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Abstract: The Caronia area is located in the Tyrrhenian north-eastern sector of Sicily (Italy). Starting in
2010, attention focused on the study of landslides phenomena that occurred in this area, which caused
significant economic damage to buildings and infrastructures and loss of productive activities. The
site is characterized by geotechnical, geological and morphological heterogeneity, and for this reason
the site is particularly prone to seismic topographic amplification effects. In this paper, the authors
carried out numerical studies focused on the topographic seismic effect evaluation concerning the
slope affected by the landslide phenomena. For this site, geotechnical characterization was available
concerning both in-situ and laboratory tests; boreholes, piezometers, down-hole tests, multichannel
analysis of surface waves tests, seismic tomographies and inclinometer measurements were carried
out. Furthermore, 1-D and 2-D local seismic response analyses were carried out by using different
synthetic seismograms related to the earthquake of Messina and Reggio Calabria on 28 December
1908. The results of the numerical analyses are presented in terms of response seismograms and
response spectra at the surface.

Keywords: topographic effects; seismic response analysis; landslides; geotechnical characterization;
Tyrrhenian area

1. Introduction

The effects of the topography and geological conditions on seismic waves have been
studied by many authors from the second half of the last century. The observation of the
most important earthquakes shows that the presence of topographic irregularities can
significantly modify the consequences of the seismic input motion; so much so that even
the European Code [1] takes into account the modification of the seismic action due to
topography through a topographical amplification factor.

Among the most important experiences that must be remembered include the study
on the Pacoima Dam in San Fernando Valley, California [2,3], and also the study on the
Pacoima Canyon, which confirmed the very important role of topographic amplification
on landslide triggering [4]. In the recent past, the 1999 Athens Earthquake caused heavy
damage on the eastern bank of the Kifissos River canyon and inspired the study on the
topographic aggravation factor [5].

This paper is focused on the study of the local seismic amplification for a slope located
in the Tyrrhenian north-eastern part of Sicily (Italy), carried out through 2-D numerical
analyses, to determine the topographical contribution on the ground acceleration [6–9].
As is known, the local seismic response is significantly influenced by stratigraphic het-
erogeneity and by morphological irregularities. The surface morphology is relevant on
the seismic amplification of the site as evidenced by the structural damages detected in
correspondence of morphological elements, such as the slopes, the escarpments and the
canyons. From the geotechnical point of view, the topographical amplification involves the
evaluation of the seismic risk for the historical sites built on reliefs, but also for earthworks
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and important works as bridges, dams, natural and artificial slopes. The Italian Building
Code (NTC 2018) [10] allows for the evaluation of topographic amplification using a sim-
plified method based on the use of the topographic amplification coefficient ST, which
varies from a minimum value of 1.0 to a maximum value of 1.4. However, it is important
to consider that the values suggested by NTC 2018 [10] are referring to general and not
particular configurations and provide numerical values that in some cases may not be com-
pletely realistic. This work concerns the determination of topographic amplification factors
that could influence the slope response in the case of seismic events. The topographical
amplification factors were therefore calculated with 2-D numerical models and the relative
values obtained from the analyses were compared with the values provided by the Italian
Building Code.

The study area is a portion of the Caronia Municipality (Figure 1), where in 2010
a non-coseismal landslide affected the southern part of the town and caused damages
to urbanized areas and infrastructures; in addition, about 120 inhabitants in an area of
approximately 50 hectares were evacuated.
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2. Site Characterization
2.1. Seismicity of the Study Area

The northern part of Sicily, in front of the Tyrrhenian Sea where Caronia is located,
is a place of frequent, intense and deep seismicity [11]. This peculiarity attracted many
seismologists, explaining the large number of papers dealing with it [12,13]. The area is
prone to high seismic risk, and in the coastal part, to high tsunami risk. The strongest
historical earthquake recorded in the area is also the strongest Italian earthquake, which
took place in the Messina Strait on 28 December 1908, causing an estimated 60,000 to
120,000 fatalities and the destruction of Messina, Reggio Calabria and many other cities in
Calabria and Sicily. The 1908 earthquake, which was felt strongly in Sicily and Calabria
(both regions of southern Italy), was caused by normal faulting in the Messina Strait
starting at 05:20 a.m. on 28 December and lasting about 30 s. The earthquake was also felt
in the middle Italy regions of Campania and Molise, as well as on the Malta Island (south
of Sicily).

The shorelines of Messina and Reggio Calabria were stricken by up to 12 m waves,
completing the devastation and displacing a large quantity of rubble from collapsed
buildings. As a consequence of the disaster, in the areas all communications were disrupted
and rescue operations began right from the sea thanks to the presence of English ships
first and then also Russian ships to give immediate aide to the populations. The medical
officers of the Royal Navy and the Baltic Guard-Marine gave the first medical aid to the
victims [14].
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Due to poor quality of construction and construction materials, the damage in Messina
and Reggio Calabria was very strong and contributed to delivering the coup de grace in
the same areas that had already suffered seismic events in the previous 15 years, such as
the 1894, 1905 and 1907 southern Calabria earthquakes, all characterized by Me > 6 [15].
Historic records also report that the Ionian Islands off the west coast of Greece and other
countries such as Albania and Montenegro felt the earthquake.

The area of the Messina Strait is located midway of the Calabrian Arc, one of the most
seismically active areas in Italian and Mediterranean that had been stricken by earthquakes
several times in the past, but not as strong as the earthquake of December 1908. Figure 2
shows the intensity pattern for the 1908 earthquake [16]. Between the main historical
seismic events with Me > 5.5, the 31 August 853 and the 6 February 1783 earthquakes need
to be mentioned, respectively, with I0 IX-X and I0 VIII-IX [17]. The historical records also
report two events, presumably significant, in 91 B.C. (I0 IX-X) and 361 A.D. (I0 X).
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2.2. Geological Aspects

The eastern sector of the Nebrodi Mountains (NE Sicily), a part of the Apennines-
Maghrebian orogenic chain, is characterized by a high landslide hazard [18,19]. The
study area is characterized by three different geological units (Tardorogene covering,
Sicilide complex and Panormide complex), according to the Geological Map of the Messina
Province, as shown in Figure 3.

The features of the geological units are reported in the following:

(a) Tardorogene coverings unit—Reitano flysch: alternation of micaceous sandstones, of
yellowish or gray-brown color, with intercalations of grayish or greenish marly clays
(Ma and Mas in the geological map).

(b) Sicilide complex—Upper scaly clays unit: marly clays and gray-blackish clayey marl
with decimetric levels of gray marly limestone and grayish calcarenite (Cc in the
geological map); Salici Mount—Castelli Mount unit: numidic flysch, blackish shafts
(OM in the geological map) passing upwards to an alternation of brown clays and
yellowish quartz arenites with local marly limestone and marl.

(c) Panormide complex—numidic flysch, alternation of siliceous argillites and quartz
arenites or quartz osyltites (Omi in the geological map).
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In general, it is observed that some portions of the Reitano Flysch appear disarticulated
in the outcrop, with fragmented and fractured lithoid layers.
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2.3. Investigation Program and Geotechnical Soil Properties

The Regional Department of the Civil Defense put in many efforts in terms of studies
and analyses that obtained precious information for a detailed geotechnical characterization
of the Caronia area [21].

The static and dynamic geotechnical characterization of soils in the Contrada Lineri of
Caronia was performed within an investigation test site with a surface of about 13 hectares;
Figure 4 shows the layout of test sites with the location of geotechnical boreholes and
piezometers. The study area reached a maximum depth of 30 m. Laboratory tests (moisture
content; soil unit weight; specific gravity; grain size analysis; Atterberg limits; direct shear
test) were performed on undisturbed samples [22].

To evaluate the geotechnical characteristics of soils, the following in situ and laboratory
tests were performed in the area: n. 11 Boreholes, n. 10 Piezometers, n. 5 Inclinometric Mea-
surements, n. 3 Down-Hole tests (DHT), n. 7 Seismic Tomography Tests, n. 2 Multichannel
Analysis of Surface Waves (MASW), n. 12 Direct Shear Tests (DST).



Appl. Sci. 2021, 11, 3180 5 of 23Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 24 
 

 
Figure 4. Layout of test sites with the location of geotechnical boreholes and piezometers. 

The study area reached a maximum depth of 30 m. Laboratory tests (moisture con-
tent; soil unit weight; specific gravity; grain size analysis; Atterberg limits; direct shear 
test) were performed on undisturbed samples [22]. 

To evaluate the geotechnical characteristics of soils, the following in situ and labora-
tory tests were performed in the area: n. 11 Boreholes, n. 10 Piezometers, n. 5 Inclinometric 
Measurements, n. 3 Down-Hole tests (DHT), n. 7 Seismic Tomography Tests, n. 2 Multi-
channel Analysis of Surface Waves (MASW), n. 12 Direct Shear Tests (DST). 

Based on of the data available from boreholes (Table 1), soil profiles of the ground 
beneath the Caronia test sites could be designed. Summarizing the borehole results, it is 
possible to define four soil classes, namely: plastic structureless clays, brown color struc-
tureless clays, gray color structureless clays and argillites. The water level was in the range 
8.30–11.20 m. 

The stratigraphic columns were obtained directly by the study of topographical pro-
files. This was done by trying to predict as accurately as possible what the soil profile 
looked like beneath the surface from the information available from the stratigraphic col-
umns, linking corresponding strata with neighboring stratigraphic columns where possi-
ble. Once each stratum was completed, the corresponding lithological design was as-
signed (Figure 5). 

Table 1. Soil profile for Caronia area. 

Borehole 
D 

[m] Soil Profile 
VS 

[m/s] 
BH105 0.00–4.00 Debris: conglomerate screed, boulders and chaotic material. <260 

BH105 4.00–15.50 

Tobacco brown clays, to the touch plastic and from medium consistent to 
consistent in the lower part (10.50–15.50 m); at times there are clay levels; 
overall, when cut, they present themselves with ferrous, rust-colored and 
alternatively gray alterations. 

<350 

Figure 4. Layout of test sites with the location of geotechnical boreholes and piezometers.

Based on of the data available from boreholes (Table 1), soil profiles of the ground
beneath the Caronia test sites could be designed. Summarizing the borehole results, it
is possible to define four soil classes, namely: plastic structureless clays, brown color
structureless clays, gray color structureless clays and argillites. The water level was in the
range 8.30–11.20 m.

Table 1. Soil profile for Caronia area.

Borehole D
[m] Soil Profile VS

[m/s]

BH105 0.00–4.00 Debris: conglomerate screed, boulders and chaotic material. <260

BH105 4.00–15.50

Tobacco brown clays, to the touch plastic and from medium
consistent to consistent in the lower part (10.50–15.50 m); at times
there are clay levels; overall, when cut, they present themselves with
ferrous, rust-colored and alternatively gray alterations.

<350

BH105 15.50–31.00
Dark gray clay with very consistent sections, alternating with
fractured and flattened layers; moreover, there are rare levels of clay
with plastic behavior and dark color.

>450
<600

BH3 0.00–4.00 Plastic structureless clays (landslide debris). <260

BH3 4.00–6.00 Chaotic structureless clay with occasional compact clay levels of
brown color with plastic consistency and poor characteristics. <350

BH3 6.00–15.50 Chaotic structureless clay with occasional compact clay levels of gray
color with plastic consistency and mediocre characteristics.

>350
<450

BH3 15.50–31.00 Argillites with lytic tracts and sub-vertical fractures, dark gray or
blackish in color with mediocre characteristics.

>450
<600

where: D = Depth, VS = Shear Wave Velocity and BH105 or BH3 = Boreholes where the profiles were taken.
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The stratigraphic columns were obtained directly by the study of topographical
profiles. This was done by trying to predict as accurately as possible what the soil profile
looked like beneath the surface from the information available from the stratigraphic
columns, linking corresponding strata with neighboring stratigraphic columns where
possible. Once each stratum was completed, the corresponding lithological design was
assigned (Figure 5).
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Based on the laboratory tests, the typical range of physical characteristics, index
properties and strength parameters of the deposits mainly encountered in these areas are
reported in Tables 2 and 3.

Table 2. Mechanical characteristics for Caronia area.

Site D
[m]

γ

[kN/m3]
Wn
[%]

WL
[%]

WP
[%]

PI
[%]

CI
[%]

AI
[%]

BH2CI1 2.50–3.00 19.81 12.54 34.17 11.98 22.19 0.97 1.07
BH3CI1 2.50–3.00 19.71 26.21 31.78 22.71 9.07 1.58 0.34
BH3CI2 6.00–6.40 19.61 22.65 37.63 19.74 17.89 0.97 0.44
BH4CI1 7.30–7.60 18.24 15.78 53.27 20.20 33.07 0.99 0.64
BH4CI2 10.70–11.00 19.22 24.45 22.58 13.42 9.16 1.29 0.52
BH5CI1 12.00–12.45 19.12 26.35 48.56 20.06 28.50 0.96 0.48

BH102-CM1 4.20–450 19.71 14.12 38.00 17.00 21.00 1.14 0.87
BH2CI1 2.50–3.00 19.81 12.54 34.17 11.98 22.19 0.97 1.07
BH3CI1 2.50–3.00 19.71 26.21 31.78 22.71 9.07 1.58 0.34
BH3CI2 6.00–6.40 19.61 22.65 37.63 19.74 17.89 0.97 0.44
BH4CI1 7.30–7.60 18.24 15.78 53.27 20.20 33.07 0.99 0.64
BH4CI2 10.70–11.00 19.22 24.45 22.58 13.42 9.16 1.29 0.52

where: D = Depth, γ = Total Unit Weight, Wn = Water Content, WL = Liquid Limit, WP = Plastic Limit, PI = Plasticity Index,
CI = Consistence Index and AI = Activity Index.
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Table 3. Mechanical characteristics for Caronia area.

Site D
[m] e n Sr

[%]
c’

[kPa]
ϕ‘
[◦]

BH2CI1 2.50–3.00 0.51 0.34 66.58 4.88 31.6
BH3CI1 2.50–3.00 0.66 0.40 69.89 5.86 27.6
BH3CI2 6.00–6.40 0.66 0.40 81.96 6.93 23.4
BH4CI1 7.30–7.60 0.57 0.36 95.58 19.95 28.1
BH4CI2 10.70–11.00 0.43 0.30 67.06 21.73 15.8
BH5CI1 12.00–12.45 0.74 0.43 78.96 2.41 16.0

BH102-CM1 4.20–450 0.52 0.34 73.12 33.20 21
BH2CI1 2.50–3.00 0.44 0.30 67.02 20.30 22
BH3CI1 2.50–3.00 0.49 0.33 78.88 36.50 30
BH3CI2 6.00–6.40 0.44 0.31 85.07 51.80 22
BH4CI1 7.30–7.60 0.39 0.28 73.30 34.00 20
BH4CI2 10.70–11.00 0.35 0.26 85.63 23.20 21

where: D = Depth, e = Void Ratio, n = Porosity, Sr = Degree of Saturation, c’ = Cohesion and ϕ‘ = Effective friction angle from Direct
Shear Test (DST).

The value (Figure 6) of the natural moisture content wn prevalently ranged between
11–26%, while characteristic values for e (void ratio) ranged between 0.35 and 0.74 for the
Caronia test site.
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Regarding strength parameters of the deposits mainly (Table 3) encountered in this
area, c’ from DST ranged between 2.41kPa and 51.8kPa while ϕ‘ from DST ranged between
15.8◦ and 31.6◦.

It was also possible to evaluate the small strain shear modulus in the Caronia area by
means of the following seismic tests based on Down Hole (DH). In Figure 7, the shear and
compression wave velocities are shown against depth.

The shear Vs and compression Vp wave velocities gradually increased with depth. At
the depth of about 25–30 m, there was a rapid increase in velocities due to the presence of
fractured argillite.

In Figure 8, the dynamic Poisson ratio (ν) variation with depth, obtained from the
Down-Hole (DH) test, is plotted to show site characteristics. It is shown that the values
oscillate around 0.03–0.48 for DH.
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Figure 7. Vs and Vp from down-hole tests in Caronia area, where: Vs = Shear wave velocity and Vp = Compression
wave velocity.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 24 
 

It was also possible to evaluate the small strain shear modulus in the Caronia area by 
means of the following seismic tests based on Down Hole (DH). In Figure 7, the shear and 
compression wave velocities are shown against depth. 

The shear Vs and compression Vp wave velocities gradually increased with depth. At 
the depth of about 25–30 m, there was a rapid increase in velocities due to the presence of 
fractured argillite. 

 
Figure 7. Vs and Vp from down-hole tests in Caronia area, where: Vs = Shear wave velocity and Vp = Compression wave 
velocity. 

In Figure 8, the dynamic Poisson ratio (ν) variation with depth, obtained from the 
Down-Hole (DH) test, is plotted to show site characteristics. It is shown that the values 
oscillate around 0.03–0.48 for DH. 

 
Figure 8. Poisson ratio from down-hole tests. 

In Figure 9, the coefficient of earth pressure at rest Ko variation with depth, obtained 
from a Down-Hole (DH) test, is plotted to show site characteristics. It is shown that apart 
from the top 5 m, the values oscillate around 0.07–0.93 from DH. 

0

5

10

15

20

25

30

35

0 500 1000 1500
D

 [m
]

V [m/s]

Vs - DH1
Vp - DH1

CARONIA
Borehole BH2

0

5

10

15

20

25

30

35

0 1000 2000 3000

D
 [m

]

V [m/s]

Vs - DH2
Vp - DH2

CARONIA
Borehole BH5

0

5

10

15

20

25

30

35

0 500 1000 1500

D
 [m

]

V [m/s]

Vs - DH3
Vp - DH3

CARONIA
Borehole BH3

0

5

10

15

20

25

30

35

0.00 0.10 0.20 0.30 0.40 0.50

D 
[m

]

ν

DH 1
DH 2
DH 3

CARONIA

Figure 8. Poisson ratio from down-hole tests.

In Figure 9, the coefficient of earth pressure at rest Ko variation with depth, obtained
from a Down-Hole (DH) test, is plotted to show site characteristics. It is shown that apart
from the top 5 m, the values oscillate around 0.07–0.93 from DH.
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A comparison between the shear modulus values of Go obtained from in situ tests
performed on the area under consideration is shown in Figure 10. The down-hole tests
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performed in the Caronia area show Go values increasing with depth. Very high values of
Go were obtained for depths greater than 25 m in borehole 5. According to these data, it
was possible to assume Go values oscillating around 50–1000 MPa.
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Figure 11 shows a particular cross-section with the geological and geotechnical infor-
mation from which we note the presence of predominantly clayey material with Vs values
included in the range 200–700 m/s. The borehole BH105 was performed along with the
stable share of landslide cross-section, while the borehole BH3 was performed along with
the unstable share of landslide cross-section. These two boreholes allow us to definition
the geotechnical characteristics of the Caronia landslide.
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3. Site Response Analysis
3.1. Seismic Input Motion and Soil Dynamic Properties

This work takes into specific consideration the site effects’ role on the predictable
ground motions in the Caronia area. More precisely, when it comes to site effects, we
generally refer to the influence of the first 40–50 m of near-surface stratigraphy on the
seismic response of the soil. Great importance is also given to the source and the path
effects [23].

Seven different inputs were used, consisting of six synthetic seismograms related to
the Messina and Reggio Calabria 1908 earthquake (Bottari et al. [24]; Tortorici et al. [25];
Amoruso et al. [26]; DISS Aspromonte Est; DISS Gioia Tauro; DISS Messina Strait) and one
related to the 1693 Catania scenario earthquake [27–30]. The seismograms were scaled to
the (Peak Ground Acceleration) PGA = 0.176 g provided by the Italian Code NTC 2018 for
the site.

Soil dynamic properties were also taken into account in the numerical analyses
through the stiffness attenuation G/Go-γ and damping ratio evolution with strain D-γ
curves [31] related to similar materials of the same area [32,33].

The dependency of the shear modulus and damping ratio on shear strain level
was obtained by interpolating the experimental resonant column tests (RCT) data by
Yokota et al.’s [34] equation to the experimental data points. For the Caronia area, the
following equations were used:

G(γ)

Go
=

1

1 + αγ(%)β
(1)

to describe the shear modulus decay with shear strain level, in which G(γ) = strain depen-
dent shear modulus, γ = shear strain and α, β = soil constants, with

D(γ)(%) = η · exp
[
−λ · G(γ)

Go

]
(2)

to describe the inverse variation of damping ratio with respect to the normalized shear
modulus, in which D(γ) = strain dependent damping ratio, γ = shear strain and η, λ = soil
constants.

The values of α, β and of η, λ are reported in Table 4.

Table 4. Soil constants for Caronia area.

Soil α β η λ

Debris 65 1.15 34.8 1.9
Brown Clay 20 0.87 19 2.3

Dark Gray Clay 7.5 0.897 90 4.5

3.2. Numerical Analyses

To evaluate morphological and stratigraphic effects, 1-D and 2-D equivalent-linear site
response analyses were performed. Several techniques were proposed for the assessment
of these effects; by comparing the results from experimental estimates of local site amplifi-
cation effects and numerical analyses, it was demonstrated that 1-D numerical modeling
can underestimate the amplification of ground motion and cannot account for resonant
frequencies every time [35]. In these cases, the use of 2-D numerical methods is almost
essential to obtain a more realistic estimate of the seismic response [36].

The 1-D analyses were carried out in three vertical profiles extracted from the 2-D
cross-section, located in this way: (1) the first behind the crest of the slope, (2) the second at
the crest of the slope, (3) the third at a point downstream sufficiently far from the foot of
the slope.
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The 1-D analyses were performed by the EERA (Equivalent-Linear Earthquake Site
Response Analysis) code [37] that permits performance of frequency domain analyses for
equivalent linear stratified sub-soils. The same elaborations were also carried out through
the QUAKE/W code to obtain a calibration of the two codes and be able to proceed
subsequently with the 2-D analyses. A comparison of results from these two different codes
is a good way of validating the formulation and implementation of the work. The EERA
model was simulated in QUAKE/W as a column of elements where the base of the column
is fixed. This has the effect of the earthquake motion being applied at the column base. The
sides of the column are fixed in the vertical direction, which ensures that all the motion is
in the horizontal direction only, an assumption inherent in the EERA 1-D formulation.

The 2-D analyses were performed by the QUAKE/W [38] code based on a finite ele-
ment formulation with a direct integration scheme in the time domain. “Direct integration”
means no transformation of the equations into the frequency domain is required. Then, the
motion equations are solved directly using a finite-difference time-stepping procedure.

Figure 12 shows the cross-section used for the finite element analyses; the three-surface
points monitored by 1-D and 2-D analyses were also indicated in the same figure.
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3.3. 1-D Analysis

For complex geometries, it is very important to perform dynamic analyses by different
codes, and in particular through 2-D codes that can catch some aspects that 1-D codes
cannot catch.

The 1-D analyses performed by EERA and QUAKE/W codes, for the seven inputs,
show similar values of PGA for points 1 and 2 (behind the crest point and crest point) [39].
The following figures show in red and blue, respectively, the EERA and QUAKE/W results
in terms of acceleration time history and spectral acceleration. In particular, Figures 13–15
show the 1-D analysis results for the Amoruso et al. [26] input, and the results have been
summarized in the Table 5. Results obtained for points 1 and 2 show values of the strati-
graphic soil amplification factor of about 1.30 using the EERA code and of about 1.20 using
the QUAKE/W code. For point 3, there is no significant stratigraphic soil amplification.
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Table 5. PGA (Peak Ground Acceleration) by 1-D analyses for the Amoruso et al. [26] input at point
1, 2 and 3.

PGAEERA
[g]

PGAQUAKE/W 1-D
[g]

Point 1 0.228 0.207
Point 2 0.228 0.207
Point 3 0.168 0.141

Table 6 shows, for the same points, the results of 1-D analysis carried out by the
seismograms for the Bottari et al. [24], Tortorici et al. [25], DISS Messina Strait, DISS Gioia
Tauro, DISS Aspromonte Est, and 1693 Catania Earthquake.

Table 6. PGA by 1-D analyses for the Bottari et al. [24], Tortorici et al. [25], DISS Messina Strait, DISS Gioia Tauro, DISS
Aspromonte Est, 1693 Catania earthquake inputs at point 1, 2 and 3.

Tortorici et al. [25] Bottari et al. [24] DISS Messina Strait
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Point 3 0.176 0.147 0.184 0.152 0.165 0.151

DISS Gioia Tauro DISS Aspromonte Est 1693 Catania Earthquake
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Results obtained for points 1 and 2, show maximum values of the stratigraphic soil
amplification factor of about 1.45 using EERA code and of about 1.50 using QUAKE/W
code. While for point 3 results show a slight stratigraphic soil amplification of about 1.10.

3.4. 2-D Analysis

In addition to 1-D results, a 2-D analysis of the slope was performed using QUAKE/W
code. The importance of the comparison for the same case study between 1-D and 2-D
analyses is well known and it plays an important role not only for a sloping ground area
but, in general, for geometric irregularities. An example is reported by Elton et al. [40] by
analyzing the stability of an earth dam affected by a seismic action. Authors compared two
methods for calculating the peak dynamic shear stress that occurs in embankments during
an earthquake based on 1-D analyses performed using the SHAKE code [41] and on 2-D
analyses carried out using the FLUSH code [42].

Furthermore, an accurate evaluation of the PGA also plays a very important role in
slope stability in seismic conditions. In fact, the influence of the PGA on the identification
of the critical slip surface under seismic loading, and, consequently, on the safety factor of
the slope, is well known. In addition, the knowledge of the response time history and of
the PGA can be very helpful in the study of permanent displacements, as recently reported
by Ji at al. [43,44].

The following figures show in red, blue and green, respectively, the EERA, QUAKE/W
1-D and QUAKE/W 2-D result in terms of acceleration time history and spectral accel-
eration. Figure 16 shows the surface maximum acceleration along the 2-D modelization
through the QUAKE/W code.
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Figures 17–19 show the 1-D and 2-D analysis for the Amoruso et al. [26] input, and
the results have been summarized in Table 7.
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Table 7. PGA by 1-D and 2-D analyses for the Amoruso et al. [26] input at point 1, 2 and 3.

PGAEERA
[g]

PGAQUAKE/W 1-D
[g]

PGAQUAKE/W 2-D
[g]

Point 1 0.208 0.156 0.242
Point 2 0.208 0.156 0.400
Point 3 0.184 0.152 0.138

Table 8 shows, for the same points, the result of 1-D and 2-D analysis carried out by
the seismograms for the Tortorici et al. [25], Bottari et al. [24], DISS Messina Strait, DISS
Gioia Tauro, DISS Aspromonte Est, and 1693 Catania earthquakes.

Table 8. PGA by 1-D and 2-D analyses for the Tortorici et al. [25], Bottari et al. [24], DISS Messina Strait, DISS Gioia Tauro,
DISS Aspromonte Est, 1693 Catania earthquake inputs at point 1, 2 and 3.

Tortorici et al. [25] Bottari et al. [24] DISS Messina Strait

PGA
EERA

PGA
QUAKE/W 1-D

PGA
QUAKE/W 2-D

PGA
EERA

PGA
QUAKE/W 1-D

PGA
QUAKE/W 2-D

PGA
EERA

PGA
QUAKE/W 1-D

PGA
QUAKE/W 2-D

[g] [g] [g] [g] [g] [g] [g] [g] [g]

Point 1 0.208 0.193 0.311 0.228 0.207 0.336 0.195 0.269 0.403
Point 2 0.208 0.193 0.400 0.228 0.207 0.370 0.195 0.269 0.493
Point 3 0.176 0.147 0.083 0.168 0.141 0.064 0.165 0.151 0.140

DISS Gioia Tauro DISS Aspromonte Est 1693 Catania Earthquake

PGA
EERA

PGA
QUAKE/W 1-D

PGA
QUAKE/W 2-D

PGA
EERA

PGA
QUAKE/W 1-D

PGA
QUAKE/W 2-D

PGA
EERA

PGA
QUAKE/W 1-D

PGA
QUAKE/W 2-D

[g] [g] [g] [g] [g] [g] [g] [g] [g]

Point 1 0.257 0.203 0.369 0.206 0.266 0.493 0.179 0.142 0.121
Point 2 0.257 0.203 0.373 0.206 0.266 0.536 0.179 0.142 0.140
Point 3 0.202 0.157 0.197 0.181 0.167 0.156 0.154 0.117 0.054



Appl. Sci. 2021, 11, 3180 17 of 23

3.5. Topographic Effects

It is well known that the topography affects the responses at the free surface by
complicated cycles of amplification and de-amplification. In general, the responses are
amplified at the upper surface of slopes and attenuated at their base.

Among the most important study of topographic amplification, we recall the experi-
ence of Ashford and Sitar [45,46] and Ashford et al. [47], related to the seismic response
of steep natural slopes. In this study, the site response was characterized by maximum
acceleration at various locations as follows (Figure 20):

- afft, the maximum free field acceleration in front of the toe;
- affc, the maximum free field acceleration behind the crest see Equation (4);
- amax, the maximum crest acceleration.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 18 of 24 
 

Point 2 0.257 0.203 0.373 0.206 0.266 0.536 0.179 0.142 0.140 
Point 3 0.202 0.157 0.197 0.181 0.167 0.156 0.154 0.117 0.054 

3.5. Topographic Effects 
It is well known that the topography affects the responses at the free surface by com-

plicated cycles of amplification and de-amplification. In general, the responses are ampli-
fied at the upper surface of slopes and attenuated at their base. 

Among the most important study of topographic amplification, we recall the experi-
ence of Ashford and Sitar [45,46] and Ashford et al. [47], related to the seismic response 
of steep natural slopes. In this study, the site response was characterized by maximum 
acceleration at various locations as follows (Figure 20): 

- afft, the maximum free field acceleration in front of the toe; 
- affc, the maximum free field acceleration behind the crest see Equation (4); 
- amax, the maximum crest acceleration. 

In this study, the topographic and site amplification were treated separately in order 
to determine the contribution of the different factors; therefore, three measures of ampli-
fications were computed: At—Equation (3)—“topographic amplification,” the amplifica-
tion of the free field motion at the crest; As—Equation (4)—“site amplification,” the am-
plification due to the natural frequencies of the site; Aa—Equations (5) and (6)—“apparent 
amplification,” the apparent amplification of the motion between the base and the crest. 
The proposed parameters were obtained as follows: 

ffc

ffc
t a

aa
A

−
= max

 (3)

fft

fftffc
s a

aa
A

−
=  (4)

fft

fft
a a

aa
A

−
= max

 (5)

Aa = (1 + At)(1 + As) − 1
 

(6)

 
Figure 20. Ashford and Sitar’s [46] model for the topographical amplification evaluation. Figure 20. Ashford and Sitar’s [46] model for the topographical amplification evaluation.

In this study, the topographic and site amplification were treated separately in order
to determine the contribution of the different factors; therefore, three measures of amplifi-
cations were computed: At—Equation (3)—“topographic amplification,” the amplification
of the free field motion at the crest; As—Equation (4)—“site amplification,” the amplifi-
cation due to the natural frequencies of the site; Aa—Equations (5) and (6)—“apparent
amplification,” the apparent amplification of the motion between the base and the crest.
The proposed parameters were obtained as follows:

At =
amax − a f f c

a f f c
(3)

As =
a f f c − a f f t

a f f t
(4)

Aa =
amax − a f f t

a f f t
(5)

Aa = (1 + At)(1 + As) − 1 (6)

The results of numerical analyses carried out for the input (Bottari et al. [24]; Tortorici et al. [25];
Amoruso et al. [26]; DISS Aspromonte Est; DISS Gioia Tauro; DISS Messina Strait), and
based on the Ashford approach, are shown in the Table 9.
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Table 9. Different results for the Ashford et al. [47] model.

Input At As Aa

Bottari et al. [24] 0.10 4.29 4.81
Tortorici et al. [25] 0.29 2.76 3.83
Amoruso et al. [26] 0.65 0.76 1.91
DISS Messina Strait 0.22 1.88 2.52

DISS Gioia Tauro 0.01 0.87 0.89
DISS Aspromonte Est 0.09 2.16 2.43

1693 Catania Earthquake 0.16 1.24 1.59

Results show a topographical amplification coefficient, given by 1 + At greater than
1.20, while the same coefficient given by NTC 2018 for the study area is equal to 1.20.

Topographic amplification can be also measured by the ratio between the Fourier
spectrum of the seismogram at the crest (10 m away) and the Fourier spectrum of the free
field seismogram behind the crest (250 m away). This is the so-called TAF (Topographic
Aggravation Factor) which is defined in the frequency domain, after Kallou et al. [48].

Figure 21 shows the Topographic Aggravation Factor (TAF), after the Kallou et al. [48]
approach, for the Amoruso et al. [26] input. Results show values of TAF reaching on
average about 1.45 in the frequency range f of 1–5 Hz.
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The topographic amplification can be also evaluated in the time domain following the
approach proposed by Bouckovalas and Kouretzis [49] in terms of the (2-D)/(l-D) ratio of
elastic response spectra obtained at the crest. Figure 22 shows the Topographic Aggravation
Factor (TAF) after the Bouckovalas and Kouretzis [49] approach for the Amoruso et al. [26]
input. In this case, results show high values of TAF, reaching on average about 1.42 for the
period range T of 0.20 to 1.0 s. Obtained values are in agreement with large amplifications
obtained for similar studies performed on ridges, slopes and valleys.
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Figures 23 and 24 show, respectively, the comparison between Fourier amplitude
spectra at the crest (1-D and 2-D) and behind the crest (2-D) and between elastic response
spectra at the crest (1-D and 2-D) and behind the crest (2-D).
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4. Discussion and Conclusions

The study of the response of a subsoil subjected to seismic actions is often conducted
for different purposes. It allows the prediction of permanent soil deformations and the
quantification of the risk of instability phenomena, such as landslides or liquefaction triggering.

In this paper, a study on the evaluation of the topographic effects for a slope in the
Tyrrhenian area of Southern Italy has been carried out. Detailed geotechnical characteriza-
tion was also carried out by in situ and laboratory tests. The laboratory tests performed
in the static field made it possible to evaluate the mechanical characteristics of the soil,
allowing to obtain the fundamental parameters as a function of depth such as unit weight,
moisture content, Atterberg limits, void ratio, porosity and degree of saturation; moreover,
through direct shear tests it was possible to obtain the values of the cohesion and the
angle of shear resistance. The laboratory tests performed in the dynamic field allowed
for evaluating the non-linear behavior of soils in terms of stiffness attenuation with strain
G/Go-γ and the damping ratio evolution with strain D-γ. Moreover, the results obtained
through the Down Hole (DH) tests made it possible to derive the trend with the depth of
the shear wave velocity and other parameters such as the Poisson ratio and the coefficient
of earth pressure at rest.

The definition of seismic action was based on synthetic seismograms related to the
1908 Messina and Reggio Calabria earthquake and the 1693 Val di Noto earthquake.

A numerical model based on the 1-D EERA and 2-D QUAKE/W codes was performed
for the slope model in the Caronia area, subjected to vertically propagating in-plane shear
waves (Vs waves). Results show that stratigraphic amplification and topographic ampli-
fication effects were found to interact, suggesting that to accurately predict topographic
effects the two effects should not be always handled separately.

1-D computer codes have been used to model the equivalent-linear earthquake site
response analyses of layered slope deposits, as generally performed by professionals.
Because the slope is moderate (average slope angle is i = 22◦), a 1-D response analysis,
often used by professionals, was the first step of the study, as indicated by the provisions
of national and international building codes. Besides, the local seismic response analysis
has been also performed in greater detail using a counted 2-D simple model. Results show
amplification of the seismic motion using initially the 1-D code. Besides, by performing the
2-D analysis, further amplification of the seismic acceleration at the crest of the slope was
found. By the numerical analyses, three points in the slope cross-section were monitored
as follows: point 1 located behind the crest of the slope; point 2 located at the crest of
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the slope; point 3 downstream sufficiently far from the foot of the slope. This result is
in agreement with the Ashford and Sitar [46] approach, as shown in Table 8, where the
values of the topographic amplification are presented. An average value of the topographic
amplification At = 0.22 was observed, with a maximum value of At = 0.65 using as an input
motion the Amoruso et al. [26] seismograms related to the Messina and Reggio Calabria
1908 earthquake.

Comparing 1-D with 2-D results, the stratigraphic site amplification and the Topo-
graphic Aggravation Factor (TAF) were also computed. The evaluation of the Topographic
Aggravation Factor (TAF), after the Kallou et al. [48] approach, shows values of TAF
reaching on average about 1.45 in the frequency range f of 1–5 Hz. The evaluation of the
Topographic Aggravation Factor (TAF) following the approach proposed by Bouckovalas
and Kouretzis [49]) shows values of TAF reaching on average about 1.42 for the period
range T of 0.20 to 1.0 s.

Concerning the Italian Technical Building Code [10], it should be emphasized that
the Code identifies four different topographic categories, each of which is associated with
a value of the topographic amplification factor St, with a maximum value of St = 1.40 in
the case of slopes with an inclination greater than 30◦. In the case of a slope inclination
less than 30◦, as in the Caronia area, the NTC 2018 provides a maximum value of the
topographic amplification factor St = 1.20. Therefore, the provisions of the Code NTC 2018
predict rather moderate effects compared to those predicted by the 2-D analyses.

The aim of the study is that it will form a basis for the design of works in the Caronia
area and can provide a basis for professional works.
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