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Abstract

The average shear-wave velocity of the first 30 metres of subsoil and the depth of the engineering
bedrock are considered the key parameters for simplified seismic site response modelling.
However, a reliable estimate of the site amplification should consider the entire shear-wave
velocity profile from the ground surface down to the engineering bedrock. In deep alluvial basins,
a typical geological context where the soil-bedrock interface may lie below the penetration depth
of most common prospecting methods, only the shallow velocity profile can be defined in detail,
while the deeper structures are commonly extrapolated with linear equations. The choice of a
realistic interpolation between the shallow and deep soil still remains an open issue. We compute
the 1D seismic site response of two sectors of the Venetian Plain (Northern Italy) characterised
by gravelly and sandy deep formations. We model the 1D soil columns using theoretical
non-linear gradients proposed in literature for deep alluvial basins. The numerical modelling
results, in terms of strong motion parameters, show variations in the seismic site response up to

20%. The effect of the velocity gradients is also evaluated comparing the numerical simulations

with real accelerometers recorded by a deep borehole seismometer and a seismic station located
at the top of the borehole. These results demonstrate that the selection of the velocity gradient is
crucial for seismic site characterisation of deep alluvial basins. In particular, the study suggests
which is the most conservative gradient among the ones tested in terms of ground motion hazard

estimation.
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1. Introduction

The effects of local geology on seismic ground motion have
been widely studied in geotechnical earthquake engineer-
ing to estimate response spectra for building restoration and
construction (Kramer 1996). The shear-wave velocity (V)
is one of the key parameters adopted for site classification
in several seismic regulations (Boore et al. 1993, Martin &
Dobry 1994). V, profiles estimate the rigidity of the soil
column when excited by seismic shear stress, which is the

most important action controlling the seismic site response
(Martin & Dobry 1994). Seismic site amplification can be
in fact described as the motion modification due to the
soft soil during the wave propagation through the strati-
graphic column, from the basement bedrock upwards to the
ground surface (Langston 2003; Chong & Ni 2009; Rathje
et al. 2010). Several seismic regulations propose different ap-
proaches to evaluate the seismic amplification due to the
soil properties. The soils are often classified into different
categories, based on the average V of the top 30 m of a
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soil profile (also called V) as in the Italian Building Code
(‘Norme tecniche per le costruzioni-NTC’; Ministero delle
Infrastrutture e dei Trasporti 2008); or the Eurocode 8-EC8
(European Committee for Standardisation 2004); and the
National Earthquake Hazard Reduction Program-NEHRP
provisions (Building Seismic Safety Council-BSSC 2003).

The Vg, parameter adopted by the seismic site classifi-
cation considers the first 30 metres of subsoil, which is the
depth of investigation for common geophysical and geotech-
nical analysis, that are logistically and economically often
limited to the first subsoil. Seismic surveys to retrieve Vg
values can be made either in boreholes (down-hole seismic
testing, Cardarelli et al. 2018) or with surface methods as
the multichannel analysis of surface waves (MASW, Park
et al. 2000; Strobbia et al. 2011) and SH refraction analysis,
(Hunter et al. 2002). Regardless of the method adopted in
common engineering projects, the investigation depth rarely
exceeds the first subsoil, being limited by the logistically
achievable efforts such as: seismic source power, extension of
the survey length due to urban conditions, borehole penetra-
tion etc. Thus, most of the seismic site response studies are
based on the properties of the subsurface soils down to 30
metres (Boore et al. 1993; Martin & Dobry 1994).

The Italian and European seismic codes define the en-
gineering bedrock as the depth at which Vg > 800 m s™*
(soil category A = stiff soil or rock, see EC8). Softer soils,
with Vg < 800 m s™!, are expected to amplify the seismic
action, therefore the correct estimation of the site amplifica-
tion should consider the entire soil profile from the ground
surface down to the engineering bedrock. Nevertheless, in
deep alluvial basins, a clear soft soil-bedrock interface may
not be evident but buried under hundreds of metres of soft
sediments (Gueéguen et al. 2007; Poggi et al. 2012; Faccioli
et al. 2015; Mascandola et al. 2019). In these geological con-
texts, thick and soft sediments are expected to amplify the
seismic ground motion (Kramer 1996). The site classifica-
tions that consider only the Vg, might lack a correct seis-
mic action estimation, leading to inaccurate evaluations of
the ground amplification level (e.g. Borcherdt 1994; Pitilakis
et al. 2006). Several available techniques, such as passive sur-
veys and travel-time seismic tomography allow a deeper soil
characterisation, down to hundreds of metres deep. The pas-
sive methods, based on the recording of ambient vibrations,
use 2D arrays of receivers (e.g. SPAC, Aki 1957; frequency—
wavenumber method, Lacoss et al. 1969), linear arrays
(Re-Mi, Louie 2001; Strobbia et al. 2015) or single station
measurements (HVSR, Nakamura 1989). Passive methods
are powerful and cost effective, but they could suffer from
a non-uniform distribution of noise sources and can be bi-
ased by 2D site effects (Claprood & Asten 2010). Travel-time
tomography use signals from earthquakes or low-frequency
seismic ambient noise to retrieve deep geological structures.
Barbellini et al. (2017) propose that the reference bedrock
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Figure 1. Extrapolation of V profiles with linear gradients suggested by
the Italian Seismic Code (ICMS 2018, modified).

depth of deep alluvial basins could be extrapolated using re-
gional models inferred from travel-time seismic tomography.
However, since tomographic approaches are orientated to
large scale modelling, retrieved models are sufficiently accu-
rate at depth (i.e. at the kilometric scale), but they often do
not present enough resolution for local-scale seismic wave-
form studies, as needed for local hazard assessment and eval-
uation of earthquake scenarios.

As matter of fact, the V§ profile characterising the soil col-
umn may be accurate for the first tens of metres, thanks to lo-
cal geophysical/geotechnical surveys, and at few kilometres
deep if regional tomographic models are available. However,
the velocity structure between the uppermost velocities (e.g.
Vs,,) and the engineering bedrock (Vg > 800 ms™') may be
not accurately defined, especially in deep alluvial basins. The
most adopted ground motion modelling approaches, such as
the 1D seismic site response, need the complete characterisa-
tion of the soil column, at least until the reference engineering
bedrock depth. For these reasons, several seismic codes pro-
pose simplified approaches to describe the soil column. The
Italian Seismic Code (ICMS 2018), for example, proposes an
extrapolation of V in depth through linear gradients with dif-
ferent slopes (depending on the geological site conditions)
until the depth of the engineering bedrock depth (figure 1).

It is known that the seismic motion can be decomposed
in different sets of waves such as body waves (P, SH, SV) or
surface waves (Rayleigh, Love), and seismic motion amplifi-
cation may be different. However, it is common practice in
earthquake engineering design norms focusing of the effect
of near-surface geology for vertically propagating shear body
waves (see Eurocode 8, European Committee for Standardi-
sation 2004).
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Figure 2. Left panel: Europe chart and deep alluvial basins’ locations (red stars): Lower Rhine Basin (Germany); Lucerne Basin (Switzerland); Grenoble
Basin (France) and the Po Plain (Italy). Right panel: zoom of Venetian Plain (Italy). Blue squares represent in situ measurement locations. Red diamonds
represent ENI/AGIP deep boreholes. Yellow stars indicate the epicentre of the main seismic events from 1117 to 2012 (5.5 > Mw > 6.8).

In this study, we perform several 1D seismic site analysis
in the Venetian Plain area (Northern Italy), a large and deep
sedimentary basin (figure 2). In particular, we consider two
different sectors where a detailed set of seismic surveys were
performed to obtain shallow Vg profiles, while the deeper
structures remain un-investigated. To fill the gap between the
shallowand deeper V structures, we adopt general gradients,
proposed for the modelling of several alluvial basins as the
Lower Rhine Basin (Germany; Budny 1984), the Grenoble
Basin (France; Guéguen et al. 2007) and the Lucerne Basin
(Switzerland; Poggi et al. 2012). These sites (red stars in
figure 2) are in fact characterised by deep sedimentary cov-
ers, similarly to the Venetian Plain.

To compare modelling and experimental data we analysed
real seismograms coming from a borehole in the Po Plain,
where deep and surface seismic recording stations were avail-
able. 1D seismic site response modelling was compared to the
recording amplifications, testing different gradients.

We aim to assess how the choice of gradient can modify
the seismic site response in deep sedimentary basins, where
no information about the deeper structures is available. A re-
alistic modelling of the ground motion is the key parameter
for ground shaking scenario, used by civil engineers for the
design of earthquake-resistant constructions. Due to the lim-
ited knowledge of the deeper velocity structures, it could be
more appropriate to model the soil column with the gradi-
ent which enables the most conservative results in terms of
ground motion effects. This study demonstrates the impor-
tance of the Vg gradient on ground motion scenarios and the

results are relevant for seismic hazard evaluation in deep sedi-
mentary basins, which hostlarge urban environments around
the world.

2. Study area: the Venetian Plain

Our study area is the Venetian Plain region (Northern
Italy), a large syntectonic alluvial basin actively affected by
earthquake occurrence (figure 2). Together with the Po
Plain, the Venetian Plain represents the foreland of the S-
verging central-southern Alps and the N-NE-verging north-
ern Apennine belt (Doglioni 1993). The effect of the north-
propagating Apennine foredeep started in the late Miocene
affecting the southern sectors of the Venetian Plain and led
to a regional southward tilting recorded up to Venice La-
goon. The thickness of Quaternary formations varies from
2 km in the southern part of the Venice Lagoon, and grad-
ually pinches out eastward (Carminati et al. 2003). The
buried active fronts of Northern Apennines and Southern
Alps are considered seismic sources capable of destructive
earthquakes (Poli et al. 2008). The epicentre distribution of
historical and instrumental earthquakes is shown in figure 2.
Although the seismicity is concentrated along the foothills
area of the Southern Alps and the Northern Apennines, it
is widely recognised that the Venetian Plain is influenced by
strong seismic site effects (Vuan et al. 2011).

The 3D structural models of the Venetian Plain are
principally based on old geophysical information from oil
explorations (Doglioni 1993). They are also based on the
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TRANSALP (TRANSALP Working Group 2002), a deep
seismic reflection measurement collected in the Eastern Alps
(Cassinis 2006).

In this study, we consider two different sectors of the Vene-
tian Plain with different Quaternary sedimentary fillings: the
‘high” (Northern) and ‘low’ (Southern) plain, where several
shallow Vg measurements were performed (figure 2). The
high plain or pre-Alpine zone, here called ZONE 1, has a flu-
vial and glacial origin and is principally composed of gravel
(Carraro et al. 2015). The low plain, hereafter ZONE 2, ex-
tends from the gravel deposits transition to the Adriatic coast;
the subsoil is composed mainly of silt and clay layers with in-
tercalations of sandy layers (Carraro et al. 2015).

3. Method

In this work, we simulate the 1D seismic site response of two
sectors of the Venetian Plain: the ZONE 1, representing the
pre-Alpine sector of the alluvial plain characterised by coarse
deposits; the ZONE 2, representing the alluvial plain sector
with sandy-clay formations (figure 2). We analyse different
sedimentary deposits with a wide granulometry range, which
cover an important breadth of different soil types.

In seismic engineering practice, the deep alluvial basin en-
vironments are usually represented with 1D geometry of hor-
izontal layering, allowing 1D seismic analysis. With STRATA
software (Kottke & Rathje 2009), it is possible to perform
stochastic seismic site response analysis with the equivalent-
linear approach (Kramer 1996), assuming horizontal soil
layer boundaries with an infinite lateral extension and ver-
tically propagating horizontally polarised shear waves (SH
waves).

In particular, STRATA code needs: (i) input motions (ac-
celeration time histories); and (ii) soil properties down to the
engineering bedrock: the Vj profiles, shear-modulus (G) and
damping ratio (D) non-linear curves (Schnabel et al. 1972;
Idriss & Sun 1992; Boaga et al. 2012, 2013), and total unit
weight.

In section 4 we illustrate numerical simulations based on
the effects of the different type of gradients on 1D seismic
analysis. In section S we compare the results of a 1D seismic
site response with different gradients and real data collected
in the Casagliassite (figure 2). In this site, a borehole equipped
with two broadband seismometers (a deep and a surface sta-
tions) was available (Pesaresi et al. 2014).

4. Numerical simulations
4.1. Input motions

The seismic site response analysis requires the definition of
seismic input terms of acceleration time series. The wave-
forms can be previously recorded accelerograms belong-
ing to a seismic database, such as the European Strong

Motion Database. We select a target response spectrum con-
sidering the local probabilistic seismic hazard analysis of the
Veneto Region (Northern Italy). We adopt an average ex-
pected acceleration of 0.13 g with 10% of probability of non-
exceedance in S0 years for a return period of 475 years (Ital-
ian Seismic Hazard Map, Gruppo di Mappa di Pericolosita
Sismica [GAL MPS] 2004) (figure 3a). We use the Rexel pro-
gram (Iervolino et al. 2009) to select a set of one-component
real accelerograms. The research criteria consist of an upper
and lower tolerance, with respect to the target spectrum, of
30 and 10%, respectively, in a time range between 0.15 and
2 seconds. Three accelerograms are finally selected for our
simulation (figure 3b).

4.2. Definition of V profiles

‘We model the soil columns combining a detailed shallow V
profile (down to 30 m) obtained through geophysical surveys
and V; gradients proposed in literature to model deeper lay-
ers in alluvial basins. These gradients are adopted when no in-
formation is available and an extrapolation until the bedrock
depth is required.

4.2.1. Shallow Vg profiles. To characterise the two sites of
the Venetian Plain (ZONE 1 and ZONE 2), some geophysi-
cal testing campaigns were carried out, including 31 MASW
and 36 Re.Mi. surveys. In figure 2 the blue squares repre-
sent the locations of the geophysical measurements. The re-
sulting 67 V profiles, down to 30 m, are plotted in figure 4.
From the plot, it is possible to clearly distinguish between
the higher V formations in ZONE 1, characterised by coarse
sediments, and the lower Vg in ZONE 2 where sand forma-
tions are prevalent. The different granulometric distribution
of the two study sectors are also confirmed by a deep explo-
ration boreholes log, close to the geophysical measurement
locations (red diamonds in figure 2), available on the VIDEPI
website (videpi.com). The average V profiles for the ZONE
1 and the ZONE 2, marked by red lines in figure 4, match with
the velocity structure proposed in the Eurocode 8 (European
Committee for Standardisation 2004) for gravelly and sandy
soils, respectively. The averaged V profiles enable construc-
tion of the first 30 m of the 1D soil columns representatives
of the two sectors of the Venetian Plain.

4.2.2. Deep Vs profiles. We model the deeper layers (below
30 m until the engineering bedrock) of the 1D soil columns
with Vg gradients found in literature. The velocity gradients
used in this study are meant to be used for generic deep al-
luvial basins, characterised by an average sedimentary cover
that, in terms of seismic velocity, is similar to the shallow
geological formations of the Venetian Plain. Seven different
gradients are selected that we will refer to as: EXP (Expo-
nential); PAR (Parabolic); SQR (square root trend); LIN
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Figure 3. (a) Seismic hazard map of Veneto region, Italy (Italian Seismic Hazard Map, Gruppo di Mappa di Pericolosita Sismica (GdL MPS) 2004,
modified). (b) The three-real selected accelerograms used as input motion in our stochastic 1D seismic site response simulations.

(linear); GEN1 and GEN2, (Generics) and HYP, (Hyper-
bolic). The adopted gradients can be subdivided in two cat-
egories. Gradients that do not include the bedrock depth pa-
rameter to model the V profile (EXP, PAR, SQR) fall into
the first category. These gradients make it possible to define
the engineering bedrock at different depths, depending on
the selected gradient shape. Gradients that include the a pri-
ori information of the bedrock depth (LIN, GEN1, GEN2,
HYP) belong to the second category.

Considering the geological context of the Venetian Plain,
there is no evidence in the literature of the bedrock depth
in ZONE 1, while the ZONE 2 was recently investigated
by Mascandola et al. (2019), who mapped the engineering
bedrock of the Po Plain that represents the southern propa-
gation of the Venetian Plain (figure 2). On the basis of the
available information, we can model the soil columns of the
ZONE 1 with gradients belonging to the first category, while
the ZONE 2 is modelled with gradients belonging to the sec-
ond category, fixing the engineering bedrock at 400 m deep
(Mascandola et al. 2019).

The theoretical gradients used in this study are described
next. In equation (1), the v, parameter represents the V at
the ground surface (z=0).

EXP: Exponential gradient defined as:

Vi(2) =Vo(1+2)% (1)

where x is an exponential coefficient controlling the de-
pendence of velocity with the depth z (0 < x < 1). This
equation holds for granular media only. Saturation level, fluid
pressure and cementation can affect the exponent x (Al-
barello et al. 2011). This is the most common form of the V
gradients, used to model tectonic basins such as Lower Rhine
Basin (Germany) (Budny 1984). In particular, to better de-
fine the parameter x for ZONE 1, we use the value found by
Budny (1984) for coarse sedimentary cover, equal to 0.285
(yellow curve in figure Sa)

PAR: Parabolic gradient defined as:
Vi(2) = Vo0, )

where o, represents the total vertical overburden stress
(considering a constant value of the soil unit weight) and p
is a model parameter, generally varying between 0.1 and 0.3
(Andreotti et al. 2018). Equation (2) allows the modelling
of a parabolic profile of Vg and is proposed for sedimentary
basins by Santamarina et al. (2001). To link this curve to the
shallow profile we set o, =20 kN/m?, which is the total unit
weight adopted for the 1D soil columns analysed in this study.
The p parameter is set to 0.15 (reference value as suggested
by Andreotti et al. 2018; red curve in figure Sa).

SQR: Vy as a function of the square root of the depth, in the
equation:

V(z) =V, +ay/z (3)
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Figure 4. The 67 V profiles inferred from geophysical measurements in ZONE 1 (yellow) and ZONE 2 (blue). The red lines represent the mean V;
profiles for the two zones, representative of the shallow part (0-30 m) of the soil columns.

where a is a constant (Guéguen et al. 2007). This gradi-
ent is considered as a polynomial variation with depth. This
equation represents a benchmark basin velocity model in-
ferred from borehole data in Grenoble Basin (France), an
Alpine basin with a maximum depth of more than 1 km. It is
characterised by a Quaternary infill of coarse glacial deposits,
which in terms of velocity is similar to the sedimentary cover
of the high Venetian Plain. In our model, we set a equal to
19, which is a reference value taken from Guéguen et al. 2007
(purple curve in figure Sa).

LIN: Linear gradient, defined as
V.(z) =mz+q. (4)

This is the easiest interpolation between the shallow subsoil
(Vg min) and bedrock (V.. =800 m s™"'). This simplified
approach is currently suggested by the Italian Seismic Code
(2018) (figure 1). We obtain the linear coefficients with a
simple interpolation between the average shear-wave veloc-
ity at 30 m deep (Vs ,.;, =350 ms™') and the bedrock veloc-
ity at 400 m deep. This results in a slope of m = 1.21 and an
intercept of g = 313.51 m s™' (dashed red line in figure Sb).

GENI: The velocity gradient proposed by Régnier et al.
(2016)

z— 2z \"
VS(Z) = Vs min + (Vs max Vs min) <Z _ ZO > . (5)
2 0

This gradient is used to model simple soil conditions, where
Vs increase regularly with depth. Vg . and V¢ . are the ex-
pected minimum and maximum shear-wave velocities, z, is
the depth of the shallower low velocity layer and z, is the
bedrock depth. The parameter a is an exponent set equal to
0.25, a reference value taken from Régnier et al. (2016). In
our model, z; is equal to 30 m, z, is equal to 400 m; Vg . and
Vs may are equal to 350 and 800 m s™*, respectively (dashed
yellow curve in figure Sb).

GEN?2: Generic V; gradient
This relationship was proposed by Poggi et al. (2012)
for aseismic characterisation of the Alpine environment in
Lucerne Basin (Switzerland). The gradient equation is
EE

Vs(z) = (Vsmax - Vsmin) [1 —a? ] + Vs min* (6)
This equation, similar to GEN 1, adopts curvature coeffi-
cients, a and b, which in our model are set to 2.3 and 81.7, so

that the basement is reached at 400 m depth (dashed purple
curve in figure Sb).

HYP: Hyperbolic profile
This gradient represents the second Gibson model (Gibson
1967). The proposed gradient equation is

V(D) = Voy [ ?)
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where z, is the bedrock depth (in our case v, =350 m s™*

and z, = 400 m) (dashed green curve in figure Sb).

4.3. Stochastic 1D seismic analysis

The entire 1D soil columns with discretised layers are defined
to compute the seismic site analysis. We analyse the differ-
ent velocity profiles shown in figure Sa,b. The shallow layers
correspond to the average V profiles as indicated in figure 4,
while the deeper layers are obtained by discretising the V§
gradient curves with 10-m thick intervals.

The non-linear soil properties are generally represented
with a shear-modulus reduction (G/G,,,, Vs shear strain)
and damping ratio (D Vj shear strain) curves. In our case, the
subsoil is modelled using the modulus reduction and damp-
ing curves as proposed by Idriss (1991) for gravel with a to-
tal unit weight of 20 kN/ m? for the soil column of ZONE
1 (solid curves in figure 6a,b). The soil profile characteris-
ing the ZONE 2 is modelled with the non-linear curves as
proposed by Seed et al. (1986) for sandy silt with a total unit
weight of 19 kN/m? (dashed curves in figure 6a,b).

Once the stratigraphic models are defined, a stochastic
analysis via Monte Carlo simulation is performed to consider
the local variability. The method consists of an iterative calcu-
lation of a deterministic model defined with a set of random
realisations. The input parameters are randomly generated
on the basis of previously defined probability distributions.

In this way, it is possible to simulate the sampling process of
areal population to consider the uncertainty of the measure-
ments. In our study, we randomize only the shallow V profile
in the first 30 m, considering the standard deviation inferred
from the statistical distribution of the 67 V profiles obtained
by in situ measurements (figure 4).

The variability of the shallow soil profiles adopted for
the stochastic analysis is displayed in figure 7 parts a,b,
which illustrate 100 Vg profiles randomly generated. Dur-
ing the simulations, the set of accelerograms described pre-
viously (shown in figure 3b) are used as the inputs at the
bottom of each soil column. Thus, we perform 300 Monte
Carlo simulations for each soil column (100 realisations for
each of the three acceleration time histories), for a total of
2100 simulations.

4.4. Results

The results, derived from the stochastic 1D seismic site re-
sponse analysis through Monte Carlo simulations, are pre-
sented in terms of surface acceleration response spectra (with
a damping ratio, &, of 5%), peak ground accelerations (PGA)
and Housner Spectrum Intensity (Housner 1952). This last
parameter is defined as

5,(8) = / " So(6, T dT. 7)

.1
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Figure 6. (a) Shear modulus and (b) damping curves adopted for 1D seismic site response of ZONE 1 (Idriss 1991) and ZONE 2 (Seed et al. 1986).
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The time integral considers the area under the pseudo-
velocity response spectra S, over the period range T between
0.1 and 2.5 s, with a damping ratio (¢) of $%. This is an im-
portant parameter (expressed in cm), commonly adopted to
evaluate the seismic input energy and buildings damage ca-
pacity (Housner 1952).

STRATA software generates different outputs such as
the acceleration time histories and the response spec-

tra. The PGA and Housner Intensity are calculated a
posteriori.

The resulting spectral acceleration curves for ZONES 1
and 2 are shown in figure 8 parts a and b, respectively. They
are computed as the mean of all Monte Carlo simulations.
Each curve is normalised to the common initial value of spec-
tral acceleration, which is equal to 0.1 g. The response spec-
tra obtained from the simulation of the velocity gradients of
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ZONES 1 and 2 show significant amplifications in the pe-
riod range of engineering interest, with high amplifications at
low periods. The peak value of spectral acceleration increases
gradually from 0.64 g to 1.3 g for ZONE 1 and from 0.25 g to
0.48 g for ZONE 2.

It is possible to observe the same relative differences in
PGA values (figure 9). In particular, the values of PGA span
from 0.51 g to 0.68 g for ZONE 1 (figure 9a), and between
0.36 gand 0.45 g for ZONE 2 (figure 9b).

Figure 9 shows the Housner Spectrum Intensity values in-
ferred from the spectra for each velocity gradient adopted in
this study. The Housner Spectrum Intensities range between

1.1and 1.3 cm for ZONE 1 (figure 9¢), and between 0.74 and
0.93 cm for ZONE 2 (figure 9d).

5. Comparison with real accelerograms

In this section, we compare the results of 1D seismic site re-
sponse and real data collected in Casaglia site where a bore-
hole was available (see location in figure 2). The borehole
is located in Po alluvial plain (the geological context called
“ZONE 2’ in this study). The borehole reaches the Quater-
nary basement at 132 m deep. The sedimentary coverage is
represented by Holocenic alluvial deposits, varying from clay
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Figure 10. (a) Shear-wave velocity structures used as model for the alluvial sedimentary cover in Casaglia site (see figure 2). (b) Accelerogram of the
seismic event occurred on 12 February 2013 recorded by the borehole seismic stations (FERB); (c) the same seismic event recorded by the surface
station located at the top of the borehole (OG010); (d) simulated accelerogram inferred from a linear gradient LIN and (e) simulated accelerogram

inferred from an exponential gradient GEN2.

to coarse loose sand poorly compacted. The site can be classi-
fied as soft soil, according to cross-hole and down-hole mea-
surements by Pesaresi et al. (2014).

On the basis of this specific stratigraphic information until
132 m deep, we model the 1D shear-wave velocity structure.
The first 30 m are modelled with the mean Vg profile that
characterise ZONE 2 (figure 4). The engineering bedrock
depth is assumed to be at 132 m, as suggested by the strati-
graphiclog, so the deeper velocity structures are extrapolated
with LIN and GEN2 gradients (equations (4) and (6)). The
Vg profiles adopted for seismic site response are shown in
figure 10a.

The borehole was equipped with two broadband seis-
mometers, one at the surface (OGO010, a Lennartz velocime-
ter) and the other at a depth of 135 m, within the Quater-
nary basement (FERB, a Guralp CMG-3TB seismometer).
The available recorded waveforms refer to an aseismic event
that occurred on 12 February 2013, with M; = 3.8 and an
epicentral distance of 170 km (Pesaresi et al. 2014). The
east-component waveforms (expressed in m s™!) are con-
verted in accelerograms and are shown in figure 10b and c,

10

with their corresponding PGAs. It is worth noticing that the
PGA recorded by the borehole station is smaller than the one
recorded by the surface station, due to the soft layer amplifi-
cation of motion.

To compare different Vs gradients, the waveform recorded
by the borehole station was used as input motion for the
1D seismic site response computed with STRATA soft-
ware. Figure 10c and d show the simulated accelerograms
for the LIN and GEN2 gradients. The computed PGAs
are also displayed. As expected, the linear gradient LIN
(as suggested by the norms) underestimates the amplifi-
cation effects, with a variation of the amplification effects
of 43%. On the contrary, the synthetic accelerogram com-
puted with the non-linear gradient GEN2 is characterised
by a PGA value similar to the real ones recorded at the
surface.

6. Discussions and conclusion

In this study, we compute the 1D seismic site response of
two sectors of the Venetian Plain, where deep V profiles are
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unknown, adopting several shear-wave velocity gradients
found in literature. Our study demonstrates how the choice
of the velocity gradient curves has a significant impact on
the seismic site response in terms of PGAs, Spectral Accel-
erations and Housner Intensities. These three parameters are
fundamental for strong ground motion prediction and they
are the most adopted in engineering aseismic design. We con-
sider two sectors of the Venetian Plain: ZONE 1 with gravel
formations and an unknown bedrock depth and ZONE 2
with sandy-clay formations and a known bedrock depth.

In ZONE 1, where the bedrock depth is unknown, the
choice of the velocity gradient determines the engineering
bedrock depth, ranging between 60 and 180 m (figure Sa).
In this case, the different results depend mainly on the vari-
able thickness of the soft sedimentary layer, which is excited
by the seismic input during the simulation. In particular, it
is possible to observe a decrease in the amplification effects
with the increase of the bedrock depth. The results related to
the EXP gradient (equation (1)) present the highest ampli-
fications, being in these terms the most conservative for the
prediction of the seismic action (figures 8a and 9a,c).

In ZONE 2, where the bedrock depth is known, the soft
soil column has a constant thickness of 400 m, but the shape
of the velocity profiles between the 30 m and the engineer-
ing bedrock is significantly different (figure Sb). In this case,
the stochastic simulation based on the use of different veloc-
ity gradients shows differences up to 20%. The smaller site
response is associated to the LIN and HYP gradients (equa-
tions (4) and (7)), characterised by lower values of Vj, e.g.
softer soils (figures 8b and 9b,d). The softer sites are able to
accumulate larger strains and experience more damping. In
particular, considering the case of a thick soil column, the
damping is much more pronounced; thus, in this condition,
the attenuation phenomena become dominant (Boaga et al.
2015).

Keeping a conservative approach for seismic design, it ap-
pears more appropriate to model the soil column with GEN1
or GEN2 gradients (equations (5) and (6)), which allow us
to obtain the highest values of PGA, Spectral Acceleration
and Housner Spectrum Intensity.

We evaluate the effect of the V gradient choice also con-
sidering real seismic data recorded at 135 m deep and at the
surface in a borehole located in the Po Plain. In this way, we
investigate the site amplification of the sedimentary columns
between the down-hole and surface station, modelled with
different types of gradients. The linear gradient method (as
suggested by several seismic design norms) here again under-
estimates the seismic site amplification, while the non-linear
gradient GEN2 reliably estimates the site amplification ef-
fect (figure 10a,d,e). This experimental study case confirms
the importance of choosing an appropriate gradient in allu-
vial plains for an estimation of seismic effects. However, the
only available accelerograms for the 1D seismic site response
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analysis of Casaglia site are characterised by small accelera-
tion values, thus it could be difficult to establish the real im-
plication for a structural aseismic design.

To avoid estimation errors induced by an arbitrary choice
of the velocity gradient, the regional deep basin structure
should be determined through deep geophysical investiga-
tions (e.g. seismic reflection surveys, passive surface wave
techniques, etc.). When these seismic surveys are not logis-
tically possible, it seems more appropriate to model the soil
column with the Vg gradient which allows obtaining the most
conservative approach, i.e. stronger seismic ground motion.
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