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ABSTRACT: The aim of paper is to assess the performance of stratigraphic amplification fac-
tors Sg as specified by the Italian National Technical code NTCI18. The variation of Sg with
input PGA, taking therefore into account soil nonlinearity, was assessed by means of about
2800 parametric numerical 1D site response analyses carried out on virtual soil profiles as well
as from the processing of more than 5500 recordings from Japanese KiK-net stations. The
stratigraphic factors were computed in terms of PGA as well as ratio of integral spectral ampli-
tude in the range of period 0.05-2.5s. The results of parametric numerical analyses indicate that
NTCI18 is too conservative for subsoil class D in the whole range of input PGA; the opposite is
observed for class E where NTC18 shows a significant underestimation of seismic response.
Moreover, the NTC18 foresees an excessive enlargement of the spectra towards the high periods
for all the classes due to an overestimation of the shape parameter Cc. The empirical amplifica-
tion factors are quite higher than numerical ones especially at low values of input PGA: this
behavior has been ascribed to the high stiffness of bedrock encountered in the KiK-net profiles,
well above the V=800 m/s assumed for numerical schemes and in the NTC18 code.

1 INTRODUCTION

Advanced technical codes have largely accepted the importance of local site conditions in
modifying the seismic actions (NEHRP, 1991; CEN, 2004; Ministero delle Infrastrutture e dei
Trasporti, 2018). The execution of site response analyses is highly recommended to capture
seismic actions in sites characterized by 2D-3D complex subsurface geometry and surface
morphology (Pagliaroli et al., 2014; 2015). On the contrary, 1D effects (i.e. essentially the
amplification of ground motion associated to soft horizontally layered sediments resting on
bedrock) is usually addressed in the codes through standard elastic design spectra based on
different soil categories, almost universally defined by the equivalent shear wave velocity in
the upper 30 m (V;30). Amplification factors, defined for each soil category, are usually
applied to the response spectrum defined at rock conditions (together with shape modifica-
tions) to consider 1D site effects. Moreover, nonlinear soil response is a key factor in control-
ling the amount of site amplification; for this reason, the amplification factors as well as the
changes in spectral shape should be in principle related to the level of shaking. Recently, the
increasing availability of numerical and instrumental data, allowed several studies aimed to
suggest modifications in soil classification criteria (Pitilakis et al., 2013) and/or in amplifica-
tion factors and response spectra adopted in the different codes (Pitilakis et al., 2013; Tro-
peano et al., 2018; Andreotti et al., 2013; Paolucci 2018).

In this paper the amplification factors specified by the Italian technical code NTC18 (Minis-
tero delle Infrastrutture e dei Trasporti, 2018) are compared with empirical and analytical esti-
mates of ground motion amplification. In particular, amplification factors for different soil
conditions and intensity of input ground motion were computed by following two complemen-
tary approaches. A first set of “numerical” amplification factors was gathered from 1D numer-
ical site response analyses carried out on virtual stratigraphic profiles in which lithology, shear
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modulus and damping nonlinear curves, bedrock depth, shear wave velocity profiles, input
motion were varied in prescribed ranges. A total number of 2760 of analyses were carried out
with an equivalent linear approach; simulations associated to high shear strains were repeated
with a true nonlinear code in order to overcome problems associated with the inaccuracy of
numerical methods at high strains. A set of “empirical” amplification factors has been then
derived by using almost 5600 selected recordings at about 100 downhole vertical arrays of the
Kiban-Kyoshin Japanese network (Kik-net). The amplification factors were estimated by com-
paring ground motion recorded at soil surface and the corresponding motion at outcropping
bedrock derived from recordings at depth in the array. The use of the Kik-net data was due to
the lack of vertical array in the Italian network; here only a few recordings at pairs of nearby
stations located at outcropping rock and soil conditions are available (Tropeano et al., 2018).

Nonlinear simplified relationship relating amplification factors to the level of shaking at
rock were finally calibrated by using empirical and analytical estimates for different soil cat-
egories (B, C, D and E) as defined by NTC18 and compared with code relationships.

Even if restricted to NTC18 the approach followed can be regarded as general and the data
here presented can be extended to the calibration of amplification factors having more general
validity.

2 THE ITALIAN BUILDING CODE NTC18

This paper focuses on the Italian technical code NTC18 for which the spectrum at rock condi-
tions (subsoil category A, Figure la) depends on 3 hazard parameters (a,, Fy and T¢" in
Figure 1b) defined over a grid of the Italian territory having a spatial resolution of about 5.5
km. Soil factors Sg and Cc, controlling amplitude and shape variations respectively
(Figure 1Db), are then introduced to define the standard response spectra for soil categories B-
E (Figure 1) defined in terms of equivalent shear wave velocity Vg ¢q:

H

steq = ZN h,‘
i=17,;

(1)

being H the thickness of soil deposit, h; and Vg; thickness and shear wave velocity of layer
i, N the total number of soil layers. For H higher than 30 m, the equivalent velocity is com-
puted by using H=30 in equation (1) thus obtaining the standard Vg 3,

For each soil category, soil factors are function of hazard parameters a,, Fy and T to con-
sider soil nonlinearity (see inset in Figure 1b).
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Figure 1. Soil categories (a) and meaning of hazard (a,, F and T¢") and soil (Sg and Cc) parameters
(b) according to NTCIS.
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3 DATA AND METHODS

3.1 Parametric site response analyses on virtual stratigraphic profiles

The parametric 1D site response analyses were performed on a series of virtual deposits char-
acterized by different lithologies (clay, sand, gravel) and wave velocity profiles representative
of the B-C-D-E subsoil classes of the NTC18 (Figure 2). For classes C-D the thickness of soil
deposit H was assumed equal to 40, 60 and 80 m while for B category also H = 20 m was
explored; finally, for E category only H = 20 m was considered. For each subsoil class, except
for D, different values of Vseq or V30 if H 230 m (e.g. 450 and 650 m/s for class B) were
assumed in order to explore the variability associated with different Vg profiles. Regarding the
nonlinear properties, for clay deposits (unit weight y = 18 kN/m?) the normalized shear modu-
lus (G/Gyp) and damping ratio (D) curves proposed by Vucetic and Dobry (1991) were con-
sidered, assuming plasticity index IP = 30. For the sands (y=20 kN/m?) and the gravels (y=21
kN/m?) the G/G, and D curves by Seed and Idriss (1970) and Rollins et al. (1998) were con-
sidered, respectively; moreover, for these soils, in order to take into account the increase in
linearity and the reduction of dissipative properties with depth, the average curves of the pro-
posed ranges were assumed in the first 30 m while for greater depth reference was made to the
upper limit of the G/G, curve and to the lower one for the curve of D. For the seismic bed-
rock, y=23 kN/m? and Vs = 800 m/s were assumed. Each virtual profile was then subjected to
60 pairs of natural accelerograms of increasing intensity recorded at outcropping of rock or
very rigid soil. The accelerograms were divided into 6 classes, each consisting of 10 pairs,
based on the maximum peak acceleration: 1-10 cm/s?, 10-50 cm/s, 50-100 cm/s®, 100-200 cm/
2, 200-400 cm/s?, > 400 cm/s>. The accelerograms were extracted from the Italian ITACA
database (http://itaca.mi.ingv.it/) and, for the higher energy classes, also from the international
PEER database (https://ngawest2.berkeley edu/), assuming the following ranges for magnitude
and distance: M=4.5-6.9, D=5-50 km. Overall 2760 parametric analyses were conducted with
the equivalent linear mono-dimensional code STRATA (Kottke et al., 2013).

3.2 Development of recordings database from Kik-net

A total number of 93 stations of the KiK-net strong-motion network (http://www.kyoshin.
bosai.go.jp/), each characterized by a vertical array comprising one surface and one in-hole seis-
mometers, were analyzed. Based on subsoil conditions, each of them was assigned to one of the
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Figure 2. Range of shear wave profiles of virtual soil deposits considered for parametric analyses (a);
NTCI8 subsoil categories and corresponding classification of virtual deposits (b).
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Table 1. Number of stations and accelerograms available for each NTC18 subsoil
class extracted from KiK-net database for the present study (*pairs of simultaneous
recordings at surface/deep sensors).

Soil category recording stations recordings*® maximum PGA,
B 38 3458 0.71g

C 10 830 0.30g

D 2 140 0.10g

E 13 1158 0.31g

Total 63 5586

classes of the NTC18. For each station, a database was compiled including: station name and
code, Vg 30 (01 Vgeq), depth of the soil-bedrock interface z,c, depth of the in-hole sensor z,
shear wave velocity of the medium where the deep sensor is installed, summary description of
the stratigraphy, Vs profile, available recordings. The number of recording stations and acceler-
ograms available for each subsoil class are illustrated in Table 1. The 10 stations pertaining to
subsoil class A are not included. Moreover, only the stations with Vs of the medium hosting the
in-hole sensor higher than 750 m/s were considered, which led to not considering another 20
stations. The maximum Peak Ground Acceleration (PGA) at outcropping rock (PGA,) com-
puted as twice the PGA recorded at depth is also shown. Recordings having PGA, lower than
0.01g and epicentral distances higher than 120 km were excluded. The table shows that not all
subsoil classes are adequately represented: the subsoil class B has 38 stations with about 3500
recordings while class D has only 2 stations with a total of 140 registrations.

3.3 Estimation of soil amplification factors

The simplest way to estimate amplifications factor is to compare PGA at soil and rock sites. For
the numerical analyses, Sg will therefore be computed as the ratio of PGA computed at soil sur-
face and the corresponding parameter at outcropping bedrock. For empirical estimates, as said
before, Kik-net recordings are available at surface and at depth within the bedrock. Considering
that all the 93 stations were selected among those having in-hole sensor well below the rock-soil
interface (i.e., Zy > Zooc + 30m) and assuming, as first approximation, that horizontal motion at
depth is due to vertical incident shear waves, the PGA at outcropping bedrock was computed as
double of the value recorded at depth. This assumption was verified with convolution analyses.

The amplification factors can be also evaluated considering the overall amplification of
spectral amplitudes. In particular, a “global” amplification factor is calculated as ratio
between the integral of 5% damped acceleration response spectrum, in the period range 0.05-
2.5s, at soil (I4;) and rock (I,.cc) conditions. This ratio considers the amplification related to
the increase of ordinates of soil spectra with respect to rock spectra, but also a contribution
due to the change in shape. As is well known, average spectra for soils differ from those on
rock because the high-amplitude spectral band becomes larger and shifted towards greater
periods. The ratio Iyy/I;oc previously defined can be therefore represented as the product of
the ‘true’ soil amplification coefficient Sg and a “shape ratio” SR reflecting only the difference
between spectral shapes (Rey et al., 2002). In other words, I y/l;ock = Ss * SR and the soil
amplification factors can be therefore estimated as Isoi/Iock * (1/SR).

In general, the shape ratio SR can be estimated as following: the spectrum at soil conditions
is first normalized by the corresponding PGA; then it is integrated over the period range 0.05-
2.5s and divided by the same integral of normalized spectrum at rock site. Assuming the stand-
ard spectra defined in NTC18 for the subsoil categories (Figure 1b), the shape of soil spectrum
is controlled by Cc parameter (Figure 1b) which in turn depend on hazard parameter Tc* at
rock conditions. As T¢* slightly increases as a, increases, it turns out that the shape ratio SR is
not a constant but a function slightly decreasing as a, increases; however, as first approxima-
tion, assuming an average T*-a, relationship calibrated on data referring to the whole national
territory, a constant average value of SR can be computed for each soil category. These values
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Table 2. Shape ratio SR computed for Eurocode 8 and NTC18 standard spectra and computed in the
present study from numerical analyses (average SR from NTC are computed in the a,=0.03-0.3g range).

Eurocode 8 NTCI8 Numerical (this study)
Soil category type 1 type 2 (avg. 0.03-0.3g) avg.t o
B 1.15 1.00 1.25 1.00 £ 0.12
C 1.27 0.99 1.34 1.22+0.25
D - - 1.68 1.45+0.47
E - - 1.49 1.07 £0.23

are reported in Table 2 together with the corresponding value derived from Eurocode type 1
(high seismicity) and type 2 (low-moderate seismicity) standard spectra and computed by Rey
et al. (2002). SR from NTCI18 are slightly higher than the Eurocode 8 ones meaning that in the
Italian code the shifting in shape towards greater periods is more enhanced.

4 RESULTS AND DISCUSSION

4.1  Numerical amplification factors

The results of the parametric analyses are shown in Figure 3 in terms of variation of the strati-
graphic amplification coefficient Ss with the input PGA, (at outcropping bedrock, a, in
NTCI18) for each of the 4 subsoil classes (B-E). As expected, for all the categories a general
reduction of Ss is observed as the intensity of the input motion increases due to the nonlinear
soil behavior.

The dataset of amplification factors was processed to obtain a simple relationship between
Ss and PGA,. For each subsoil class a simple exponential law Sg = a ¢®TSA" was first used;
moreover, a piecewise constant-power relationship (Tropeano et al., 2018) was employed:

a(PGA, — xo)"

= f P Ar<i pe =
Ss=m or PGA; <x; and Sy PGA.

for PGA; > x;

3 -
............. Tropeanoetal. (2018)| [ g, b<oil Class B Subsoil Class C
J NTCI18 a5

constant-power
exponential

Subsoil class E

0.1 I N -
PGA, (@) 001 pga, @ O

Figure 3. Numerical stratigraphic amplification factors in terms of PGA for subsoil categories B-E and
comparison with NTC18 provisions and literature data.
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Table 3. Coefficients of the relationships expressing the nonlinear behavior of amplification factors Sg.

Exponential Constant-power piecewise

Soil category R? m a b Xo X; R?

Sg=1.37 037 PGAr 0.25 137 1.026 0828  0.013 0.075  0.21
Sg=1.67 ¢S PGA 62 170 0773  0.660  0.015 0.044  0.60
Sg=1.60 ¢ 1825 PGAr 62 1.85 0.526  0.625  0.006  0.016  0.77
Sg=2.03 0673 PGAr 0.35 2.10  1.256 0.780 0.009 0.040 0.38

mgaw

The best-fit parameters for both relationships are reported in Table 3 with the correspond-
ing coefficient of determination R? while the curves are reported in Figure 3 together with: i)
NTCI18 provisions (computed from the expressions of Sg in Figure 1b for two F limit values
2.3 and 2.9) and ii) relationships found by Tropeano et al. (2018) on the basis of parametric
1D analyses similar to those presented in this paper, as well as on empirical and semi-empirical
estimates based on the processing of recordings of seismic events in well-characterized record-
ing stations of the Italian seismic network. The use of the constant-power relationship allows
to slightly improve the fitting of numerical data for subsoil classes D and E (see R? in
Table 3); however, the simple exponential law is generally satisfactory for practical purposes.

Comparing the numerical Ss-PGA, relationships with the NTC provisions, a substantial
agreement for the subsoil classes B and C is observed, even if for low levels of input intensity,
the Sg of NTC systematically underestimate the amplifications obtained numerically. The NTC
upper limits (1.2 and 1.5 for the categories B and C, respectively) would therefore appear slightly
non-conservative: the numerical analyses suggest values of about 1.4 and 1.7 at low PGA
(Figure 3 and Table 3). In contrast, for subsoil classes D and E there is a noticeable discrepancy
between NTC provisions and the results of parametric numerical analyses. For class D the ana-
lyses provide values of Ss well below those by NTC throughout the range of input PGA. As far
as class E is concerned, the numerical Ss, despite the high dispersion of the points, appear quite
higher than those provided by NTC. Since the class D deposit is the softest one, it is possible
that this discrepancy between numerical and NTC amplification factors is in some way due to
the lack of reliability of the equivalent linear method at high shear strains (Kaklamanos et al.,
2013). True nonlinear analyses were then performed with Deepsoil (Hashash et al., 2017) on D
profiles, for 200-400 cm/s* and > 400 cm/s” input classes; no significant differences in terms of
Ss were observed with respect to the equivalent linear approach.

The comparison between the results of the present study and that of literature shows finally
a good agreement for PGA input> 0.1-0.2g, while below this range the Ss estimated by Tro-
peano et al. (2018) are significantly higher. This overestimation is partly because the literature
study includes empirical and semi-empirical estimates, particularly abundant for PGA <0.1g,
which generally provide higher amplifications than numerical studies on ideal profiles.

The amplification factors considering the overall amplification of spectral amplitudes in the
0.05-2.5 s period range are reported in Figure 4 in terms of average trends expressed via the
best fit exponential law. The “global” amplification factor I u;/I;ock, considering both the
increase of ordinates of soil spectra and the change in shape, as expected, is placed above the
normative values except for subsoil class D where numerical and code values are almost com-
parable. Assuming the NTC18 standard spectra and the corresponding average SR reported
in Table 2, the “spectral” Sg were computed as [ oi/Tock * (1/SR).

These amplification factors are significantly lower than both NTC provisions and Sg calculated
in terms of PGA, in the whole input range and for all subsoil classes. This underestimation can
be attributed to an overestimation of SR by the NTC spectra as confirmed by the comparison
between average SR from standard NTC spectra and the SR values calculated on the normalized
spectra obtained from numerical analyses (Table 2) which are in turn more in line with the shape
factors suggested by the Eurocode8. The numerical analyses therefore show that the NTC seems
to predict an excessive enlargement of the spectra towards the high periods for all the subsoil
classes due to an overestimation of the SR factors and therefore of the Cc parameters. A similar
consideration has recently been presented by other authors (e.g., Aimar et al., 2018).
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Figure 4. Estimation of amplification factors from spectrum intensities for subsoil categories B-E and

25

Tropeano et al. (2018)
NTC18

Subsoil Class B

Subsoil Class C

Amplification factors

Amplification factors

. |Subsoil class D

exponential I /1, .
exponential S, = (I,/1.,)/SR(NTC) 0.5
exponential S; (PGA)
T E AT L ""'0_"'I T T T T
235 =

Subsoil class E

0 -

=3

0.01

Pea, @ !

comparison with NTCI18 provisions and literature data.

4.2 Empirical amplification factors

The variation of empirical stratigraphic amplification coefficient Sg in terms of PGA with the
input PGA, is shown in Figure 5. As for numerical factors, the dataset of values was processed
using both exponential and piecewise constant-power fitting relationships. Here reference is
made only to constant-power functions which allow a better agreement with data. Moreover, the
NTCI18 provisions as well as numerical Sg trend found in this study (constant-power fitting) and
numerical-empirical functions provided by Tropeano et al. (2018) are reported for comparison.

Figure 5.
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Estimation of empirical stratigraphic amplification factors in terms of PGA from KiK-net
recordings for subsoil categories B-E and comparison with numerical estimates, NTC18 and literature data.
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The empirical values generally show high dispersion, especially at low PGA, values where the
amplification factors are sensitively higher than those numerically predicted. At higher PGA,
empirical data meet numerical ones except for soft soil class D where they show a higher degree
of nonlinearity. The reason for these differences is most probably due to the high Vs of the
material in which the deep sensor is located, generally far greater than the 800 m/s used as a
reference for the definition of the stratigraphic amplification in the NTC code and in the numer-
ical schemes: half of the sensors (51%) are installed in rock having Vs > 2000 m/s, about 30% of
sensors has Vg = 1200-2000 m/s. At low PGA; (i.e., in the linear range) the higher impedance
contrast associated to empirical estimates lead to higher amplification factors; at the same time,
at high PGA, this implies a more pronounced nonlinearity in the softest deposit (i.e., class D).

Numerical and empirical Sg estimates are therefore not directly comparable. In order to
overcome these difficulties, 1D analyses are currently in progress on all the considered KiK-
net stations. The idea is to extrapolate the ground motion in correspondence of a “virtual”
sensor located at the outcropping of a formation with Vg ~800 m/s to be used as reference to
compute Sg

5 CONCLUSIONS

Nonlinear stratigraphic amplification factors Sg were derived from a large set of numerical 1D
site response analyses carried out on virtual soil profiles as well as from the processing of more
than 5500 recordings from Japanese KiK-net stations. The aim was to assess the performance of
Ss as specified by the Italian code NTCI18. The stratigraphic factors were computed in terms of
PGA as well as ratio of integral spectral amplitude in the range of period 0.05-2.5s.

The results of parametric numerical analyses indicate that for subsoil classes B and C the amp-
lification factors prescribed by NTC18 perform satisfactorily, even if they appear slightly non-
conservative at low input PGA. On the contrary, for the softer class D and class E, the amplifica-
tion factors provided by NTCI18 severely overestimate and underestimate the response, respect-
ively. Moreover, the results show that NTC foresees an excessive enlargement of the spectra
towards high periods for all the classes due to an overestimation of the shape Cc parameter.

The empirical values, derived from KiK-net data in terms of PGA, generally show high disper-
sion, especially at low input values where the amplification factors are quite higher than numer-
ical ones. At higher PGA, empirical data meet numerical ones except for soft class D showing a
higher degree of nonlinearity. The high Vs of bedrock in the KiK-net stations, well above the
800 m/s assumed for numerical schemes and in the NTCIS, has been invoked to explain these
discrepancies. Numerical convolution 1D analyses are currently in progress on KiK-net profiles
to refer the amplification factors to a Vs=800 m/s making homogeneous empirical and numerical
estimates. Merging these data will allow to calibrate Sg nonlinear relationships.
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