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Abstract: A key issue for the estimation of ground shaking is the proper selection of input motions at
the seismic bedrock. At the same time, the effect of the input motion scaling strategy on structural
response is typically studied disregarding the presence of the soil deposit. In this work, different soft
soil deposits are selected by varying the shear wave velocity profiles and the depth to the seismic
bedrock, modelling the soil behaviour through a nonlinear constitutive model implemented into
a fully coupled FE code. Seven input motions are retrieved for several selection strategies in con-
junction with two seismic intensity levels. Hence, more than 300 one-dimensional ground response
analyses are performed. The results of the analysed cases, which are presented in terms of spec-
tral response at ground surface and amplification factors, indicate that: (i) the use of an advanced
elasto-plastic soil constitutive model accounts for nonlinear ground response effects, including higher
site amplification in the mid-period range and deamplification of the peak ground accelerations;
(ii) the different scaling strategies lead to comparable mean values of the amplification factors, and
(iii) the variability of the amplification factors is significantly reduced when the scaling strategy
seeks the compatibility with the target spectrum over a specified period range. The research will
aid the prediction of local seismic site response over large areas, particularly in the absence of the
fundamental period of a structure and facilitate its use in general recommendation for quantifying
and reducing uncertainty.

Keywords: site response; advanced numerical modeling; soft soil deposits; input motion scaling
methods; amplification factors

1. Introduction

The alteration of earthquake characteristics from the seismic bedrock to the ground
surface, due to local site conditions, is of great interest for the engineering community
dealing with the seismic design of earth structures, buildings, and infrastructure [1].
A realistic prediction of ground response in soft soil deposits is particularly important
since seismic wave propagation can be considerably affected by the material nonlinearities.
The common method of predicting local site effects is to propagate seismic input motions
through horizontally layered soil deposits using simple or advanced numerical methods.
This enables the assessment of the surface acceleration time histories, response spectra,
amplification factors (AFs, the ratio of free-field and input motions integral quantities),
soil stiffness degradation, and associated hysteretic dissipation in response to shear strains
induced by a possible earthquake event [2,3].

Ground response analyses, known also as local seismic site response (LSSR) analyses,
are mainly governed by the bedrock input motion, the nonlinear dynamic features of
the soil deposit, and its initial shear wave velocity profile. These components involve
some uncertainties attributed to: (i) the ambiguity in the selection of a credible earthquake
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event with specific features from a database (i.e., magnitude, distance from the fault, fault
mechanism, and target response spectrum compatibility) [4], (ii) the aleatory uncertainty
in the definition of the shear wave velocity profile due to the heterogeneity of the site
geology [5–7], and (iii) the epistemic uncertainty affecting laboratory and in-situ tests used
to determine the material nonlinear dynamic properties [8,9]. These uncertainties may
ultimately cause bias in site response predictions if they are not properly accounted for in
the analysis [5].

Research has been directed to the above uncertainties to quantify their possible effects
on ground response predictions. For this purpose, Monte Carlo simulations have been
conducted with linear or nonlinear soil models by varying site properties [10–13]. While
these studies explicitly indicate the importance of accounting for the shear wave velocity,
stiffness degradation, and damping ratio variability in LSSR analyses, they also recognise
the fundamental impact of bedrock motion characteristics on the statistical stability of the
results. To minimize the bias in ground response predictions, and, thus, the number of
simulations to be performed, the input motions, selected from available databases, can
be subjected to some modification/scaling. Different input motion scaling methods, such
as the peak ground acceleration (PGA) scaling, spectral matching, and the mean squared
error approach, have been proposed, mainly in structural engineering literature [14–18],
but their application to geotechnical earthquake engineering problems is limited [19–23].
At the same time, the compatibility of scaled motions is sought with respect to a target
response spectrum provided by national and international codes [15]. For soft soils, this
can be obtained from the statistical analysis of very few real earthquake recordings [24,25].
Moreover, no recommendations are provided by technical codes with reference to the
selection/scaling strategies to be adopted with the aim of predicting ground motion modi-
fications at surface over large areas. In fact, different types of structures and infrastructure
(i.e., different natural periods of vibration) should be considered in this case and, conse-
quently, the selection of input motions for LSSR analyses is a non-trivial task. For instance,
guidelines have been proposed by the Italian Department of Civil Protection to perform
seismic microzonation studies at the scale of the urban area [26]. In this context, Falcone
and co-workers [27,28] performed site response analyses over the entire territory of Italy,
excluding Sardinia region, based on Random Vibration Theory, but using response spectra
as input motions. Therefore, codified procedures for selecting accelerograms over large
areas still need to be provided.

This paper investigates the influence of different earthquake scaling strategies on the
free-field ground response of ideal soft soil deposits. Four input motion scaling approaches
are used: (1) scaling at PGA only, (2) scaling at the natural period of a soil column (T1),
(3) scaling in a period range of 0.2T1–2T1 according to EC8 [15], and (4) matching the spec-
tral shape of the input response spectrum to the target demand using the spectral matching
method. Sets of seven bedrock motions are used for each scaling strategy, considering
two seismic intensity levels of 0.15 g and 0.35 g representative of weak and strong earth-
quake events, respectively. Advanced time-domain analyses are conducted using an
elasto-plastic effective stress-based constitutive model, capable of accurately capturing the
effects of soil nonlinearity during dynamic loading. The results of the numerical simula-
tions are interpreted in terms of spectral response at ground surface and AFs. The effect of
the deposit thickness on the AFs is also considered. Throughout the paper, the comparison
with EC8 prescriptions is presented to evaluate the performance of the scaling procedures
with reference to the seismic response of soft soil deposits and to provide recommendations
for researchers interested in LSSR analyses conducted over large areas.

2. Materials and Numerical Models

The ground response of ideal soft clay deposits is modelled by means of nonlinear
finite element (FE) simulations carried out within the fully coupled program SWANDYNE
II [29], in which the u–p formulation (where u is the displacement and p is the pore
pressure) is implemented to solve solid-fluid interaction under dynamic conditions [30,31].
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The FE code has been successfully validated against the equivalent linear solution for the
one-dimensional propagation of shear waves in viscoelastic deposits [3]. In the nonlinear
FE analyses, the Rouainia and Muir Wood (RMW) advanced soil constitutive model [32] is
adopted to simulate the clay behaviour during the seismic excitation. The RMW constitutive
model is implemented in SWANDYNE II using an explicit stress integration scheme.
RMW has been successfully employed to predict the dynamic performance of different
earth structures [33–35]. It has been shown to accurately reproduce the decay of shear
stiffness with strain amplitude, the corresponding increase of hysteretic damping, the
related accumulation of excess pore water pressure, and structure degradation of clays in
undrained conditions [36]. The RMW model parameters are determined by simulating
a series of undrained cyclic simple shear tests under controlled strain levels in order to
obtain the normalised shear modulus, GS(γ)/G0, and damping curves, D(γ), predicted by
the model for two soft soil materials: Avezzano clay [37] (central Italy) and Champlain
clay [38] (Eastern Canada). Champlain clay is characterised by an open structure due to a
rapid sedimentation [39,40] coupled with the high salinity of the depositional environment.
These factors have led to a very high natural water content, high sensitivity, low shear
strength, and high compressibility. A typical soil profile consists of topsoil, weathered clay
crust, soft silty clay of marine origin, very soft clayey silt, and a deep layer of dense sand [41].
The Avezzano site is situated in the Fucino basin, a large intra-mountain depression located
80 km east of Rome and surrounded by the Apennines mountains. The basin originated
from the sedimentation of fluvio-lacustrine sediments during the Pleistocene period and is
composed by top layers of clayey and silty soils, with sand and gravel found underneath.
The deposit is geologically normally consolidated, and the silty clay layers are characterised
by a very low plasticity and high values of calcium carbonate content [42].

The calibrated model parameters and the corresponding nonlinear curves obtained
with RMW are reported in Table 1 and Figure 1, respectively. It should be noted that the
predictions obtained with the advanced constitutive model are in good agreement with the
laboratory data for both clays and fall within the expected range by Darendeli [37]. In the
dynamic simulations conducted within SWANDYNE II, only 2% Rayleigh damping [43–45]
is added to avoid the propagation of spurious high frequencies and to compensate for the
RMW underestimation of damping in the small-strain range [46].

Table 1. RMW parameters for Avezzano and Champlain clays.

Parameter/Symbol Physical Contribution/Meaning Avezzano Champlain

M Critical state stress ratio for triaxial compression 1.42 1.07
λ * Slope of normal compression line in ln(v)-ln(p) compression plane 0.11 0.215
κ * Slope of swelling line in ln(v)-ln(p) compression plane 0.016 0.005
R Ratio of size of bubble and reference surface 0.4 0.11
B Stiffness interpolation parameter 15.0 1.0
ψ Stiffness interpolation exponent 1.45 1.6
η0 Anisotropy of initial structure 0 0.3
r0 Initial degree of structure 5.2 2.1

A* Parameter controlling relative proportion of distorsional and
volumetric destructuration 0.2 0.75

k Parameter controlling rate of destructuration with damage strain 1.5 5.7
ν Poisson’s ratio 0.25 0.25

Figure 1a shows the shear wave velocity profiles, VS1 and VS2, for Avezzano and
Champlain clays, respectively. Such VS profiles are associated with the initial stiffness
profile of the deposit obtained using Equation (1), proposed by Viggiani and Atkinson [47],
for the dependency of the small-strain shear modulus G0 on the mean effective stress and
overconsolidation ratio:

G0

p′r
= A ·

(
p′

p′r

)n

· Rm
0 (1)



Geosciences 2023, 13, 17 4 of 19

where A, m, and n are dimensionless stiffness parameters, which depend on PI, p’ is the
effective mean stress, p’r is the reference pressure equal to 1 kPa, and R0 is the overconsoli-
dation ratio. In particular, A, m, and n are set equal to 2915, 0.22, and 0.78, respectively, for
the Avezzano clay and correspond to a PI equal to 10%; they are set equal to 1400, 0.22, and
0.76 for the Champlain clay, consistently with a PI of 22%. The overconsolidation ratio over
a depth of 50 m is assumed, on average, equal to 1.2 for the Avezzano deposit and 2.1 for
the Champlain clay, as indicated by the corresponding laboratory data. The Champlain
deposit is characterised by a VS equal to 280 m/s at 50 m below ground surface (b.g.s.),
while the Avezzano clay is slightly stiffer, reaching a VS of about 400 m/s at the same depth.
It should be noted that the EC8 soil class depends mainly on the mean shear wave velocity
in the upper 30 m, VS30, with the exception of soil class E, for which VS30 is lower than
360 m/s, and for a seismic bedrock depth, Hdeposit, in the range of 5 to 20 m. Accordingly,
both Champlain and Avezzano clay deposits should be considered as EC8 class E for
Hdeposit = 15 m (Figure 2b). Moreover, the Avezzano deposit can be classified as class C
for Hdeposit equal to 30 m and 50 m (Figure 2c,d), while the Champlain deposit is classified
as class D for Hdeposit equal to 30 m and 50 m (Figure 2c,d). Considering the Avezzano
deposit, VS30 is 378 m/s for a 15 m column and 282 m/s for Hdeposit deeper than 30 m,
while for the Champlain clay, VS30 is equal to 234 m/s and 166 m/s at the same depths. It
is worth mentioning that EC8 class B is defined by VS30 in the range of 360 to 800 m/s for
deposits at least several tens of meters in thickness. Therefore, the case of VS30 equal to
378 m/s and Hdeposit = 15 m is considered to represent a soil of class E rather than class B.
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Figure 1. Shear modulus degradation and damping curves predicted by the RMW model for Avez-
zano and Champlain clays, compared to laboratory data [37,38] and curves by Darendeli [48].
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Figure 2. Shear wave velocity profiles adopted in the FE simulations: (a) RMW predictions based
on the Viggiani and Atkinson formula (i.e., Equation (1)), (b) class E thin deposits (VS30 < 360 m/s,
Hdeposit = 15 m), (c) classes C and D shallow deposits (VS30 < 360 m/s, Hdeposit = 30 m), and (d) class
C and D deep deposits (VS30 < 360 m/s, Hdeposit = 50 m). In the figure, the EC8 soil class is also
included for each considered deposit. Hdeposit stands for the depth of the seismic bedrock.

The numerical models consist of 5 m wide columns with variable depths (i.e., 15, 30,
and 50 m), discretised with 250, 1 × 1 m isoparametric quadrilateral finite elements, with
8 solid nodes and 4 fluid nodes to ensure that the seismic wave transmission is represented
accurately through the FE mesh. The water table is assumed at ground surface, while the
total unit weight of the soil is set equal to 18 kN/m3 for both the Avezzano and Cham-
plain clay deposits. No significant effects on the results are expected from different total
unit weights, since a variation of γ equal to ±2 kN/m3 leads to a variation of the initial
shear stiffness modulus, G0, equal to ±10% (which means an even lower variation of the
shear wave velocity in the range of ±5%) with respect to the value obtained considering
γ = 18 kN/m3. At the end of the static initialisation phase (i.e., gravity loading), a surcharge
load is applied at the top of the soil columns (equal to 50 kN/m2 for the Avezzano deposit
and 10 kN/m2 for the Champlain deposit) and then removed to generate an overconsoli-
dated state. Before the application of the input signal at bedrock, the overconsolidation
ratio profiles are checked to be consistent, on average, with the R0 values determined from
the laboratory data of the two clays [37,38] (equal approximately to 1.2 and 2.1 for Avezzano
and Champlain clays, respectively) and those adopted for the RMW model calibration
(Figure 1). These overconsolidation ratio profiles are used to generate the VS(z) profiles
shown in Figure 2a. During the dynamic analyses, the nodes along the vertical sides are
given by the same displacements (i.e., tied-nodes lateral boundary condition) to ensure
the one-dimensional wave propagation hypothesis [49,50]. The selected input records are
directly applied to the solid nodes at the base of the mesh as prescribed horizontal displace-
ment time histories, assuming a rigid bedrock with respect to the soft soil deposit. Although
the so called “compliant base” condition should be preferred to the rigid base one [51,52],
the impedance contrast between the selected soft soils and the underling seismic bedrock
is higher than 2. This allows the use of a rigid base condition for the investigated case
studies [53]. The dynamic simulations are carried out with a time step which coincides
with that of the earthquake input signals.
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3. Scaling Strategies

Four different strategies for scaling bedrock motions recorded in soil class A are
employed in this work. Specifically, PGA scaling, Sa(T1) scaling, 0.2T1–2T1 scaling, and
spectral matching are investigated. PGA scaling focuses only on the average compatibility
of the bedrock motions with the target response spectrum (i.e., the EC8 response spectrum
for soil class A—Type 1) at 0 s. Sa(T1) scaling seeks for an average compatibility with the
target response spectrum only at the first natural period of the soil column. According
to the 0.2T1–2T1 scaling strategy, proposed by the EC8, the average compatibility with
the target response spectrum is achieved within the 0.2T1–2T1 period range with a lower
tolerance of 10%. Moreover, the average PGA of the input motions should not be less than
that of the target response spectrum. In this work, it has been implicitly assumed that the
fundamental period of the above-surface structure coincides with that of the soil column.
This represents the worst condition of double resonance [54,55]. In detail, the first natural
periods of the investigated soil columns are calculated using the viscoelasticity theory [56]
and an average value of the shear wave velocity over the depth according to the following
equation for n = 1:

Tn =
4 ·Hdeposit

VS,H · (2 · n− 1)
(2)

where VS,H is the mean shear wave velocity of the soft deposit (i.e., from the ground surface
down to Hdeposit) and the n-th term is the natural period considered.

These T1 values represent only an initial guess of the natural oscillation modes of the
soil deposits and they are used to guide the input motion scaling process, as well as the
interpretation of the nonlinear ground response results. Table 2 shows the T1 (n = 1) and
T2 (n = 2) values for the investigated case studies.

Table 2. Natural vibration periods T1 and T2 for the investigated case studies.

Natural Period [s] T1 T2 T1 T2 T1 T2

Hdeposit 50 m 50 m 30 m 30 m 15 m 15 m
Champlain clay 0.83 0.28 0.68 0.23 0.43 0.14
Avezzano clay 0.56 0.19 0.44 0.15 0.24 0.08

Finally, the spectral matching strategy achieves the full matching of the bedrock
motions with the target response spectrum by modifying their frequency content through
the wavelet algorithm proposed by Abrahamson [57] and Hancock et al. [16].

For each scaling strategy, seven motions are chosen from the European Strong-Motion
Database [58] to evaluate the dynamic response of the soil columns. In addition,
two different seismic intensity levels of 0.15 g and 0.35 g are considered to highlight
the effect of soil nonlinearity on wave propagation. For the sake of simplicity, the EC8 class
A—Type 1 response spectrum is considered for both intensity levels.

The selection of the bedrock motions according to the first three strategies is under-
taken using the computer program REXEL [59], in which the mean value of the scale
factor has been imposed to be less than 6, as suggested by Bommer and Acevedo [60].
SEISMOMATCH [61] is, instead, used for the spectral matching approach. The same input
motions selected according to the 0.2T1–2T1 method are processed for the last scaling
strategy since SEISMOMATCH does not include an earthquake database to automatically
select and modify input motions. Tables S1–S14, included in the Supplementary Materials,
report the main characteristics of the selected ground motions. It should be noted that the
7 selected input motions are the same for all profiles and for both intensity levels when
considering the PGA scaling strategy. Figures 3 and 4 show the mean response spectra
(in terms of pseudo-acceleration) of the four sets of input motions scaled according to the
different strategies for both intensity levels. The target response spectrum proposed by
EC8 for a class A soil describing Avezzano and Champlain clay deposits is also included.
Figures S1–S12, reported as Supplementary Materials, show the response spectra of the
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four sets of input motions scaled according to the different strategies for both intensity
levels and for each Hdeposit.
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4. Results and Discussion

A total of 336 one-dimensional site response simulations are considered in this work.
The ground response spectra for all the LSSR analyses are reported as Supplementary
Materials (see Figures S13–S24). Here, the mean response spectra and box plot of AFs are
presented only. At first, the mean response spectra, in terms of pseudo-acceleration for the
Avezzano and Champlain clays deposits, are shown in Figures 5 and 6, respectively. The
EC8 response spectra are reported in the two figures considering the soil class of each case
study (i.e., C, D, and E). In general:

- as Hdeposit increases, the number of vibration modes increases, as expected. In fact,
the response spectra show only one peak close to T1 for Hdeposit = 15 m. On the other
hand, two peaks in the response spectra can be identified when Hdeposit is equal to
50 m and 30 m;

- the first (T1) and second (T2) natural periods of vibration (i.e., the periods correspond-
ing to the ground surface response spectra peaks) are higher when the column is
deeper, as more nonlinear effects causing the elongation of the periods are expected to
occur during the wave propagation process;

- PGA scaling provides the lowest intensity ground surface response spectra, regardless
of the assumed VS(z) profile, Hdeposit, and intensity level;

- Sa(T1), 0.2T1-2T1, and full spectral matching supply similar ground surface response
spectra, whatever VS(z) profile, Hdeposit, and PGA of the input motion are adopted;

- the EC8 response spectra overestimate the LSSR results for T << T2 and T >> T1,
while underestimation of the spectral accelerations is observed at the natural periods
of vibration. Nevertheless, the EC8 design spectrum becomes a better proxy of
the predicted surface response spectra in the case of earthquake events with higher
intensity. This is also suggested by Rey et al. [62] and Pitilakis et al. [24], even though
the values of PGA (i.e., Sa(T) at 0 s) are always overestimated by EC8.
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Figure 5. Mean response spectra of the ground surface motions obtained by means of LSSR anal-
yses considering the VS1(z) profile, 4 different selection strategies, and PGA equal to 0.15 g and
0.35 g. The EC8 response spectra going from the first to the bottom line refer to ground type C, C,
and E, respectively.
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Figure 6. Mean response spectra of the ground surface motions obtained by means of LSSR anal-
yses considering the VS2(z) profile, 4 different selection strategies, and PGA equal to 0.15 g and
0.35 g. The EC8 response spectra going from the first to the bottom line refer to ground type D, D,
and E, respectively.

Figures 7 and 8 show the mean AFs for the Avezzano and Champlain clays deposits,
respectively. The AFs, including the EC8 values, are calculated as:

AFTa−Tb =

∫ Tb
Ta SaodT∫ Tb
Ta SaidT

, (3)

where Sa is the pseudo-acceleration of the response spectra, and subscripts o and i refer
to ground surface and input motion, respectively. Ta and Tb are the integration limits.
Three period intervals are considered: 0.1–0.5 s, 0.4–0.8 s, and 0.7–1.1 s, which are commonly
adopted in the Italian standards for seismic microzonation [63,64]. General comments for
the studied cases are:

- the mean values of the AFs obtained for the 0.15 g intensity level are larger than the
corresponding ones obtained for the 0.35 g intensity level in all cases;

- as Hdeposit increases, the AF0.1–0.5 values decrease. In contrast, as Hdeposit increases, the
AF values for AF0.7–1.1 also increase, as already shown by Falcone and co-workers [27].
The trend of AF0.4–0.8 shows an intermediate behaviour: it is constant with respect to
Hdeposit except in the cases where the PGA is equal to 0.15 g and VS2(z), where the
highest values are gained for Hdeposit = 30 m (see Figure 8);
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- the EC8 AF trend with Hdeposit reproduces the behaviour discussed above. In fact,
EC8 only distinguishes between Hdeposit lower than 30 m (i.e., class E deposits) and
higher than 30 m (i.e., class C or D deposit);

- within the 336 simulations, PGA scaling generally provides the highest AFs, while the
EC8 values are usually the lowest.
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Figure 7. Mean values of AFs for a deposit thickness equal to 15, 30, and 50 m, and VS1(z), considering
4 input motions selection strategies. EC8 values for 15, 30, and 50 m refer to ground types E, C, and
C, respectively.
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Figure 8. Mean values of AFs for a deposit thickness equal to 15, 30, and 50 m, and VS2(z), considering
4 input motions selection strategies. EC8 values for 15, 30, and 50 m refer to ground types E, D, and
D, respectively.

Figures 9–11 show the AFs box plots for the Avezzano clay deposits (i.e., VS1(z)) for
each selection strategies, specifically the two PGA values of the input motion and the
three selected Hdeposit (i.e., 15 m, 30 m, and 50 m). Figures 12–14 show the AFs box plots
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for the Champlain clay deposits (i.e., VS2(z)). It should be noted that the upper and lower
boundaries of the grey area (i.e., the box) are referred to as the 75th and 25th percentiles,
respectively, while the whiskers (i.e., the lines outside the box) are obtained by multiplying
the interquartile range (i.e., the distance between the upper and lower percentiles) by 1.5.
Generally, it can be observed that:

- the EC8 AFs are the lowest, except for the cases of VS2(z), Hdeposit = 30 m, and PGA of
the input motion equal to 0.35 g (Figure 13), for which the EC8 estimation is equal to
about the mean value of the AF distribution provided by the LSSR analyses based on
other selection strategies;

- the AF0.1–0.5 distribution is characterised by the lowest variability;
- within the 0.4–0.8 s and 0.7–1.1 s period ranges, the highest variability is observed

when the PGA scaling strategy is used;
- full spectral matching provides the lowest AF variability for all the examined case

studies and selected period intervals.
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Figure 9. Box plots of AFs for a deposit thickness equal to 50 m and VS1(z), considering 4 selection
strategies for the input motions. The constant value retrieved from EC8 (thin black line) refers to
ground type C.
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Figure 10. Box plots of AFs for a deposit thickness equal to 30 m and VS1(z), considering 4 selection
strategies for the input motions. The constant value retrieved from EC8 (thin black line) refers to
ground type C.
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Figure 11. Box plots of AFs for a deposit thickness equal to 15 m and VS1(z), considering 4 selection
strategies for the input motions. The constant value retrieved from EC8 (thin black line) refers to
ground type E.
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Figure 12. Box plots of AFs for a deposit thickness equal to 50 m and VS2(z), considering 4 selection
strategies for the input motions. The constant value retrieved from EC8 (thin black line) refers to
ground type D.
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Figure 13. Box plots of AFs for a deposit thickness equal to 30 m and VS2(z), considering 4 selection
strategies for the input motions. The constant value retrieved from EC8 (thin black line) refers to
ground type D.
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Figure 14. Box plots of AFs for a deposit thickness equal to 15 m and VS2(z), considering 4 selection
strategies for the input motions. The constant value retrieved from EC8 (thin black line) refers to
ground type E.

5. Conclusions

Four different earthquake scaling strategies are chosen in this study to investigate
the effect of the input motion characteristics on the results of free-field ground response
analyses of ideal soft clay deposits with different thicknesses. For each scaling strategy, sets
of seven bedrock motions, representing two seismic intensity levels (i.e., 0.15 g and 0.35 g),
are generated using freely available computer programs. To account for the influence of soil
nonlinearity on the wave propagation process, dynamic simulations are performed with a
fully coupled effective stress-based FE code implementing an advanced elasto-plastic soil
constitutive model. The results of more than 300 LSSR simulations are presented in terms
of spectral response at ground surface and amplification factors. They are also compared
with the corresponding EC8 predictions for soil classes C, D, and E.

The use of an advanced elasto-plastic soil constitutive model allows nonlinear ground
response effects to be accounted for, including higher site amplification in the mid-period
range and deamplification of the peak ground accelerations, due to plasticity during
strong seismic actions. It is shown how these effects cannot be accurately captured by the
simplified design code prescriptions. In particular, the spectral shape proposed by EC8 for
soft soils tends to underestimate the surface response in the range between the first and
the second natural periods of the soil column for low seismic intensity levels. EC8 design
spectrum for soil classes D and E becomes a better proxy at higher intensity levels, even if a
significant overprediction of the PGA is observed. Although the scope of this research is
not to recommend new soil factors or a new spectral shape for soft soil deposits, the work
would be useful for future revisions of the design codes, aimed at properly incorporating
nonlinear site effects and the influence of the seismic bedrock depth.

Simply scaling the ground motion records at the same PGA does produce AF re-
sults that are not statistically matched with those obtained with more advanced scaling
strategies. Therefore, PGA scaling should be avoided in the analysis of nonlinear ground
response [51,52]. Even though the full spectral matching strategy implies a fictitious modi-
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fication of the frequency content of natural records, statistically robust and stable mean AF
values can be estimated by using spectrally matched accelerograms [51,52].

Bearing in mind that the AFs represent a potential supporting tool for urban plan-
ning and emergency systems, their quantifications over large areas should start from
the definition of the appropriate bedrock motions scaling strategy in the period range of
a structure. Seismic site response analyses over large areas are a non-trivial task since large
uncertainties are linked to the soil type, soil and structure mechanical properties, strati-
graphical succession, and building type, etc. With the aim of ensuring that the amplification
phenomena are well predicted, regardless of the most recurrent building type in the area
(which may be not known), 0.2T1-2T1 and full spectral matching should be preferred since
the ground surface response variability is proved to be the lowest with respect to other
explored selection strategies. In addition, the following general recommendations on the
prediction of local seismic site response over large areas can be drawn from this research:

- If the aim is to predict ground surface response spectra, the Sa(T1), 0.2T1-2T1, and
full spectral matching strategies give similar results whatever shear wave profile,
depth to the seismic bedrock, and peak ground acceleration of the input motion.
PGA scaling should be avoided since it provides the lowest intensity ground surface
response spectra;

- If the target of the analysis over large areas is the determination of the mean ampli-
fication factors, the highest variability is observed when the PGA scaling strategy
is adopted, whereas full spectral matching provides the lowest variability. The EC8
prescriptions appear to be generally nonconservative in the prediction of the AFs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/geosciences13010017/s1, Figure S1: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.15 g and Soil C (i.e., VS1(z) for Hdeposit equal to 50 m); Figure S2: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.35 g and Soil C (i.e., VS1(z) for Hdeposit equal to 50 m); Figure S3: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.15 g and Soil C (i.e., VS1(z) for Hdeposit equal to 30 m); Figure S4: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.35 g and Soil C (i.e., VS1(z) for Hdeposit equal to 30 m); Figure S5: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.15 g and Soil E (i.e., VS1(z) for Hdeposit equal to 15 m); Figure S6: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.35 g and Soil E (i.e., VS1(z) for Hdeposit equal to 15 m); Figure S7: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.15 g and Soil D (i.e., VS2(z) for Hdeposit equal to 50 m); Figure S8: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.35 g and Soil D (i.e., VS2(z) for Hdeposit equal to 50 m); Figure S9: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.15 g and Soil D (i.e., VS2(z) for Hdeposit equal to 30 m); Figure S10: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.35 g and Soil D (i.e., VS2(z) for Hdeposit equal to 30 m); Figure S11: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.15 g and Soil E (i.e., VS2(z) for Hdeposit equal to 15 m); Figure S12: Response spectra in terms of
pseudo-acceleration referred to input motions selected according to 4 selection strategies for PGA
= 0.35 g and Soil E (i.e., VS2(z) for Hdeposit equal to 15 m); Figure S13: Response spectra in terms of
pseudo-acceleration referred to the ground surface motions obtained by means of the LSSR analysis
considering the input motions from the 4 selection strategies for PGA = 0.15 g and Soil C (i.e., VS1(z)
for Hdeposit equal to 50 m); Figure S14: Response spectra in terms of pseudo-acceleration referred to
the ground surface motions obtained by means of the LSSR analysis considering the input motions
from the 4 selection strategies for PGA = 0.35 g and Soil C (i.e., VS1(z) for Hdeposit equal to 50 m);
Figure S15: Response spectra in terms of pseudo-acceleration referred to the ground surface motions

https://www.mdpi.com/article/10.3390/geosciences13010017/s1
https://www.mdpi.com/article/10.3390/geosciences13010017/s1
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obtained by means of the LSSR analysis considering the input motions from the 4 selection strategies
for PGA = 0.15 g and Soil C (i.e., VS1(z) for Hdeposit equal to 30 m); Figure S16: Response spectra in
terms of pseudo-acceleration referred to the ground surface motions obtained by means of the LSSR
analysis considering the input motions from the 4 selection strategies for PGA = 0.35 g and Soil C
(i.e., VS1(z) for Hdeposit equal to 30 m); Figure S17. Response spectra in terms of pseudo-acceleration
referred to the ground surface motions obtained by means of the LSSR analysis considering the
input motions from the 4 selection strategies for PGA = 0.15 g and Soil E (i.e., VS1(z) for Hdeposit
equal to 15 m); Figure S18: Response spectra in terms of pseudo-acceleration referred to the ground
surface motions obtained by means of the LSSR analysis considering the input motions from the 4
selection strategies for PGA = 0.35 g and Soil E (i.e., VS1(z) for Hdeposit equal to 15 m); Figure S19:
Response spectra in terms of pseudo-acceleration referred to the ground surface motions obtained by
means of the LSSR analysis considering the input motions from the 4 selection strategies for PGA
= 0.15 g and Soil D (i.e., VS2(z) for Hdeposit equal to 50 m); Figure S20: Response spectra in terms of
pseudo-acceleration referred to the ground surface motions obtained by means of the LSSR analysis
considering the input motions from the 4 selection strategies for PGA = 0.35 g and Soil D (i.e., VS2(z)
for Hdeposit equal to 50 m); Figure S21: Response spectra in terms of pseudo-acceleration referred to
the ground surface motions obtained by means of the LSSR analysis considering the input motions
from the 4 selection strategies for PGA = 0.15 g and Soil D (i.e., VS2(z) for Hdeposit equal to 30 m);
Figure S22: Response spectra in terms of pseudo-acceleration referred to the ground surface motions
obtained by means of the LSSR analysis considering the input motions from the 4 selection strategies
for PGA = 0.35 g and Soil D (i.e., VS2(z) for Hdeposit equal to 30 m); Figure S23: Response spectra in
terms of pseudo-acceleration referred to the ground surface motions obtained by means of the LSSR
analysis considering the input motions from the 4 selection strategies for PGA = 0.15 g and Soil E
(i.e., VS2(z) for Hdeposit equal to 15 m); Figure S24: Response spectra in terms of pseudo-acceleration
referred to the ground surface motions obtained by means of the LSSR analysis considering the input
motions from the 4 selection strategies for PGA = 0.35 g and Soil E (i.e., VS2(z) for Hdeposit equal
to 15 m). Table S1: Main characteristics of the selected earthquake signals based on Sa(T1) scaling,
0.2T1-2T1 scaling, and full spectral matching for 0.15 g intensity level, VS1(z) and Hdeposit = 50 m;
Table S2: Main characteristics of the selected earthquake signals based on Sa(T1) scaling, 0.2T1-2T1
scaling, and full spectral matching for 0.35 g intensity level, VS1(z) and Hdeposit = 50 m; Table S3: Main
characteristics of the selected earthquake signals based on Sa(T1) scaling, 0.2T1-2T1 scaling, and full
spectral matching for 0.15 g intensity level, VS1(z) and Hdeposit = 30 m; Table S4: Main characteristics of
the selected earthquake signals based on Sa(T1) scaling, 0.2T1-2T1 scaling, and full spectral matching
for 0.35 g intensity level, VS1(z) and Hdeposit = 30 m; Table S5: Main characteristics of the selected
earthquake signals based on Sa(T1) scaling, 0.2T1-2T1 scaling, and full spectral matching for 0.15 g
intensity level, VS1(z) and Hdeposit = 15 m; Table S6: Main characteristics of the selected earthquake
signals based on Sa(T1) scaling, 0.2T1-2T1 scaling, and full spectral matching for 0.35 g intensity level,
VS1(z) and Hdeposit = 15 m; Table S7: Main characteristics of the selected earthquake signals based
on Sa(T1) scaling, 0.2T1-2T1 scaling, and full spectral matching for 0.15 g intensity level, VS2(z) and
Hdeposit = 50 m; Table S8: Main characteristics of the selected earthquake signals based on Sa(T1)
scaling, 0.2T1-2T1 scaling, and full spectral matching for 0.35 g intensity level, VS2(z) and Hdeposit
= 50 m; Table S9: Main characteristics of the selected earthquake signals based on Sa(T1) scaling,
0.2T1-2T1 scaling, and full spectral matching for 0.15 g intensity level, VS2(z) and Hdeposit = 30 m;
Table S10: Main characteristics of the selected earthquake signals based on Sa(T1) scaling, 0.2T1-2T1
scaling, and full spectral matching for 0.35 g intensity level, VS2(z) and Hdeposit = 30 m; Table S11:
Main characteristics of the selected earthquake signals based on Sa(T1) scaling, 0.2T1-2T1 scaling,
and full spectral matching for 0.15 g intensity level, VS2(z) and Hdeposit = 15 m; Table S12: Main
characteristics of the selected earthquake signals based on Sa(T1) scaling, 0.2T1-2T1 scaling, and full
spectral matching for 0.35 g intensity level, VS2(z) and Hdeposit = 15 m; Table S13: Main characteristics
of the selected earthquake signals based on PGA scaling for 0.15 g intensity level, VS1(z) and Hdeposit
= 15, 30, and 50 m; Table S14: Main characteristics of the selected earthquake signals based on PGA
scaling for 0.35 g intensity level, VS2(z) and Hdeposit = 15, 30, and 50 m.
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