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ABSTRACT: Recently several earthquakes hit Central Italy regions, heavily damaging
towns and villages located very close to the source faults. Hence it is important to study the
local seismic response of sites in near-fault condition, where actual seismic actions are differ-
ent from those traditionally accomplished in seismic design codes. Accelerometric recordings
show significant values of vertical accelerations, similar frequency content of vertical and hori-
zontal motions, both significantly characterized by P and S waves. Vertical and the horizontal
motions are practically simultaneous, giving rise to peculiar near- fault seismic actions and
induced damage. Here the results of preliminary analyses of simultaneous propagation of ver-
tical and horizontal input motions for various subsoil conditions are illustrated. The soil fre-
quency response under vertical input motion is identified; motion amplification is investigated
and compared to the horizontal one, with the aim of understanding the typical features of sur-
face seismic motions in near-fault areas.

1 INTRODUCTION

Italian peninsula is characterized by the presence of the Appenninic chain which develops from
North to South, as the effect of the tectonic contrast between the Tirrenic and Adriatic plates.
This Appenninic “scarface” periodically produces severe earthquakes: in the last years several
towns and villages of Central Italy regions, located very close to the fault surfaces, were heavily
damaged by seismic events (e.g. Lioni, Teora, Caposele, Conza della Campania in 1980, San
Giuliano di Puglia in 2002, L’Aquila in 2009, Amatrice, Accumoli and Norcia in 2016).

Unfortunately this is a typical condition for the Appenninic region, where historical towns
lay on or very close to active faults. Hence it is very important to study the local seismic
response in the so-called near-fault condition, where seismic actions are very different from
those traditionally accomplished in national seismic design codes (see Sica & Simonelli 2015).
The analysis of recorded seismic data clearly put in evidence that: (i) near-fault seismic
motions are characterized by significant values of vertical accelerations, sometimes even
higher than the horizontal ones; (ii) vertical and horizontal motions are characterized by the
same main frequency content, because of P and S waves contributing to both motion direc-
tions; (iii) the time delay between the start of the vertical and horizontal motions is negligible
(P and S waves, contributing to both motions, arrive almost simultaneously because of the
short travel path from the source).
A recent research is focusing on subsoil response in near fault condition: preliminary analyses

on the simultaneous propagation of vertical and horizontal dynamic input for different subsoil
conditions have been performed, and a series of experimental tests by means of the shaking
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table apparatus have been planned inside a European SERA research project. In this paper,
some interesting results of the numerical analyses will be illustrated, focusing on the vertical
motion propagation, soil frequency response under vertical input and site amplification effects,
with the aim of discussing typical features of surface seismic motion in near-fault area.

2 NUMERICAL STUDY OF INPUT MOTION PROPAGATION

Here the propagation of combined horizontal and vertical input motions in simple subsoil
configurations has been numerically simulated, by means the finite difference method imple-
mented in FLAC 2D v.5.0 code (Fast Lagrangian Analysis of Continuous, Itasca, 2005). A
homogeneous soil deposit, with dimensions 100 m x 300 m, has been studied (Figure 1).
The model material is represented by quadrilateral elements, or zones, that form a mesh;

physical and mechanical properties are assigned to each zone. Particular attention must be
paid to the choice of the dimensions of the elements of the mesh, as these dimensions affect
the numerical accuracy of wave transmission. In particular, Kuhlemeyer & Lysmer (1973)
show that for an accurate modeling, the size of the elements Δl must be lower than a value
Δlmax included between 1/10 and 1/8 of the minimum wavelength of interest, λmin, which is
correlated to the maximum frequency of propagating waves, fmax:
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where VS is the shear wave velocity of the material.
Here, being the lowest shear velocity value VS=100 m/s and the highest expected frequency

equal to about 2.5 Hz, the maximum size of the elements (Δlmax) was chosen equal to 5 m.
Free field boundaries represented by one-dimensional columns of unit width were set on the

contours of the mesh, in order to avoid any border effect, simulating the behavior of an infin-
itely extended medium.
The deposit has been modeled as an elastic medium, since the scope of the analysis is to

investigate on the soil response at very low deformation levels. In order to have predetermined
values of shear wave velocities Vs (and compression ones, Vp, given a Poisson coefficient ν
equal to 0.3), fixed the value of density ρ, then shear and normal stiffness G and E, and bulk
modulus K were appropriately calculated according to elasticity theory. Five different homo-
geneous soil deposits were studied, whose main properties are summarized in Table 1.

Figure 1. Subsoil model for dynamic analyses by FLAC code, and control points for reading the input

motion, P0, and the soil response at the surface, P1÷P5 (FF indicate free-field surface conditions).
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In FLAC 2D code the dynamic input motion is applied by means of acceleration or velocity
time-histories, or by tension or pressure or forces time-histories. These time-histories can dir-
ectly modify the boundary conditions or can be applied to any node in the model.
Here velocity time-histories in the horizontal and vertical directions have been applied at

the base nodes as input motion. The input time-histories are chirp functions), (Porat Boaz
2008) that is sinusoidal signal with constant amplitude and variable frequency with time
(Figure 2a). Any chirp function is set in order to cover a range of constant amplitude frequen-
cies, which contains the natural frequency of the deposit (Figure 2b).
For each soil deposit (with V from 100 to 1000 m/s) four different load conditions were

applied, in order to investigate on the role of vertical input motion on soil response (in the
following list, V/H is the ratio between vertical and horizontal velocity amplitudes):

• Horizontal input motion only
• Horizontal + vertical input motion, with amplitude ratio V/H=0,33
• Horizontal + vertical input motion, with amplitude ratio V/H=0,66
• Horizontal + vertical input motion, with amplitude ratio V/H=1

Table 1. Body wave velocities and stiffness parameters of the five sub-

soil models.

VS VP G E k
m/s m/s Mpa Mpa MPa

1. 100 187 20 52 43

2. 300 561 180 468 390

3. 500 935 500 1300 1080

4. 700 1309 980 2550 2120

5. 1000 1871 2000 5200 4300

Poisson coefficient ν = 0.3; density ρ = 2000 Kg/m3

Figure 2. Dynamic input motion (Chirp function): time-history (a) and Fourier spectrum (b)
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The input motion at the base was read at point P0, while the soil response on the sur-
face was read at the 5 different control points P1÷P5 (Figure 3), for verifying if the
obtained signals were practically the same, as expected in a one-dimensional vertical
propagation of the motion, simulated in the model by means of the adopted boundary
conditions.

3 NUMERICAL ANALYSES RESULTS

The results of the wave propagation analyses were represented and interpreted both in the
time and frequency domains, in order to investigate on the frequency response of the subsoil
and the amplification effects of both horizontal and vertical input motions.
Before illustrating the results, it is important to underline that the surface response at the

five control points was practically identical, confirming the one dimensional wave propagation

Figure 3. Site response analysis for the Vs=100 m/s and V/H=1 case – Column (1) horizontal response:

Fourier spectrum of input velocity time history (at bottom), Fourier spectrum of surface velocity time

history (at top), Amplification Function (in the middle). Column (2) vertical response: Fourier spectrum

of input velocity time history (at bottom), Fourier spectrum of surface velocity time history (at top),

Amplification Function (in the middle).
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phenomenon. Hence from now on, for sake of simplicity, the results of the reference point P3
only will be illustrated. A complete set of the obtained results will be presented and discussed
by the Authors in a journal paper in preparation (Simonelli et al. 2019).
The first discussion regards the frequency response of the deposits. All the results obtained

for the 5 different stiffness deposits and the 4 different input motions are consistent and give
clear indications. Here as example the results for the stiffness case Vs=100 m/s and the input
motion with the vertical over horizontal velocity amplitude ratio V/H=1 will be illustrated. In
the two columns of Figure 3 the Fourier spectra of the horizontal (on the left) and vertical (on
the right) velocity time histories are represented: on the bottom the spectra of the input
motion, on the top the spectra of the surface signals; between the bottom and the top spectra,
the amplification functions are represented.
The velocity input motions in the horizontal and vertical directions are equal (V/H=1), as

confirmed by the two Fourier spectra of the signals at the base: the spectra show the range of
frequencies of 0.1-1 Hz with a constant amplitude of about 0.025 m/s. On the other hand the
signals transmitted on the surface show Fourier spectra modified by the filtering action of the
deposit, as confirmed by the amplification functions plotted in the middle.
As regards the horizontal motion (column 1), a clear amplification in the range 0.2-0.3 Hz

is observed, with a main frequency of the soil deposit of 0.24 Hz. As regards the vertical
motion (column 2), the amplification is high in the range of 0.4-0.5 Hz, with a main vertical
frequency of the soil deposit of 0.46 Hz. As expected, the vertical main frequency of the soil is
greater than the horizontal one.
The same conclusions can be derived from the analogous analysis of the accelerometric sig-

nals (Figure 4). In this case the amplitudes of the spectra of the accelerometric input are not
constant, and the amplification frequency range is well enhanced only in the amplification
function plotted in the middle. Once again the most amplified horizontal frequencies lie
within the 0.2-0.3 Hz range, and the main horizontal frequency of the deposit is 0.24 Hz
(column a). As regards the vertical motion (column b), the frequency amplification range is
higher (0.4-0.5 Hz), and the main vertical frequency of the soil deposit is always 0.46 Hz.
The results of frequency response for all the five analyzed deposits and the different input

motions are resumed in Table 2. The main horizontal frequency values of the deposits
obtained by the numerical analyses (fH) are compared with the ones given by the theoretical
approach for a homogeneous elastic soil (fH

*): as expected, the agreement is very good.
The same comparison has been performed for the vertical frequencies: the numerical ones

(fV) are compared with the values obtained by means of a formula analogous to the theoretical
one for fH

*, substituting VS with VP (see fV
** in Table 2). The difference between the values is

around 2%, hence the agreement is good, confirming the effectiveness of the formula for fV
**

evaluation.
As regards soil amplification effects, very interesting considerations can be drawn. As a

matter of fact, all the results given by the analyses for the different soil and input motion con-
figurations put in evidence a significant amplification of the vertical motion, often higher than
the horizontal one. As an example, examining the results in terms of Fourier spectra and amp-
lification functions for both velocity and accelerations, respectively in Figures 3 and 4, an
amplification factor for the predominant frequencies of about 10 is calculated, both for the
horizontal and the vertical input motions.
Another kind of evaluation of the soil amplification for all the soil deposits and applied

input motion is reported in Table 3. For each case, the ratio of the maximum vertical velocity
time-history over the horizontal one, computed on the surface points, is reported. Examining
the values obtained for each input motion (V/H= 0.33. 0.66 and 1), going from the stiffer to
the softer deposit (VS from 1000 to 100 m/s) it can be observed that: (i) the ratio values on the
surface are always higher than those at the base, confirming that the amplification factor of
the peak vertical velocity is always higher than the horizontal one; (ii) the vertical amplifica-
tion (compared to the horizontal one) increases even more with soil deformability. As
expected, the ratio between the values on the surface and the input ones only depends on soil
deformability (VS), being independent on the amplitude of the input motion (H/V).
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Figure 4. Site response analysis for the Vs=100 m/s and V/H=1 case – Column (1) horizontal response:

Fourier spectrum of input acceleration time history (at bottom), Fourier spectrum of surface acceleration

time history (at top), Amplification Function (in the middle). Column (2) vertical response: Fourier spec-

trum of input acceleration time history (at bottom), Fourier spectrum of surface acceleration time history

(at top), Amplification Function (in the middle).

Table 2. The horizontal and vertical main frequencies by numerical analyses and the-

oretical relationship.

VS VP fH f*H fV f**H
(m/s) (m/s) (HZ) (HZ) (HZ) (HZ)

1. 100 187 0.24 0.25 0.46 0.47

2. 300 561 0.73 0.75 1.37 1.40

3. 500 935 1.25 1.25 2.26 2.34

4. 700 1309 1.74 1.75 3.20 3.27

5. 1000 1870 2.47 2.50 4.61 4.68

fH
� ¼ VS

4H
; fV

�� ¼ VP

4H
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The frequency response of the deposit under horizontal and vertical input motions can be
even determined by a Nakamura-like approach. Based on the previous work of Nogoshi &
Igarashi (1971), Nakamura (1989) provides the main horizontal frequency of a deposit, from
the ratio between the Fourier amplitude spectra of the horizontal (H) to vertical (V) compo-
nents of ambient noise vibrations recorded at a station on the surfaces.
Nakamura assumes that any soil deposit amplifies only horizontal vibration, not the verti-

cal ones, hence the maximum spectral ratio verifies in correspondence of the main soil hori-
zontal frequency.
Here the spectral ratio of the horizontal (H) to vertical (V) accelerometric signals produced

on the surface by the input motion applied at the deposit base are plotted, according to Naka-
mura method (Figure 5a). The main horizontal frequency is confirmed to be 0.24 Hz.
The new proposal here is the evaluation of the vertical frequency of the deposit, by means

of the “inverse spectral ratio”, i.e. the ratio of the vertical (V) to horizontal (H) surface signals.
This proposal is based on the attitude of the deposit, previously discussed, of amplifying verti-
cal motion at higher frequency, correspondent to its main frequency. The diagram of the
inverse spectral ratio in Figure 5b confirm the main vertical frequency of the deposit equal to
0,46 Hz, as previously determined by means of the vertical amplification function. Obviously
the same value can be individuated by the minimum of the spectral ratio (H/V) diagram of
Figure 5a.

4 COMMENTS AND CONCLUSIONS

The dynamic response of simple subsoil configurations under combined horizontal and verti-
cal input motions has been examined, for evaluating the role of vertical motion component,
which revealed to be very significant in recent earthquakes in near-fault conditions.
Numerical analyses allowed to define the frequency response of homogeneous soil to verti-

cal input motion: the main frequency can be effectively correlated to the soil compression
wave propagation velocity.

Table 3. Ratio of maximum vertical/horizontal amplitude of velocity time histories on the surface.

VS Ratio of vertical/horizontal amplitude of input velocity
(m/s) 0 0.33 0.66 1

1. 100 −−− 0.48 0.95 1.43

2. 300 −−− 0.41 0.82 1.23

3. 500 −−− 0.38 0.77 1.16

4. 700 −−− 0.37 0.75 1.11

5. 1000 −−− 0.37 0.77 1.11

Figure 5. Nakamura-like method for Vs = 100 m/s − (a) Spectral ratio, (b) Inverse spectral ratio
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The vertical motion amplification has been evaluated and compared to the horizontal one,
revealing to be significant and not negligible: as a matter of fact, this amplification can allow
to determine the vertical main frequency of the soil by means of a simple Nakamura-like
approach.
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