. 

Table 5-3. Rules for over-consolidation assignment. 

Material type Over-consolidation ratio 𝑂𝐶𝑅 
Rock - 

Gravel - 
Sand 1 
Clay (Eqt. 5-11) 
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5.4.3: Lateral pressure coefficient at rest 

The lateral pressure coefficient at rest 𝐾0 is defined as the ratio between the effective horizontal 
stress and the effective vertical stress in geostatic conditions and participates in the computation 
of the confining pressure. 
Confinement is described by the mean effective stress 𝜎0′ , evaluated according to the following 
formulation from the vertical stress 𝜎𝑣′ . 
 

𝜎0
′ =

1 + 2𝐾0
3

𝜎𝑣
′  (Eqt. 5-12) 

The estimate of the coefficient is not simple because it requires specific and advanced in situ 
testing procedures. In absence of this kind of information, as suggested by Lancellotta [48], the 
reference is the formulation proposed by Schmidt [49] and Alpan [50], which identifies a 
normal-consolidation contribution and a pre-consolidation contribution. 
 𝐾0 = 𝐾0,𝑁𝐶𝑂𝐶𝑅

𝛼 (Eqt. 5-13) 

The computation of the single components refers to different procedures, depending of the 
material type. 
In fine materials, where plasticity index is different from zero, the normal-consolidation 
contribution derives from the empirical equation proposed, whereas the pre-consolidation one 
involves the values suggested by Ladd et al. [51], as function of the plasticity index itself. 
 𝐾0,𝑁𝐶 = 0.43 + 0.0042 × 𝑃𝐼 (Eqt. 5-14) 

 
𝛼 = {

0.42,   𝑠𝑚𝑎𝑙𝑙 𝑃𝐼 ⟶ 𝑃𝐼 ≤ 15
0.32,   𝑙𝑎𝑟𝑔𝑒 𝑃𝐼 ⟶ 𝑃𝐼 ≥ 30

 (Eqt. 5-15) 

In clean sands, the normal-consolidation contribution is computed according to Jàky [52] 
formulation, as function of the critical value of friction angle 𝜑′, which is adapt for coarse-
grained materials. The friction angle assumes the typical value of 33°. 
 K0,NC = 1 − sinφ′ (Eqt. 5-16) 

The pre-consolidation contribution is not necessary, since the over-consolidation ratio is 
assumed as equal to 1. 
In presence of gravels and rocks, the computation of the coefficient is not necessary since the 
confining stress does not play any role inside the chosen models for nonlinear curves. 
Table 5-4 lists the adopted criteria in a synthetic way. 

Table 5-4. Rules for computation of lateral pressure coefficient at-rest. 

Material type 
Normal-consolidation contribution 

𝐾0,𝑁𝐶  Pre-consolidation contribution 𝛼 

Rock - - 
Gravel - - 
Sand 1 − sin𝜑′ - 

Clay 0.43 + 0.0042 × 𝑃𝐼 
0.42 for 𝑃𝐼 ≤ 15 
0.32 for 𝑃𝐼 ≥ 30 
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5.4.4: Porosity and unit weight 

Porosity is a parameter that reflects the granular nature of ground material and participates in 
the estimate of the unit weight 𝛾. 
Unit weight is necessary either for the definition of the confining stress – when required by the 
nonlinear curves – or for the computation of the inertial component of the seismic action inside 
the material, required for the solution of the waveform. 
The estimate of unit weight refers to the porosity medium theory. 
 

𝛾 = 𝑛𝛾𝑠 + (1 − 𝑛)𝛾𝑤 (Eqt. 5-17) 

The assumed soil grain density 𝜌𝑠 is equal to 2700 kg/m3, whereas water unit weight 𝛾𝑤 is equal 
to 10 kN/m3. 
As regards porosity 𝑛, the empirical correlation proposed by Hunter [53] gives an estimate as 
function of the shear wave velocity 𝑣𝑠 (Figure 5-6) and it is valid for sands, clays and gravels. 
Since Hunter provides both the mean law and the dispersion, the computation of porosity will 
involve a randomisation procedure. 
 

𝑛 = 1.396 − 0.160 × ln 𝑣𝑆 (Eqt. 5-18) 

 
𝜎 = ±0.13 (Eqt. 5-19) 

 
Figure 5-6. Relationship between shear-wave velocity and porosity, taken from Hunter [53]. 

In rocky layers, where no relationship for the computation of porosity is available for the range 
of shear wave velocity of interest, the typical value of unit weight equal to 22 kN/m3 is assumed. 
Table 5-5 lists the adopted criteria in a synthetic way. 

Table 5-5. Rules for computation of total unit weight. 

Material type Total unit weight 𝛾 Porosity 𝑛 
Rock 22 kN/m3 - 

Gravel (Eqt. 5-17) (Eqt. 5-18), (Eqt. 5-19) 
Sand (Eqt. 5-17) (Eqt. 5-18), (Eqt. 5-19) 

Clay (Eqt. 5-17) (Eqt. 5-18), (Eqt. 5-19) 
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5.4.5: Groundwater level 

The groundwater level assumes a double role since, varying the profile of total unit weight with 
depth, it affects the inertial component of seismic action and the confining pressure. 
The estimate of water table depth consists of a uniform random extraction among the depths of 
interfaces between sublayers, according to the adopted rule for the layering discretisation (more 
details in 4.2.2). 

5.4.6: Darendeli random variables 

The parameters 𝜀1 and 𝜀2 are two uncorrelated random variables used in clayey and sandy layers 
for the selection of the Darendeli nonlinear curve with respect to the mean one, computed for 
the specific type of material under the assigned confining stress. This strategy allows the 
increase of the variability degree of the analysis and cover the limitations in the extraction of 
other parameters, such as plasticity index and over-consolidation ratio. 
Their evaluation consists of a random extraction from a standard normal distribution, having 
zero mean and unit standard deviation. 
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5.5: Statistical analysis of the ground models 
The previous stage allowed the construction of the one-dimensional ground models necessary 
for the analyses, according to a complex procedure of randomisation, selection and properties 
assignment, synthesised in the scheme in Figure 5-7. 

 

Figure 5-7. Scheme of the procedure of construction of 1-D ground models. 

The present part attempts to evaluate the statistical distribution of some significant mechanical 
or physical properties among the generated one-dimensional soil models, in order to obtain 
useful information for the interpretation of the results of the ground response analyses. Profiles 
characterised by similar properties, indeed, assume similar behaviour in seismic conditions and 
this aspect gives orientation in the interpretation. 

The first parameter of interest is the plasticity index, since several studies underlined its role in 
the seismic response of ground materials (e.g. [47]). 
The statistical analysis requires the definition of a representative value of plasticity index for 
the single ground model, since this parameter is variable with depth. The equivalent plasticity 
index 𝑃𝐼𝐻 is defined as the harmonic mean of the values of plasticity index 𝑃𝐼𝑖 of each layer 
with respect to its travel-time 𝑡𝑖. 
 

𝑃𝐼𝐻 =
∑ 𝑃𝐼𝑖𝑡𝑖
𝑁
𝑖=1

∑ 𝑡𝑖
𝑁
𝑖=1

 (Eqt. 5-20) 

Figure 5-8 shows the distribution of the mean value of the equivalent plasticity index in the 
reference blocks. The plasticity index reflects the average shear-wave velocity: stiffer soil 
models assume lower values of plasticity index, since they are mainly composed by gravel or 



66 
 

rock, whereas the highest values are close to the left boundary, in correspondence of the most 
deformable soil models. The largest values of equivalent plasticity index can be found also in 
the lower portion of the region pertaining to ground category E, representing surficial soil 
deposits made with deformable materials – the average shear-wave velocity is smaller than 400 
m/s – corresponding to sands or clays. 
Only exception are same spots in the region corresponding to site category B, characterised by 
very large values of plasticity index if compared to the neighbouring elements. Actually, these 
are particular cases because they lie in the upper triangle, where the maximum number of 
models is limited and the random extraction may have generated profiles with significant 
plasticity. 

 
Figure 5-8. Distribution of the equivalent plasticity index. 

An interesting element is the number of soil models involving layers with shear wave velocity 
larger than 800 m/s. 
These models are an undesired effect of the randomisation procedure, since the process was 
conceived for randomisation of real deposits and does not follow the restraints of the Draft in a 
rigorous way. The effect was the generation of a number of soil models with layers exceeding 
in the standard shear-wave velocity of 800 m/s, which should not be included in the analysis, 
in order to avoid alteration of the results. The amplification parameters, indeed, are computed 
with reference to the first layer with velocity equal or larger than 800 m/s and the addition of 
further layers would cause bigger amplifications of seismic action, due to the addition of 
another impedance contrast. 
As shown by Figure 5-9, a large number of models falling in ground category B exceed this 
limitation, especially in the blocks characterised by equivalent shear-wave velocity close to 800 
m/s. These models, indeed, derive from models representative of stiff soil deposits, where shear-
wave velocity is larger than 700 m/s and the randomisation generated very stiff layer, which are 
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compatible with the real case but not with the EC8-1 Draft’s specifications. The removal applies 
to a large number of profiles falling in ground category B, especially in the upper triangle, 
where the removal is substantially complete in some block. This would affect the statistical 
representativeness of the models for ground category B, even though the removal affects a 
region already composed by a small number of profiles, so the statistical sample is not affected 
so much. 

 
Figure 5-9. Number of models involving layers with shear wave velocities larger than 800 m/s. 

Oppositely, the statistical sample includes also a number of ground models with deformable 
layers, characterised by shear-wave velocity smaller than 50 m/s. 
As shown by Figure 5-10, the amount of these cases is not so significant in the statistical sample, 
with a maximum per block smaller than 10%, all concentrated adjacent to the left boundary, at 
bedrock depth close to 50 m. These models belong to same statistical family, since they derive 
from the randomisation starting from the real case identified as BTT2 (site n.34 in the database), 
which is a deep deposit of peat, with shear wave velocity ranging from 30 m/s to 80 m/s in the 
shallow layers. 
The analysis takes into account this aspect, since deformable soil deposits undergo significant 
nonlinear phenomena during the earthquake and the ground response analysis according to the 
equivalent linear scheme may be unresponsive. 

The last aspect analysed in this section concerns a computational restraint by SHAKE91 code, 
i.e. the limitation of the number of sublayers in the soil model. 
In order to avoid excessive influence in the generation of the soil models due to this restraint, 
the procedure adopts a different rule for the ground response analysis, reducing the maximum 
considered frequency from 25 Hz to 15 Hz. 
The application of this solution is not systematic, but it pertains only the models potentially 
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exceeding the limit, i.e. the ones characterised by deformable layers and large bedrock depth. 
The number of sublayers, indeed, is proportional to bedrock depth and inversely proportional 
to shear-wave velocity. Therefore, as shown by Figure 5-11, profiles including layers with 
shear-wave velocity smaller than 200 m/s for moderate depths tend to violate the restraint and 
they require the reduction in the reference frequency. 

 
Figure 5-10. Number of models involving layers with shear wave velocities smaller than 50 m/s. 

 

Figure 5-11. Number of models with the reduction of maximum frequency to 15 Hz. 
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Chapter 6: Seismic inputs 

6.1: Introduction 
The definition of the seismic action for the ground response analyses is a fundamental and 
delicate aspect. The analyses, indeed, involve phenomena characterised by significant 
nonlinearity and the use of simplified representations proposed by codes, as elastic response 
spectra, is not recommended. Therefore, the definition of the seismic action should refer to 
ground motion time histories. 
At the moment, no database provides an unique design time history involving all the aspects 
about the seismic conditions in the generic site. As consequence, the definition of seismic action 
will consist of a set of time histories having characteristics compatible with the seismic hazard 
of the site. 

In this study, the site-dependence of the spectral shape proposed by the EC8-1 Draft [5] forces 
to refer to different sites for the evaluation of the seismic action, each one characterised by 
specific values of hazard parameters. In order to obtain a result which is general and 
representative of the national situation – but also not too much time-consuming –, the pursued 
strategy consists of a selection of a limited number of sites aiming to represent different levels 
of seismic hazard in the national territory. 
The next step defines the seismic action in terms of acceleration time histories, selecting a series 
of natural accelerograms compatible with the hazard conditions for each reference site, either 
in seismological terms or in spectral terms. The source of these data are accredited national and 
international databases, which allow an interactive search of waveforms with prescribed 
characteristics. 
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6.2: Selection of the reference sites 
The site-dependence of the spectral shape and of the stratigraphic amplification is not an aspect 
introduced only in the EC8-1 Draft. 
The current version of Eurocode 8 [20] proposes different values of the stratigraphic 
amplification factors in relationship with the expected earthquake magnitude, modelling in a 
simplified manner the site-dependence. 
The Italian code ([6], [7]) introduced a more refined and accurate relationship, which provides 
the amplification factors as function of maximum spectral acceleration measured on rock 
formation. 
These approaches derive from the awareness about the nonlinear behaviour of ground materials. 
In a linear system, the response – here represented by amplification factors – is the same, 
regardless the input entity. Soils are instead a complex nonlinear system whose behaviour 
strongly depends of the ground motion intensity. Under strong earthquakes, indeed, the strain 
level increases, inducing a reduction of stiffness and an increase of energy dissipation, with 
smaller amplification as result. 
The EC8-1 Draft inherits this concept and couples it with the intent of restraining the spectral 
shape at short periods and intermediate periods, through the introduction of the dependence of 
amplification factors 𝐹𝛼 and 𝐹𝛽 with respect the correspondent hazard parameters 𝑆𝛼,475 and 
𝑆𝛽,475. 

The introduction of these new parameters for the description of seismic hazard forces a change 
in the methodology of selection of seismic inputs. 
Several works assessing the amplification factors (e.g. [4], [54]) referred to a wide set of Italian 
records, aiming to represent the Italian seismicity. Other authors (e.g. [1]) focused more on the 
role of nonlinearity on amplification factors and selected a suite of ground motions able to cover 
the range of peak ground acceleration of engineering interest. 
Andreotti et al. [2] followed a similar approach, with particular focus on the site-dependence. 
They performed the ground response analyses over 4 sites in Italy characterised by different 
levels of expected peak ground acceleration, referring to suits of real accelerograms compatible 
with the hazard conditions of each site. In this way, their study does not simply evaluate the 
effect of peak ground acceleration in amplification factors, but performs a site-specific analysis 
in order to obtain a more accurate evaluation of the amplification. 

In a similar way, this study uses ground motion time histories compatible with the conditions 
of a number of reference sites, whose selection refers to the seismic hazard parameters 
introduced by the EC8-1 Draft, i.e. 𝑆𝛼,475 and 𝑆𝛽,475. In particular, the selected sites are 
representative of the distribution of 𝑆𝛼,475 and 𝑆𝛽,475 in Italy. 
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6.2.1: Definition of the distribution of hazard parameters 

In order to perform the selection of the reference sites, a preliminary step consists of the 
aggregation of the seismic hazard data of the Italian country and the definition of the 
distribution in terms of the reference parameters 𝑆𝛼,475 and 𝑆𝛽,475.since the available databases 
– following mainly the indications of current codes – provide this kind of data only in a partial 
way. 
The operation is not simple, since the seismic hazard databases do not provide these data yet. 
Due to this lack of information, the study introduces some assumptions for the evaluation of 
the parameters, in order to have the possibility to employ the available data. 

On one side, the spectral parameter 𝑆𝛼,475 is assumed to be equal to the maximum spectral 
acceleration of the horizontal 5% damped elastic response spectrum on site category A 
introduced in the Italian building code [6], herein indicated as 𝑆𝐴,475. As consequence, the 
parameter 𝐹0 is equivalent or, at least, similar to the parameter 𝐹𝐴 introduced by the EC8-1 Draft 
[5] and this consideration validates the following assumption. 
 𝑆𝛼,475 ~ 𝑆𝐴,475 = 𝐹0𝑎𝑔 (Eqt. 6-1) 

The values of peak ground acceleration 𝑎𝑔 and of the parameter 𝐹0 are available in the site of 
the Consiglio Superiore dei Lavori Pubblici (CSLP) [55]. 
The relationship (Eqt. 6-1) is not rigorous since the parameters derived from CSLP are the result 
of a nonlinear piecewise regression procedure over the uniform hazard acceleration spectra for 
Italian sites, according to the spectral shape adopted by the Italian building codes [6]. Since the 
EC8-1 Draft proposes a slightly different spectral shape [5], the maximum ordinate 𝑆𝛼,475 will 
assume a different value with respect to 𝑆𝐴,475. 
Despite this observation, the site selection refers to the parameter 𝑆𝐴,475 because the value is 
not so different from the real one (more details in 6.3.2). Furthermore, this assumption is 
adopted just for the identification of a pattern of sites representative of the distribution of hazard 
data, where the use of the correct parameter or a similar one brings substantially the same result. 

In a similar way, the parameter 𝑆𝛽,475 is assumed as equal to the ordinate of the uniform hazard 
spectrum evaluated at 1 s, herein indicated as 𝑆𝐵,475. 
 𝑆𝛽,475 ~ 𝑆𝐵,475 = 𝑆𝑇=1 𝑠 (Eqt. 6-2) 

The values of parameter 𝑆𝐵,475 are taken from the site of the Istituto Nazionale di Geofisica e 
Vulcanologia (INGV) [56], as result of the S1 Project of seismic hazard assessment ([57], [58]). 
Actually, the values are different since the parameter 𝑆𝛽,475 is the result of the regression 
procedure over the uniform hazard spectrum, whereas 𝑆𝐵,475 is an ordinate of the uniform 
hazard spectrum itself. The two curves, indeed, may not be coincident at 1 s. On the other side, 
the difference is not significant (more details in 6.3.2) and this error is acceptable in the 
construction of the distribution of hazard data. 
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Thus, the definition of the distribution of hazard data in the Italian territory employs the data of 
two separated databases, which are merged together. 
The merging procedure is not immediate, due to different coverage level of the two datasets. 
The INGV and CSLP databases provide the seismic hazard parameters on a large number of 
sites disseminated in the Italian territory but, even though the adopted identification code for 
sites is the same, the number and the geographical distribution are not the same. 

 The INGV study [59] is performed over 16’921 points, defined through a regular grid 
of knit equal to 0.05° in latitude and longitude. 

 The CSLP database provides the results of the nonlinear regression applied over the 
results of a large number of sites involved in the INGV study, excluding points falling 
in the sea and including points close to the national borders, for a total of 10’751 points 
[60]. 

The merging of the information provided by databases, aiming to couple together the 
information in common sites, results in a set of 10’159 points, described by the values of 𝑆𝐴,475 
and 𝑆𝐵,475. 
Figure 6-1 shows the distribution of the obtained hazard data. 

 
Figure 6-1. Hazard data distribution for the Italian territory. 
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6.2.2: Selection of the sites 

The scatter plot representation of the distribution of 𝑆𝐴,475 and 𝑆𝐵,475 shows a certain degree of 
linear correlation between the two fields of data (Figure 6-1). 
The correlation is visible both from a graphical point of view, since the points are quite aligned 
along a straight line, and from a statistical point of view, as the linear correlation coefficient – 
equal to 0.78 – is quite close to the unit. 
Starting from this consideration, a way for supplying the representativeness of selected sites 
might consist of selecting a set of points lying along the linear trend line, maybe with equal 
spacing along the horizontal axis. This simplification may be acceptable thanks to the 
significant degree of linear correlation. 

Actually, the linear correlation is not perfect, especially at the largest values of seismic hazard 
parameters, where there is a large deviation of real points from the ideal line 
This deviation is consequence of the different spectral shape in the Italian sites. As shown by 
Rota et al. [61], with reference to the normalised spectrum with respect to peak ground 
acceleration, there is a remarkable variability of spectral shapes in the Italian sites, which is an 
effect of the different seismological aspect from a site to another (Figure 6-2). 

 
Figure 6-2. Variability of horizontal acceleration spectra, normalized with respect to peak ground acceleration 

(taken from Rota et al. [61]). 

The adopted strategy takes its inspiration from the work done by Andreotti et al. [2], who 
referred the choice of the sites to the level of the seismic hazard, based on the 2012 seismic 
classification of the Italian territory published by the Italian Department of Civil Protection 
(DPC). In particular, they considered four sites, each in one of the four different zones of seismic 
hazard level. 
In this case, according to the EC8-1 Draft [5], the seismicity level is function of the value of 
the hazard parameter 𝑆𝛼,475 (Table 6-1). 
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Table 6-1. Ranges of 𝑆𝛼,475 values for the definition of seismicity levels (taken from EC8-1 Draft [5]). 

Seismicity level Parameter 𝑆𝛼,475 (m/s2) 
Very low < 1.0 

Low 1.0 ÷ 2.5 
Moderate 2.5 ÷ 5.0 

High > 5.0 
 
The application of the seismicity level to the distribution creates a subdivision of the domain 
into vertical bands, defining groups of sites with a different level of seismic hazard (Figure 6-3). 
As the number of sites with “Very low” seismicity level is small with respect to the other ones, 
this category will be unified with the “Low” level. The main reason of this assumption is the 
low representativeness of this group of sites, from a statistical point of view. Moreover, the 
EC8-1 Draft treats very low and low seismicity areas in the same way [5]. 

 
Figure 6-3. Subdivision of the hazard parameters distribution according to seismicity levels introduced by the 

Draft [5]. 

Then, similarly to Andreotti et al. [2], each site correspond to a specific level of seismicity and 
it is represented by a point more or less in the central portion of the correspondent region in the 
𝑆𝐴,475-𝑆𝐵,475 domain. Since the intermediate area – “Moderate” seismicity level – is the largest 
inside the Italian hazard data distribution, this is assigned two sites, corresponding to two points 
lying in the peripheral zones. 
In this way, the analysis refers to 4 sites, which is a number representing a good trade-off 
between the request of representativeness of the seismic hazard conditions in Italy and 
computational restraints, since it does not produce excessive amount of data for the available 
hardware units. 
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The above-mentioned operation is useful to establish the horizontal coordinate, i.e. the 
parameter 𝑆𝐴,475, for the reference sites. 
The evaluation of the second coordinate, i.e. 𝑆𝐵,475, refers to the linear fitting to the distribution, 
defined for each region. The linear fitting applied to each portion defined by the seismicity 
discretisation, indeed, suits in a better way the distribution than the same applied to the whole 
distribution, especially at high seismicity levels. 
As shown by Figure 6-4, each reference site corresponds to a point lying along the fit line in 
correspondence to the middle zone – for low and high seismicity level – or the peripheral zones 
– for moderate seismicity level. The selected points are considered as representative of the 
population of the seismic hazard parameters in Italy. 
The list of the reference sites resulting from the selection is available in Table 6-2 and their 
geographical position is shown in Figure 6-5. 

Table 6-2. List of the reference sites. 

Locality Region 
INGV/ 

CSLP ID 
Longitude Latitude 𝑆𝑠 (m/s2) 𝑆1 (m/s2) 

Termeno 
sulla Strada 

del Vino 

Trentino 
Alto Adige 

8516 11°.24 46°.36 1.384 0.446 

Godrano Sicilia 46508 13°.42 37°.83 2.828 0.904 
Urbino Marche 20522 12°.59 43°.68 4.171 1.284 
Atina Lazio 29641 13°.75 41°.63 5.805 2.051 

 

Figure 6-4. Position of the selected points inside the Italian hazard parameters distribution. 
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Figure 6-5. Geographical position of the reference sites (map realised with the MyMaps service of Google 
Maps™). 

After the preliminary selection, in order to ensure further improvement of the representativeness 
of the selected sites, the choice procedure involves also a posterior check, based on the 
mesozonation study by Rota et al. [61]. 
Starting from the observations about the geometrical differences among the spectral shapes (see 
Figure 6-2), the study attempted to cluster the CSLP nodes into groups, each one characterised 
by a similar geometrical features. The result was a system of 40 seismic mesozones, whose 
geographical distribution suits quite well the ZS9 seismogenic model [62], as confirmation that 
mesozonation might be a valid proxy for seismic hazard description (Figure 6-6). 
For this reason, a widely used procedure for automated selection of natural accelerograms like 
ASCONA takes into account the mesozonation ([61], [63], [64]). 

 
Figure 6-6. Overlapping between the geographical distribution of mesozones and the borders of seismogenic 

zones, taken from Rota et al.[61] 
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Figure 6-7. Population of each mesozone, taken from Rota et al. [61] 

Since their mesozonation criterion is purely geometric, each group does not have the same 
density of population and some include a limited number of sites, as shown by Figure 6-7. 
In order to ensure the optimal degree of representativeness, not only in terms of hazard 
parameters, but also in terms of the global shape of the response spectrum, the selection 
procedure involves a second step of check. 
This step verifies firstly whether the reference sites belong to different groups, in order to 
introduce an adequate level of variability of ground motion in the reference sites. 
Then, the selected sites should fall in one of the most populated zones or, at least, not in one of 
the poorest. In this way, the selection will not result in a system of sites with representative 
values of hazard parameters but with an anomalous and rare spectral shape. 
Table 6-3 shows the spectral group to whom each reference site belongs. 

Table 6-3. List of the selected sites with spectral groups. 

Locality INGV/ CSLP ID Group of spectra 
Termeno sulla Strada del Vino 8516 30 

Godrano 46508 15 
Urbino 20522 5 
Atina 29641 1 

All the reference sites fall in quite populated groups, especially the ones at highest seismicity 
levels, whereas the other sites belong to smaller groups. Actually, the second criterion is not a 
rigid restraint but it is secondary with respect to the distribution criterion, because the criteria 
are not in perfect accordance, e.g. some of the most populated groups often correspond to points 
lying in the peripheral regions of the distribution. A particular case is Godrano site, as it belongs 
to the spectra group n.15, which is the less populated than the group n.16. Despite this 
limitation, the choice did not fall over a site of the latter group, since this class corresponds to 
points falling in the peripheral side of the distribution in the 𝑆𝐴,475-𝑆𝐵,475 domain. On the other 
side, group n.15 is quite  populated and its points fall in the central area of the distribution, thus 
fulfilling an adequate level of representativeness of the Italian seismic hazard, either in terms 
of hazard parameters or in terms of spectral shape. 

In conclusion, the collection of sites consists of four locations, henceforth identified as Termeno 
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sulla Strada del Vino, Godrano, Urbino and Atina, and they seek to represent as better as 
possible the seismic hazard in Italy. 
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6.3: Definition of the seismic hazard in the reference sites 
The previous step allowed the creation of a collection of sites representative of the seismic 
hazard in Italy. 
The definition of the seismic action requires the evaluation of the seismic hazard, in terms of 
ground motion parameters, in order to set the criteria for the selection of ground motion time 
histories. 

In this study, an explicit hazard assessment has not been carried out and the information derive 
from the results of probabilistic seismic hazard analysis performed into the Italian territory by 
the INGV ([56], [57]). The study provides an estimate of the ground shaking in terms of peak 
ground acceleration and spectral acceleration for different probabilities of exceedance in 50 
years, in correspondence of the nodes of a regular grid of knit equal to 0.05° in latitude and 
longitude. The results assume a specific field of validity, due to the model hypotheses. 

 The computation of ground motion parameters refers to a specific geological and 
morphological condition, i.e. an outcropping plain formation characterised by surficial 
average shear-wave velocity larger than 800 m/s. According to EC8-1 Draft’s 

indications, this corresponds to subsoil category [5]. 

 The estimate refers to seismological data and attenuation laws deriving from the 
observations of past events to realise a predictive model for seismicity. Therefore, the 
result is affected by the information of the past and may not be completely representative 
of the effective site seismicity. 

The information provided by INGV site include the expected values of peak ground 
acceleration, the uniform hazard response spectrum and the disaggregation of seismic hazard 
into magnitude and epicentral distance. 
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6.3.1: Peak ground acceleration 

The Web-GIS service [56] provides, for each site, different values of peak ground acceleration 
as function of the annual exceedance frequency and the percentile [65]. An example of the 
resulting values, referred to Termeno sulla Strada del Vino site, is shown in Table 6-4. 

Table 6-4. Values of peak ground acceleration for different values of annual exceedance frequency and 
percentile, referred to the Termeno sulla Strada del Vino site (taken from [56]). 

 
The annual exceedance frequency is the inverse of the reference period of return, equal to 475 
years according to the EC8-1 Draft [5]. 
 

𝑓 =
1

𝑇𝑅
= 0.0021 (6.3) 

The percentile allows the selection of the specific value of the ground motion parameter from 
its statistical distribution and it is assumed as equal to 50%. 
Table 6-5 lists the values of peak ground acceleration for each reference site. 

Table 6-5. Values of peak ground acceleration for the reference sites. 

INGV/ CSLP ID 𝑃𝐺𝐴 (m/s2) 
8516 0.530 
46508 1.137 
20522 1.706 
29641 2.497 
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6.3.2: Uniform hazard spectrum 

Then, this study analyses also uniform hazard spectrum, representing the response spectrum 
with constant exceedance probability. This parameter, indeed, allows the computation of the 
standard hazard parameters 𝑆𝛼,475 and 𝑆𝛽,475, through an operation of nonlinear piecewise 
fitting according to the new spectral shape introduced by the EC8-1 Draft [5]. In this way, there 
is the possibility of comparing the current hazard parameters versus the new ones and verify 
the reliability of the assumptions introduced for the definition of the hazard distribution. 

The Web-GIS service provides the spectral ordinates for the 50th percentile, under different 
exceedance probabilities in 50 years ([56], [59]). Table 6-6 shows the values referred to 
Termeno sulla Strada del Vino site. 

Table 6-6. Uniform hazard spectra for the Termeno sulla Strada del Vino site (taken from [56]). 

 

The reference exceedance probability in 50 years depends of the period of return 𝑇𝑅 of the 
design seismic action: for 475 years, the probability is 10% in 50 years. 

After the selection of the proper reference spectrum, an operation of nonlinear fitting has been 
carried out. The regression has two independent parameters, i.e. the standard ordinates 𝑆𝛼,475 
and 𝑆𝛽,475, and followed three restrains. 

 Ordinate 𝑆𝛼,475 should be positive. 

 Ordinate 𝑆𝛽,475 should be positive. 

 Ordinate 𝑆𝛽,475 should be smaller than 𝑆𝛼,475. 

The tool employed for this operation is the Solver tool of Microsoft® Excel 2013. 
In all the reference sites, the resulting curve fits adequately the uniform hazard spectrum and, 
furthermore, the new spectra suit quite well the ones proposed by the Italian code (Figure 6-8). 
Table 6-7 shows the obtained hazard parameters, compared with the assumed ones: the 
difference is very small for the peak spectral acceleration, whereas it is more significant for the 
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spectral ordinate at 1 s, but the deviation is less than 10%. As consequence, the assumptions 
adopted for the definition of the hazard data distribution were correct. 
 

 
Figure 6-8. Nonlinear fitting curve ("Design spectrum") compared with the uniform hazard spectrum and the 
Italian Code spectrum ("NTC spectrum") [6]. The reference site is Termeno sulla Strada del Vino (ID: 8516). 

Table 6-7. Seismic hazard parameters for the reference sites. 

Locality 𝑆𝛼,475 (m/s2) 𝑆𝛽,475 (m/s2) 𝑆𝐴,475 (m/s2) 𝑆𝐵,475 (m/s2) Δ𝑆𝛼,475 (%) Δ𝑆𝛽,475 (%) 
Termeno 

sulla Strada 
del Vino 

1.351 0.474 1.384 0.446 2.3 6.3 

Godrano 2.794 0.914 2.828 0.904 1.2 1.1 
Urbino 4.116 1.377 4.171 1.284 1.3 7.2 
Atina 5.764 1.988 5.805 2.051 0.7 3.1 
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6.3.3: Magnitude and epicentral distance 

The INGV study gives also some fundamental seismological parameters, which are necessary 
for the selection of the real accelerograms. 
In particular, the Web-GIS service provides the results of the study of disaggregation of seismic 
hazard in terms of maximum acceleration, consisting of a pseudo-colour plot indicating the 
amount of contribution to site hazard from the different couples of epicentral distance and 
magnitude [58]. 
This result defines the contribution of the different seismic sources to site hazard and its 
interpretation allows the estimate of reference ranges of magnitude and epicentral distance. For 
instance, in the Termeno sulla Strada del Vino site (Figure 6-9), the seismic hazard is only due 
to strong events occurring at large distances. As consequence, the reference epicentral distance 
may range between 50 and 120 km, whereas magnitude may range from to 4.0 to 6.5. Actually, 
an extension of the reference interval is possible, in order to consider every possible 
contribution and enlarge the field of potential input motions. Furthermore, as suggested by Lai 
et al. [27], the tolerance in the epicentral distance may be bigger, since its influence on 
frequency content and ground motion duration is smaller with respect to the magnitude. In this 
case, the epicentral distance may reach 200 km and magnitude could rise up to 7.0. 

 
Figure 6-9. Pseudo-colour plot for the results of the disaggregation study, referred to the Termeno sulla Strada 

del Vino site (taken from [56]). 

Table 6-8 resumes the hazard and seismological parameters for each site, used then for the 
selection of input motions. As regards magnitude and epicentral distance, there are two 
reference ranges: the first is the most significant one, whereas the second is an extension 
including intervals giving smaller contributions, adopted if the search according to the first 
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range gave a limited number of acceleration records. 

Table 6-8. Hazard parameters for each reference site. 

Locality 𝑃𝐺𝐴 (m/s2) Magnitude range (-) 
Epicentral distance range 

(km) 
Termeno sulla Strada del 

Vino  
0.530 

4.0 ÷ 6.5 
5.5 ÷ 7.0 

50 ÷ 120 
100 ÷ 200 

Godrano 1.137 
4 ÷ 6.5 

6.5 ÷ 8.0 
10 ÷ 50 

120 ÷ 200 

Urbino 1.706 
4 ÷ 6.5 
4 ÷ 6.5 

0 ÷ 30 
35 ÷ 120 

Atina 2.497 
4 ÷ 7.5 
5 ÷ 7.5 

0 ÷ 30 
30 ÷ 80 
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6.4: Selection of the input motions 

6.4.1: Criteria of selection 

The hazard analysis provides, as result, the seismological aspects and ground motion 
parameters, defining the criteria for selection of the acceleration time histories aiming at 
representing the design shaking for each reference site. 
The hazard parameters do not assume the same weight inside the selection. As suggested by 
Stewart et al. [34], the selected ground motions should have magnitudes, fault distances, source 
mechanisms and site conditions similar to the ones responsible of the seismic action at the site. 
On the other side, response spectrum shape is the key aspect in nonlinear response and, 
consequently, it is the dominating criterion in selection of input ground motions for ground 
response analysis. This assumption allows small relaxation in the allowable range of the other 
parameters, thus increasing the number of available ground motion records for the analysis. 

The EC8-1 Draft adopts a criterion of seismo-compatibility and spectrum-compatibility for the 
selection of real accelerograms [5]. 
Actually, the EC8-1 Draft does not provide specific indications for the fulfilment of seismo-
compatibility criterion, simply requiring compatibility with regional tectonic regime, 
earthquake magnitude and epicentral distance. 
As regards spectrum-compatibility, the EC8-1 Draft introduces an evaluation with respect to 
the target spectrum within the period range between 𝑇𝐴 and the fundamental period of vibration 
of the soil deposit. In absence of specific information about the latter period, the range moves 
from 𝑇𝐴 to 2 s, in this case from 0.02 s to 2 s (more details about the definition of 𝑇𝐴 in 2.5). 
Within this range, three conditions have to be guaranteed. 

 The ratio between the average 5%-damped response spectrum of the collection and the 
target spectrum should fall within the band from 0.75 to 1.3. 

 The average value of the ratio should be larger than 0.95. 

 The 5%-damped response spectrum of each acceleration time history of the set should 
not fall below 50% of the target spectrum. 

Compared to the current seismic codes ([6], [8]), the EC8-1 Draft introduces more specific and 
quantitative criteria for the assessment of spectral compatibility. 
As regards the single accelerograms, the collection should not contain two components of the 
same record and no more than two records of the same earthquake, in order to avoid excessive 
influence of a single contribution and represent correctly the variability of ground motions [63]. 
Then, acceleration time histories should not contain non-physical drifts, deriving from 
instrumental errors or motion components not related to the earthquake.  Finally, linear scaling 
is allowed, limiting the scaling factor between 0.5 and 2 in the context of geotechnical 
applications, in order to avoid the application of unnatural motions inside the ground model. 
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The EC8-1 Draft does not give any indications about the minimum number of input motions 
required for the seismic response analysis. In absence of specific prescriptions, the present 
analysis refers to sets composed by 5 recorded accelerograms. 
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6.4.2: Collection of the input motions 

As suggested by Stewart et al. [34], the management of the above-introduced seismological and 
spectral restraints is achieved by dividing the operation of the recorded motions selection into 
two steps. 

The first step is a pre-selection of the ground motion records from qualified strong motion 
databases. 
The reference databases involved in the accelerograms search are the following. 

 Italian Strong Motion database, which contains recordings and data about 
accelerometric stations belonging to different networks operating in Italy [35]. Data 
have been queried by means of the Italian Accelerometric Archive (ITACA) [36]. 

 Engineering Strong-Motion Database (ESM) [13], including earthquake waveforms for 
events recorded in Europe and Middle-East regions. 

 European Strong Motion Database (ESD) [66], which contains recordings of events in 
Iceland and Middle-East regions, not more available in the last releases of ESM. 

 The NGA-West2 ground motion database, by the Pacific Earthquake Engineering 
Research Center (PEER), including a large collection of ground motions recorded in 
worldwide earthquakes [67]. 

The databases simplify the selection procedure, since they allow specifying several restraints, 
in terms of peak ground acceleration, magnitude, epicentral distance, source mechanism and 
geological site conditions. In this way, the extraction of inputs compatible with the desired 
seismological conditions is immediate. 

The reference ranges are the ones defined in the hazard analysis. As regards peak ground 
acceleration, where the input corresponds to two ranges: the first range varies from 0.7 to 1.4 
times the design value; the second one ranges from 0.5 to 2 times the design value and allows 
the enlargement of the set of potential seismic inputs. 
As regards site conditions, a large number of ground motion databases requires a range of shear-
wave velocities. The range, in agreement with the hypotheses of the seismic hazard analysis, 
should have 800 m/s as lower bond. On the other side, ITACA and ESM databases require the 
definition of the ground category according to the current European seismic code and this 
should correspond to A or A*. Site category A* is a fictitious class, corresponding to rocky 
formation object of simple geological characterisation, without specific geotechnical testing. 
This is not a proper classification, but the selection includes also this group of sites in order to 
facilitate the search of the input motions. 
A delicate aspect is the epicentral distance. The NGA-West2 database, indeed, does not consider 
this parameter and adopts the Joyner-Boore distance as distance metric. The Joyner-Boore 
distance is the closest horizontal distance to the rupture plane and, referring to the boundary of 
the fault instead of the epicentral point, it is smaller than the epicentral distance and the 
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difference increases with earthquake magnitude, since a larger magnitude implies a larger area 
of rupture [68]. As a consequence, in order to avoid epicentral distance of the records taken 
from the NGA-West2 database falling outside the adopted ranges, the selection procedure 
favours the motions recorded at small Joyner-Boore distance with respect to the reference range, 
in case of large magnitude events. Then, the procedure reads the correspondent epicentral 
distance in the metadata provided by the database [67], assessing the respect of the seismologic 
restraints. 
Table 6-9 lists the input parameters adopted for the search of earthquake waveforms inside the 
databases. 

Table 6-9. Input parameters for the selection of ground motions. 

Reference site 𝑃𝐺𝐴 ranges (m/s2) Magnitude 𝑀𝑤 ranges (-) 
Epicentral distance 

ranges (km) 
Termeno sulla Strada del 

Vino 
0.371 ÷ 0.742 
0.265 ÷ 1.059 

4.0 ÷ 6.5 
5.5 ÷ 7.0 

50 ÷ 120 
100 ÷ 200 

Godrano 
0.796 ÷ 1.592 
0.569 ÷ 2.274 

4 ÷ 6.5 
6.5 ÷ 8.0 

10 ÷ 50 
120 ÷ 200 

Urbino 
1.194 ÷ 2.388 
0.853 ÷ 3.412 

4 ÷ 6.5 
4 ÷ 6.5 

0 ÷ 30 
35 ÷ 120 

Atina 
1.748 ÷ 3.495 
1.248 ÷ 4.993 

4 ÷ 7.5 
5 ÷ 7.5 

0 ÷ 30 
30 ÷ 80 

 
Each single ground motion record is object of a preliminary check, aiming to assess the absence 
of incongruences, as non-physical drifts when integrated to velocity and displacement or 
unnatural frequency contents. In case that the time history shows an anomaly, there is a manual 
correction of the input motion, applied on raw data through the software SeismoSignal® [69].   
The adopted correction procedures are the standard ones implemented inside the software, 
according to the default options, showed in Table 6-10. 

.Table 6-10. Settings of the correction procedure. 

Operation Values 
Baseline correction Polynomial curve: constant 

Frequency filtering 
Filter type: Butterworth 
Filter configuration: bandpass (0.10 ÷ 25 Hz) 

In order to verify the goodness of the correction and assess that the correction has not altered 
too much the ground motion record, a check on energy content is performed after this operation. 
In particular, the correction is valid when ground motion parameters as Arias intensity or 
Housner intensity do not change in a significant way. 

The second step of selection of seismic inputs applies the criterion of spectral matching to the 
target spectrum. Among all the possible collections of time histories, this passage searches for 
the one best suiting the reference response spectrum, in agreement with the boundary conditions 
– i.e. the limitations in the scaling factor and in the ratio among mean spectrum and target 
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spectrum. 
The request of spectrum-compatibility is difficult to be satisfied, since it consists of a 
comparison between a deterministic element (the ground motion record) and the standard 
spectrum, which contains the contribution of different seismic sources. This aspect is relevant 
at large vibration periods, where the seismic inputs recorded on rigid formations show small 
spectral ordinates, often incompatible with the target spectrum [27]. For this reason, the search 
for the ground motion records often refers to enlarged ranges of the seismological parameters. 
This operation has been carried out with the software InSpector [70], which is a tool conceived 
for supporting the spectrum compatibility assessment. Figure 6-10 shows the application of the 
verification of spectrum compatibility with reference to Termeno sulla Strada del Vino site. 

 
Figure 6-10. Spectrum compatibility assessment for Termeno sulla Strada del Vino site. 

Table 6-11 to Table 6-14 list the resulting spectrum-compatible and seismo-compatible records, 
with the main motion characteristics, whereas graphical check of spectrum-compatibility is 
available in Chapter 8Appendix D. 
As can be noticed, Urbino and Atina sites include the largest number of records from the 
American database, since it contains several accelerograms of strong earthquakes. 
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Chapter 7: Analysis of the results 

7.1: Introduction 
The result of the ground response analyses consists of a data set composed by the 
parameters necessary and sufficient for a complete description of the response of each 
single one-dimensional ground model to the earthquake. The amount of data is quite 
relevant, since it is the result of 5 analyses over 91’500 soil models, multiplied for 4 

reference sites. 

As specified in 4.2.6, the number of output parameters is limited to the minimum 
necessary to guarantee adequate information about the response of soil models and 
includes the following quantities. 

 Transfer function of accelerations. 
 Pseudo-acceleration response spectrum at the surface. 
 Amplification factor in terms of peak ground acceleration. 

The output data also include useful information for the assessment of the analysis 
reliability, either in computational terms – maximum error profile – or in geotechnical 
terms – maximum strain profile. These parameters are necessary for the quality control, 
in order to perform a conscious and critical interpretation of the response, respecting the 
limits of validity of the adopted method of analysis. 

The interpretation of the results starts with a preliminary operation of mean among the 
values with respect to the collection of seismic inputs pertaining to each reference site. 
This data aggregation is performed through logarithmic mean, since values are 
lognormally distributed. 
Then, the study evaluates of the statistical dispersion of some significant parameters for 
the description of the ground response, aiming at estimating the degree of variability of 
the obtained values. In particular, the study compares the variability of the results when 
clustered according to the site categorisation system introduced by the EC8-1 Draft and 
the one of the current version of building codes. In this way, the study assesses the 
effectiveness and accuracy of the new categorisation approach. 
Finally, the present study evaluates the reliability of the values of site amplification 
factors proposed by the EC8-1 Draft, by comparing the distribution of the results with the 
theoretical values. The comparison refers to a number of parameters, capturing the 
behaviour at short vibration periods and long vibration periods and the global behaviour. 
The interpretation is preceded by a preliminary step of removal of results deriving from 
unreliable ground response analyses. 
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7.2: Filtering of the results 
Before the exposure and the interpretation of the results, each single outcome – the 
response of the single 1-D ground model to an assigned input motion – is object of a 
preliminary check, aiming at certifying its reliability. 

The introduction of this stage of verification is the consequence of the simplifications 
applied by the equivalent linear method to soil behaviour, since it schematises the 
nonlinear, hysteretic response to dynamic loading according to an equivalent linear and 
undefined behaviour, where the material assumes constant response without failure. The 
method does not take care about the effect of plasticisation, excess pore pressures, etc. 
Consequently, the approach does not provide reliable results in some specific conditions. 

From the geotechnical point of view, the field of validity of the equivalent linear method 
has an upper bound in terms of strain, as large levels of shear strain induce nonlinear 
phenomena so significant that the simplification according to the linear scheme would 
cause excessive loss of information. Indeed, each material is associated with a volumetric 
threshold, ranging from 10-4 % in sands and gravels to 10-2 % in clays. The threshold 
represents the passage to the plastic field, characterised by the shear-normal behaviour 
coupling, rise of plasticisation and excess pore pressures. In this field, the description 
according to the equivalent linear model would be fallacious. 
In light of these aspects, the maximum strain level could be equal to the volumetric 
threshold. 
Actually, the value is strongly sensible to the material type, with a variation of two orders 
of magnitude in the passage from cohesive soils to granular soils. Furthermore, several 
comparative studies between linear equivalent and nonlinear analyses showed a higher 
upper limit for the strain range into which the two approaches provide compatible results 
and the linear equivalent analysis is reliable. 
In this study, the reference for the maximum strain accepted is the one suggested by 
Matasovic and Hashash [26]. 

𝛾𝑙𝑖𝑚 = 1% 

The method is also object of a convergence assessment, aiming to check whether the error 
is smaller than a fixed level of tolerance. 
This further check is not due to an intrinsic limitation of the equivalent linear method, but 
a restraint of SHAKE91 code. The software, indeed, adopts a rigid scheme in the iterative 
procedure for the computation of strain-compatible parameters, where the process ends 
at fixed number of cycles, regardless the error magnitude. 
From the mathematical point of view, the method achieves convergence when the error is 
smaller than 5%. This assumption defines a filtering criterion of the results, in order to 
remove the unreliable cases due to non-convergence. 
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In order to avoid excessive penalisation of the results due to a computational error, the 
restraint is softened by accepting one violation among the five inputs for each reference 
site. 

The contextual application of the two restraints determines a reduction in the number of 
available data, varying as function of the selected site and thus of the intensity of the 
imposed seismic input. 
Figure 7-1 shows the percentage of removed soil models, resulting from the filtering 
process, for each site category. In order to get a more precise idea about the actual 
distribution of removed elements, Figure 7-2 shows the removed models in the reference 
representation introduced for the description of the database of ground models, i.e. the 
𝑣𝑆,𝐻-𝐻800 domain divided in square portions (more details in 5.3.3). 
The number of removed elements is much more significant in the sites characterised by 
stronger seismic actions, i.e. Urbino and Atina sites. When seismic action is larger, 
indeed, the nonlinearity in the response is important and the equivalent linear approach 
does not provide reliable results, due to exceedance in the strain level and/or absence of 
convergence. As consequence, the average number of removed elements rises up from 
less than 10% in Termeno sulla Strada del Vino site up to 50% in Atina site. 
Actually, the aforementioned criteria lead to discard a specific group of soil models in 
each reference site, regardless the entity of the seismic action. These particular models lie 
in the left area of the domain, characterised by very small values of equivalent shear-wave 
velocity, with 𝑣𝑆,𝐻 smaller than 200 m/s. 
On one side, this group involves a number of deep soil deposits with deformable surficial 
layers, classified as site category F. Then, part of this group includes also intermediate-
depth shallow soil models, with values of average shear-wave velocity ranging from 150 
m/s to 200 m/s, thus belonging to site category D. A check on the soil models database 
showed that the last models include layers with extremely small values of shear-wave 
velocity (40 ÷ 50 m/s), since they are the statistical sample generated from a deposit 
containing layers of peat (site BTT2). This aspect is responsible of the inhomogeneity in 
the number of removed elements for each category, where site category D shows a 
reduction in the collection much higher than the other ones, reaching 75% in Atina site. 
On the other side, these particular situations fall within the limits of the standard 
categorisation system and, according to the EC8-1 Draft, they may be object of a 
simplified assessment of the seismic action. This aspect puts in evidence a potential 
weakness of the standard categorisation system. Indeed, the EC8-1 Draft proposes the 
application of simplified approaches to cases where neither a more sophisticated method 
like the equivalent linear analysis is able to provide reliable results. Therefore, the 
proposal of amplification factors for these cases may not be the most proper solution, 
especially when seismic action is quite strong. A possible alternative would be the 
reduction of the field of application of the simplified approach, by shifting the lower limit 
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to larger values of equivalent shear-wave velocity, e.g. at 200 m/s, at least in high 
seismicity sites. 

 
Figure 7-1. Histograms representing the percentage of removed results per standard site category. 

 
Figure 7-2. Pseudo-colour plots representing the number of removed results per block. 
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The set of data effectively considered is not the complement to the list of the removed 
ones but it is smaller, due to two reasons. 
One aspect is the removal of soil models involving layers with shear-wave velocity larger 
than 800 m/s. The EC8-1 Draft, indeed, refers the amplification factors to a bedrock 
formation with shear wave velocity larger than 800 m/s and, in these models, there would 
be incompatibility as regards the definition of the bedrock depth. The collection of soil 
models includes a number of elements with this feature, since the restraints introduced 
during the generation procedure were not able to remove them, and they should be 
excluded from the study of the results. 
Then, the request of homogeneity and distribution regularity induced further reduction in 
the final collection of ground models. The selection followed the limits in the number of 
models per reference block showed in Table 7-1, chosen in order to ensure a similar 
degree of representativeness to each soil condition. 

Table 7-1. Maximum number of considered models per reference block. 

Reference site 
Maximum number of models per reference block 

Site categories B (lower 
triangle), C, D, E and F 

Site category B (upper triangle) 

Termeno sulla Strada del Vino 150 15 
Godrano 120 12 
Urbino 100 10 
Atina 50 5 

 
The effective number of models considered in the interpretation of the results is available 
in Table 7-2. Due to the different limits in the maximum number per block, there is a 
gradual reduction of the population of models from the first reference site to the last. On 
the other side, the ratio among the populations pertaining to each site category does not 
change, thus avoiding the risk of under-representativeness of some site categories.  

Table 7-2. Number of considered models. 

Reference 
site 

Site category B Site category C Site category D Site category E Site category F 

Termeno 
sulla 

Strada del 
Vino 

8568 15000 15000 14700 15000 

Godrano 7027 12000 11730 11760 11766 
Urbino 5901 10000 9416 9772 9546 
Atina 2972 5000 4239 4843 4237 

 
As shown by Figure 7-3, the collection of considered models is not able to fulfil 
completely the restraints established in Table 7-1, since the level of filling of the reference 
blocks does not reach the fixed values. Actually, the entity of the lack is small and it is 
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more concentrated in the regions where the analysis is less reliable, i.e. the ones 
corresponding to deposits with small values of shear-wave velocity or to deep and stiff 
soil deposits. 

 
Figure 7-3. Pseudo-colour plots representing the number of effectively considered results per block. 
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7.3: Definition of the reference parameters 
The statistical analysis and the assessment of the amplification factors proposed by the 
EC8-1 Draft consider a number of parameters, which should be synthetic indicators for 
the description of the ground response. 
Since the assessment refers to the response of soil deposit to an assigned seismic motion, 
the analysis evaluates the ratio between each ground motion parameter evaluated at the 
surface and the corresponding one of the input motion, as proxy of the amplification 
factors. 

The first parameter is the zero-period amplification factor 𝐹𝑇 = 0 𝑠, defined as the ratio 
between the values of peak ground acceleration at the free surface and of the input motion. 
 

𝐹𝑇 = 0 𝑠 =
𝑃𝐺𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑃𝐺𝐴𝑟𝑜𝑐𝑘
 (Eqt. 7-1) 

The attribute “zero-period” recalls the fact that the peak ground acceleration corresponds 
to the spectral ordinate evaluated at vibration period equal to 0 s. 
The zero-period amplification factor has high variability and dispersion, since it derives 
from two peak singular values. Despite this limitation, this study includes an analysis over 
this parameter because it may be considered as indicator of the short period amplification 
factor 𝐹𝛼. Furthermore, the assessment is useful for the verification of the reliability of 
simplified approaches for the prediction of peak ground acceleration at the site, as this 
parameter is employed in several fields, e.g. preliminary assessments about liquefaction 
or slope stability. 

In a similar way, the description of the behaviour at larger vibration periods refers to the 
intermediate period amplification factor 𝐹𝑇 = 1 𝑠, computed as ratio between the surface 
and the input spectral acceleration ordinates at vibration period equal to 1 s. 
 

𝐹𝑇 = 1 𝑠 =
𝑃𝑆𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑇 = 1 𝑠)

𝑃𝑆𝐴𝑟𝑜𝑐𝑘(𝑇 = 1 𝑠)
 (Eqt. 7-2) 

Due to this definition, the parameter may be representative of the intermediate period 
amplification factor 𝐹𝛽. 

The introduced indicators, since depending of single spectral ordinates, do not have a 
robust definition and assume significant dispersion. 

In order to manage the high degree of variability and enhance the level of control on 
amplification factors, the study refers also to some integral parameters for the definition 
of the amplification parameter. The reference integral parameter is the spectral intensity, 
firstly introduced by Housner [71] for spectral velocities and then adapted to spectral 
accelerations by Rey et al. [72], as shown by (Eqt. 7-3). 
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𝐼 = ∫ 𝑃𝑆𝐴(𝑇)𝑑𝑇

2.5

0.05

 (Eqt. 7-3) 

With reference to spectral intensity, the definition of the global spectral amplification 
factor 𝐹𝑆𝐴 is possible. 
 

𝐹𝑆𝐴 =
𝐼𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝐼𝑟𝑜𝑐𝑘
 (Eqt. 7-4) 

This parameter evaluates the average behaviour of the spectrum, as it derives from the 
integral of the response spectrum across short vibration periods and intermediate 
vibration periods. Therefore, it may be useful for the assessment in terms of global 
spectrum behaviour. 

On the other side, the global spectral amplification factor is not able to separate the short 
period term from the long period one and it is not adequate for the specific assessment of 
the single amplification factors. In order to go beyond this limitation, the analysis 
evaluates other three integral parameters, one referred to short periods, one to 
intermediate periods and the last to long periods. 
Their definition is equivalent to the spectral intensity, except the integration boundaries. 

 Short period spectral intensity. 

 
𝐼𝑇=0.1−0.5 𝑠 = ∫ 𝑃𝑆𝐴(𝑇)𝑑𝑇

0.5

0.1

 (Eqt. 7-5) 

 Intermediate period spectral intensity. 

 
𝐼𝑇=0.4−0.8 𝑠 = ∫ 𝑃𝑆𝐴(𝑇)𝑑𝑇

0.8

0.4

 (Eqt. 7-6) 

 Long period spectral intensity. 

 
𝐼𝑇=0.7−1.1 𝑠 = ∫ 𝑃𝑆𝐴(𝑇)𝑑𝑇

1.1

0.7

 (Eqt. 7-7) 

To these spectral intensities, new definitions of spectral amplification factor correspond. 
 Short period spectral amplification factor. 

 
𝐹𝑇=0.1−0.5 𝑠 =

𝐼𝑇=0.1−0.5 𝑠,𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝐼𝑇=0.1−0.5 𝑠,𝑟𝑜𝑐𝑘
 (Eqt. 7-8) 

 Intermediate period spectral amplification factor. 

 
𝐹𝑇=0.4−0.8 𝑠 =

𝐼𝑇=0.4−0.8 𝑠,𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝐼𝑇=0.4−0.8 𝑠,𝑟𝑜𝑐𝑘
 (Eqt. 7-9) 

 Long period spectral amplification factor. 

 
𝐹𝑇=0.7−1.1 𝑠 =

𝐼𝑇=0.7−1.1 𝑠,𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝐼𝑇=0.7−1.1 𝑠,𝑟𝑜𝑐𝑘
 (Eqt. 7-10) 

The intervals of vibration periods are not arbitrary, but they derive from microzonation 



102 
 

applications [73]. In particular, these factors cover a wide range of the response spectra 
and attempt to monitor the passage from the short-period behaviour to the long-period 
behaviour.  
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7.4: Evaluation of the variability of the results 
The analysis of the variability of soil amplification parameters evaluates the dispersion 
characteristics of the results of the ground response analyses, in terms of the 
aforementioned amplification parameters. The aim of this study is the assessment of the 
effectiveness of the prescriptions introduced by the EC8-1 Draft with respect to the 
current version of EC8-1, in terms of inter-class dispersion. The EC8-1 Draft, indeed, 
modifies the criteria for site categorization and introduces a more complex method for 
the estimate of site amplification factors, in order to reduce the uncertainties in the 
evaluation of the seismic action. 
For this purpose, the study computes a synthetic parameter representing the data 
variability, i.e. the coefficient of variation 𝐶𝑉, for each site category. The value is then 
compared with the one obtained according to the site categorisation defined by the current 
version of EC8-1. The new approach will be considered efficient if it produces a reduction 
in the data variability with respect to the other method. 
For the sake of simplicity, the assessment refers only to the global spectral amplification 
factor 𝐹𝑆𝐴, since it is a global parameter describing the overall response of ground models, 
involving the short period contribution and the long period contribution. 

7.4.1: Variability of the results in EC8-1 Draft approach 

The computation of the coefficient of variation of the spectral amplification factor in the 
EC8-1 Draft scheme is not a simple operation. Indeed, the analysis should evaluate the 
statistical characteristics of this parameter, taking into account that it depends on 
equivalent shear-wave velocity 𝑣𝑆,𝐻 (and bedrock depth 𝐻800, in site category E) in a 
continuous way. The double parametrisation would force to work in a two-dimensional 
or three-dimensional environment, implying several issues either in the statistical 
computation or in the visualisation of the results. In particular, the direct aggregation of 
the data pertaining to each site category is not possible, otherwise their continuous 
dependence from velocity and depth would be disregarded. 

Therefore, the statistical analysis refers to the subdivision of the 𝑣𝑆,𝐻-𝐻800 domain into 
regular blocks, introduced during the definition of the database of ground models (more 
details in 5.3.3). In particular, the procedure clusters the results in each block, as function 
of the values of 𝑣𝑆,𝐻 and 𝐻800 of every soil model, according to the following methods. 

 In site categories B, C, D and F, where site amplification factors depend only on 
equivalent shear-wave velocity, data are clustered according to ranges of 
velocities, whose extent corresponds to the size of the reference blocks. 

 In site category E, where amplification factors depend on equivalent shear-wave 
velocity and bedrock depth, results are clustered in each reference block. 
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Then, having observed that the collection of parameters pertaining each block is 
lognormally distributed, the procedure computes the correspondent coefficient of 
variation, according to (Eqt. 7-11). 
 

𝐶𝑉(%) = √𝑒𝜎ln𝐹𝑆𝐴 − 1 × 100 (Eqt. 7-11) 

Finally, the procedure evaluates the value of coefficient of variation for each site category, 
through an operation of mean among the values of the discrete elements falling inside it. 

This way of interpretation of data distribution is not rigorous, since the clustering into 
discrete blocks might cause the loss of some information about the actual distribution and 
its dependence with respect to 𝑣𝑆,𝐻 and 𝐻800. On the other side, the loss is not significant 
because the size of the blocks is quite small with respect to the domain and the variation 
of the parameters within each cluster is small. Moreover, this approximation is acceptable 
for the computation of first-order statistic moments such as mean and variance. 

7.4.2: Variability of the results in EC8-1 approach 

The second step evaluates the variability of the results of the analysis when clustered 
according to the site categorisation system defined by the current version of EC8-1 [20]. 

The rules for the definition of site categories are different from the ones proposed by the 
EC8-1 Draft, since classes B, C and D are defined for soil deposits deeper than 30 m, 
whereas class E corresponds to shallow deformable deposits. Therefore, the classification 
does not consider a group of shallow soil deposits, having bedrock depth ranging between 
20 m and 30 m. In order to avoid the removal of an excessive number of models, the 
present study reduces the lower bound of bedrock depth for classes B, C and D to 20 m, 
as shown by Figure 7-4. 

In this case, since the approach does not take into assume continuous dependence of 
amplification factors from equivalent shear-wave velocity and bedrock depth, the 
procedure computes the coefficient of variation from the collection of data pertaining to 
each site category in a direct way, without any discretisation of the reference domain. 
Regardless the different boundaries of site categories, the coefficients of variation should 
be larger or equal than the ones computed according to EC8-1 Draft, as computed 
assuming fixed mean and not from a mobile mean, which suits better the data. 
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Figure 7-4. Representation of standard site categorisation in the 𝑣𝑆,30-𝐻800 domain, according to the 
EC8-1 prescriptions. 

7.4.3: Comparison of dispersion parameters 

The comparison of dispersion parameters, with reference to the EC8-1 Draft and EC8-1 
classification systems, provides different results as function of the site category, as shown 
in Figure 7-5, Table 7-3 and Table 7-4. 

The comparison indicates a reduction of variability of the results in the scheme proposed 
by the EC8-1 Draft, from the general point of view. 
The variation is significant in site category C, with an average decrease of 5 units, but the 
reduction rises up to 20% of the value when seismicity is quite low. The reduction is large 
also in site category E, with a passage of average coefficient of variation from 15% to 
10%. On the opposite, the reduction is smaller in site category B. 
As regards site category D, the new subsoil classification allows a reduction of the degree 
of variability, even though the final value is still high. 
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Figure 7-5. Coefficients of variation with reference to the global spectral amplification, obtained 

according to the EC8-1 and EC8-1 Draft approaches. 

Table 7-3. Coefficients of variation with reference to the global spectral amplification, obtained with the 
EC8-1 classification scheme. 

Reference site Site category B C D E 𝐶𝑉̅̅ ̅̅  (%) per 
site 

Termeno sulla 
Strada del Vino 

CV (%) 17.4 16.7 22.3 13.7 18.0 

Godrano CV (%) 16.1 18.3 26.4 13.7 18.4 
Urbino CV (%) 15.6 20.1 29.5 16.2 19.6 
Atina CV (%) 16.2 22.2 28.4 16.3 20.7 
𝐶𝑉̅̅ ̅̅  (%) per category 16.4 19.0 25.5 14.5  
Global value of coefficient of variation 𝑪𝑽𝑬𝑪𝟖−𝟏̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ (%) 18.8 

 

Table 7-4. Coefficients of variation with reference to the global spectral amplification, obtained with the 
EC8-1 Draft classification scheme. 

Reference 
site 

Site 
category 

B C D E F 𝐶𝑉̅̅ ̅̅  (%) per 
site 

Termeno 
sulla Strada 
del Vino 

CV (%) 15.9 12.2 18.3 9.5 18.8 14.9 

Godrano CV (%) 15.3 13.1 22.1 9.8 19.5 16.0 
Urbino CV (%) 14.9 14.8 25.3 11.2 20.7 17.5 
Atina CV (%) 15.7 16.9 26.7 12.1 22.7 18.8 
𝐶𝑉̅̅ ̅̅  (%) per category 15.4 13.6 21.9 10.3 19.9  
Global value of coefficient of variation 𝑪𝑽𝑫𝒓𝒂𝒇𝒕̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (%)  16.3 
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Figure 7-6. EC8-1 Draft site categorisation system versus EC8-1 site categorisation system. 

Focusing on site category B, a possible reason of the reduction of variability might be the 
continuous parametrisation of the site amplification factors with respect to equivalent 
shear-wave velocity. Indeed, the response of the soil deposits falling in this site category 
is widely influenced by the impedance contrast and so by the shear wave velocity. This 
aspect may explain the reason for which the entity of the reduction does not depend on 
the intensity of the seismic action in a strong way. Larger seismicity, indeed, induces 
partial loss of the dependence of the results from equivalent shear-wave velocity, due to 
nonlinearity. 
Actually, this aspect does not produce significant reduction of the variability with respect 
to the EC8-1 approach, probably because the new scheme includes the contribution of 
stiff shallow soil deposits (Figure 7-6), which were disregarded in the old categorisation 
system. 

As regards site categories C and D, the significant reduction in their variability may be 
due to the different geometry of the regions pertaining to them in the 𝑣𝑆,𝐻-𝐻800 domain 
(or 𝑣𝑆,30-𝐻800 domain), as shown in Figure 7-6. In particular, the new approach deals with 
deep soil models in a different way, clustering them in site category F. Indeed, the 
correspondent degree of variability is quite high, with an average value of the coefficient 
of variation equal to 20%. 
Furthermore, in site category C, another aspect contributing in the reduction of variability 
is the adoption of the continuous parametrisation of site amplification factors with respect 
to equivalent shear-wave velocity, since the results show a dependence from this 
parameter, as highlighted in Figure 7-7. 
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In site category D, the results are slightly independent of equivalent shear-wave velocity. 
Therefore, the continuous parametrisation of amplification factors with respect to shear 
wave velocity is not effective and the value of the coefficient of variation is higher than 
in the other subsoil classes, when evaluated according to the EC8-1 Draft scheme. The 
variability may be related to other parameters significant for the behaviour of deformable 
soil models. For instance, soil models falling in site category D show large variability in 
the equivalent plasticity index (Figure 5-8) and this might be responsible of the dispersion 
of the results in this field. 
Furthermore, the value of the coefficient of variation computed in the EC8-1 scheme is 
very large, since the correspondent field of equivalent velocities ranges from 100 m/s to 
180 m/s (Figure 7-6) and includes ground models characterised by very high 
deformability, for which the analysis according to the equivalent linear approach is not 
recommended. As consequence, due to the procedure of filtering, this category involves 
a limited number of results, with respect to the other categories, and the dispersion tends 
to be larger. 

 
Figure 7-7. Evolution of global spectral amplification factor with equivalent shear-wave velocity in site 

categories B, C and D (reference site: Termeno sulla Strada del Vino). 

A large reduction of variability occurs also in site category E, where the average 
coefficient of variation passes from 15% to 10%. 
A reason of this reduction is the redistribution of the results in the reference domain due 
to the different way of computation of the equivalent shear-wave velocity. 
Then, the parametrisation of site amplification factors with respect to shear-wave velocity 
and bedrock depth is effective for this site category in reducing uncertainties. This aspect 
explains the dependence of the reduction in the coefficient of variation with respect to 
seismicity, due to nonlinear effects. 

As global result, the new approach proposed by the EC8-1 Draft reduces the overall 
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variability from 19% to 16%. 
In this sense, the approach seems to improve the management of the variability of the 
amplification factor, thanks to the new definition of the equivalent shear-wave velocity, 
the new standard site categories and the parametrisation of site amplification factors with 
respect to shear wave velocity and bedrock depth. Actually, the degree of accuracy for 
the computation of site amplification factors is not uniform. In particular, the approach is 
quite effective in presence of stiff soil deposits, where average shear-wave velocity plays 
a primary role, and for shallow deformable ones, whose behaviour mainly depends on 
shear wave velocity and bedrock depth. Then, the separation of between deep and 
intermediate deep deformable soil deposits entails a reduction of the variability in the 
latter case, whereas the parametrisation with respect to shear wave velocity is not useful 
for this purpose and it should refer to other properties.  
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7.5: Comparison of the amplification parameters 
The previous step analysed the variability of the results of ground response analyses 
within each site category, in order to assess the effectiveness of the parametrisation 
proposed for site amplification factors. The next passage focuses on the specific values 
of site amplification factors proposed by the EC8-1 Draft, performing a comparison 
between them and the ones derived from the results of ground response analyses. In this 
way, the present study evaluates the reliability of the site amplification factors introduced 
by the draft itself. 

The assessment of site amplification factors is a delicate operation, as it requires the 
definition of synthetic and reliable parameters descriptors of the amplification. 
On one side, the analysis refers to the zero-period and the intermediate period 
amplification factors. The first parameter, indeed, is useful to assess the reliability of the 
short period amplification factor for the computation of the peak ground acceleration, 
whereas the second one is linked with the intermediate site amplification factor. 
On the other side, the analysis does not refer only to punctual parameters, as affected by 
large variability, but also to integral parameters. The integral parameters, indeed, are more 
stable and fit well the global definition of the response spectrum. 
The study attempts also to take into account the period-dependence of the amplification, 
by “splitting” the integral parameter into values referred to different intervals of vibration 
periods. 
As consequence, the reference parameters adopted for this study are the following ones. 

 Zero-period amplification factor. 

 Intermediate period amplification factor. 

 Global spectral amplification factor. 

 Short period spectral amplification factor. 

 Intermediate period spectral amplification factor. 

 Long period spectral amplification factor. 

Due to the site-dependent and category-dependent definition of amplification factors, the 
check applies for each single site category inside each reference site. In particular, the 
analysis compares the data distribution inside each category with the trend defined 
according to the equations indicated by the EC8-1 Draft. 
The check takes place in a graphical form, inside the two-dimensional domain given by 
equivalent shear-wave velocity 𝑣𝑆,𝐻 and the amplification parameter for site categories B, 
C, D and F. In these categories, indeed, the only independent variable is shear-wave 
velocity. In order to facilitate the comparison, the representation involves the curves 
representing the mean value and the mean value plus or minus one standard deviation, 



   
111 
 

computed assuming lognormal distribution. Furthermore, since the amplification function 
is continuous in the passage from category B to C and C to D, these categories are 
aggregated into a unique plot. 
In site category E, the presence of two independent variables 𝑣𝑆,𝐻 and 𝐻800 forces to 
adopt a three-dimensional representation for the comparison, with the overlapping of the 
ideal surface proposed by the EC8-1 Draft and the surface corresponding to the mean 
value of the results. For the sake of simplicity, the plot does not include the extreme 
boundaries representing the data variability, in order to avoid difficulties in the 
visualisation. 
The results of this procedure are not reported in this study, but they are attached to it (from 
Appendix E to Appendix J). 

Coupled with this rigorous procedure of assessment, the study reports the results in a 
more synthetic and compact manner. 
This method consists of evaluating the frequency with which the formulation proposed 
by the EC8-1 Draft provides an overestimation of the amplification with respect to the 
distribution of the results of the analysis, giving a value on the safe side. The results in 
the following sections indicate it as “frequency of exceedance” and the higher is the value, 

the safer the estimate provided by the EC8-1 is. In particular, a frequency of 50% 
corresponds to a case where the theoretical curve derived from the proposed values is 
close to the mean of the distribution of the results. Larger frequencies, instead, correspond 
to cases where the theoretical curve lies in the upper portion of the distribution, giving an 
overestimation with respect to the mean value. 

The study evaluates also the reliability of the default values of the site amplification 
factors proposed by the EC8-1 Draft (Table 2-5). 
Since the default values are constant within each site category, the procedure of 
assessment is simpler. The method compares the distribution of amplification factor, 
derived from the results of ground response analyses, with the default value for each site 
category. The distribution is represented by the mean value and the interval defined by 
one standard deviation, computed clustering the data in each site category, without taking 
into account the specific role of equivalent shear-wave velocity or bedrock depth. 
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7.5.1: Comparison at short vibration periods 

The check starts from the comparison of the amplification factors conceived for the 
description of the response at short vibration periods, i.e. the zero-period amplification 
factor and the short period spectral amplification factor. In this way, the assessment of the 
reliability at short vibration periods of EC8-1 Draft’s indications is possible. 

The comparison between the distribution of the results and the proposed values is 
available in Appendix E. 
The use of the factor proposed by the EC8-1 Draft provides an underestimation with 
respect to the distribution of the values obtained through the ground response analyses. 
The difference is significant, since the estimated points lie below the standard deviation 
intervals of the results for a large number of cases, especially in the stiffest site categories 
under small seismic actions. As shown by Figure 7-8, only deformable models present a 
significant frequency of exceedance, reaching the 50% in site category D. 

A similar result is obtained with reference to the default value proposed by the EC8-1 
Draft, where there is a significant underestimation in presence of small seismic action 
(Figure 7-9). When seismic action increases, the value predicted according to EC8-1 Draft 
is closer to the mean value of the distribution of the results. This aspect is relevant in site 
categories representing deformable soil deposits (D, E and F), where the gradual lowering 
of the distribution of results – due to nonlinearity – determines a better adaption with 
respect to the predicted values. Similar situation occurs for site categories B and C, but 
the variation in the first case is less significant and the degree of underestimate is still 
high. 

As regards the short period spectral amplification factor, the situation is similar to what 
observed for the zero-period amplification factor, where the prediction provided by the 
EC8-1 Draft underestimates the distribution of the results. 
Actually, as shown in Figure 7-10, the comparison highlights a bigger number of cases 
where the estimate is larger than the mean value of the distribution of the results. In 
particular, even though site category B continues to present predominant underestimation, 
the other site categories assume higher frequencies of overestimation, especially when 
seismic action is larger. Indeed, the frequency ranges from 25% to 75% in high seismicity 
sites. 
More details about the comparison between the distribution of the results and the 
proposed values is available in Appendix F. 

This aspect is more evident in the comparison of the result distribution with respect to the 
default value introduced by the EC8-1 Draft. In all cases, indeed, the proposed value for 
site amplification factor at short periods lies within the boundaries of the distribution, 
defined by one standard deviation (Figure 7-11). 



   
113 
 

 
Figure 7-8. Frequency of situations where the prediction according to EC8-1 Draft provides a larger 

value of zero-period amplification factor with respect to the results. 

 
Figure 7-9. Comparison among the values of zero-period amplification factor derived from the results of 

the analysis and the default values of the EC8-1 Draft for the reference sites. 
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Figure 7-10. Frequency of situations where the prediction according to EC8-1 Draft provides a larger 

value of short period spectral amplification factor with respect to the results. 

 
Figure 7-11. Comparison among the values of short period spectral amplification factor derived from the 

results of the analysis and the default values of the EC8-1 Draft for the reference sites. 
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Figure 7-12 shows the distribution of the factors for stratigraphic amplification at short 
periods, with reference to site categories B, C and D in Termeno sulla Strada del Vino 
site. The integral factor tends to assume smaller values, especially in stiff soil deposits. 
As a consequence, the estimate according to EC8-1 Draft is still smaller than the mean 
value, but it falls within the standard deviation boundaries. 
The difference in the results of the check is not only an effect of the different nature of 
the involved parameters, i.e. punctual value versus integral parameter. The estimate of 
peak ground acceleration, indeed, is not reliable with equivalent linear analyses, since this 
value is the result of ground motion components at very high frequencies, whereas the 
analysis considers a frequency up to 15 Hz or 25 Hz (see 4.2.2). Therefore, the spectral 
factor is more reliable not only thanks to its integral nature, but also because its field of 
integration, ranging from 0.1 to 0.5 s, includes a portion of the adopted field of 
frequencies. 
As result, if the short period spectral amplification factor is assumed as reference, the 
EC8-1 Draft formulation provides an underestimation of the stratigraphic amplification 
with respect to the results of the analyses, but it lies within the boundaries of the 
distribution. 

 
Figure 7-12. Distribution of zero-period amplification factor and short period spectral amplification 

factor (reference site: Termeno sulla Strada del Vino; site categories B, C and D). 
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7.5.2: Comparison at intermediate vibration periods 

The evaluation of reliability of the EC8-1 Draft’s indications at intermediate vibration 
periods refers to the intermediate period amplification factor and to the long period 
spectral amplification factor. 

The comparison between the distribution of the results and the proposed values is 
available in Appendix G. 
Comparing the intermediate period soil amplification factor and the correspondent site 
amplification coefficient (Figure 7-14), the formulation proposed by the EC8-1 Draft 
provides a slightly larger estimate with respect to the mean value observed in the ground 
response analyses. In particular, the frequency of exceedance is much higher with respect 
to what observed at short vibration periods, especially in deformable soil deposits (site 
categories D, E and F), where the frequency of overestimation is larger than 70%. In this 
sense, the situation is specular with respect to the zero-period soil amplification factor. In 
the other site categories, the frequency is about 50%, meaning that the proposed value 
falls close to the mean value of the distribution, as shown by Figure 7-13. 

 
Figure 7-13. Distribution of intermediate period amplification factor (reference site: Godrano; site 

categories B, C and D). 

In a similar way, the comparison of the result distribution with respect to the default value 
introduced by the EC8-1 Draft shows that the latter provides an overestimation with 
respect to the results, regardless the site category and the seismic action (Figure 7-15). 
The gap is particularly large in site categories E and F, where the default value is twice 
the mean value of the analysis results. 
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Figure 7-14. Frequency of situations where the prediction according to EC8-1 Draft provides a larger 

value of intermediate period amplification factor with respect to the results. 

 
Figure 7-15. Comparison among the values of intermediate period soil amplification factor derived from 

the results of the analysis and the default values of the EC8-1 Draft for the reference sites. 
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The long period spectral amplification factor assumes a similar behaviour to the 
intermediate period soil amplification factor, since the range of periods for the integration 
is almost centred at 1 s. In particular, the EC8-1 Draft tends to provide an estimate close 
to the mean of the distribution of the results in this field, as the frequency of exceedance 
is about 50% (Figure 7-16). In case of deformable site categories, the frequency of is 
higher and reaches 80%. 
More details are available in Appendix H. 
A similar result is visible in the comparison with the default value proposed by the EC8-
1 Draft (Figure 7-17). 

 
Figure 7-16. Frequency of situations where the prediction according to EC8-1 Draft provides a larger 

value of long period spectral amplification factor with respect to the results. 
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Figure 7-17. Comparison among the values of long period spectral amplification factor derived from the 

results of the analysis and the default values of the EC8-1 Draft for the reference sites. 

Since the assessments conducted at short and long vibration periods led to such different 
results, the study also evaluates what happens in the transition field. For this purpose, the 
reference is the intermediate period spectral amplification factor, evaluated for vibration 
periods ranging from 0.4 s to 0.8 s. 
As expected, the prediction according to EC8-1 Draft estimates the value of amplification 
close to the mean of the results of the ground response analyses, since the frequency of 
exceedance is about 50% (Figure 7-18). Godrano site present smaller values of frequency 
of overestimation since the predicted value falls at the lower bound of the standard 
deviation interval. 
More details are available in Appendix I. 
The default values, instead, provide systematically a result on the safe side with respect 
to the distribution, as shown by Figure 7-19. 
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Figure 7-18. Frequency of situations where the prediction according to EC8-1 Draft provides a larger 

value of intermediate period spectral amplification factor with respect to the results. 

 
Figure 7-19. Comparison among the values of intermediate period spectral amplification factor derived 

from the results of the analysis and the default values of the EC8-1 Draft for the reference sites. 
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7.5.3: Global spectral amplification factor 

The analysis refers to the global spectral amplification factor, in order to obtain 
indications about the quality of the estimate according to the EC8-1 Draft’s provisions 
with respect of the experimental results, in average terms over a wide range of vibration 
periods. 

The comparison between the distribution of the results and the proposed values is 
available in Appendix J. 
Since the indications of the EC8-1 Draft tends to underestimate the results at short 
vibration periods and overestimate them at long vibration periods, the theoretical trend of 
global spectral amplification factor, computed according to the EC8-1 Draft, is quite well 
aligned to the mean of the distribution of the results of the analysis, as shown in Figure 
7-20. 

 
Figure 7-20. Distribution of global spectral amplification factor (reference site: Termeno sulla Strada del 

Vino; site categories B, C and D). 

As consequence, the frequency of exceedance mainly varies from 15% to 50%, which 
means that the predicted value is ranging from the mean to the lower bound of the standard 
deviation interval. The frequency is higher in case of site categories representing 
deformable soils subjected to high levels of seismicity (Figure 7-21). 
Focusing on the default value proposed by the EC8-1 Draft, it provides an estimate on the 
safe side of the results of the analysis, especially in case of deformable soils (Figure 7-22). 
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Figure 7-21. Frequency of situations where the prediction according to EC8-1 Draft provides a larger 

value of global spectral amplification factor with respect to the results. 

 
Figure 7-22. Comparison among the values of global spectral amplification factor derived from the 

results of the analysis and the default values proposed by the EC8-1 Draft for the reference sites. 
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Chapter 8: Conclusions 

The thesis is a study of the ground response in seismic conditions, aiming to assess the 
effectiveness and the reliability of the simplified approaches proposed by building codes, 
with particular reference to the Final Draft of revision of Eurocode 8. 

The first section evaluates the instrumental approach to site characterisation, which is a 
new methodology for subsoil classification based on the results of HVSR tests, alternative 
to the standard procedure. A comparative analysis of the two categorisation systems has 
been carried out, with reference to a number of sites selected from the Italian Strong 
Motion Network and the Swiss Strong Motion Network. 
The test showed a good degree of compatibility between the standard method and the 
instrumental procedure, especially in presence of stiff soil deposits. On the other side, the 
instrumental approach is less accurate for sites characterised by larger deformability. 
Furthermore, the new method conflicts with the standard one in presence of shallow soil 
deposits made with deformable materials. In order to solve this issue, the approach should 
take into account the restraint due to equivalent shear-wave velocity for the attribution of 
the site category A, instead of considering only the fundamental frequency, through the 
limitation of the range of possible velocities only to values larger than 250 m/s. 
Since the collection of data was limited and not equally representative of all site 
categories – the dataset was poor of elements falling in site categories A or D –, this result 
should be interpreted as a first stage assessment of the validity of the instrumental 
approach and a first reference for further improvements of this approach. 

The main corpus of this thesis consisted of an assessment of the simplified approach for 
the estimate of ground response in seismic conditions introduced by the Draft. 
For this purpose, the study performed ground response analyses adopting the equivalent 
linear method over a wide set of one-dimensional soil models, generated through a 
stochastic procedure from a sample of real deposits, taken from accredited databases or 
personal communications. The reference input motion consisted of a set of spectrum-
compatible and seismo-compatible acceleration time histories referred to a number of 
sites, each one representative of a specific level of seismic hazard. 
The interpretation of the results started with a preliminary step of filtering in order to 
remove unreliable data. This passage highlighted the potential unreliability of the 
simplified approach for deep soil deposits with deformable surficial layers, characterised 
by values of average shear-wave velocity ranging from 150 m/s to 200 m/s, since the 
equivalent linear analysis is unable to provide reliable results. This aspect becomes 
significant when the input motion is strong. In order to mitigate this problem, a possible 
solution would be the reduction of the field of application of the simplified approach, by 
shifting the lower limit to larger values of equivalent shear-wave velocity, e.g. at 200 m/s, 
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at least in high seismicity sites. 
The study then compared the classification scheme proposed by the Draft and the one 
prescribed by the current version of Eurocode 8, aiming at assessing  the effectiveness 
and the accuracy of the new approach in the estimate of site amplification factors. From 
the global point of view, the categorisation system proposed by the Draft reduces the 
overall variability from 19% to 15%. In this sense, the approach seems to improve the 
management of the variability of the amplification factor. One reason of this improvement 
is the different classification methodology, including a new definition of the equivalent 
shear-wave velocity – it does not simply refer to 30 m but takes into account bedrock 
depth – and the introduction of the new site category F, for deep and deformable soil 
deposits. Furthermore, the continuous parametrisation of site amplification factors with 
respect to shear wave velocity (and bedrock depth, for site category E) is useful in the 
reduction of uncertainties, since it takes into account the effect of impedance contrast in 
the ground response in seismic conditions. Actually, the approach is effective in presence 
of stiff soil deposits, where average shear-wave velocity plays a primary role, and for 
shallow deformable ones, whose behaviour mainly depends on shear wave velocity and 
bedrock depth. In case of deep deformable soil deposits, the proposed parametrisation is 
not useful in reducing uncertainties and it should refer to other properties, for instance the 
plasticity index. 
Finally, the study compared the distribution of the results of ground response analyses 
with the theoretical model proposed by the Draft, in order to assess the reliability of the 
predicted site amplification factors. The check evaluated either the continuous 
formulation of the factors with respect to equivalent shear-wave velocity (and bedrock 
depth, for site category E) or the default values, adopted in absence of specific 
information. The comparison showed that the proposed formulations for the amplification 
factors suit quite well the results with reference to a wide range of vibration periods. In 
this sense, the standard spectral shape introduced by the Draft is well aligned with the 
results of ground response analyses, from the global point of view. Actually, the predicted 
values of amplification factors tend to underestimate the results at short vibration periods, 
even though in high seismicity sites the proposed formulation fits better the distribution 
of the results. This aspect represents a limitation of the proposed amplification factors, 
since they underestimate the peak ground acceleration, thus providing an unsafe result for 
several applications geotechnical engineering. On the other side, the predicted values 
overestimate the long period contribution, especially when seismicity is low. 
Focusing on the default values, the comparison highlighted that they tend to provide an 
overestimation with respect to the effective distribution of the results. This aspect is a 
positive note for the new approach, since it provides an estimate on the safe side of 
seismic action, which is useful in absence of information and for preliminary assessments. 
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: Amplification factors according to EC8-1 
Draft 
A.1: Short period amplification factor 

A.1.1: Site categories B, C and D 

 
A.1.2: Site category E (low and very low seismicity) 
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A.1.3: Site category E (moderate seismicity) 

 
A.1.4: Site category E (high seismicity) 
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A.1.5: Site category F 
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A.2: Intermediate period amplification factor 

A.2.1: Site categories B, C and D 

 
A.2.2: Site category E (low and very low seismicity) 
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A.2.3: Site category E (moderate seismicity) 

 
A.2.4: Site category E (high seismicity) 
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A.2.5: Site category F 
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: Real soil deposits database 
B.1: Symbols and abbreviations 

B.1.1: Network code 
IT Italian Strong Motion Network (RAN) [74] 
CH CH Seismic Network [37] 
BA University of Basilicata (UNIBAS) Network 
4A Emersito Seismic Network for Site Effect Studies 

in L’Aquila Town (Central Italy) [75] 
E ENEA Network 

B.1.2: Testing procedure 
CH Cross-hole measurement 
DH Down-hole measurement 
A Array microtremor (AM) 
AS Seismic array 
A-SW Active Surface-wave method 
A-P-SW Active and Passive Surface-Wave method 
P-MASW Passive array measurement and Multichannel 

Analysis of Surface Waves 
MASW Multichannel Analysis of Surface Waves 
SASW FK Spectral Analysis of Surface Waves and FK 
REMI Refraction Microtremors test 
ESAC Extended Spatial AutoCorrelation method 
ESAC-FK FK and ESAC 
DC From dispersion curve 
DC-RE Inversion of dispersion curves with Rayleigh 

ellipticity 
I&N Invasive and non-invasive tests 

B.1.3: Reference 
ITACA Italian Accelerometric Archive [36] 
Minarelli Minarelli et al. [76] 
Comina Comina et al. [77] 
Foti Foti, Personal communication [40] 
AGI A.G.I. [78] 
Capilleri Capilleri, Personal communication [41] 
SISMOVALP European Interreg III project or Seismic hazard 

and alpine valley response analysis 
(SISMOVALP) [39] 

SGSS Servizio Geologico Sismico e dei Suoli (SGSS) of 
Emilia-Romagna Region [17] 

 
VEL Programma Valutazione degli Effetti Locali (VEL) 

of Toscana Region [15] 
SED Swiss Seismological Service (SED) ([14], [37]) 
SG Umbria Geological service of Umbria Region [18] 
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B.1.4: Notes 
NB Bedrock depth is not reached by investigations 
BG Bedrock depth is not reached by investigations but 

it is obtained from geological information 
NS Absence of evaluation of the quality of H/V peak 

according to SESAME criteria 
X Site not included in the sample for the construction 

of the 1-D ground models 
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B.2: Soil deposits database 
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: Application of the instrumental approach to 
clusters of sites of the same ground category 
C.1: Instrumental approach according to the Draft n.2 

C.1.1: Table with compatibility results 

Site number in 
the analysis 

Site number in 
the database 

Site (Station 
code or site 

name) 

Ground category 

Compatibility Standard 
approach 

(𝐻800, 𝑣𝑆,𝐻) 

Instrumental 
approach (𝑓0 , 

𝐴0) 
1 4 AVT A E Negative 
2 5 BRC A E Negative 
3 6 BRZ A E Negative 
4 18 SRT B E Negative 
5 19 BGN B E Negative 
6 22 CPS B E Negative 
7 23 CST B F Negative 
8 26 GSN B F Negative 
9 29 MAI C E Negative 
10 30 NAS F F Positive 
11 32 SPS E E Positive 
12 34 BTT2 Unclassified Unclassified - 
13 35 CLF Unclassified Unclassified - 
14 36 RTI F Unclassified Negative 
15 39 FVZ E E Positive 
16 44 BGI B B Positive 
17 50 MLC B E Negative 
18 53 MTL B F Negative 
19 62 PZS B B Positive 
20 63 RCC C F Negative 
21 70 TLM1 B E Negative 
22 72 TRL C E Negative 
23 73 VBM B Unclassified Negative 
24 74 VBV B E Negative 
25 75 AVZ F F Positive 
26 77 PGL C E Negative 
27 80 AQA B Unclassified Negative 
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Site number in 
the analysis 

Site number in 
the database 

Site (Station 
code or site 

name) 

Ground category 

Compatibility Standard 
approach 

(𝐻800, 𝑣𝑆,𝐻) 

Instrumental 
approach (𝑓0 , 

𝐴0) 
28 81 NCR E Unclassified Negative 
29 88 ARN E E Positive 
30 92 MRN F Unclassified Negative 

31 164 
Sant’Agostino 

– Zona 
Industriale 

F F Positive 

32 175 SARK E B Negative 
33 179 SEPFL D E Negative 
34 180 SINS F Unclassified Negative 
35 181 SIOM F F Positive 
36 182 SLOP F F Positive 
37 184 SLUW F Unclassified Negative 
38 185 SOLB F F Positive 
39 186 SRHH E B Negative 
40 187 SVIT E B Negative 
41 188 SYVP C Unclassified Negative 

42 191 
Foligno – 

Centro 
Commerciale 

E B Negative 

43 197 
Corciano – 

San Mariano 
E A Negative 

44 198 

Torgiano – 
Miralduolo 

Zona 
Industriale 

C F Negative 

45 202 PNT F Unclassified Negative 
46 203 SNN Unclassified B Positive 
47 206 AQV B E Negative 
48 209 BRN B E Negative 
49 219 PNR F F Positive 
50 221 PVS B B Positive 
51 230 CTL D D Positive 
52 234 GRM F Unclassified Negative 
53 239 NVL F F Positive 
54 240 PNN C E Negative 
55 249 BNV B B Positive 
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Site number in 
the analysis 

Site number in 
the database 

Site (Station 
code or site 

name) 

Site category 

Compatibility Standard 
approach 

(𝐻800, 𝑣𝑆,𝐻) 

Instrumental 
approach (𝑓0 , 

𝐴0) 
56 257 SSV C F Negative 
57 261 BOJ C F Negative 
58 263 BVG F F Positive 
59 264 BVN C E Negative 
60 268 GBP D F Negative 

C.1.2: Application of the instrumental approach to the elements of site category A 

 
C.1.3: Application of the instrumental approach to the elements of site category B 
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C.1.4: Application of the instrumental approach to the elements of site category C 

 
C.1.5: Application of the instrumental approach to the elements of site category D 
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C.1.6: Application of the instrumental approach to the elements of site category E 

 
C.1.7: Application of the instrumental approach to the elements of site category F 
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C.2: Instrumental approach according to the EC8-1 Draft 

C.2.1: Table with compatibility results 

Site number in 
the analysis 

Site number in 
the database 

Site (Station 
code or site 

name) 

Ground category 

Compatibility Standard 
approach 

(𝐻800, 𝑣𝑆,𝐻) 

Instrumental 
approach (𝑓0 , 

𝑣𝑆,𝐻) 
1 4 AVT A E Negative 
2 5 BRC A A Positive 
3 6 BRZ A E Negative 
4 18 SRT B B Positive 
5 19 BGN B B Positive 
6 22 CPS B B Positive 
7 23 CST B B Positive 
8 26 GSN B B Positive 
9 29 MAI C C Positive 
10 30 NAS F F Positive 
11 32 SPS E E Positive 
12 34 BTT2 Unclassified Unclassified - 
13 35 CLF Unclassified Unclassified - 
14 36 RTI F D Negative 
15 39 FVZ E E Positive 
16 44 BGI B B Positive 
17 50 MLC B B Positive 
18 53 MTL B B Positive 
19 62 PZS B B Positive 
20 63 RCC C F Negative 
21 70 TLM1 B B Positive 
22 72 TRL C C Positive 
23 73 VBM B B Positive 
24 74 VBV B B Positive 
25 75 AVZ F F Positive 
26 77 PGL C C Positive 
27 80 AQA B B Positive 
28 81 NCR E E Positive 
29 88 ARN E E Positive 
30 92 MRN F F Positive 
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Site number in 
the analysis 

Site number in 
the database 

Site (Station 
code or site 

name) 

Ground category 

Compatibility Standard 
approach 

(𝐻800, 𝑣𝑆,𝐻) 

Instrumental 
approach (𝑓0 , 

𝑣𝑆,𝐻) 

31 164 
Sant’Agostino 

– Zona 
Industriale 

F D Negative 

32 175 SARK E C Negative 
33 179 SEPFL D D Positive 
34 180 SINS F F Positive 
35 181 SIOM F F Positive 
36 182 SLOP F F Positive 
37 184 SLUW F D Negative 
38 185 SOLB F F Positive 
39 186 SRHH E E Positive 
40 187 SVIT E E Positive 
41 188 SYVP C F Negative 

42 191 
Foligno – 

Centro 
Commerciale 

E E Positive 

43 197 
Corciano – 

San Mariano 
E A Negative 

44 198 

Torgiano – 
Miralduolo 

Zona 
Industriale 

C F Negative 

45 202 PNT F F Positive 
46 203 SNN Unclassified Unclassified - 
47 206 AQV B B Positive 
48 209 BRN B B Positive 
49 219 PNR F F Positive 
50 221 PVS B B Positive 
51 230 CTL D D Positive 
52 234 GRM F F Positive 
53 239 NVL F F Positive 
54 240 PNN C E Negative 
55 249 BNV B B Positive 
56 257 SSV C F Negative 
57 261 BOJ C F Negative 
58 263 BVG F F Positive 
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Site number in 
the analysis 

Site number in 
the database 

Site (Station 
code or site 

name) 

Ground category 

Compatibility Standard 
approach 

(𝐻800, 𝑣𝑆,𝐻) 

Instrumental 
approach (𝑓0 , 

𝑣𝑆,𝐻) 
59 264 BVN C C Positive 
60 268 GBP D F Negative 

 
C.2.2: Application of the instrumental approach to the elements of site category A 

 
C.2.3: Application of the instrumental approach to the elements of site category B 
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C.2.4: Application of the instrumental approach to the elements of site category C 

 
C.2.5: Application of the instrumental approach to the elements of site category D 
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C.2.6: Application of the instrumental approach to the elements of site category E 

 
C.2.7: Application of the instrumental approach to the elements of site category F 
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: Results of spectrum-compatibility assessment 
D.1: Termeno sulla Strada del Vino 

 
D.2: Godrano 
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D.3: Urbino 

 
D.4: Atina 
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: Zero-period soil amplification factor 
E.1: Termeno sulla Strada del Vino 

E.1.1: Site categories B, C and D 

 
E.1.2: Site category E 
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E.1.3: Site category F 
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E.2: Godrano 

E.2.1: Site categories B, C and D 

 
E.2.2: Site category E 
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E.2.3: Site category F 
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E.3: Urbino 

E.3.1: Site categories B, C and D 

 
E.3.2: Site category E 
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E.3.3: Site category F 
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E.4: Atina 

E.4.1: Site categories B, C and D 

 
E.4.2: Site category E 
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E.4.3: Site category F 
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: Short period spectral amplification factor 
F.1: Termeno sulla Strada del Vino 

F.1.1: Site categories B, C and D 

 
F.1.2: Site category E 
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