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Summary
The present study aims at an evaluation of the simplified procedure for the prediction of stratigraphic amplification of the seis-

mic action in the new Italian building code (NTC18). For this purpose, a stochastic database of ground response analyses has been 
implemented, by performing equivalent linear analyses on a collection of one-dimensional ground models. The models are repre-
sentative of different subsoil conditions of engineering interest. The reference seismic input consists of collections of acceleration time 
histories, which are compatible with the seismological features of a number of sites with different seismic hazard. The results have 
been interpreted computing synthetic amplification parameters, allowing for the evaluation of the reliability of the subsoil classifica-
tion system. The study also assesses the effect of some specific features, such as stiffness inversions or soil type. The results show that 
code prescriptions provide a reasonable estimate of seismic amplification. However, the large variability indicates that the simplified 
approach should be used with caution, especially for critical facilities.

1. Introduction

Building codes require the compliance of struc-
tural elements with specific safety and functionality 
requirements in presence of seismic actions (e.g. EU-
ROPEAN COMMITTEE FOR STANDARDIZATION, 2004). The 
entity of the seismic action is directly related to the 
performances of the structure and its evaluation as-
sumes primary importance in designing the new 
structures and verifying the existing ones.

The seismic action depends on the tectonic, ge-
ological and morphological conditions of the site of 
interest. Its rigorous evaluation requires a detailed 
characterization of the geological and tectonic fea-
tures of the site and the employment of advanced 
and complex methodologies of analysis. This would 
entail the use of resources that are often not availa-
ble in ordinary activities or during the preliminary 
design stages. For this reason, several building codes 
introduce a simplified approach for the evaluation 
of the site effects, which scales the seismic action eva-
luated in a standard geological condition (typically, 
a flat rock-like outcropping formation) according to 
a number of amplification coefficients. The coeffi-
cients synthesize the phenomenon of seismic ampli-
fication and depend on the local geomorphological 
and geotechnical conditions.

The new Italian building code (Nuove Norme 
Tecniche per le Costruzioni, henceforth mentioned 
as NTC18) [MINISTERO DELLE INFRASTRUTTURE E DEI TRA-
SPORTI, 2018] proposes a classification system for the 
subsoil conditions, as function of the equivalent va-
lue of shear-wave velocity (VS,eq) and the bedrock 
depth. Therefore, the provision modifies the VS,30 
parameter (i.e. the harmonic mean of shear-wave ve-
locity of the column of soil down to 30 m depth), fir-
stly proposed by BORCHERDT [1994] and then adop-
ted as reference in several classification schemes 
(e.g. EUROPEAN COMMITTEE FOR STANDARDIZATION, 2004; 
FEMA, 2015; AMERICAN SOCIETY OF CIVIL ENGINEERS, 
2010; NEW ZEALAND STANDARD, 2004). Several studies 
highlighted the limits and the biases concerned to 
this parameter (e.g. GALLIPOLI et al., 2009; LEE et al., 
2010) and alternative schemes have been proposed 
for the estimate of the site effects (e.g. BOUCKOVALAS 
et al., 2006; PITILAKIS et al., 2013).

The aim of this study is the assessment of the re-
liability of the NTC18 simplified procedure for the si-
te effects, in terms of classification system and propo-
sed values   for the amplification coefficients. For this 
purpose, a stochastic database of numerical ground 
response analyses has been generated. The databa-
se consists in a collection of 3,202,500 analyses, per-
formed according to the equivalent linear scheme 
over a collection of 91,500 one-dimensional soil mo-
dels. The generation of the soil models employed a 
Monte Carlo method, where the statistical parame-
ters derive from the Toro model [TORO, 1995] or for-

* Department of Structural, Building and Geotechnical 
Engineering (DISEG), Politecnico di Torino, Italy



RIVISTA ITALIANA DI GEOTECNICA

6 AIMAR - CIANCIMINO - FOTI

mulations of literature, in order to obtain a collec-
tion of realistic models representing different sub-
soil conditions in the same measure. The seismic ac-
tion consists in a set of accelerograms compatible 
with the seismological conditions of a number of lo-
cations, representative of seismicity in the Italian ter-
ritory. Then, the clustering of the resulting amplifi-
cation factors allowed the evaluation of the degree 
of variability inside each subsoil category, in terms of 
coefficient of variation. Finally, the comparison with 
the proposed values allowed the assessment of the 
reliability of the code prescriptions.

The study also analyzes the effect of some speci-
fic features in soil models on the distribution of the 
stochastic database, as velocity inversions or plastici-
ty index, in order to evaluate their role in the classi-
fication system.

The study contributes to the evaluation of the 
new prescriptions for the estimate of the seismic ac-
tion, also providing new elements for the stochastic 
and the numerical analysis of soil amplification.

2. The new Italian building code

The standard simplified approach in the NTC18 
keeps the main features of the previous version 
[MINISTERO DELLE INFRASTRUTTURE E DEI TRASPORTI, 2018].

The code adopts the 5%-damped elastic response 
spectrum of horizontal acceleration Se(T) as standard 
representation of the seismic action, described accor-
ding to equations (1) ÷ (4) and shown in figure 1.

  (1)

  (2)

  (3)

  (4)

The term ag is the expected peak ground acce-
leration, S is a period-independent amplification co-
efficient, F0 is the ratio between the maximum spec-
tral ordinate and the zero-period ordinate, TB and 
TC are the limit periods defining the constant acce-
leration branch, TD is the period of transition from 
the constant velocity branch to the constant displa-
cement portion and η is a correction coefficient for 
structural viscous damping, equal to 1 in case of 
5%-damped response spectrum.

The NTC18 provides an estimate of the para-
meters ag, F0 and TC in a specific geomorphologi-
cal context – i.e. outcropping flat rock-like forma-
tion (in this condition, TC is indicated as TC*). In 
order to translate the seismic action to the local spe-
cific condition, it modifies the shape of the response 
spectrum through a couple of coefficients, S and CC, 
whose effect is shown in figure 1.

On one side, the period-independent amplifi-
cation coefficient S increases the ordinates of the 
response spectrum and it is the product between 
ST and SS. The first parameter represents the to-
pographic effect (which is disregarded in the pre-
sent study), whereas the latter synthesizes the stra-
tigraphic amplification and depends on geological 
conditions and seismicity.

On the other side, the coefficient CC increases 
the reference periods TB and TC with respect to the 
value computed in the reference geomorphologic 
condition. In this way, it modifies the shape of the re-
sponse spectrum, shifting it towards higher vibration 
periods. The coefficient depends on the geology and 
the seismicity.

Fig. 1 – Shape of the elastic response spectrum proposed by NTC18, with the effect of the amplification coefficients.
Fig. 1 – Forma dello spettro di risposta elastico proposto dalle NTC18, insieme all’effetto dei coefficienti di amplificazione.
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The description of the local site geology refers to 
a standard subsoil classification system, which iden-
tifies five subsoil categories (i.e. A, B, C, D, E), as 
shown in figure 2a. For each category, the code pro-
vides an equation for SS (Fig. 2b) and CC (Fig. 2c), 
depending on the seismicity level. In this way, it cap-
tures the nonlinear behavior of the soil, which is re-
sponsible of a lower amplification under strong sei-
smic actions. The main features of the subsoil cate-
gories and the values of the proposed amplification 
factors are equal to the elder version of the Italian 
building code [MINISTERO DELLE INFRASTRUTTURE E DEI 
TRASPORTI, 2008].

The only difference is the description of the soil 
stiffness in the classification system, which adopts 
the VS,eq, instead of the VS,30 parameter. The VS,eq 
is equal to the harmonic mean of the shear-wave ve-
locities in the soil column down to the seismic be-
drock, when its depth H is smaller than 30 m. Other-
wise, it is equal to VS,30. The new parameter is a valid 
proxy of the potential amplification at the site, since 
it removes the bias introduced by VS,30 in shallow soil 
deposits – the latter, indeed, would include bedrock 
velocity, resulting in a stiffer model than the reali-
ty. In this way, the subsoil classification system is mo-
re coherent with the actual behavior of soil deposits.

3.  Methodology

In order to assess the reliability of the simplified 
procedure proposed by the NTC18, the study com-

pares the code predictions with a stochastic database 
of ground response analyses. The database consists 
of the results of 3,202,500 numerical simulations of 
seismic ground response.

The analyses have been carried out on a collec-
tion of 91,500 one-dimensional subsoil models. The 
one-dimensional geometry of the problem simula-
tes the vertical propagation of horizontally polari-
zed waves in a layered ground, where the layer in-
terfaces are horizontal. This scheme, indeed, is sim-
ple and reflects a large number of geological condi-
tions. Furthermore, the propagation model finds its 
justification in the Snell’s refraction law, which typi-
cally defines a pseudo-vertical propagation direction 
of the seismic waves in the surface layers. The soil 
models have been generated through a Monte-Carlo 
procedure, starting from a collection of real strati-
graphic profiles, with the aim of obtaining a set of re-
alistic models representative of different conditions 
of engineering interest.

The description of the soil behavior in dynamic 
conditions refers to the equivalent linear viscous-ela-
stic model [IDRISS et al., 1968]. This scheme assumes a 
linear description of the ground response, according 
to operative values of the viscous-elastic parameters 
compatible with the strain level. The adoption of an 
equivalent linear approach rather than a nonlinear 
one finds its justification in the implementation sim-
plicity, in the limited computational effort and in the 
limited role of epistemic uncertainties, which beco-
me relevant in the nonlinear method [RÉGNIER et al., 
2016]. On the other side, the equivalent linear me-

Fig. 2 – a) NTC18 subsoil classification system; b-c) Variation of the amplification coefficients with respect to subsoil catego-
ries and seismic hazard parameters: b) SS; c) CC.
Fig. 2 – a) Sistema di classificazione del sottosuolo delle NTC18; b-c) Variazione dei coefficienti di amplificazione rispetto alle categorie di 
sottosuolo e ai parametri di pericolosità sismica: b) SS; c) CC.

a) b)

c)



RIVISTA ITALIANA DI GEOTECNICA

8 AIMAR - CIANCIMINO - FOTI

thod is reliable only for small strain levels (e.g. MATA-
SOVIC et al. 2012; KAKLAMANOS et al., 2013).

The input seismic action is a collection of acce-
leration time histories, representative of different le-
vels of seismicity in the Italian territory and the com-
putation has been performed with the SHAKE91 co-
de [SUN et al., 1992], assigning the records as outcrop 
motions.

The comparison between the results of the sto-
chastic database and the code prescriptions takes 
place with reference to some synthetic parameters, 
which are conceived to describe different aspects of 
the stratigraphic amplification. This strategy allowed 
to check the reliability of the code prescriptions and 
to assess some critical elements as the effect of va-
riability, the role of velocity inversions and other ge-
otechnical parameters (e.g. plasticity index) on the 
seismic response of the site.

The following sections report the details about the 
method implemented for the generation of the data-
base of the one-dimensional ground models and the 
criteria adopted in the selection of the seismic input.

3.1. Generation of the ground models

The procedure implemented for the generation 
of the one-dimensional ground models consists in 
a Monte-Carlo simulation, which randomizes a col-

lection of real stratigraphic profiles. In this opera-
tion, the geotechnical parameters of interest are ran-
domly generated from statistical distributions in a 
coherent way.

Data on real soil deposits derive from accredi-
ted databases: ITACA [LUZI et al., 2017]; SED [SWISS 
SEISMOLOGICAL SERVICE (SED) at ETH ZURICH, 2015]; 
SISMOVALP project [EUROPEAN INTERREG III, 2006]; 
geological databases of Tuscany [REGIONE TOSCANA, 
2015], Emilia Romagna [REGIONE EMILIA ROMAGNA, 
2015] and Umbria Region [REGIONE UMBRIA, 2015]. 
Furthermore, the collection includes a number of si-
tes object of investigation in specific studies [CAPIL-
LERI et al. 2009; COMINA et al. 2011; MINARELLI et al. 
2016]. The collection of real soil models consists of 
252 items (Fig. 3a), which include also additional ge-
ological and geotechnical information.

The first stage of the generation of the synthetic 
ground models was the extraction of the shear-wave 
velocity (VS) profiles with respect to depth, by me-
ans of a Monte-Carlo simulation. The adopted pro-
cedure represents an upgrade of the typical approa-
ches used in the VS randomization (e.g. KOTTKE et al., 
2009). The extraction of layer thicknesses refers to a 
Poisson distribution, whose parameters are compu-
ted from each real soil profile [TEAGUE et al., 2016]. 
As for the generation of VS values, the procedure ex-
tracts a distribution of cumulated travel-times from 
a lognormal distribution, whose parameters derive 

Fig. 3 – a) Distribution of the real soil deposits in the VS,eq-H domain; b) Scheme adopted for the selection of the generated 
models, with the maximum number of elements per blocks. The dashed area indicates the zone of models not included in 
the database.
Fig. 3 – a) Distribuzione dei depositi reali di terreno nel dominio VS,eq-H; b) Schema impiegato per la selezione dei modelli generati, con 
numero massimo di elementi per blocco. L’area tratteggiata indica la zona dei modelli non inclusi nel database.

a) b)
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from the ones suggested by TORO [1995], and then it 
computes the velocities. This solution allows the cre-
ation of models consistent with the base-case. Details 
about the procedure are described in PASSERI et al. 
[2018] and PASSERI [2019].

The next step is the selection of one-dimensio-
nal ground models among the ones generated in the 
first step, with reference to the subsoil categories in-
troduced in the NTC18. The selection followed two 
criteria: on one side, the same number of models is 
assigned to each subsoil category; on the other side, 
the procedure aims at a homogeneous distribution 
of the models in each category. The first restraint en-
sures an equal degree of representativeness of each 
subsoil category in the analysis, whereas the second 
one guarantees a regular distribution of the models 
in each category and allows the presence of various 
site conditions with equal weight in the database. In 
order to understand the procedure, its description 
refers to the representation in the VS,eq-H domain, 
where a VS profile corresponds to a point. The pro-
cedure discretizes each region corresponding to a 
subsoil category into a system of 100 blocks of equal 
size (Fig. 3b). A maximum number of 200 models 
is assigned to each block. In the blocks belonging 
to the upper triangular portion of the region that 
represents the category B, the limit number is re-
duced to 20. This portion, indeed, is representative 
of deep soil deposits, which are rigid in the superfi-
cial layers (e.g. deep stratifications of altered rock). 

This situation is quite infrequent and its rarity ju-
stifies the choice of giving less weight to this area. 
Furthermore, the limit number in the blocks per-
taining to subsoil category A is zero. The database, 
indeed, does not include this kind of models since 
the NTC18 does not assume stratigraphic amplifica-
tion for them.

The selection does not consider models with be-
drock depth larger than 200 m or very deformable 
ones (i.e. with VS,eq smaller than 150 m/s), since the 
equivalent linear approach does not provide reliable 
results for such subsoil conditions.

The selection procedure improves the common 
approach of a simple randomization of standard sub-
soil profiles and generates a homogeneous distribu-
tion of models according to the subsoil categories. 
Furthermore, an adequate number of models is in-
cluded in order to ensure a statistical significance of 
the results.

Finally, other material parameters for the ground 
response analyses (the unit weight, γ, the plasticity 
index, PI, the over-consolidation ratio, OCR, the la-
teral pressure coefficient at rest, K0, and the groun-
dwater depth) are assigned to each ground model.

This operation requires the definition of the 
type of material to each layer of the model, as neces-
sary for the evaluation of the parameters and the mo-
dulus-reduction and damping (MRD) curves.

The considered materials in the database are 
clays, sands, gravels and rock and they are derived 

Fig. 4 – a) Position of the reference sites in the Italian seismic hazard map; b) Elastic response spectra for the seismic inputs 
selected for San Severo site.
Fig. 4 – a) Posizione dei siti di riferimento all’interno della mappa della pericolosità sismica in Italia; b) Spettri di risposta elastica relativi 
agli input sismici selezionati per il sito di San Severo.

a) b)
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from the stratigraphy of the real soil deposit, when 
available. Otherwise, the soil type is defined for each 
layer from the value of VS and depth z, through the 
OHTA and GOTO’s empirical formula [1978], in equa-
tion (5). This relation provides an index F directly 
related to the soil type and indicates whether a layer 
is clayey, sandy or gravelly: when the index is smal-
ler than 1.260, the soil type is a clay; when it is lar-
ger than 1.530, the material is a gravel; otherwise, it 
is a sand.

  (5)

The adopted MRD curves derive from the fol-
lowing literature models: DARENDELI [2001] model 
for sandy and clayey layers; ROLLINS et al. [1998] 
model for gravels; Idriss and Sun model [SUN et al., 
1992] for weathered rocks.

The remaining material parameters are assigned 
to each soil profile according to the assumed distri-
butions listed in table I and proposed by PETTITI et al. 
[2013] and CIANCIMINO et al. [2018]. The over-con-
solidation ratio and the lateral pressure coefficient 
have not been computed for gravelly and rock layers 
since they were not required in the nonlinear curves 
definition.

3.2. Selection of the seismic inputs

The seismic action consists of a collection of ac-
celeration time histories, selected to cover the range 
of seismicity of the Italian territory.

The site-dependence of the proposed strati-
graphic amplification factors does not allow the sim-
ple selection of a collection of records with different 
levels of intensity, since the comparison of the re-
sponse with the provision’s values would not be pos-
sible. Similarly to ANDREOTTI et al. [2018], the adop-
ted approach refers to a number of sites represen-
tative of the national seismicity background and se-
lects a number of accelerograms compatible with 
their seismological features. The analyses are perfor-
med for each input motion and the results are mer-
ged together through an operation of logarithmic 
mean, to obtain a representative response for each 
reference site.

Therefore, the definition of the seismic input re-
fers to a collection of 5 sites having a different le-
vel of seismicity, expressed in terms of expected pe-
ak ground acceleration, ag. Table II shows the geo-
graphical coordinates and the seismic hazard para-
meters of each reference site, evaluated for the stan-
dard period of return of 475 years [MINISTERO DEL-

Fig. 5 – a) Distribution of the removed models  in the VS,eq-H domain; b) Distribution of the considered models in the 
VS,eq-H domain. The results are referred to Atina site (ag = 2.55 m/s2). The dashed area indicates the zone of models not 
included in the database, whereas the numbers in the boxes in b) indicate the maximum number of models considered 
for each block in the resampling procedure.
Fig. 5 – a) Distribuzione dei modelli rimossi nel dominio VS,eq-H; b) Distribuzione dei modelli considerati nel dominio VS,eq-H. I risultati si 
riferiscono al sito di Atina (ag = 2.55 m/s2). L’area tratteggiata indica la zona dei modelli non inclusi nel database, mentre i numeri in b) 
indicano il massimo numero di modelli considerati per ogni blocco nella procedura di ricampionamento.

a) b)
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LE INFRASTRUTTURE E DEI TRASPORTI, 2018]. Figure 4a 
shows that the reference sites are representative of 
the levels of the seismic hazard in Italy.

For each site, 7 natural accelerograms ha-
ve been selected from national and international 
ground motion databases: ITACA [LUZI et al., 2017]; 
ESM [LUZI et al., 2016]; ESD [AMBRASEYS et al., 2002];  
NGA-West2 [ANCHETA et al., 2013]. The input mo-
tions are recorded in flat rock-like outcropping con-
ditions and comply with the criteria of seismological 
compatibility, i.e. imposing similar magnitude, epi-
central distance and fault mechanisms to the target 
values, as suggested by STEWART et al. [2014]. Infor-
mation about seismology of each site is taken from 

the probabilistic seismic hazard study performed 
by the INGV in the Italian territory [SPALLAROSSA et 
al., 2007]. Then, the spectral compatibility check 
with the reference elastic spectrum has been per-
formed in the range of periods between 0.02 s and 
2 s, with the help of the software Inspector [ACUN-
ZO et al., 2014]. The NTC18 provides prescriptions 
for the spectral compatibility, requiring that the ra-
tio between the average 5%-damped response spec-
trum and the target one should fall in the range 
from 0.9 to 1.3. For instance, figure 4b reports the 
acceleration response spectra for one of the 5 refe-
rence sites. The list of the selected input motions is 
reported in Appendix.

Site Latitude Longitude ag (m/s2) F0 (-) TC
* (s)

1 Termeno S.V. 46°.36 N 11°.24 E 0.540 2.611 0.343

2 Godrano 37°.83 N 13°.42 E 1.159 2.487 0.323

3 Urbino 43°.68 N 12°.59 E 1.739 2.445 0.327

4 San Severo 41°.72 N 15°.43 E 2.073 2.455 0.334

5 Atina 41°.63 N 13°.75 E 2.545 2.343 0.340

Tab. I – Main assumptions adopted in the computation of the geotechnical parameters.
Tab. I – Principali assunzioni impiegate nel calcolo dei parametri geotecnici.

Symbols: K0,NC: at-rest lateral pressure coefficient of normally-consolidated soil; α: exponent for the over-consolidation con-
tribution; φ’: friction angle, assumed equal to 33°; n: soil porosity; σn: standard deviation of soil porosity; γs: unit weight of the 
solid component, assumed equal to 26.5 kN/m3; γw: unit weight of the water, assumed equal to 10 kN/m3.
Notes: 1: [MASSARSCH, 1979]; 2: [LADD et al., 1977]; 3: [JÀKY, 1944]; 4: [BIOT, 1962]; 5: [HUNTER, 2003].

Parameter Material

Clay (F < 1.260) Sand (F = 1.260÷1.530) Gravel (F > 1.530) Rock

Plasticity index PI

Random extraction 

among 30%, 50%, 75% 

and 100%

Random extraction betwe-

en 0% and 15%
0% 0%

Over-Consolidation 

Ratio OCR

- VS < 250 m/s: OCR = 1

- VS = 250÷600 m/s:

   OCR = 4

- VS > 600 m/s: OCR = 16

OCR = 1 Not required Not required

At-rest lateral 

pressure coefficient 

K0

K0 = K0,NCOCRα

K0,NC = 0.43+0.0042×PI (1)

- PI ≥ 30: α = 0.32 (2)

K0 = 1 – sinφ’

φ’ = 33° (3)
Not required Not required

Unit weight γ

γ = nγs + (1-n)γw (4)

n = 1.396 – 0.160 × lnVS 

(2σn = ±0.13) (5)

γs = 26.5 kN/m3

γw = 10 kN/m3

γ = nγs + (1-n)γw (4)

n = 1.396 – 0.160 × lnVS 

(2σn = ±0.13) (5)

γs = 26.5 kN/m3

γw = 10 kN/m3

γ = nγs + (1-n)γw (4)

n = 1.396 – 0.160 × lnVS 

(2σn = ±0.13) (5)

γs = 26.5 kN/m3

γw = 10 kN/m3

γ = 22 kN/m3

Ground water 

depth

Random extraction from 

uniform distribution

Random extraction from 

uniform distribution

Random extraction from 

uniform distribution

Random extraction from 

uniform distribution

Tab. II – Geographical position and seismic hazard parameters of the reference sites.
Tab. II – Posizione geografica e parametri di pericolosità sismica dei siti di riferimento.
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4. Results

The results of the ground response analyses ha-
ve been preliminarily filtered, removing unreliable 
analyses.

In particular, the analyses for which the model 
locally undergoes an excessive strain level have be-
en removed, to comply with the limitations of the 
equivalent-linear scheme.  The adopted limit strain 
is the one proposed by MATASOVIC et al. [2012], equal 
to 1%.

Moreover, the numerical method implemented 
in the SHAKE91 code does not introduce a toleran-
ce in the iterative procedure for the computation of 
the strain-compatible values and it stops at a fixed 
number of iterations [SUN et al., 1992]. Therefore, 
the filtering check also removes the analyses not at 
convergence, i.e. the ones where the iteration error 
is larger than 5%.

The filtering procedure led to the removal of a 
number of models, mainly located in the left portion 
of the reference VS,eq-H domain (i.e. D and E sub-
soil categories), as shown in figure 5a. In particular, 
the removal mainly affects deep deformable models. 
The number is larger when seismic action is high, 
since nonlinear effects become significant and the 
equivalent linear approach is less reliable.

Since the filtering operation mainly removes the 
deformable models with respect to the rigid ones, 
the distribution of the remaining elements is not ho-
mogeneous and stiff models compose a large part 
of the resulting collection. In order to balance the 
components of the population, the remaining mo-
dels have been resampled with respect to the subsoil 
categories. The procedure is the same implemented 
for the generation of the soil profiles database, but 
the limit number of elements is adapted to the quan-
tity of remaining models . This passage restores a go-
od level of homogeneity in each site category (Fig. 
5b) and representativeness of the different subsoil 
classes, with few exceptions in the most deformable 
categories, as shown in table III. The population of 
the remaining elements is still adequate for statisti-
cal purposes. Indeed, in the worst case, i.e. Atina site 
(ag = 2.545 m/s2), there are 4,165 models in subsoil 
category B, 6,722 in C, 1,031 in D and 5,366 in E.

4.1. Amplification parameters

The description of the stratigraphic amplifica-
tion in the results of the ground response analyses 
refers to a number of synthetic parameters, already 
adopted in other studies [CIANCIMINO et al., 2018; AI-
MAR et al., 2018]. They allow for a meaningful compa-
rison between the amplification resulting from the 

Reference site (ag) B C D E

Termeno S.V. 
(0.54 m/s2)

10,114 17,000 4,931 12,730

Godrano 
(1.16 m/s2)

7,735 13,000 3,383 9,985

Urbino 
(1.74 m/s2)

5,950 10,000 2,478 7,673

San Severo 
(2.07 m/s2)

5,355 8,828 1,929 6,845

Atina 
(2.55 m/s2)

4,165 6,722 1,031 5,366

Tab. III – Number of considered models per site category, 
for the different reference sites.
Tab. III – Numero di modelli considerati per categoria di sito, per 
i diversi siti di riferimento.

Fig. 6 – Probability plot for SA, referred to the Urbino site (ag = 1.74 m/s2): a) site category B; b) site category E.
Fig. 6 – Carta probabilistica per SA, con riferimento al sito di Urbino (ag = 1.74 m/s2): a) categoria di sito B; b) categoria di sito E.

a) b)
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stochastic database and the predicted value accor-
ding to the code prescriptions.

The first parameter is the spectral amplification 
factor at the zero period FT=0 s, which is equal to the 
ratio between the peak ground acceleration on the 
surface, PGAs, and the input peak ground accelera-
tion, PGAi.

  (6)

This factor allows the assessment of the reliabi-
lity of the standard approaches for the estimate of 
the expected peak ground acceleration. Moreover, 
it corresponds to the ratio of spectral ordinates and 
so it is equivalent to the  SS amplification coefficient.

The study also considers the global spectral am-
plification factor SA, defined according to the inte-
gral formulation proposed by REY et al. [2002] for the 
evaluation of the stratigraphic amplification factors 

for the current European building code. The factor 
is the ratio between the spectral intensities evaluated 
at the surface of the deposit and at the outcropping 
bedrock:

  (7)

where the spectral intensity I is computed as the inte-
gral of Se(T) in the interval of periods between 0.05 
s and 2.5 s.

  (8)

This parameter represents the overall variation 
of the response spectrum in shape and amplitude. 
Moreover, since it is computed over a wide range of 
vibrations periods of engineering interest, it allows 
the evaluation of the reliability of the NTC18 pre-
scriptions for structural applications.

Fig. 7 – Synthetic comparison between the distribution of the results and the proposed amplification coefficients, with refe-
rence to the synthetic parameters: a) FT=0 s; b) SA; c) SR.
Fig. 7 – Confronto sintetico tra la distribuzione dei risultati e i coefficienti di amplificazione proposti, con riferimento ai parametri sinte-
tici: a) FT=0 s; b) SA; c) SR.

a)

b)

c)
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The last parameter is the shape ratio SR, defined 
as the ratio between the above parameters.

  (9)

This parameter normalizes the spectral amplifica-
tion with respect to the increase in the ordinate at ze-
ro vibration period and quantifies the variation of the 
shape of the response spectrum in the amplification 
phenomenon. Hence, it quantifies the translation of 
the response spectrum towards higher vibration pe-
riods with respect to the input one [REY et al., 2002].

At this point, an issue must be clarified. The 
NTC18 prescriptions provide the same amplification 
parameters both for the spectral accelerations and 

for the spectral displacements. However, it must be 
pointed out that the present study focuses only on 
the effects of the stratigraphic amplification on the 
spectral accelerations. The results cannot, then, be 
analyzed in terms of spectral displacements.

4.2. Dispersion of the results

The study firstly evaluates the variability of the 
results within each subsoil category, which repre-
sents a valid criterion to judge the effectiveness of 
the classification system. A good classification system 
should be able to cluster different soil conditions in 
homogeneous groups, each one characterized by si-

Fig. 9 – Effect of the plasticity index on the SA distribution, with reference to Godrano and San Severo sites.
Fig. 9 – Effetto dell’indice di plasticità sulla distribuzione di SA, con riferimento ai siti di Godrano e San Severo.

Fig. 8 – Effect of velocity inversions on SA distribution, with reference to Godrano and San Severo sites.
Fig. 8 – Effetto delle inversioni di velocità sulla distribuzione di SA, con riferimento ai siti di Godrano e San Severo.
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milar features in the response. This requirement im-
plies the necessity of a small degree of dispersion of 
the results within each subsoil category.

This variability is quantified with the coefficient 
of variation, CV, defined as the ratio between the 
standard deviation and the mean value of the data. 
This analysis is reported only for the SA factor, since 
it synthetizes the variations of the response spectrum 
at different spectral periods and, thanks to its inte-

gral nature, it is a stable parameter. From a statistical 
point of view, the evaluation assumes that the results 
follow a lognormal distribution, in consistency with 
previous studies (e.g. STEWART et al., 2014). Indeed,  
figure 6 shows that the distribution of the SA data – 
referred to two site categories for the Urbino site – is 
lognormal, unless some deviation at the tails, similar 
to what observed by LI et al. [2010].

As shown in table IV, the coefficient of variation 
ranges from 15% to 20% in stiff soil models and in 
subsoil category E, whereas it rises up to 25÷30% in 
deep deformable models. Focusing on the role of sei-
smicity, the mean coefficient of variation per site, – 
computed as an average value of the ones obtained 
for each site category – slightly increases when seismic 
action is stronger. However, when seismicity is very hi-
gh, the degree of dispersion is somewhat biased due 
to the reduction of reliable results. The filtering ope-
ration, indeed, retains a limited number of elements 
having similar response, implying less dispersion.

Notwithstanding this underestimation, the varia-
bility is still very high for subsoil category D in each 
reference site.

4.3. Reliability of the simplified procedure

Figure 7 compares the distribution of the results 
with the values obtained according to the code pre-

Fig. 10 – a-b) Superimposition of the simulation results with the theoretical trend, referred to Urbino site (ag = 1.74 m/s2): 
a) subsoil categories B, C, D; b) subsoil category E; c) Example of two ground models showing different response, with the 
equivalent PI reported in brackets.
Fig. 10 – a-b) Sovrapposizione dei risultati delle analisi numeriche con l’andamento teorico, con riferimento al sito di Urbino (ag = 1.74 
m/s2): a) categorie di sottosuolo B, C, D; b) categoria di sottosuolo E; c) Esempio di due modelli di sottosuolo aventi differente risposta, 
con l’indice di plasticità equivalente riportato fra parentesi.

Reference site 
(ag)

B C D E
(%) per 

site

Termeno S.V. 
(0.54 m/s2)

20.7 18.3 21.6 17.5 19.5

Godrano 
(1.16 m/s2)

19.6 18.8 25.6 15.8 19.9

Urbino 
(1.74 m/s2)

18.7 20.7 28.3 15.6 20.8

San Severo 
(2.07 m/s2)

18.3 20.6 29.0 13.4 20.3

Atina 
(2.55 m/s2)

18.3 21.3 26.7 13.8 20.0

(%) per category 19.1 19.9 26.2 15.2

Tab. IV – Coefficient of variation (CV) for each subsoil ca-
tegory in each reference site.
Tab. IV – Coefficiente di variazione (CV) per ogni categoria di 
sottosuolo in ciascun sito di riferimento.

a)

b)

c)
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scriptions, for each subsoil category, and different 
amplification parameters.

As shown in figure 7a, the formulations propo-
sed by the NTC18 underestimate the peak accelera-
tion amplification FT=0 s with respect to the obtained 
results in stiff soil models (category B) and in shal-
low deformable deposits (category E), since the pre-
dicted value falls close to the lower bound of the in-
terval. In deep deformable models (category D), the 
standard value is on the safe side. As for subsoil ca-
tegory C, the code prescriptions gradually provide 
safer estimates with respect to the simulation results 
when seismic action is increased.

The situation is different when the comparison 
refers to the whole response spectrum. Indeed, the 
predicted values of SA are quite in line with the ave-
rage of the results in the case of stiff soil deposits (ca-
tegories B and C) and low seismicity, whereas they 
provide larger estimates when the seismicity is high 
(Fig. 7b). The code prescriptions overestimate the 
seismic amplification in the categories D and E, with 
a larger difference in the first one.

Finally, the SR is characterized by a systematic 
overestimation of the code prescription with respect 
to the results of the simulations (Fig. 7c). Regardless 
the type of soil deposit or the level of seismicity, in-
deed, the predicted value lies in the upper portion 
of the interval defined by one standard deviation, 
even falling outside it in subsoil categories B and E. 
This result is a consequence of the trends observed 
for FT=0 s and SA. The SR, indeed, is the multiplying 
factor allowing the passage from the peak accelera-
tion amplification to the spectral amplification. Sin-
ce the NTC18 prescriptions tend to underestimate 
the first parameter and to provide a good estimate of 
the second, necessarily the SR should be overestima-
ted by the code.

4.4. Effect of velocity inversions

The NTC18 prescribes specific requirements re-
garding velocity inversions. In particular, a necessa-
ry condition for the site classification is the presen-
ce of a constant improvement of mechanical proper-
ties with depth. Therefore, in principle, the simpli-
fied approach cannot be adopted and specific site 
response analyses are necessary for sites in which soft 
layers underlain stiff ones.

In this study, the construction of the ground re-
sponse database did not consider this constraint and 
the results include either elements satisfying it or 
theoretically unacceptable models. On the other si-
de, some studies (e.g. CIANCIMINO et al., 2018) have 
shown that velocity inversions play a secondary ro-
le in the global distribution of amplification factors.

The effect of velocity inversions on seismic am-
plification has been assessed by comparing the distri-

bution of the results pertaining to the models with 
increasing stiffness and the one deriving from the 
models that show significant velocity inversions, i.e. 
with differences larger than 10%. The assessment 
has been performed with reference to the SA fac-
tor. Figure 8 shows the comparison for a low seismi-
city site (Godrano) and a high seismicity site (San 
Severo). Despite some small differences, the distri-
butions overlap and also the degree of dispersion is 
the same. Furthermore, the performance of the co-
de prescription is not sensitive to velocity inversions, 
independently of the type of deposit and the level of 
seismicity.

4.5. Effect of plasticity index

The subsoil classification system proposed in the 
NTC18 only considers the depth and the stiffness of 
the soil deposit, disregarding other features which 
play a role in the ground response analyses. A rele-
vant aspect is the main soil type present in the depo-
sit, described in a synthetic way through the plasticity 
index PI. The PI, indeed, influences the soil behavior 
in dynamic conditions: if it increases, the material 
will show a linear behavior up to large strains and, 
therefore, the reduction in stiffness with respect to 
the elastic condition is not significant and the ener-
gy dissipation is small. This implies a larger ampli-
fication of the seismic action [VUCETIC et al., 1991].

This study adopts an approach similar to the one 
proposed in CIANCIMINO et al. [2018] to assess the ef-
fect of the PI on seismic amplification. The results of 
the analyses have been clustered into three families, 
depending on the value of an equivalent plasticity 
parameter relative to the soil model: low plasticity 
(PI < 20), medium plasticity (PI = 20 ÷ 60) and high 
plasticity (PI > 60). The reference parameter is an in-
dex of equivalent plasticity PIH, evaluated through a 
weighted average with respect to the travel time ti of 
the shear waves inside each soil layer, with reference 
to the column of soil down to the bedrock, as shown 
in equation (10)

  (10)

where PIi is the plasticity index of the i-th layer. The 
travel time ti is equal to the ratio between the layer 
thickness Hi and the shear wave velocity VS,i, as indi-
cated in equation (11)

  (11)

Figure 9 shows the effect of the PI on the distribu-
tion of the SA factor in a site with low seismicity (Go-
drano) and in one with high seismicity (San Severo). 
Almost independently of the level of seismicity, it is 
noticeable a dependence of the results with respect 
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to the PI, since more plastic soils give rise to higher 
seismic amplification. The entity of the differen-
ce depends on the stiffness of the deposit: in rigid 
models (categories B and C), a divergence can be 
observed only at high seismicity, whereas the devia-
tion between the distributions in deformable soil de-
posits (categories D and E) is not negligible with re-
spect to the statistical dispersion of the overall data. 
Furthermore, in this case the drift is relevant from 
low plasticity soil to high plastic ones. The reason of 
this dependence is the different behavior of the mo-
dels, since deformable soil deposits exhibit nonline-
ar behavior, where the PI assumes a primary role in 
the dynamic response.

On the other side, accounting for the effect of 
the PI does not lead a significant reduction of the 
statistical dispersion of the data, since the standard 
deviation of each cluster is compatible or slightly 
smaller than the one of the overall data. A reason of 
the small variation may be the limited role of the PI 
on the SA, which is an integral parameter capturing 
the soil response at different frequencies. Indeed, 
CIANCIMINO et al. [2018] observed that its influence 
is stronger at high frequencies (i.e., peak accelera-
tion), due to the effect on the damping ratio.

Discussion

The results show that the reliability of NTC18 
simplified procedure is dependent on the conside-
red amplification parameter. 

For one, the simplified approach provides a 
smaller estimate of the FT=0 s factor with respect to 
the ground response database. Given that this fac-
tor corresponds to the SS amplification coefficient 
proposed by the NTC18, it may be inferred that the 
code does not prescribe safe values for the latter. 
Therefore, apparently the NTC18 prescriptions do 
not provide an estimate on the safe side of the pe-
ak ground acceleration.  This may give rise to issues 
in some simplified geotechnical assessments (e.g. slo-
pe displacements [NEWMARK, 1965] or cyclic liquefac-
tion [YOUD et al., 2001].

On the other side, the predicted values of the SR 
are larger than the ones obtained from the simula-
tions. The SR parameter produces the variation in 
shape of the response spectrum, due to the shift to-
wards larger vibration periods operated by the coef-
ficient CC. For this reason, it can be stated that the 
proposed values of NTC18 overestimate the shift of 
the spectrum for soft soils observed in the simula-
tion results.

Finally, the SA factor represents the amplifica-
tion of the response spectrum over a wide range of 
vibration periods of structural interest. The compa-
rison highlights a good performance of the NTC18 
prescriptions, as they provide an estimate on the sa-

fe side with respect to the distribution of results, on 
average. 

The study also highlighted a high degree of va-
riability of the results. This is the effect of the presen-
ce of a large collection of site conditions within each 
subsoil category, with various features from the stra-
tigraphic and geotechnical point of view and exhibi-
ting widely different responses in seismic conditions.

Variability has a significant impact on the appli-
cability of the code prescriptions. Figure 10 reports 
the superimposition of the theoretical trend defined 
by the code and the distribution of the simulation 
results in the SA-VS,eq domain, for subsoil categories 
B, C, D (Fig. 10a) and E (Fig. 10b). The figure refers 
to the results obtained at the Urbino site (ag = 1.74 
m/s2), corresponding to a medium-high seismicity 
condition.

The results are widely dispersed, ranging from 
0.5 to 2.5. The large variability corresponds to a lar-
ge variety of soil conditions with dissimilar respon-
ses, even if they should assume the same behavior 
according to the classification system. For instance, 
figure 10c shows two different models of the databa-
se, characterized by the same value of VS,eq but with 
different properties: the model 1 represents a deep 
plastic deposit with large impedance contrasts, whe-
reas the model 2 corresponds to a shallow forma-
tion with low-plasticity soils whose mechanical pro-
perties gradually increase with depth. The profiles 
exhibit significantly different responses. In particu-
lar, the amplification in the first model is larger than 
the one predicted by the code. Therefore, the code 
is not always able to provide a safe estimate of the sei-
smic amplification. 

The study also showed that velocity inversions do 
not induce any variation in the distribution of the re-
sults, affecting neither the variability nor the perfor-
mance of the code prescriptions. In this sense, the 
restraint introduced in the building code is not criti-
cal, especially for ordinary structures [CIANCIMINO et 
al., 2018].

A reason of the large observed variability of the 
results is that the classification system does not consi-
der the geotechnical soil properties, e.g. the PI. The-
refore, it clusters together soil deposits having diffe-
rent behavior in nonlinear conditions. This implies a 
large dispersion of the response, especially in defor-
mable soil deposits (i.e. categories C, D and E). The 
behavior of deformable models, indeed, is characte-
rized by larger shear strains and the PI becomes re-
sponsible of the variability of the results.

On the opposite, stiff soil models (i.e. category 
B) exhibit an elastic response, which depends on the 
impedance ratio and thus on VS,eq. This aspect is evi-
dent in figure 10a, where the results in subsoil cate-
gory B tend to increase for decreasing values of VS,eq. 
The code disregards this trend and proposes a con-
stant value of the amplification coefficients, which is 
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prudential for stiff soils and less safe in soft soil depo-
sits. In this situation, the introduction of an explicit 
formulation of the amplification coefficients as fun-
ction of VS,eq could improve the classification, with a 
reduction  of the overall variability within each sub-
soil category.

Finally, it should be observed that the high de-
gree of dispersion related to the subsoil classification 
system should also force to introduce additional in-
formation of statistical nature in the amplification co-
efficients, i.e. standard deviations. This strategy would 
warn the user of the large degree of uncertainty affec-
ting the predicted seismic ground response.

Conclusions

The present paper reports a stochastic analysis 
of seismic ground response, which aims at evaluating 
the reliability of the simplified procedure introdu-
ced by the new Italian building code for the simpli-
fied estimation of the seismic action.

The study shows that, on average, the amplifica-
tion of the response spectrum appears to be reaso-
nably predicted, therefore for usual structures the 
proposed procedures appear to be reliable. Howe-
ver, the code prescriptions tend to underestimate 
the peak ground acceleration, with negative effects 
in the applications requiring this parameter as input 
data, e.g. simplified geotechnical assessments related 
to slope stability, earth retaining systems and lique-
faction assessment.

Results also highlighted the large variability of 
seismic amplification within each subsoil category, 
which signifies a limited reliability of code prescrip-
tions. The improvement of the performance of co-
de prescriptions would require the integration of ad-
ditional information, such as the soil type (i.e. PI), 
which affects the response in deformable soil depo-
sits. In stiff formations, instead, a parametrization of 
the amplification coefficients with respect to VS,eq 
would allow to take into account the role of impe-
dance contrast, which affects their response in sei-
smic conditions. On the other side, the presence or 
exclusion of models with stiffness inversion does not 
seem to modify the degree of dispersion of the re-
sults in a significant way. Furthermore, given the lar-
ge variability, the introduction of statistical informa-
tion (i.e. standard deviation) to the amplification co-
efficients is suggested.

In the light of the observed variability, the sim-
plified procedure proposed by the code may provide 
estimates not on the safe side and it should be used 
with great caution, especially for critical facilities and 
important structures.

Future studies will be performed on the sto-
chastic database of ground response, incorporating 
nonlinear analyses to investigate in a more consi-

stent way the behavior of soft soil deposits. Moreover, 
the interpretation of the results will take place with 
reference to multiple narrower ranges of vibration 
periods, in order to focus on the reliability of the 
prescriptions to specific types of structures.
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Una valutazione dei fattori di 
amplificazione stratigrafica dell’azione 
sismica nelle NTC18

Sommario
Il presente studio si propone di valutare le prescrizioni 

introdotte nella nuova normativa sulle costruzioni (NTC18) per 
la stima dell’amplificazione stratigrafica dell’azione sismica. A 
tale scopo, è stato implementato un database stocastico di analisi 
di risposta sismica locale, effettuando analisi lineari equivalenti 
su una collezione di modelli monodimensionali di sottosuolo. I 
modelli sono rappresentativi di diverse condizioni geologiche di 
interesse ingegneristico. L’input sismico di riferimento è costituito 
da raccolte di storie temporali di accelerazione, compatibili con 
le caratteristiche sismologiche di un numero di siti caratterizzati 
da diversa pericolosità sismica. I risultati sono stati interpretati 
mediante parametri sintetici di amplificazione sismica, consentendo 
la valutazione dell’attendibilità del sistema di classificazione del 
sottosuolo. Lo studio ha anche valutato l’effetto di alcuni aspetti 
specifici, come le inversioni di rigidezza o il tipo di terreno. I 
risultati mostrano che le prescrizioni della normativa forniscono 
una ragionevole stima dell’amplificazione sismica, ma l’elevata 
variabilità indica che l’utilizzo dell’approccio semplificato richiede 
una certa cautela, soprattutto per le costruzioni strategiche.
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Appendix: list of input motions
Termeno S.V.

Event name Date Network-Station Component Database Scaling factor

Chi Chi Taiwan 05 22/09/1999 CWB-TTN042 NS PEER NGA- West2 1.24

Irpinia 23/11/1980 IT-ALT EW ITACA 0.92

Loma Prieta 18/10/1989 CGS-PJH 45° PEER NGA- West2 0.9

North Western 

Balkan Peninsula
15/04/1979 CR-DUB NS ESM 1.35

Whittier Narrows 01/10/1987
CGS-Pasadena-CIT 

Kresge Lab
360° PEER NGA- West2 1.1

Northern Algeria 29/10/1989 FC-ALG N ESM 1.4

Sicilia 13/12/1990 IT-NOT N ITACA 0.92

Godrano

Event name Date Network-Station Component Database Scaling factor

South Iceland 17/06/2000 SM-Minni-Nupur X ESD 0.85

South Iceland-after-

shock
21/06/2000 SM-Selfoss-City Hall Y ESD 1.15

Central Italy 26/10/2016 IT-CLO NS ITACA 0.7

Greece 07/09/1999 HI-ATH4 3 ESM 1.27

Cosenza 25/10/2012 IT-MRM EW ITACA 1.2

Albania 08/04/2017 AC-PHP E ESM 1.0

Whittier Narrows 01/10/1987
CGS-Pasadena-CIT 

Kresge Lab
90° PEER NGA- West2 1.0

Urbino

Event name Date Network-Station Component Database Scaling factor

South Iceland
17/06/2000

SM-Minni-Nupur X ESD 1.28

Central Italy 26/10/2016 IT-CLO EW ITACA 1.23

Iwate, Japan 13/06/2008 KNET-IWT010 NS PEER NGA- West2 0.7

Parkfield-02, CA 28/09/2004
CGS-Parkfield-Turkey Flat #1 

(0M)
270° PEER NGA- West2 0.85

Northridge-01 17/01/1994 CGS-Vasquez Rocks Park 0° PEER NGA- West2 1.05

Cosenza 25/10/2012 IT-MRM EW ITACA 1.2

North Western Balkan Penin-

sula
15/04/1979 CR-ULA NS ESM 0.85

San Severo

Event name Date Network-Station Component Database Scaling factor

Central Italy 26/10/2016 IT-MMO NS ITACA 1.2

Central Italy 30/10/2016 IV-T1212 NS ITACA 0.8

Iwate, Japan 13/06/2008 KNET-IWT010 NS PEER NGA- West2 0.9

Loma Prieta 18/10/1990 CGS-Gilroy Array #1 90° PEER NGA- West2 0.7

Northridge-01 17/01/1994 CGS-LA-Wonderland Avenue 185° PEER NGA- West2 1.4

North Western Balkan Penin-

sula
15/04/1979 CR-ULA NS ESM 1.0

Tottori, Japan 06/10/2000 KIKNET-SMNH10 EW PEER NGA- West2 1.0

Atina

Event name Date Network-Station Component Database Scaling factor

Izmit 17/08/1999 TK-4101 EW ESM 1.0

Iwate, Japan 13/06/2008 KNET-IWT010 NS PEER NGA- West2 0.9

North Western Balkan 

Peninsula
15/04/1979 EU-HRZ EW ESM 1.15

Northridge-01 17/01/1994
CGS-Pacoima Dam (Down-

stream)
265° PEER NGA- West2 0.75

Tottori, Japan 06/10/2000 KIKNET-SMNH10 EW PEER NGA- West2 1.3

San Fernando 09/02/1971
C&GS-Pasadena-Old Seismo 

Lab
270° PEER NGA- West2 1.35

Kobe, Japan 16/01/1995 KIKNET-KBU090 90° PEER NGA- West2 0.7




