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Abstract
Free-field conditions on the ground surface are widely used to assess the local seismic 
response. Nevertheless, this assumption is a very strong approximation in urban areas since 
the dynamic interaction between the urban agglomerate and the soil cannot be neglected. 
Several studies evidenced the transmission of vibrations from the buildings to the soil and 
the multiple interactions between a building network and the site through so-called Site-
City Interaction (SCI). This paper focuses on the spatial variability of the seismic ground 
motion due to SCI in the case of highly heterogeneous site-city configurations. The Fosso 
di Vallerano valley in Rome (Italy) has been chosen as a case study because of the high 
heterogeneity of the deposits which characterize the local geological setting as well as the 
intensive urbanization. A proper 2D numerical modelling (Finite Elements Method) of the 
seismic response in free-field conditions as well as with the city agglomerates (SCI-based 
condition) has been performed. The numerical results show a strong spatial variability 
of the wave field induced by the presence of the buildings and their interaction with the 
heterogeneous soil. The SCI effect causes a strong or global reduction of ground motion, 
amplification levels and kinetic energy close to the buildings. Induced perturbations affect 
the ground motion along the surface of the model, increasing the amplification values and 
the kinetic energy in the vicinity of the buildings. These findings highlight that buildings 
generate significant variability effects all around their foundations as well as in the entire 
alluvial basin.
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1 Introduction

Strong earthquakes have recently affected densely urbanized areas, leading to a high level 
of urban destruction: Italy 2009  (ML ≈ 5.9), Haiti 2010  (MW ≈ 7.0), Chile 2010  (MW ≈ 8.8), 
New Zealand 2011  (ML ≈ 6.3), Nepal 2015  (ML ≈ 7.8) and Italy 2016  (ML ≈ 6.0). These 
areas are diffusely built in complex geological contexts, responsible for various seismic 
site effects. Local heterogeneity of the subsoil causes vertically and horizontally seismic 
impedance contrasts due to the different mechanical properties of the alluvial deposits in 
urban areas (i.e. basins, valleys, and canyons). Such site effects derive from physical phe-
nomena such as 1D resonance (Dobry and Vucetic 1987), seismic-wave interaction with 
2D basins (Bard and Bouchon 1985), generation of surface waves (Semblat et  al. 2010; 
Narayan 2010; Meza Fajardo et al. 2016, 2019) and the focusing of seismic waves related 
to peculiar basin shapes (Gao et al. 1996; Booth et al. 2004; Narayan 2012; Narayan and 
Kumar 2014, Semblat et al. 2002, Licata et al. 2019).

Moreover, perturbations of the ground motion, compared to the ones expected under 
free-field conditions, can be observed in urban areas as consequence of the presence of the 
buildings acting as secondary source (Guéguen et al. 2000, 2002). In this regard, the pres-
ence of several structures in the urbanized areas generates multiple Structure-Soil-Struc-
ture Interactions (SSSI according to Luco and Contesse 1973; Wong and Trifunac 1975), 
known in literature as “Site-City Interactions SCI” (Guéguen et al. 2002; Fernández-Ares 
and Bielak 2004; Bard et al. 2005; Kham et al. 2006; Semblat et al. 2008).

The main goal of the present research is to assess the spatial variability of the seis-
mic ground motion due to SCI for highly heterogeneous subsoils in urban areas through 
numerical approaches. At this aim, the Fosso di Vallerano valley, SE of Rome (Italy), was 
selected because of its very complex geological setting (highly heterogeneous soil depos-
its) synthetized in a high-resolution geological model defined by Bozzano et  al. 2015. 
Additionally, it has recently experienced urban expansion, which completely perturbed the 
free-field conditions of the original alluvial valley from the tributaries of the Tiber River 
during the Holocene. The progressive urbanization of this area over the last decade was 
reproduced in the numerical computations (detailed buildings models). The existing build-
ings designed and built at different periods are composed of various materials. Full 2D 
FEM-based numerical simulations assuming free field and SCI conditions are performed to 
assess the influence of buildings on the local seismic response. The spatial variation of the 
main physical properties of the seismic waves (e.g. spatial propagation, amplification lev-
els, ground kinetic energy) for both the free and the urban wave field are derived to evalu-
ate the influence of such an irregular city on the ground motion.

2  Site–City interaction: state of the art

SCI includes the combined effects of subsoil geology, kinematic and inertial Soil-Structure 
Interactions (SSI) at a global scale (Bard et  al. 2005). Since the end of the 1990s, sev-
eral authors (Wirgin and Bard, 1996; Tsogka and Wirgin, 2003; Kham et al. 2006; Semb-
lat et al. 2008; Taborda and Bielak 2011a, b; Hori et al. 2018; Kumar and Narayan 2018, 
2019, Ungureanu et al. 2019) performed 2D and 3D numerical simulations to evaluate the 
influence of urban agglomerates on the seismic wave field when compared to the free-field 
condition. Clouteau and Aubry (2001) and Clouteau et al. (2002) performed 3D numerical 
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modelling through a boundary-element method (BEM) to evaluate the SCIs in Nice, 
France, and Mexico City. Isbiliroglu et al. (2015) simulated SCIs in the San Fernando val-
ley during the 1994 Northridge earthquake.

Other authors studied SCI through analytical approaches: Guéguen et  al. (2002) 
described the global city effects of urban agglomerates by adding the contribution from 
a series of single oscillators to represent the buildings, and Boutin and Roussillon (2004) 
focused on multiple interactions between buildings using homogenization methods.

Some physical experiments were performed by Guéguen et al. (2000) and Gueguen and 
Bard (2005) analyzing a reduced-scale structure at the Volvi EuroSeist Test site while Gal-
lipoli et  al. (2006) considered buildings as a seismic source in a test site in Italy. These 
studies pointed out that the effects of SCI on the ground motion strongly depend on the 
urban configuration as well as the heterogeneity of building density and typology; never-
theless, in these studies the influence of seismic site effects on SCI was simplified (e.g. by 
assuming homogeneous alluvia). The numerical results obtained so far are mainly focused 
on theoretical urban configurations composed of homogeneous buildings, usually mod-
elled as oscillators and/or equivalent homogeneous structures. On the contrary, the here 
proposed study focuses on a heterogeneous city model to analyze the SCI in an highly het-
erogeneous alluvial valley.

3  Heterogeneous geological setting of the Fosso di Vallerano valley

The Fosso di Vallerano valley exhibits a complex geomorphological setting because of a 
complex evolution linked to the Würmian glacio-eustatic cycle, which led to a sequence of 
successive deviations and rearrangements of the riverbed (Ascani et al. 2008).

According to Bozzano et al. (2016) five main litho-stratigraphic groups can be distin-
guished in the geological setting of the alluvial valley:

• Plio-Pleistocene marine sediments (Marne Vaticane, Monte Mario and Monte Ciocci/
delle Piche Formations), which represent the geological bedrock (PP);

• Pleistocene alluvial sediments deposited by the Paleo-Tiber 4 River (Santa Cecilia 
Formation; MIS 15; 650–600 ka; Marra and Florindo 2014) (PT): clays and silts with 
peaty layers (PT-CL), sands and silty sands. (PT-SD), loose gravels with sedimentary 
components (PT-GR).

• Volcanic deposits that erupted from the Alban Hills and the Monti Sabatini volcanic 
district (561-365 ka; Karner et al. 2001) (VC) (RED and VSN in Fig. 1);

• Pre-Würmian fluvio-palustrine deposits (500-200  ka; Karner and Marra 1998) (FP) 
(TDC, VTN, FTR, VGU in Fig. 1);

• Recent alluvial deposits that filled the valley incisions since the end of the Würmian 
regression to the present (MIS 1; 18  ka-present; Marra et  al. 2013) (AL): anthropic 
filling material (AL-FA), sandy-clays with volcanic component (AL-VSC), peaty clays 
(AL-PC), clays and silts (AL-CL/AL-LS(CL)), peat (AL-PT), 6) sands and silty sands 
(AL-SD), gravels with volcanic and sedimentary components (AL-GR/AL-LS(GR)) 
(SFT in Fig. 1).

A syn-sedimentary tectonic activity dislocated the geological bedrock (PP units) and 
the overlying PT deposits, leading to a horst and graben structure (Bozzano et al. 2016). 
The presence of these buried tectonic structures and of strong horizontal and vertical 
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heterogeneities determines the presence of strong seismic site effect in the Rome area 
(Rovelli et  al. 1995; Bozzano et  al. 2008, 2012, 2017; Alessi et  al. 2014, Martino et  al. 
2015, Varone et  al. 2016). Several geological cross sections were proposed by Bozzano 
et  al. (2016) to reconstruct the 3D model of the Fosso di Vallerano valley. The geolog-
ical cross section along traces AA’, displayed in Fig.  1, is considered in this study (see 
Online Appendix 1 for soil model geometry).

The Fosso di Vallerano valley hosts a modern district of Rome where dense urban 
agglomerates have been widely developing over the last decades. In particular, the urbani-
zation of the study area began in 2002 with the building up of an urban complex including 
residential reinforced concrete buildings. These buildings are mainly characterized by a 
regular base and they are composed of 6–9 floors. The urban expansion evolved southward 
including new residential, commercial and institutional buildings.

This urbanization has been planned in the “Europarco Business Park” project, which 
includes a total of 10 buildings including the Italian Ministry of Health, one of the largest 
shopping centers in Rome (Euroma 2) and two skyscrapers (Eurosky and Europarco tow-
ers), which currently are the tallest buildings in Rome.

Fig. 1  Geological map of the Fosso di Vallerano area from Funicello and Giordano (2008). The trace of the 
geological cross-section AA’ and the area interested by the urban development are also reported
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4  Modelling assumptions

The numerical modelling was carried out in the framework of the Finite Element Method 
(FEM) through time domain integration (CESAR-LCPC code, Humbert et  al. 2005). The 
engineering-geological model proposed by Bozzano et  al. (2015, 2016) was discretized in 
terms of finite elements and a linear viscoelastic behavior is assumed for the modelled depos-
its whose parameters values are summarized in Table 1.

The model was discretized in three-noded linear elements calibrated on the minimum 
wavelength in the models so limiting numerical dispersion. As reported by Semblat and 
Pecker (2009), the element size strongly influences the numerical error. Numerical dispersion 
from coarse mesh can under-estimate the amplitude and over-estimate the velocities. This fac-
tor can be reduced by choosing a suitable element size Δh with respect to the wavelength of 
the problem (1):

where λ = wavelength and Δh = element size.
Element sizes of 1 m in the first case and 10 m in the second case were chosen to solve the 

problem up to a frequency of 10 Hz according to the lowest S-wave velocity of the alluvial 
deposits (118 m/s) and the largest velocity (1100 m/s) for the seismic bedrock and the absorb-
ing layer system.

A Rayleigh-type damping was considered according to the following relation:

where [C], [M], [K] are the viscosity, mass and stiffness matrices respectively and a and b 
are the Rayleigh constants controlling the frequency dependence of the damping ratio.

A 150 m thick seismic bedrock (NM in Table 1) was modelled at the bottom of each sec-
tion in the alluvial deposits. According to Semblat et al. (2011), a set of heterogeneous absorb-
ing layers based on Rayleigh/Caughey damping formulation (CALM) placed at the lateral 
and bottom boundaries of the models may avoid spurious wave reflections at the boundaries 
of the numerical model. The absorbing layers system consists of 5 sub-layers with a damp-
ing value ranging linearly from Q−1

min ≈ 0.20, or ξ = 0.10 (in the inner portion of the model), to 
Q−1

min ≈ 2.00, or ξ = 1.00 (at the extreme lateral boundary of the model) (Varone et al., 2014).
The models were excited by natural earthquakes recorded by a seismometric array installed 

in Fosso del Vallerano from June to July 2009 (Bozzano et al. 2016) and by a synthetic 0th-
order Ricker wavelet (Ricker 1943, 1953), applied as a horizontal displacement with a PGD 
(Peak Ground Displacement) normalized to 1 m and a frequency content from 0.1 to 15 Hz. 
For the purpose of this manuscript, considering that the results are non-sensitive to the input 
typology, only the findings obtained by the synthetic wavelet are presented. The models have 
been computed considering an in-plane motion propagating upward from the bottom of the 
model.

5  Structural and dynamic characterization of the buildings

A preliminary characterization of the buildings from a structural point of view was per-
formed to evaluate the dynamic behaviour in terms of modal properties, particularly the 
first eigenmode of each building for the following numerical SCI-based simulations. In 

(1)Δh =
�

11

(2)[C] = a[K] + b[M]
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this identification, buildings were modelled in the two-dimensional plane as stand-alone 
structures, i.e. without taking into account SSI and SSSI.

Most of these buildings were built in the last decades and are residential ones, i.e. 
characterized by a reinforced concrete structure and a shallow foundation. The two sky-
scrapers of the Europarco Business Park are characterized by a mixed bearing struc-
ture of steel and reinforced concrete (Colombo 2012). In particular, beams and shallow 
foundations are characterized by steel structure, while columns are reinforced concrete 
members. Additionally, these structures have deep foundations that are linked to the raft 
with a thickness of 6 m; the piles are reinforced concrete structures. The design features 
of the buildings, summarized in Table 2 (see Online Appendix 2 for more details), are 
taken into account to simulate the dynamic behaviour of the modelled buildings.

Each structure was modelled according to its super-structures (Fig. 2); in particular, 
all the beams, columns and shallow foundations are modelled as solid elements. It is 
worth noticing that the buildings were not modelled as homogeneous equivalent solids 
to avoid unrealistic wave focusing at some specific locations. The solid elements were 
discretized by three-noded linear elements, and the buildings are clamped at their base.

The thickness of the shallow foundation is 1 m for all the buildings except for the 
skyscrapers, for which the thickness of the foundation is 6 m. The pile foundations were 
modelled by assuming a Timoshenko beam (Oñate 2003) with a diameter of 1.2 m and 
a length of 60 m for each pile. The beam-to-column junctions have been considered as 
perfectly stiff (only horizontal movements are allowed, and rotation and bending are 
prevented). The elastic modulus assumed are 30 GPa for reinforced concrete and 210 
GPa for the mixed material composed of steel and reinforced concrete. A linear viscoe-
lastic behavior is assumed for the modeled structures by Rayleigh-type damping with 
ξ = 0.05% at strain = 0.001%. The first eigenmode of each building (Table 2) was evalu-
ated through FEM based modal analysis and corresponds to in-plane bending, while 
out-of-plane bending were not simulated. To simulate the increasing urbanization of the 
valley along the modelled section AA’ of Fig. 1, two different distribution of buildings 
(TA1-2006, TA2-2011 for section AA’) were considered, representing the progressive 
evolution of the urban configuration over time starting from the free field conditions.

Table 2  Geometrical and structural features of the modelled buildings (cf. map in Fig. 2)

The fundamental resonance frequency of each building is also reported

Building ID Height (m) Type of foundation Type of bearing structure First eigen-
frequency 
(Hz)

Cross section AA’
1 24 Shallow foundation Reinforced concrete 4.1
2 120 Deep foundation Steel + reinforced concrete 0.5
3 33 Shallow foundation Reinforced concrete 3.8
4 120 Deep foundation Steel + reinforced concrete 0.5
5 6 Shallow foundation Reinforced concrete 20
6 7 Shallow foundation Reinforced concrete 36
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6  Assessment of the seismic ground motion in the basin

The Wave Propagation Map (WPM) along the surface of the model considering free field 
conditions (Fig. 3a) enables to analyse waves reflection and refraction due to the shape of 
the valley and to verify the efficiency of the absorbing layer system. All the WPM show 
the displacement distribution along the surfaces of the models in the first 5 s for which the 
ground motion is meaningful. The WPM for the horizontal and vertical displacement show 
that different wave arrivals may be noticed along the valley (central portion for the model 
AA’) probably due to both the heterogeneity of the alluvial filling and the shape of the val-
ley (Fig. 3a).

At the outcropping bedrock (left and right sides of the AA’) no significant wave refrac-
tion or reflection occurs. The analysis of the displacement at the boundary and within the 
CALM area (Fig. 4) highlights the efficiency of the absorbing layer system for all sides of 
the FE mesh. Within the first 300 m of the CALM system, all the waves are damped, and 
no displacement is observed.

The numerical results were also analyzed in terms of amplification functions  Ax(f) 
(Borchedt 1970, 1994) along the valley, computed as spectral ratio between the horizontal 
component of all the grid-nodes along the domain surface and the horizontal component of 
the signals on the seismic bedrock. The values are averaged for neighboring nodes.

The  Ax(f) functions were interpolated through a Kriging regression and displayed as 
contour maps under different conditions. An analysis of the  Ax(f) (Fig.  5a) obtained for 
AA’ profile highlighted the non-homogeneous distribution of the amplification peaks along 
the valley.

The first peak ranges from 0.8 to 1.2  Hz according to the 1D stratigraphic reso-
nance of the alluvia. These results agree with experimental results obtained from ambi-
ent noise measurement reported by Bozzano et al. (2016). Higher order modes appear 
because of the thin heterogeneities along a section. The results obtained for the Fosso di 

Fig. 2  Examples of building models. Piles foundations are partially represented (out of scale) for building 
2. See Sect. 5 for details about piles
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Vallerano test site herein highlight that the presence of a tectonic structure like a horst 
in the middle of the valley, induces amplification effects at frequencies that are usually 
not amplified. Therefore, impedance contrasts related to lateral heterogeneities as well 
as bedrock shape cannot be neglected to assess a more reliable  Ax(f) as already demon-
strated for the Rome’s city center by Martino et al. (2015).

Fig. 3  WPM of the vertical and horizontal components of the displacement along the AA’ (free field, left), 
TA1 (urban wave field n.1, middle) and TA2 (urban wave field n. 2, right) models surface. See Table 1 for 
geological legend

Fig. 4  Displacement at the transition and within the absorbing layer system (CALM) of AA’ model surface
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7  Site‑city configurations

7.1  Various urban configuration

The progressive development of the urban agglomerate in the geological cross sec-
tion was modelled to evaluate the progressive influence of the buildings on the local 
seismic response of the valley with respect to free-field conditions considering their 
contribution in the plain of the simulation. Each building is first characterized from a 
structural perspective, and the dynamic behavior is modelled to derive the first eigen-
mode. They are inserted into the free-field FEM models according to their super-struc-
tures, i.e., all the bearing structures simulated during the previous phase. The bounda-
ries of super-structures elements coincide with the soil interface, which implies perfect 
bonding between the structures and the soil (SSI assumption: continuity of displace-
ment). The geological cross section (previously modelled under free-field conditions) 
is progressively populated with buildings according to the urban development of the 
Fosso di Vallerano valley. Consequently, it defines the main urbanization steps of the 
analyzed cross section. A 125 m wide representative geological cell within which the 
geological section is representative, is defined. The buildings in the cells are consid-
ered to define the various urbanization steps. The models representing the urban devel-
opment steps (years) are defined as follows:

• cross section AA’: TA1 = 2006 (Fig. 3b); TA2 = 2011 (Fig. 3c).

The parameters for the geological filling, the mesh sizes and the boundary conditions 
are presented in Sect. 4, while the parameters and the mesh sizes for the buildings are 
shown in Sect. 5. All the coupled models are excited by the seismic inputs introduced 
in Sect. 4.

Fig. 5  Contour map of the  Ax(f) functions distribution along the AA’ (free field, left), TA1 (urban wave 
field n.1, middle) and TA2 (urban wave field n. 2, right) models’ surface. See Table 1 for geological legend
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7.2  Assessment of the local urban seismic motion

The WPM of the horizontal and vertical displacement along the surfaces of the coupled 
models (AA’ in Fig. 3b, c) show the influence of the urbanization on the ground motion 
with respect to the free-field conditions. The effect of buildings is combined with the influ-
ence of the subsoil geology. Compared to the free field conditions, two additional effects 
due to the presence of the buildings may be identified: (1) the presence of buildings with 
small volumes and masses (e.g., buildings 5–6 in AA’ coupled models), which strongly 
reduce the ground motions close to the foundations of these buildings; (2) the presence 
of buildings with larger volumes and masses (e.g., building from 1 to 4 in AA’ coupled 
models), which induces negligible ground motion at the foundation level. The presence of 
buildings also increases the duration of the ground motion with respect to free-field condi-
tions. The distribution of  Ax(f) values along the AA’ coupled models (Fig. 5b, c) highlights 
a very complex spatial distribution of the amplifications. The presence of the buildings 
induces an increase of the spatial variability of the amplification levels (Fig. 5b, c) if com-
pared to the free field conditions (Fig. 5a). It appears different for the two buildings typolo-
gies. In particular, the presence of buildings with small volumes and masses (e.g., build-
ings 5–6 in AA’ coupled models) leads to an additional amplification peak in the frequency 
range 0.8–1.2 Hz that was not observed in the free-field case. The resulting amplification 
peaks close to the buildings with larger volumes and masses (e.g., building 1 in the TA1 
model in Fig. 5b) disappears and no seismic amplification effects are observed. Conversely, 
the portions of the valley that surround the buildings are characterized by higher numbers 
of amplification peaks and a larger amplification level for each peak.

8  Spatial variability of the urban seismic ground motion

8.1  Spatial distribution of the kinetic energy

To assess the spatial variability of the urban ground motion, the ground motion energy dis-
tribution along the surface of the model is evaluated through the formulation (3) proposed 
by Kham et al. (2006):

where T is the signal duration, u is the displacement, and t is the time.
The ratios between E(x) distributions for the coupled models (Fig. 3b, c) and the cor-

responding free-field models (Fig. 3a) were computed to quantify the influence of build-
ings on the kinetic energy along the ground surface. The variation in the ratios along the 
surfaces of the models (Fig. 6) show that the buildings strongly reduced the E(x) value in 
comparison with the free field condition. The reduction in the kinetic energy close to the 
buildings is in agreement with the results by Kham et  al. (2006) who discuss that, such 
a reduction is controlled by two factors: the ratio between the soil and building frequen-
cies (the closer these frequencies, the larger the reduction), and the building density (the 
greater the building density, the larger the decrease). For the Fosso di Vallerano case study, 
it results that the spatial variability of cumulated kinetic energy is controlled, rather than 

(3)E(x) =
1

T

T

∫
0

[
du

dt
(x, t)

]2
dt
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by the frequency match between the soil and building, by the buildings density and by the 
typologies of dynamic SSI, i.e. kinematic and inertial interactions. This reduction is more 
intense close to the buildings with smaller volumes and masses (i.e., buildings 5–6 of TA2 
model in Fig. 3c) while it is maximum where the buildings are characterized by greater 
volume and mass (i.e., building 1 of TA1 model in Fig.  3b). Both kinematic and iner-
tial interactions affect the SSI and SCI, even if distinguishing these effects, it is not well 
constrained. Buildings with large volumes and masses should induce a predominance of 
inertial interactions with respect to kinematic interactions. This effect completely nullifies 
the ground motion, seismic amplification levels and kinetic energy close to the buildings 
because of the inertial forces that are generated at the soil-foundation interface. Buildings 
with small volumes and masses, i.e., structures with lower inertia, should increase kin-
ematic interactions with respect to the previous case (i.e. buildings with large volumes and 
masses). The more the dynamic SSI is characterized by an inertial component, the less the 
reduction on the cumulated kinetic interaction results. The areas surrounding the buildings 
are characterized by an increase in the kinetic energy (Fig. 6). In particular, the E(x) ratio 
reached 2.8 (Fig. 6), indicating a kinetic energy level 2.8 times higher than the correspond-
ing energy under free-field conditions at the same location. This kinetic energy increase 
is not uniformly distributed along the non-urbanized portions of the area and strongly 
increased in the central portion of the TA1 and TA2 models, i.e., the areas characterized by 
the most complex geological settings so indicating a strong influence of the geological set-
ting. The more heterogeneous is the subsoil, the larger is the increase of cumulated kinetic 
energy.

8.2  Assessment of the seismic amplification

To quantify the influence of SCI on new constructions, the response spectra (Fig. 7) along the 
valley are calculated (Points 1A and 2A in Fig. 8). The analysis of the normalized response 
spectra (Fig. 7) highlights that response spectra in unbuilt areas are influenced by the buildings 
in the surroundings. Such an influence is distributed in a wide period range (0.0–0.5 s) and an 

Fig. 6  Ratio between the kinetic energy E(x) index considering SCI and free field conditions along the AA’ 
models surface
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important urban density (i.e. TA2 in Fig. 3c) determines an increasing of the response spec-
trum, in the period range 0.0–0.2 s, up to 20%. The presence of one building on the right side 
of the model (TA1) induces a significant increasing of the normalized response spectrum at 
point 2A in AA’ (Fig. 7 right) and not in 1A. The addition of the other buildings in model TA2 
leads to an increasing of the response spectrum at both point 1A and 2A due to the generation 
of multiple radiated wave fields.

To quantify the influence of the urban field on local seismic response in the Fosso di Val-
lerano valley, the amplification factors (AF) is computed as the ratio between the integral of 
the response spectra in the period bands 0.1–0.5 s, 0.4-0.8 s and 0.7–1.1 s (Tab. 3) and the 
integrals in the same period bands of free field response spectrum. These proxies allowed to 
quantify the variation of local seismic response in SCI condition with respect to the free field 
one. It is worth noticing that the buildings are able to modify the AF values up to 0.2 with 
respect to free field conditions; such a variation is significant as it was considered as a thresh-
old value for distinguishing seismic microzones in the seismic microzonation studies of level 3 
performed in Central Italy after the 2016 seismic sequence (Pergalani et al. 2019). These find-
ings demonstrate that SCI may be a significant contribution to the local seismic response in an 
urban field where the natural complexity of the geological setting is taken into account for the 
numerical modelling.

8.3  Spatial variability of ground motion from perturbed wave‑field

To highlight the spatial variability of the ground motion due to SCI, the perturbation (UP) due 
to the urban wave field is obtained as follows (4):

(4)U
P
= U

SCI
− Uf

Fig. 7  Normalized response spectrum at point 1A and 2A along AA’, TA1, TA2 models. See Figures 12 
and 13 for the location of the points

Table 3  Amplification factors 
values computed for the 
most relevant points along 
the modelled sections AA’ at 
different urbanization steps

Urban 
develop-
ment

Point AF (0.1–0.5 s) AF (0.4–0.8 s) AF (0.8–1.1 s)

Cross section AA’
TS1 1A 1.00 1.00 1.00

2A 0.96 1.03 0.98
TS2 1A 1.09 0.77 0.83

2A 0.96 1.02 0.83
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In which USCI is the urban displacement field at each point along the surface and Uf is the 
free-field displacement at the same points.

The analysis of UP along the AA’ coupled models (Fig.  8) confirms the strong spa-
tial variability due to the presence of the city. Significant perturbations can be detected 
in the case of SCI-based models. In case of AA’ models, the wave field radiated from a 
single building clearly appears in Fig. 8a (building 1 in TA1). It is hidden, or combined in 
a ‘group effect’, when other buildings are added (buildings 2-3-4 in TA2—Fig. 8b). It is 
worth noticing that in the AA’ case, a unique wave field radiated by the entire city was not 
detected in TA2 (Fig. 8b). This effect is due to the low urbanization density of TA2. The 
urban discontinuity that affect the central part of the section (not urbanized area between 
buildings 1-2-3-4 and 5-6 in TA2) perturbates the generation of a unique wave field radi-
ated from the city and at least 2 distinguished wave fields can be detected (the first due to 
buildings 1-2-3-4 and the second to 5-6 in TA2). The density of the city, in terms of pres-
ence/absence of urban discontinuities, seems to have a strong role in the number and the 
typology of the radiated wave fields. Based on these results, the analysis of the perturbed 
wave fields (Fig. 8) indicates that the presence of buildings induces a strong spatial vari-
ability of the ground motion influencing the local seismic response of the entire valley, i.e. 
not only the areas close to the buildings, as an effect of the generation of radiated wave 
fields.

Fig. 8  WPM of the vertical (top) and horizontal (middle) components of the perturbed wave field (in terms 
of displacement) along the surface of AA’ coupled models: TA1 (left), TA2 (right). See Table 1 for geologi-
cal legend
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8.4  Ground heterogeneity and spatial variability of soil properties

To assess the role of the heterogeneities of the alluvial filling, further simulations con-
sidering a homogeneous alluvial deposit of the valley were performed. A homogene-
ous alluvial deposit (soft-soil) composed of AL-CL soil (Table 1) overlying the seismic 
bedrock (PT-GR in Table 1) was considered. The influence of the soil heterogeneities on 
the wave field radiated by the buildings was assessed through the differential index ∆U 
calculated according to (5):

where U
Phete is the perturbed wave-field (in terms of displacements) obtained considering 

the heterogeneous alluvial deposits (Fig. 8) and U
Phomo s the perturbed wave-field (in terms 

of displacements) obtained when considering a homogeneous alluvial valley. The com-
puted values are interpolated through a Kriging regression and displayed as contour maps 
under different conditions (Fig. 9). It is possible to notice a strong influence of the hetero-
geneities on the perturbed wave fields. This influence is stronger for the horizontal compo-
nent while for the vertical one it seems to be less pronounced. A difference up to 2.2 m is 
detected in TA2 (Fig. 9) horizontal component while the maximum value for the vertical 
one corresponds to 1.8 m in TA1 (Fig. 9). Focusing on the horizontal component only, the 
influence of the heterogeneities persists in the time window (from 1.2 s up to 3.5 s). Such 
an effect is probably due to the presence of the buried tectonic structures (AA’ in Fig. 3) 
that, in case of homogeneous alluvial filling, play a different role in the waves reflections 
within the valley. It is worth noticing a singularity around 950–1000 m along the models 
TA1 and TA2 in Fig. 9: in this portion of the domain, the influence of the heterogeneities in 
the ground motion time history results strongly persistent for both horizontal and vertical 

(5)ΔU = ||UPhete − U
Phomo

||

Fig. 9  Contour maps of the ∆U index obtained for the horizontal (left) and vertical (right) components of 
the perturbed wave field along the surface of AA’ coupled models
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components. It is likely that this effect can be related to the presence of a thin layer in the 
heterogeneous model.

9  Conclusion

Through detailed basin and building FEM models, the present results indicate a relevant 
effect of buildings in modifying the local seismic response with respect to the free-field 
conditions; this implies a significant variation of wave field characteristics at the free sur-
face based on a Site-City Interaction (SCI) model. The results of this research show that 
the presence of buildings determines a strong spatial variability of the ground motion. SCI 
significantly reduces the kinetic energy of the ground motion and the seismic amplifica-
tion close to the buildings, while these parameters increase in the surrounding areas. Two 
typologies of effects of SCI could be identified: the first due to the presence of buildings 
with small volumes and masses (kinematic effect), and the second one by the presence of 
buildings with large volumes and masses (inertial effect). In both types of interactions, the 
generated wave field may have affected the ground motion characteristics along the free 
surface, increasing the amplification values and kinetic energy in the areas surrounding the 
structures.

Based on these findings, the influence of buildings on the seismic ground motion should 
not be considered as a local phenomenon only, i.e. due to a single building in a particu-
lar position, but as a more widely extended effect due to the urban agglomerate, i.e. due 
to several buildings that interact one with each other through highly heterogeneous soils. 
Although differences in the SCI are evident in homogeneous and heterogeneous alluvial 
deposits, the performed numerical modeling could not distinguish the contributions from 
the buildings with respect to each single heterogeneity in the SCI. The presence of a sin-
gle building can modify the response of the site not only locally but also in the whole 
basin. These results highlight that the urban field influence increases for heterogeneous city 
agglomerate (i.e. variable in terms of geometry and composition, typologies of founda-
tions, position within the valley) coupled with subsoils characterized by complex geologi-
cal setting (i.e. heterogeneity of the subsoil deposits and irregular shape of the geological 
bedrock). Such an effect is clearly showed even though the two-dimensional assumption for 
soil and structures numerical simulations. Portions of city not yet-urbanized are affected 
by the presence of buildings in the surroundings so the free field conditions are completely 
perturbed. Such an evidence is particularly relevant in the framework of urban and land use 
planning since it is no longer possible to think in terms of local seismic response under free 
field conditions but a SCI-inclusive perspective should be adopted. To evaluate the seismic 
ground shaking in case of expanding cities, the analysis of wider areas should be consid-
ered to ensure a better constrained urban planning for future buildings at greater distances.
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