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Abstract: The effects induced by the choice of numerical base conditions for evaluating local seismic
response are investigated in this technical note, aiming to provide guidelines for professional applica-
tions. A numerical modelling of the seismic site response is presented, assuming a one-dimensional
scheme. At first, with reference to the case of a homogeneous soil layer overlying a half-space, two
different types of numerical base conditions, named rigid and elastic, were adopted to analyse the
seismic site response. Then, geological setting, physical and mechanical properties were selected
from Italian case studies. In detail, the following stratigraphic successions were considered: shallow
layer 1 (shear wave velocity, VS, equal to 400 m/s), layer 2 (VS equal to 600 m/s) and layer 3 (VS equal
to 800 m/s). In addition, real signals were retrieved from the web site of the Italian accelerometric
strong motion network. Rigid and elastic base conditions were adopted to estimate the ground
motion modifications of the reference signals. The results are presented in terms of amplification
factors (i.e., ratio of integral quantities referred to free-field and reference response spectra) and are
compared between the adopted numerical models.

Keywords: numerical seismic base; numerical input motion; amplification factors; site effects;
earthquake engineering

1. Introduction

Local seismic site response (LSSR) analysis allows the estimation of the ground motion
induced by the propagation of surface or body waves. Seismic microzonation studies
are generally based on one-dimensional LSSR schemes, as we have observed during our
more than 10-years activity on-field in Italy. This technical note provides a reference for
professional applications.

Numerical or analytical approaches require a definition of the local subsoil conditions
and of the so-called reference site [1–4]. Local subsoil conditions are defined in terms of
mechanical and geometrical properties [5–9]: geological subsoil models are characterized
by the geometry of buried morphologies and topographical surfaces, combined with the
profile of shear wave velocity with the depth [VS(z)], unit weight of soil (γt), plasticity
index (PI), relative density (DR), nonlinear curves referring to the decay of secant shear
stiffness [GS(γ)/G0] and the increment of damping ratio [D(γ)] with shear strain (γ). On
the other hand, the reference site is required to define the input motion (i.e., the time
history of acceleration or velocity or displacement or stress) for the LSSR. In addition,
the base condition of the numerical model depends on the mechanical and geometrical
properties of the site of interest and of the reference site [10–14]. In detail, referring to
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the one-dimensional numerical modelling of LSSR, the so called rigid and elastic base
conditions should be adopted depending on the site where the known motion has been
recorded. The rigid base condition can be adopted (i) if the input motion is recorded at
the base of the deposit of interest (for example, see point B in Figure 1), disregarding
the impedance contrast between such a deposit and the underlying strata, or (ii) if the
input motion is recorded at the outcrop of a stiff material (see point O in Figure 1) and
the impedance contrast (briefly, the ratio between the stiffness of the half-space and of the
deposit) is theoretically equal to infinite. Truthfully, if the input motion is recorded at the
ground surface of the outcropping half-space (i.e., point O in Figure 1), referring to most
Italian diffuse case studies, the so-called elastic base condition should be adopted since the
impedance contrast between the half-space material and the deposit of interest is in the
range 1.5–6 [9]: hence, lower than infinite. In this context, it is worth noting that the terms
rigid and elastic refer to the numerical base conditions, rather than to the stiffness of the soil.
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Figure 1. Simplified seismic site response scheme.

With reference to the homogeneous deposit (i.e., physical and mechanical properties
constant with depth), typical case studies were selected from the Italian database for seis-
mic microzonation (https://www.webms.it/ (accessed on 1 February 2021)), where site
data and seismic microzonation studies (about 4000) have been collected since 2008. A brief
comparison between the results obtained by means of numerical modelling of LSSR based
on the rigid and elastic base conditions is presented. In detail, referring to a single input
motion, the effect of the impedance contrast was investigated. Furthermore, it is worth
noting that the Italian urban sites are generally characterised by a three-layered lithostrati-
graphic succession, assumed as follows (from top to bottom) [8,15]: layer 1 with shear
wave velocity, VS, in the order of 400 m/s; layer 2 with VS in the range 400–800 m/s; layer 3
with VS higher than 800 m/s. For sake of brevity, the VS succession 400–600–800 m/s was
considered to perform LSSR analyses. Moreover, referring to the selected heterogeneous
site condition, a set of 132 signals were retrieved from the Italian Accelerometric Archive,
briefly ITACA (accessible at http://itaca.mi.ingv.it/ItacaNet_30/#/home (accessed on
1 February 2021)), and were adopted as input motions considering both rigid and elastic
base numerical conditions. Hence, with reference to the heterogeneous case study, the
correlation between base conditions and ground motion was considered by varying the
input motion.

The results are presented in terms of pseudo-acceleration response spectra and ampli-
fication factors (Afs), quantified according to Equation (1):

AFT1−T2 =

∫ T2
T1

SaodT∫ T2
T1

SaidT
(1)

where, Sa is the pseudo-spectral acceleration, the subscripts o and i refer to the free-field
and reference signal, respectively, and T is the period. T1 and T2 are referred to the period
intervals considered in the integral quantities, that are, in this study, 0.1–0.5 s, 0.4–0.8 s,
and 0.7–1.1 s, in agreement with other researchers [16–19]. AFs based on rigid and elastic
base numerical conditions are compared aiming to verify the effect of the base condition
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on the forecasting of ground motion. Overall, the main issues were: (i) finding the value of
the impedance contrast which provided comparable results based on rigid and elastic base
numerical conditions, and (ii) evaluating the difference between rigid and elastic results
varying the input motion.

2. Numerical Modelling of Seismic Site Response

The numerical modelling of the seismic site response is presented here with reference
to homogeneous case studies (i.e., a homogeneous deposit overlying a half-space) and het-
erogeneous one-dimensional case studies (i.e., a succession characterised by VS increasing
with depth overlying a half-space). Moreover, the correlation between the results and the
adopted base conditions (i.e., rigid and elastic base of the numerical model) is provided. In
detail, referring to the homogeneous case studies, only one reference motion was retrieved
from the ITACA database, since the key issue to be enlightened was the effect of rigid
and elastic base numerical conditions, in the presence of impedance contrasts in the range
of 1.5–82. Furthermore, for two realistic case studies (i.e., deposits characterised by vertical
lithostratigraphic heterogeneity) a set of 132 reference motions were selected to gauge the
effect of the input motion variation on the numerical results.

2.1. Homogenous Deposit

The numerical modelling of the seismic site response with reference to homogeneous
one-dimensional case studies is presented in this section. The linear visco-elastic me-
chanical behaviour was assumed for sake of convenience. With reference to the deposit,
the following physical and mechanical parameters were considered VS = 300, 400, 600,
800 m/s, D = 2% and γt = 18 kN/m3. With reference to the half-space, the following
physical and mechanical parameters were considered VS = 800, 2000, 3000 m/s, D = 1% and
γt = 22 kN/m3. In addition, an unrealistic half-space VS equal to 20,000 m/s was selected
to gauge the ground motion response in the presence of a very stiff half-space, adopting the
elastic base numerical condition. As a matter of fact, it is expected that the results based on
elastic base numerical condition and VS = 20,000 m/s for the half-space should agree with
the results obtained by means of rigid base numerical condition. In addition, the thickness
of the deposit, H, was assumed equal to 15 and 100 m.

The response spectra of the input motion, shown in Figure 2a, refers to the Irpinia
earthquake, Mw = 6.9 (where Mw is the moment magnitude), occurred on 23rd November
1980 in Italy, as recorded by the Auletta station of the Italian accelerometric network [20,21].
This station is placed at the flat ground surface of outcropping polygenic conglomerate,
characterized by the harmonic mean of the shear wave velocity in the upper 30 m, VS30,
equal to 1018 m/s. In addition, no peak value of the horizontal to vertical spectral ratio
(HVSR) was reported in the station monography (available at http://itaca.mi.ingv.it/
ItacaNet_30/#/station/IT/ALT (accessed on 1 February 2021)). Hence, Auletta station was
considered a reference station. The numerical simulations were performed by means of the
code STRATA [22]. Like SHAKE [23,24], STRATA adopt the linear equivalent approach in
the frequency domain. It is worth noting that the selected reference motion is characterised
by spectral acceleration, Sa, greater than 0 g for periods in the range 0–2.0 s. Hence, bearing
in mind that the fundamental frequencies of selected homogeneous deposits are those listed
in Table 1, the selected reference signal was useful to provide amplification phenomena
referring to the whole range of periods of interest.

For the sake of brevity, Figure 3 only shows the response spectra obtained at the
ground surface of the deposit (i.e., free field) and refers to VS equal to 400 m/s. It is worth
noting that the numerical rigid base condition forecast is generally higher than that based
on the numerical elastic base condition. The differences between numerical rigid and elastic
base results are limited to periods lower than 0.4 s for H = 15 m since no amplification
phenomena occurs for such a shallow deposit at higher periods. On the other hand, with
reference to H = 100 m, the rigid base results are the highest for periods lower than 2.0 s; in

http://itaca.mi.ingv.it/ItacaNet_30/#/station/IT/ALT
http://itaca.mi.ingv.it/ItacaNet_30/#/station/IT/ALT
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fact, the fundamental frequency f0 of such a deposit is equal to 1 Hz (see Table 1). Hence,
as expected, the numerical base condition plays a crucial role in the LSSR analyses.
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It is important to underline that εAF greater than 0 refers to the case studies where the
numerical rigid model overestimates the result obtained by means of the numerical elastic
model, whereas εAF lower than 0 refers to the case studies where the numerical rigid model
underestimates the result obtained by means of the numerical elastic model.

In addition, the impedance contrast, I, between the deposit and the underlying half-
space was quantified according to the Equation:

1 =
1√

ρdeposit·Gdeposit
ρhalf-space·Ghalf-space

(3)

where ρ is the mass density, G is the secant shear modulus, and the subscript “half-space”
refers to the base of the numerical model. It should be noted that the higher the Ghalf-space
with respect to the Gdeposit, the higher the I. Hence, the εAF is plotted as a function of I for
each examined case study, as shown in Figures 4 and 5 with reference to deposit thickness
equal to 15 and 100 m, respectively. In general, it is worth noting that: (i) the higher the I,
the lower the overestimation of the rigid base forecast; (ii) the overestimation of the rigid
base forecast is lower than 20% for I higher than 30; (iii) the deeper the deposit the higher
the periods characterized by the overestimation of the rigid base forecast; (iv) with reference
to the deposit thickness equal to 100 m and deposit VS lower than 400 m/s, the higher the
period the higher the overestimation of the rigid base forecast.

2.2. Heterogenous Case Studies

Real site conditions are more complex than those presented in the previous section. For
instance, the VS increases with depth, and GS and D depend on the intensity of the ground
shaking (i.e., shear strain induced by the seismic waves). In this context, results referred to
two heterogeneous case studies are here presented. Figure 6 shows the selected VS profiles
and GS(γ)/G0 and D(γ) curves [25]. In the same figure, soil material characterised by VS
equal to 400, 600, and 800 m/s are named Unit 1, 2, and 3, respectively. Moreover, for that
material characterized by VS, at least equal to 800 m/s, a linear visco-elastic mechanical
behaviour was considered by assuming GS(γ)/G0 = 1 and D(γ) = 1%. With reference to
Units 1, 2, and 3, the γt was assumed equal to 18, 19, and 22 kN/m3, respectively.

A set of 132 real acceleration time histories were retrieved from the ITACA database [20],
referring to stations on outcropped soils characterized by VS30 at least equal to 800 m/s
and flat topography; Figure 2b shows the pseudo-acceleration response spectra selected
as input motions for the numerical LSSR analyses. The peak ground acceleration is in the
range 0.05–0.22 g, as representative of the Italian seismic hazard with reference to a return
period equal to 475 years, and the peak values of the pseudo-spectral acceleration refer to
periods lower than 0.8 s.

Figure 7 shows the distributions of the error εAF, determined according to the Equation (2),
referring to the two selected heterogeneous site profiles (see Figure 6a). As mentioned with
reference to the homogeneous case studies, the rigid base condition overestimates the AF
obtained by means of numerical simulation, carried out adopting the elastic base condition.
In general, with reference to the heterogeneous site profile 1, the higher the range of the
period the lower the mean value of the distribution of εAF. Conversely, with reference to
the heterogeneous site profile 2, the higher the range of the period the higher the mean
value of the εAF distribution. In detail, referring to the heterogeneous site profile 1 and to
the period ranges 0.1–0.5 s, 0.4–0.8 s, and 0.7–1.1 s, the mean values of the εAF distributions
are equal to 192%, 44%, and 36%, respectively. Moreover, referring to the heterogeneous
site profile 2 and to the same period ranges, the mean values of the εAF distributions are
equal to 112%, 65%, and 160%, respectively.
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Finally, Figure 8 shows the profiles of the maximum shear strain, γmax, induced by the
seismic waves’ propagation. The γmax at the base of the numerical models refer to the rigid
base condition being higher than the γmax at the base of the numerical models, referring to
the elastic base condition, as expected. In fact, the outcrop motion is applied at the base of
the numerical model, as in the case of the rigid base condition, whereas only the upcoming
seismic waves included in the outcrop motion are applied at the base of the numerical
model in the case of the elastic base condition.
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3. Conclusions

Seismic microzonation studies are generally based on one-dimensional local seismic
site response schemes, as we have observed during our more than 10-years activity on-
field (scientific webinars, workshops for technicians, and so on); regarding the Italian
experience see, for example, https://govrisv.cnr.it/ (accessed on 30 June 2021) and https:
//www.webms.it/ (accessed on 30 June 2021). In addition, real site conditions cannot be
easily imported in numerical code for seismic site response analysis. Hence, we decided
to provide this technical note on the effect of the numerical base condition in a one-
dimensional scheme on the ground motion modification phenomenon.

To highlight how rigid and elastic base conditions of the numerical model affect the local
seismic site response, numerical modelling was performed, adopting the one-dimensional
scheme. The well-known code, STRATA, by Kottke et al. [21] was adopted. The code
is based on the equivalent linear approach in the frequency domain. With reference to
homogeneous and heterogeneous site profiles, both the numerical rigid and elastic base
conditions were selected to perform local seismic site response analyses. The results were
presented in terms of errors quantified by comparing the amplification factors referring to
the rigid and elastic base numerical models. In general, it was observed that:

- The higher the impedance ratio between the deposit and the half-space (i.e., the base
of the numerical model) the lower the error. In detail, the rigid and elastic base results
agree for impedance contrasts higher than 30;

- Referring to shallow deposits (thickness lower than 30 m), the higher the range of
periods of interest, the lower the overestimation of the rigid base models, with respect
to the elastic base ones;

- Referring to deep deposits (thickness higher than 100 m), the higher the range of
periods of interest, the higher the overestimation of the rigid base models with respect
to the elastic base ones.

As a final recommendation, the elastic base condition should be preferred to the rigid
base condition when dealing with site conditions comparable to those adopted in this
work (one-dimensional scheme, shear wave velocity of the deposit constant or increasing
with depth, thickness of the deposit lower than 100 m and impedance contrast between
deposit and half-space lower than 30). Further research could be focused on the comparison
between rigid and elastic base conditions with reference to very high intensity earthquakes
(peak ground acceleration higher than 0.3 g), to more realistic site profiles (including shear
wave velocity inversion), and to two or three-dimensional geometries.
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