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A B S T R A C T

In recent years, seismic wave propagation analyses have become a powerful tool to evaluate the site effects in a given region. Among several approaches, Spectral
Element Method (SEM) has been widely used with that purpose because its flexibility and computational efficiency. In addition to other effects than basin shape,
material nonlinearity and heterogeneity, the multiple interactions between the soil and structures, denominated site-city effects (SCI), can play a crucial role in
densely populated areas. There are many options to model this kind of interaction, especially if the buildings are partially embedded on the soil. This paper evaluates
the importance of the proper SCI modeling against more standard uncoupled approaches, focusing on the local interaction between the soil and a group of buildings
including inelastic soil behavior. We focus our work on the case of downtown Viña del Mar, a touristic coastal city of central Chile, where the observation of a
reiterated distribution of damage in reinforced concrete buildings during two major earthquakes has motivated numerous studies. For that purpose, a realistic 3D
numerical model of the area is created, considering the existing buildings and using micro-vibration as a main calibration tool. The open-source code SPEED was used
to perform the wave propagation simulation, which combines the spectral element method with a discontinuous Galerkin approach. A geophysical study was
conducted to estimate the model parameters, shear modulus degradation and damping curves are extracted from laboratory tests to account for the non-linearity of
the soil. In general, the results indicate that the inclusion of the SCI is beneficial to the structure's response in most cases, and that SCI modeling needs to considerate
the level of embedment to obtain more precise results. Indeed, in buildings of 12 or more stories, the response would not be affected by the level of embedding of the
base and the inclusion of site-city effects is beneficial, while for buildings lower than 5 stories, the total embedment of the base generates a significant decrease of the
response.

1. Introduction

The city of Viña del Mar, located in the central coastal area of Chile,
is one of the most densely populated cities of the country. Its downtown
is built in a sedimentary valley where saturated fluvial medium sands
predominate. This stratigraphy promotes site effects, given the sig-
nificant impedance contrast between sandy soils and bedrock. The
earthquake-induced damage observed in buildings in the city during the
last three major events and documented by previous investigations are
of great interest because they are reiterated, located in a narrow area,
and affected medium-height buildings. While several authors have
studied the site effects in the area [36], focusing only on the one- di-
mensional problem of amplification controlled by the sediment thick-
ness, localized damage suggest that the amplification should be ex-
plained by a more complex phenomenon.

Previous studies in other cities have illustrated the importance of 3D
site effects (e.g. [17,34,1,11]). For instance, three-dimensional studies

in alluvial basins that have a small spatial extension and a closed-shape
in the Gubbio plain, Italy, showed that there were remarkable differ-
ences on the amplification between 3D and 2D approaches, explained
by the relevance of the generation and propagation of surface waves
due to the basin shape [33]. A 3D model that includes the basement
shape in Viña del Mar developed by Podestá et al. [26] considered this
concept. However, the tridimensional seismic amplification found was
of second-order, and the concentration of damage shown in the build-
ings suggested a site-structure resonance problem (coupling of the
natural frequency of the buildings with the predominant frequency of
the soil column underneath them).

Apart from the basin shape or material heterogeneity, the inter-
ference of the buildings in the wave propagation may play a significant
role in the case of densely populated cities. The latter effects, de-
nominated site-city interaction (SCI), reduce or amplify the seismic
motion. As defined by Taborda [35], the site-city interaction effects in a
group of buildings involve both the modification of the ground motion
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and the alteration of the structural response of each building, due to
multiple interactions that occur as the structures are inserted in the soil
media. In comparison with a fixed base analysis, two main effects are
involved in this soil-structure system: the inertial interaction effects,
that affect the dissipation of energy through radiation damping and
hysteretic soil damping; and the kinematic effects, that cause uncoupled
motion of the foundation and the adjacent soil [25].

First studies related to SCI focused on the role urban environment
had on the duration and amplitude of the ground motion (e.g. [5,38]),
by means of understanding the problem and its controlling parameters
with idealized cities. In 2006, Kham et al. [13] conducted a parametric
study on the density of buildings and their natural frequencies with
simplified 2D models. More recent studies that incorporate the basin
shape effects revealed importance of the resonance between the 3D
basin and 3D structures of the city [29]. However, studies that include
the SCI effects in the assessment of structural responses are limited and
recent, which indicates that it is a complex phenomenon, although its
importance is being considered in the Earthquake Engineering com-
munity. Two different investigations included the SCI to create an un-
coupled model for the evaluation of the nonlinear time history analysis
in buildings [16] and to estimate the role of the 3D basin shape effects
in the structural response [14]. While they found a general reduction of
the seismic responses, the first found that a few buildings will suffer
more damage with the inclusion of SCI effects.

The objectives of this study aim to evaluate and quantify the con-
tribution of the site-city interaction in the dynamic ground response
and to compare the different approaches to model the soil-structure
interaction for the building structures. We focus on the development of
a model integrating soil and structural information to assess local in-
teraction between group of buildings considering inelastic soil beha-
vior, and using micro-vibrations as a main calibration tool. A realistic
3D model of a selected area in the segment was created with the open-
source code software), based on the spectral element method. The
spectral element method is a powerful tool that combines the modeling
of complex geometries with an exponential convergence of the solution.
For available computational resources and runtime limitations a region
of about 400 × 300 m2 representing typical urban density across the
city in terms of the number and height of buildings was selected. This
area includes some of the most damaged buildings identified in the last
two earthquakes that affected the city [28,12]. The fully coupled model
consists of the soil, the basin bedrock, and existing buildings.

To obtain soil properties and to characterize the basin, a geophysical
survey was conducted, based on surface wave techniques and gravi-
metry. Inelastic soil behavior is included in the model using two ap-
proaches. Two types of laboratory tests were performed to describe the
nonlinear cyclic behavior of the soil. Besides, to describe the local
configuration and to estimate the elastic properties of the buildings in
the area, information based on high-resolution satellite imagery and
obtained from Google Earth® were combined. Additionally, an ambient
vibration analysis was applied to several buildings to develop a simple

relation between the dynamic properties and its geometry.
A comparison between the structural response of the buildings

computed from the 3D coupled model and from fixed-based uncoupled
models, is used to assess the role of the structures’ local interaction with
the soil at various levels of embedment. The results are expected to help
to determine if the site-city effects could be neglected or, on the con-
trary, could contribute to the increase the structural demand based on
the results of the case study of Viña del Mar.

2. Available information and microvibration survey

The city of Viña del Mar is a coastal city located in the central part
of Chile. It is the fourth largest city of the country, with a population of
334.248 inhabitants, increasing up to 432.258 during the summer
months (December to February) [9]. The total surface of the city is
49.15 km2, while the downtown area, best known as “Plan of Viña del
Mar”, has a surface of 5.04 km2.

The regional geology of the area is formed by an intrusive basement
with an overlying of semi-consolidated marine terraces, both out-
cropping in the outermost part of the segment. On top of these se-
quences, there is 30–110 m thickness of fluvial sediments composed of
sand, silt, and gravel. These sediments are produced by the Marga
Marga river, which flows into the Pacific Ocean in the south part of the
city [8].

2.1. Geotechnical characterization of the Viña del Mar basin

A detailed geophysical survey was conducted in the area by Podestá
et al. [26]. Combining source controlled (active) with ambient noise
(passive) techniques from which the shear wave velocity profiles were
obtained at several sites. Based on the geophysical and geological
characterization, it was decided to create a simplified model defined by
two geotechnical units: the basin bedrock and the overlying soil.
Equation (1) was proposed to characterize the shear wave velocity
profile for the sediments in the area as a function of the depth. Using
the unit weight of the soil and an assumption of the at-rest lateral earth
coefficient, the equation is transformed into a function of the effective
vertical stress with σ 'v in kPa (Equation (2)).

=v (z) 158.62 z (m/s)s
0.2 (1)

=σ σv ( ) 88.97 ' (m/s)v vs
0.2 (2)

Additionally, the Nakamura method [24] or horizontal-to-vertical
spectral ratio was used to estimate the predominant frequency in dis-
tributed points within the studied area. Each measurement was done at
least three times in each point following SESAME [31] guidelines to
satisfy both clearness and reliability criteria. The interpolated results
are shown in Fig. 1a, in terms of the predominant period T0 (in sec-
onds). To obtain the basin thickness, the measured principal fre-
quencies were used to extend a homogeneous soil column using the

Fig. 1. (a) Contours of predominant
periods T0 (s) obtained by interpolation
of several HVSR and significantly da-
maged buildings during previous
earthquakes according to Riddell et al.
[28] and Jünemann et al. [12]. The
modeled area is delimited by a red
rectangle, (b) bedrock and topography
of the Viña del Mar central area. (For
interpretation of the references to color
in this figure legend, the reader is re-
ferred to the web version of this article.)
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Equation (1) to fit the first elastic soil period to the measured value. The
location of the basin is a combination of this basement depth with a
Digital Elevation Model (DEM) of 5 m as spatial resolution shown in
Fig. 1b. The elevation varies from a few meters above the sea level in
downtown Viña del Mar, where this investigation is focused, to 70 m
above the sea level in the northern part of the segment. The thickness of
the soil layer controls the depth of the basin in the central area because
the elevation is almost constant in this part of the city.

2.2. Liquefaction susceptibility

To assess liquefaction susceptibility within the modeled zone,
Table 1 show SPT blow counts versus depth from three different
boreholes located in the area limited by a red rectangle in Fig. 1a.
Additionally, Fig. 2a displays the stratigraphy from three boreholes
where these SPT were carried out. It can be noted that the soil is mainly
composed by medium to dense sandy deposits with a variable content
of silt. The application of the standard procedure of liquefaction sus-
ceptibility assessment (e.g [3]) provides the results shown in Fig. 2b in
terms of Cyclic Resistance Ratio (CRR) and Cyclic Strength Ratio (CSR)

using as reference the 1985 Mw 8.0 earthquake, with a PGA of 0.22 g.
Since the CRR value is much higher than the full depth CSR, liquefac-
tion is unlikely to occur. Accordingly, Bustos [4] reported a low level of
liquefaction potential in the area modeled in this study.

2.3. Building inventory

The last two major earthquakes that stroked the area occurred in
1985 and 2010. Regarding the M 8.0w , 1985 earthquake, Riddell et al.
[28] conducted an inventory of 145 reinforced concrete buildings that
had five or more stories in the city at the time. The buildings, con-
structed from 1950 to 1984, had five to ten stories, and the structural
configuration was predominantly shear walls. Mat foundations were
preferred for tall buildings and continuous footing for lower-rise
structures, usually founded 4–5 m below the ground surface. The lo-
cation of damage buildings in the area is shown in Fig. 1a with a tri-
angle shaped marker. Moderate to severely damaged buildings were
located in the deepest part of the basin, and a significant portion of
these buildings had 12–15 stories. On the contrary, damage was not
observed in high-rise buildings within the same area. This fact suggests

Table 1
SPT blow counts from three boreholes within the modeled zone, R stands for refusal, i.e. a N value greater than 99.

SPT 1 SPT 2 SPT 3

Depth (m) N (blows/ft) FC (%) Depth (m) N (blows/ft) FC (%) Depth (m) N (blows/ft) FC (%)

From To From To From To

1.02 1.47 21 4 1.02 1.47 19 5 1.05 1.5 18 0
2.06 2.51 22 4 2.04 2.49 22 5 2.02 2.47 21 5
3.01 3.46 23 4 3.02 3.47 28 5 3.01 3.46 24 5
4.08 4.53 22 4 4.01 4.46 48 5 4.06 4.51 31 5
5.01 5.46 26 4 5.11 5.56 50 5 5.04 5.49 34 5
6.04 6.49 29 5 6.04 6.49 33 10 6.03 6.48 47 5
7.10 9.42 R 5 7.05 7.5 46 15 7.10 9.44 R 5
10.01 18.37 R 10 8.04 8.49 48 15 10.01 16.37 R 5
19.05 27.30 R 5 9.02 9.47 71 15 17.08 25.25 R 5
28.02 40.17 R 10 10.02 17.40 R 10 26.04 30.21 R 5
41.11 45.12 R 5 18.02 26.22 R 15

27.04 30.22 R 15

Fig. 2. (a) Stratigraphy from 3 different boreholes in the studied area (b) CRR and CSR versus depth from the application of usual liquefaction susceptibility
assessment (e.g. [3]).
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that the damage may be related to the filter effect of soil around its
predominant frequency compared to the fundamental frequency of the
buildings. A more recent study, conducted by Jünemann et al. [12],
focused on the damaged buildings with more than nine stories when the
2010, Mw 8.8 Maule Earthquake, stroke in the south-central part of
Chile. The damage affected primarily the lower floors from medium to
high-rise buildings, similar results observed during the 1985 earth-
quake. A statistical analysis showed that the foundation soil type was
one of the most significant variables to correlate with the level of da-
mage.

Currently, the urban area of the city is characterized by approxi-
mately 680 buildings of 4 or more stories. Fig. 3a shows the spatial
distribution of buildings. Each building is included as a homogeneous
block to simplify the model generation. Hence, the geometry and main
dynamic properties (natural frequency of vibration) need to be esti-
mated to develop realistic structure models. The number of stories and
floor-plan dimensions were obtained with Google Earth® and the
Google Street View® tool. The total height was determined by assuming
a typical value of 2.5 m as inter-story height. This value has been
checked against the DEM when available. The number of underground
levels was adjusted case to case when possible, using as default two
levels or 5 m below the surface.

Both aforementioned studies used the number of stories divided by
20 ( =λ 20) to estimate the fundamental period of the structures. This
equation allows a simple yet realistic approximation of Chilean re-
inforced concrete residential buildings, avoiding develop of a detailed
structural model for a substantial collection of buildings. Ambient vi-
brations were recorded in 78 buildings in the city (see Fig. 3b) to va-
lidate this relation for Viña del Mar city. The tests were performed using
four seismometers Tromino®, positioned at the center of the top floor,
oriented in the main two directions of the structure. The trace of 30 min
was divided into windows of 60 s and analyzed in the range of
0.3–10 Hz. The observation of the peaks in the Fourier Amplitude
Spectra of the horizontal components of the velocity allows obtaining
an estimator of the fundamental period of the structure.

Linear regressions were fitted to obtain the values that best describe
the relationship between the number of stories of the buildings and
their natural periods. A λ value of 18.0 was obtained by comparing the
period with the number of stories, while =λ 20 improves the estima-
tion if the basement levels are considered (red curve in Fig. 3b). This
value agrees with the one found by Midorikawa [20] in ambient vi-
bration tests for buildings in Viña del Mar and Santiago. This expression
is only an estimator of the building’s fundamental elastic period, which
includes the contribution of non-structural walls and neglects any
stiffness degradation due to the inelastic behavior of both structure and
soil during an earthquake. However, it could be considered a lower
bound of the longest seismic vibrating period. Both prior studies fo-
cused on a detailed structural analysis of the damaged buildings, but no
particular attention was put on site-structure dynamical relations ex-
plaining damage concentration. In this paper, we explore the mutual

influence of both the site and the soil on the observed damage.

3. Model

3.1. Spectral element method and discontinuous Galerkin approach

The numerical simulation was performed using the SPEED, an
opensource code program that uses the spectral element method (SEM)
to solve the weak formulation of the Elastodynamics equations for
elastic wave propagation problems [19]. The SEM is a generalization of
the finite element model (FEM). Both discretize the space in hexahedral
elements, but the SEM uses high order orthogonal polynomials as shape
functions (Lagrange polynomials), contrary to the low order poly-
nomials used in the FEM, thus increasing the numerical accuracy of the
solution [32].

Besides, the Discontinuous Galerkin (DG) technique is implemented
in SPEED as a non-conforming discretization approach to develop a
flexible numerical strategy necessary to model large-scale, hetero-
geneous, and complex media. The DG is coupled with the SEM for-
mulation in SPEED to deal with non-uniform polynomial degree dis-
tributions and locally varying mesh sizes, implemented at subdomain
levels (conforming on each subdomain) [19]. In this study, model
presented is composed of three parts: the geotechnical bedrock, the soil,
and the buildings. The DG method will allow us to connect these dif-
ferent subdomains.

3.2. Material characterization of the soil

Because inelastic soil behavior in sandy soils starts at very low de-
formation, any moderate to severe earthquake will trigger material
inelastic soil effects. The standard way to characterize the nonlinear
dynamic behavior of the soils is through the shear modulus degrading
and damping increasing curves as functions of the cyclic shear strain.
To obtain these curves, laboratory tests were conducted on remolded
soil samples from a borehole in the area. The remolding density was
fixed as 1790 kg/m3 based on the SPT values shown in Table 1 and the
correlations from Cubrinovski and Ishihara [6]. This density was es-
tablished after it was verified in terms of shear wave velocity of the
Resonant Column (RC) test against values derived from geophysics at
equivalent depths in terms of the expected confinement. The shear
modulus and damping curves were obtained from combined RC and
torsional shear (TS) tests performed at confinement pressures of 100
and 200 kPa. Due to water table is close to the surface in this area, these
tests were performed under undrained assumption. The obtained values
are shown in Fig. 4.

One of the main aspects affecting modulus degradation and
damping increasing curves of granular soils is the mean effective con-
fining stress (σm

' ) [39]. For this reason, we adopted a modeling strategy,
including confining correction for this curve. In the selected area, the
maximum basin depth is about 110 m, corresponding to a confining

Fig. 3. (a) Distribution of buildings in
downtown Viña del Mar. The modeled
buildings are shown in yellow and
highlighted by a red ellipse. (b)
Relation used for the estimation of the
natural period of the buildings in terms
of the number of stories. Linear regres-
sions are showed in red or blue, whe-
ther basement levels are considered.
(For interpretation of the references to
color in this figure legend, the reader is
referred to the web version of this ar-
ticle.)
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stress of about 900 kPa. Based on the laboratory results, a hyperbolic
model was calibrated, following the normalized shear modulus:
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This model was first proposed by Darendeli [7]. The value a is de-
noted the second curve-fitting variable, associated to the curvature, γr is
the reference strain when = 0.5G

Gmax
, that can vary significantly with

confinement. Therefore, the relation in Equation (4) is adopted to ac-
count for the in-situ confinement stress.

For convenience, the damping ratio was approximated as a quad-
ratic function of the shear modulus degradation curve, with the form of
Equation (5) and (6) [39].
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The parameters summarized in Table 2 were calibrated based on our
experimental results. The coefficients A, B and C, were selected in the
next order: the value of C minus Dmin1 = 15%, predicts the maximum
damping at high strains when G G/ max reach its residual value. Then, A
and B define the best-fit curve for the measured values.

The comparison of the proposed model against experimental data
and confinement effect is shown in Fig. 4. Additionally, the previous
expression allows incorporating the impact of the overburden pressure
induced by the buildings’ weight. As the soil unit weight is known and
with an estimation of the building weight based on its number of stories
and underground levels, the vertical stress can be computed at any
point of the soil domain.

3.3. Approximate nonlinear soil behavior modeling

The nonlinear behavior of the soil was estimated in using two ap-
proaches. Firstly, the Linear Equivalent Method, first proposed for a
one-dimensional wave propagation problem [30], approximates the
nonlinearity using an iterative procedure that calculates the dynamic
properties (shear modulus and damping) according to the shear strains

at various levels of the soil. The LEQ method procedure in SPEED was
previously implemented by Muñoz and Sáez [23]. For each iteration,
the average maximum shear strain at the center of the element is
computed based on the principal strains. The factor =R 0.65w reduce
the maximum shear strain to obtain the effective shear strain.

= − − − = ×γ ε ε ε ε ε ε γ R γmax(| |, | |, | |);max eff w max1 2 1 3 2 3 (7)

The modulus and damping, in terms of shear wave (Vs) and quality
factor (Q), are updated, and the model is recomputed until a 5% dif-
ference was obtained at each monitor in the soil domain. Secondly, a
non-linear visco-elastic approach was considered, which updates shear
modulus G and damping ratioD by the instantaneous shear strain γ t( )
[32] at each time step. Nevertheless, both strategies are only considered
as a first-order approximation of soil’s nonlinear behavior because key
features such as the hysteretic origin of damping, strain-hardening,
strain-softening, pore pressure increase and many other effects, are not
precisely modeled.

3.4. Building properties

Each building is modeled as an elastic solid volume with a uniform
density of 300 and a damping ratio of 0.05, average values used in
previous site-city investigations [10,19]. Each volume was discretized
in several solid elements of vertical dimension equivalent to about 2
stories of the real building. This value reasonably agrees with the one
ton per square meter usually adopted for seismic design in Chilean
practice. The =v v1.65p S relationship was assumed to relate the com-
pressional wave velocity to the shear wave velocity. These properties
were used to obtain a shear wave velocity for each building through the
calculation of the normal elastic modes. Full fixity at the bottom of each
building model was assumed to compute vibrating modes. The velocity
was chosen, matching the first mode with the previously estimated
natural frequency of each building. The values obtained vary from 200
to 650 m/s (Table 3).

The effect of building weight on the effective stress was included
analytically using the superposition principle. Firstly, the weight of the
buried portion of the soil was subtracted. Then, the building's weight
was added as a uniform vertical stress at the foundation level. To
compute both effects, we used analytical expressions provided in the
Poulos and Davies’ compendium [27] for uniform distributed rectan-
gular loads beneath the surface of a semi-infinite mass. We recognize
that the use of these expression is approximative, but provide reason-
able results avoiding the development of an auxiliary Finite Element
Model to compute the induced stress more accurately

3.5. Mesh

Due to the limitation of computational resources, we selected a re-
duced area containing the deepest part of the basin and the basement
morphology shows a linear SW trend with a narrow valley shape. The
model includes 22 buildings located above an average sediment
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Fig. 4. (a) Degradation and (b) damping curves for the material. A hyperbolic model was used to estimate the depth-varying curves, calibrated with laboratory tests
for soil samples in the area.

Table 2
Selected parameters for the hyperbolic model.

Parameter a k A B C D (%)min1

Value 0.8 0.87 4.2 −16.9 13.5 1.5
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thickness of 90–105 m in central Viña del Mar (material parameters are
shown in Table 4). The approximate spatial location of the modeled
area is shown in Figs. 1a and 3a and the mesh in Fig. 5a. Natural periods
of the structures are in the range of 0.15–0.95 s. The predominant
period of the soil in the same area is from 0.9 to 1.2 s, i.e., some site-
building resonance effects may be anticipated.

The non-conforming mesh was created entirely by the software
Trelis® (2018) [37]. The model has a total of 1,757,851 spectral nodes
and 25,487 hexahedral elements, with a varying size from 1.7 to 5 m.
The soil was divided into two parts, as inelastic soil behavior tends to
concentrate on the shallow layers, i.e., a more refined mesh was used
for the upper 25 m. Hence, the not-honoring approach is implemented
in the soil, where the size of the mesh change from 5 × 5 square meters
in the top of the layer to 20x10 square meters in the deepest part of the
model. Referential running time of each kind of computation if

provided in Table 5.
The maximum target frequency for the model was 15 Hz. Then, to

obtain reliable results, the maximum size of the elements was checked,
based on the criteria for the maximum characteristic dimension of the
spectral element, for the spectral degree N = 4, and ̂ =G 3I » points of per
minimum wavelength:

̂
̂

=Δ l I »
G

N
I » (8)

Using this criterion, the maximum sizes vary from 13.3 to 63.3 m for
the buildings. At the bottom of the model, to introduce the seismic
loading, a fictitious layer is used to introduce a perfectly vertical in-
cident plane-wave front as a Neumann condition. Dirichlet boundary
conditions were used only at the lateral boundaries to ensure shear-
beam kinematics. An absorbing boundary condition was used to mini-
mize wave reflections at the base of the model.

3.6. Input

The Viña Centro Seismic Station (VC), located above approximately
30 m of sediments within the studied area, recorded the 1985 and 2010
earthquakes [26]. To reduce the running time, a modified Ricker wa-
velet was used as input motion, propagated in the N-S direction and
calibrated to match with the response spectra associated to records
available at this station. The analytic expression of this wavelet is the
following [15]:

= ×
−

−− − − −[ ]R t A
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f e f e( ) 1 π f t t π f t t
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2 2
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2

0
2

(9)

This motion has a broader frequency band spectrum than the
standard Ricker wavelet, and it has been widely used in wave propa-
gation problems. Two input motion have been selected, R2 and R5, to
cover different frequency bands. The first input (R2) was chosen to
cover approximately the frequency range of available records at VC
station, while the second (R5) was used to cover the range of funda-
mental frequencies of the buildings located in the area. Table 6 shows
the used parameters.

To calibrate the amplitude of the input Ricker motions, we devel-
oped a simplified 1D column model at the exact location of the avail-
able records (VC station) using the equivalent linear (LEQ) and the non-
linear (NLE) approaches. The amplitude was adjusted to have the same
PGA between LEQ approach and available records. We used the same
input amplitude for both LEQ and NLE analyzes. The results of this
procedure are shown in Fig. 6.

Table 3
Properties of the selected buildings.

Building ID Number of
stories

Predicted T (s) Modeled Tm

(s)
G (MPa) T0 (s)

110 8 0.40 0.38 100 0.99
112 8 0.40 0.37 100 1.10
176 4 0.20 0.19 51 1.16
188 7 0.35 0.34 100 1.07
193 4 0.20 0.18 51 1.09
195 19 0.95 0.91 204 1.04
207 4 0.20 0.18 74 1.07
208 11 0.55 0.56 165 1.09
211 4 0.20 0.18 74 1.01
212 4 0.20 0.20 74 1.02
228 4 0.20 0.18 51 1.10
229 10 0.50 0.47 204 1.16
447 12 0.60 0.55 74 1.13
448 8 0.40 0.39 74 1.06
450 18 0.90 0.86 165 1.08
535 5 0.25 0.24 74 1.05
536 7 0.35 0.35 100 1.12
537 9 0.45 0.45 294 1.15
538 9 0.45 0.46 247 1.20
539 3 0.15 0.16 33 1.15
559 4 0.20 0.20 51 1.19

Table 4
Material parameters.

Material Vs (m/s) Vp (m/s) Qs Qp ρ (kg/m3)

Buildings 200–600 374–1122 10 20 300
Basin function of the confinement (Eq. (4)) 1800
Bedrock 900 1690 500 1000 2200

Fig. 5. (a) Mesh used to study the SCI effects in the area. The color bar represents the shear wave velocity used to model the soil and the buildings and (b) Modeled
structures period Tm and predominant soil period (T0) in the model. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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4. Results

This work aims to understand the local effects produced by the
multiple interactions between embedded buildings and the surrounding
soil in a realistic urban setting, the city of Viña del Mar. Therefore,
three different configurations were modeled: A model with fully cou-
pled system between the buildings and the 3D model of the soil (3DFC);
and two settings that will work as uncoupled models: the 3D model of
the soil without the buildings (3DU), and multiple 1D columns (1DU)
with the same properties of the 3D model, where the evaluation of the
building's response is analyzed separately after the extraction of the
ground motion. The 3DFC model includes both site-city (SCI) and soil-
structure (SSI) interaction. The second model (3DU) assesses the role of
the basin spatial variation in the domain, while the third (1DU) only
includes the amplification due to the wave propagation in soil layers.
Fig. 7a illustrates the three different approaches. The local effects will
be compared in terms of the modification of the ground motion and the

structural response. For the structural response of the buildings of the
uncoupled models, the time history was computed on SDTools®, a
Structural Dynamic toolbox available for Matlab® [18], analyzing fixed-
based models. The input was the motion resulted from the wave pro-
pagation in the 3DU and 1DU models extracted from monitors located at
the same depth as the foundation. In this case, two boundary conditions
are applied to the bottom of the structural model:

– Case A: The nodes associated with the embedded degrees of freedom
(DOFs) that are in contact with the soil are clamped (see Fig. 7b Case
A in red). This case assumes infinite stiffness from the adjacent soil.

– Case B: The nodes associated with the structure’s bottom DOFs are
clamped (see Fig. 7b Case B in red). This case pretends to simulate
full fixation only at the base.

Usually, Chilean reinforced concrete shear-wall buildings have
perimetral basement walls of at least 60 cm of thickness to support the
soil and the shallow water table pressures, i.e. lateral and bottom
foundation could be considered as rigid (Case A). In the Chilean prac-
tice, soil interaction is usually neglected and the building model for
modal analysis is assumed clamped at its base (Case B). Nevertheless,
sometimes lateral interaction is included to seismically verify walls in
contact with surrounding soil by adding elastic springs on lateral
boundaries. This last situation is modeled in a more rigorously manner

Table 5
Referential running time for each type of computation.

Lineal Equivalent approach (LEQ) Nonlinear approach (NL)

3DFC 3DU 1DU 3DFC 3DU 1DU

N° Processors (2.3 GHz) 32 32 1 32 32 1
N° iterations 3 3 3 1 1 1
Δt (s) 5 × 10−5 5 × 10−5 5 × 10−5 5 × 10−5 5 × 10−5 5 × 10−5

Set-up time (s) 7711 6443 4 9247 7134 50
Run time (s) 83,959* 74,465* 333* 191,026 199,629 8004

* Per iteration.

Table 6
selected parameters for modified Ricker wavelets.

Ricker f0 (Hz) f1 (Hz) Maximum frequency (Hz)

R2 0.2 2.0 6.0
R5 0.5 5.0 16.0

(a) (b)

(c)
Fig. 6. (a) Modified Ricker pulses used, both with two characteristic frequencies of 0.2 and 2 Hz and 0.5 y 5 Hz (R2 and R5). (b) Normalized Fourier amplitude
spectrum of the input. The red area shows the range of predominant frequencies of the soil, and the fixed-base natural frequencies of the selected buildings are shown
in the hatched blue area. (c) Pseudo Spectral Acceleration of available records and those associated to selected wavelets.

V. Soto, et al. Engineering Structures 223 (2020) 111188

7



through 3DFC. Hence, combinations 3DU + A/B and 1DU + A/B tries
to be close to the standard modelling assumptions used in seismic
building design practice.

4.1. Comparative analysis of the modification of the ground motion

To evaluate the effects of the buildings’ inclusion on intensity
parameters associated to the damage potential, a comparison between
3DFC and 3DU at the surface have been calculated in terms of three
parameters: the Peak Ground Acceleration (PGA) and the Peak Ground
Velocity (PGV), to compare the amplitude of the ground motion; and
the Arias Intensity, an energy measure that considers the ground ac-
celeration amplitude its duration and, indirectly, the frequency content
[2]. The results for the three-dimensional model are shown in Table 7,
Fig. 8 and Fig. 9 for the inputs R2 and R5, respectively.

In general, the spatial distribution for both cases is similar for all the
calculated parameters. Additionally, larger values are obtained for NLE
approach in comparison to NLE. Depending on the parameter, extreme
values from NLE are in general 20% to 30% smaller than LEQ. It can be
noted that the tridimensional variation of the basin depth across the
modeled domain is not sufficient to generate a significant difference in
the free field motion, since the values show a moderate variation across
the surface in the 3DU models, for example from 0.21 to 0.26 g for the
PGA-LEQ case, while this range varies from 0.13 to 0.19 for PGA-NLE
case. In the 3DFC models, the inclusion of the site-city effects causes a
general decrease of motion at the building's base, but some slight in-
creases could be noted in its surroundings. Despite the differences on
the amplitudes, the zones of increase or decrease of motion with respect
to the situation without buildings are very similar for the two ap-
proaches followed to include non-linearity of the soil. However, this
decrease can be observed only in buildings with more than five stories,
highlighting the importance of the building weight. This result agrees
with the results from other investigations [35].

Additionally, in the most densely populated sector, limited by UTM
coordinates 261,550 and 261,650 in the East-West direction and
6,343,900 and 6,344,000 in the North-South direction, the frequency
content of the propagated input is determinant. For the LEQ approach,

while in the R2 record the free-field motion decreases with the multiple
interactions, the higher frequencies of the R5 record create enclosed
areas where the energy is concentrated, especially where buildings are
closest to each other. In the NLE case, high frequency motion (R5) tends
to increase the motion close to the corners of the modeled area, prob-
ably because significant reflection of waves at the edges of the model.
Indeed, because in this approach material stiffness varies in-
stantaneously, a wider range of wavelengths are generated during the
motion promoting the apparition of increasing motion effects on the
edges.

Fig. 10 shows the ratio for the same parameters, to quantify the
difference in the buildings’ incorporation following LEQ approach. All
the parameters show a decrease in the highest structures' local sur-
roundings, represented by the blue colors. This deamplification in the
R2 case is mainly oriented on the north-south (X) direction, the same
direction of the propagated wave. PGA and PGV values outside the
constructed area do not show significant change, while the energy of
the motions at surface in the more densely area increases up to 23%. In
the R5 case, the propagated energy increases up to 50% in the more
densely area, and no deamplification is found. Fig. 11 illustrates the
same ratios when the inelastic soil behavior is approximated by NLE
approach. In this case, the tendency depends significantly on the fre-
quency content of the selected input. In terms of PGA, low frequency
motion (R2) has a reduced effect on maximum acceleration at build-
ings’ base, but an increase up to 40% in areas between building. Results
in terms of PGV an Arias Intensity are similar, showing an increase of
about 20% between the buildings that are most widely spaced from
each other, but with a reduction of up to 20% outside the built area. In
the case of the higher frequency content motion (R5), a general re-
duction of PGA was observed, but with a local increase close to the
corners of the model, probably because the wavelengths are shorter and
multiple reflections take place on these boundaries. The tendency for
PGV or Arias Intensity is similar to that of PGA, but with a more sig-
nificant reduction to the center of the model, being up to 50% com-
pared to the case without buildings. Therefore, it is concluded that the
effects are highly variable depending on the approach followed to ap-
proximate the non-linear behavior of the soil and the frequency content
of the input signal. In general, when the frequency content of the input
is higher (0.5–5 Hz), the oscillation of the buildings generates waves of
shorter length that contribute to amplify or deamplify certain areas
much more clearly. When the frequency content is lower (0.2–2 Hz),
the results tend to be more uniform across the modeled area. This effect
is more evident in the NLE approach, where the stiffness of the ground
is updated in each time step and therefore, on average, the ground is
more rigid, which promotes the creation of waves of short wavelength.

The degree of nonlinearity in the soil can be examined through the
effective strain at different depths, reached for the R2 and R5 records.
Figs. 12a and 13a show effective strain in the last iteration of the LEQ
procedure in terms of a cross-section across the A-A′ profile in the
middle of the model, for the R2 and R5 propagation, respectively. The
spatial variability of the shear strain is localized near buildings, while

(a) (b)

321

1
2

3

1 2 3 A B

3DFC 3DU 1DU

Fig. 7. (a) Model approaches for the soil. From left to right: 3D fully coupled model (3DFC), 3D uncoupled model (3DU) and multiple 1D columns (1DU) and (b) Model
approaches.

Table 7
Range for computed parameters.

PGA (g) PGV (m/s) Arias Intensity (m/s)

min max min max min max

R2 LEQ 3DU 0.213 0.260 0.154 0.196 0.110 0.184
3DFC 0.186 0.282 0.126 0.203 0.083 0.208

NLE 3DU 0.133 0.193 0.108 0.164 0.066 0.132
3DFC 0.167 0.206 0.113 0.146 0.066 0.114

R5 LEQ 3DU 0.162 0.219 0.044 0.066 0.026 0.052
3DFC 0.123 0.268 0.036 0.081 0.017 0.091

NLE 3DU 0.057 0.164 0.020 0.061 0.005 0.039
3DFC 0.032 0.193 0.011 0.063 0.002 0.046
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no significant lateral variability is observed far enough from buildings,
i.e. where free field condition is approximately satisfied. For the input
R2, the maximum shear strains are situated at depths of 10–20 m. Due
to increase of confinement, the maximum strain decreases below the
structures but increases in the surrounding elements at the free surface.
The impact of the buildings on the level of non-linearity is not appre-
ciable below 35 m. Nevertheless, for the input R5, the maximum strains
are located on the surface, but maximum values are below a half than
those obtained for R2 input. This observation illustrates the influence of
the frequency content of the input on energy dissipation in the soil.

From Fig. 10b, it is observed a greater influence of the buildings mo-
tions concentrates in the upper layers of the model. Because low con-
finement, this portion of soil has a limited stiffness i.e. is more prone to
be influenced by lateral motion of the embedded portion of buildings.
Figs. 12b and 13b show the same cross-sections but in terms of the
effective shear strain defined as 65% of the maximum instantaneous
shear strain following the NLE approach to provide an average level of
deformation during the shaking. In general, there are not significant
differences in the strain values nor in its distribution through the soil. In
the case of NLE approach and R2 input, free field values tend to be

NLELEQ
(a) 

(b) 

(c) 

Fig. 8. Seismic parameters to describe and compare ground motion, input R2: (a) PGA (g), (b) PGV (m/s) and Arias Intensity (m/s) for 3DU (left) and 3DFC (right)
models. The buildings boundary in black, just for reference in the 3DU case.

NLLEQ
(a) 

(b) 

(c) 

Fig. 9. Seismic parameters to describe and compare ground motion, input R5: (a) PGA (g), (b) PGV (m/s) and Arias Intensity (m/s) for 3DU (left) and 3DFC (right)
models. The buildings boundary in black, just for reference in the 3DU case.
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smaller than LEQ approach probably because the soil is more rigid in
average during the shaking. In the case of R5, deeper zones show a
slightly more deformation during the shaking for the NLE case com-
pared to LEQ, but the differences are not significant.

The maximum strain has been extracted from profiles x1 and x2,
located below buildings ID110 and ID208; x3, located immediately next
to building ID208 and x4, located sufficiently far from the influence of
any structure (see Fig. 5b). Figs. 12 and 13 also show the degradation
curves at different confinement levels. In the case of R2 input, higher
levels of degradation (about 40%) are found in a combination of larger
strains and low confinements in the shallow layers of the model. Results
from LEQ or NEQ approaches are very similar. For the higher frequency
input (R5), the maximum degradation reaches about 60% when the
NLE approach is followed.

4.2. Structural response on selected buildings

In a single building, the presence of the surrounding soil affects the
motion of the structures due to the inertial and kinematic effects [25].
Partial embedment could increase these effects due to the lateral in-
teraction between the building and the lateral soil. In addition to this
effect, multiple interactions between buildings are modeled in the 3DFC

case.
To compute building's response, in the 3DFC case, the base motion

was subtracted to absolute displacement of structural nodes to obtain
the relative motion to surrounding soil. For the uncoupled approaches,
a separated finite element model was solved in time domain for each
building to compute seismic lateral displacements. This separated
model has the same geometry and material properties than those used
in 3DFC model. Because partial embedment, the acceleration obtained
at 5 m depth from the surface has been extracted from 3DU and 1DU

cases. The damping matrix was calculated as 5% of Rayleigh damping.
The boundary conditions for these models, shown in Fig. 7, were se-
lected to represent different lateral interaction between the soil and
structure.

Four cases buildings were selected to illustrate tendencies (ID195,
ID207, ID208, and ID450). The response of the buildings was assessed
through the roof displacement and the interstory drift. Figs. 14 and 15
display the results for R2 case of the selected building following LEQ
and NLE approaches, respectively, while Tables 8 and 9 summarizes the
maximum values of all the modeled buildings for the same input R2,
while the results for R5 are shown in Tables 10 and 11. These results are
similar to R2 results, but they reach smaller magnitudes due to the high
frequency of the input.

Fig. 10. 3DFC/3DU Ratio for PGA, PGV and Arias Intensity at the surface. Inputs (a) R2 and (b) R5. Linear Equivalent approach.

Fig. 11. 3DFC/3DU Ratio for PGA, PGV and Arias Intensity at the surface. Inputs (a) R2 and (b) R5. NLE approach.
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From previous results, it can be noted that they are not significant
differences between the 1DU and 3DU cases because on the modeled
area the basin has an approximate uniform thickness, i.e. the soil is
almost 1D. Nevertheless, some more pronounced differences could be
noted between 3DFC and Case A or Case B. The comparison between
fully coupled approach (3DFC) and the lowest maximum interstory drift
among uncoupled 1D cases varies between −17% to 86% (R2) and
between −27% to 86% (R5) if LEQ approach is followed. On the other
hand, the NLE approach causes a variation of these ranges between 18%
and 82% (R2) and −200% and 77% (R5). Hence, for the lower fre-
quency input (R2) and NLE modeling approach, uncoupled 1D ap-
proaches provides non-conservative estimates of maximum responses.
In general terms, maximum interstory drift associated to NLE approach
are smaller than LEQ by about 40% in average for R2 input, while this
difference is reduced to 21% in the case higher frequency input (R5).

In general, the type of differences depends on the number of stories:

– Lower buildings (3–4 floors as ID207) have the greatest variation
when considering the two different levels of embedment. The re-
sponse of Case A decreases up to 20% compared to Case B. This can
be explained by a rigid body behavior when most of his DOFs are
fixed. In these buildings, the 3DFC response is in between both fixed
base hypothesis, so the surrounding ground the partially restricts the
building motion. The approach followed to model the inelastic soil
behavior has a minor effect on the results.

– The behavior of medium-high buildings (like ID208) in 3DFC is
much closer to Case B, horizontally fixed at the base. Hence, con-
sidering lateral fixity would generate non-conservative responses,
reducing by 30 to 70% both the maximum drift and the roof dis-
placement, as seen in Figs. 14 and 15.

– Higher buildings, like ID 195 and 450, are almost in resonance with
the soil according to Fig. 5b. The inclusion of the SCI effects is
beneficial when LEQ approach is followed since cases A and B
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Fig. 12. . Distribution of shear strain in 3DFC model (left) and shear modulus degradation at different depths, extracted from profiles (right) for (a) Linear Equivalent
and (b) NLE approach. R2 simulation.

Fig. 13. Distribution of shear strain in 3DFC model (left) and shear modulus degradation at different depths, extracted from profiles (right) for (a) Linear Equivalent
and (b) NLE approach. R5 simulation.
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achieve higher values of roof displacement. If the soil is modeled by
NLE, fully coupled approach 3DFC produces larger values than un-
coupled 1D computations. Nevertheless, when the 3D input is used
(3DU), results are very close to fully coupled model. Therefore, the
effect would be explained by the modification that the motion un-
dergoes in the 3D model rather than by group effects. As ID 195 is
located within the densest area while ID 450 is more isolated, group
effects seem to be negligible.

For R2 input, three buildings of the studied set increase their seismic
demands (ID 229, 537, and 538), when the SCI effects are considered by
LEQ or NLE. All, as shown in Fig. 5b, have a high floor plan aspect ratio,
defined as the longitudinal dimension divided by its transverse di-
mension of the floor plan [12], and they are oriented, in terms of their
principal direction, opposite to the direction of loading.

Fig. 16 display the spectral ratios between the top displacement and
the base of each building considered. Additionally, we include the first
mode resonant frequency (Fm) of each building assuming fixed at
surface level, i.e. neglecting undergrounds.

The first spectral ratio peak shift to lower frequencies compared to
Fm for all buildings except for the ID208, where the interaction effect
seems negligible. Taller buildings (ID195 and 450) behave more flex-
ible in the 3DFC model because soil flexibility, where the SCI effects are
beneficial to the response. In these buildings, 3DFC results suggest also
the activation of a higher mode which are not observable in the other
approaches. There is no significant effect of the soil modeling approach

on these results.
Figs. 17 and 18 compares the 5% damped elastic response spectra

(PSa) at the foundation level from the free-field, far enough from the
structures in the 3DFC model. First, no significant difference is obtained
from 3D to 1D approaches, confirming the little depth variability that
exists in the basin in the analyzed area. One of the reasons that in-
corporating SCI effects is beneficial is the deamplification that may
exist at the base of the buildings. In the case of LEQ approximation, the
reduction in PGA in uncoupled cases is approximately 10–12%, while in
the 3DFC case the decrease reaches up to 28%. Using the NLE approach,
the effects on the PGA value are much less significant between the
coupled and uncoupled cases, however a general reduction of this value
is observed with respect to the LEQ approximation. While the peak in
the base is shifted when using LEQ, this shift does not occur under NLE
approximation. It is clear, since uncoupled cases only incorporate the
embedment effects when the response decreases with respect to the
free-field when the building is funded at a certain depth below the
surface.

5. Conclusions

The aim of the study was to evaluate and quantify the contribution
of the site-city seismic interaction effects in an urban environment and
to compare the different approaches to model the soil-structure inter-
action for the building structures. A 3D seismic wave propagation
model of the area of Viña del Mar city, where numerous buildings were

Fig. 14. Relative roof displacement (left) and internode drift (right) of selected buildings, ID195, 207, 208 and 450, for the input R2, LEQ approach.
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Fig. 15. Relative roof displacement (left) and internode drift (right) of selected buildings, ID195, 207, 208 and 450, for the input R2, NLE approach.

Table 8
Comparison of the maximum responses for the structures in the area, input R2, LEQ approach.

ID Maximum roof displacement (cm) Maximum Interstory Drift (×10−3)

1DU CaseA 1DU CaseB 3DU CaseA 3DU CaseB 3DFC 1DU CaseA 1DU CaseB 3DU CaseA 3DU CaseB 3DFC

110 3.08 4.28 3.08 4.17 3.89 1.82 2.15 1.82 2.08 2.12
112 2.19 4.13 2.25 3.99 3.51 1.33 2.03 1.37 1.96 1.94
176 0.24 1.06 0.25 1.15 0.72 0.20 0.79 0.21 0.85 1.42
188 1.28 3.73 1.29 3.68 3.15 0.92 2.09 0.92 2.06 1.97
193 0.26 1.24 0.27 1.33 0.79 0.23 0.94 0.23 1.01 0.64
195 4.72 4.98 4.67 4.65 3.80 1.42 1.33 1.43 1.34 1.18
207 0.16 2.22 0.16 2.24 0.81 0.17 1.75 0.17 1.76 0.61
208 2.33 3.65 2.40 3.98 3.74 1.01 1.37 1.04 1.49 1.44
211 0.22 0.83 0.22 0.86 0.75 0.18 0.63 0.19 0.65 0.80
212 0.18 0.73 0.19 0.76 0.65 0.17 0.55 0.17 0.57 0.51
228 0.31 0.70 0.31 0.72 0.69 0.32 0.66 0.32 0.68 0.68
229 0.65 1.00 0.62 0.97 1.09 0.30 0.40 0.29 0.39 0.42
447 4.17 4.23 4.64 4.75 3.77 1.56 1.54 1.74 1.61 1.44
448 2.24 3.96 2.18 3.94 3.13 1.27 1.86 1.23 1.85 1.60
450 4.75 4.70 4.79 4.73 3.96 1.46 1.41 1.47 1.42 1.21
535 0.44 2.83 0.45 2.94 1.70 0.45 2.03 0.47 2.12 1.42
536 1.72 4.01 1.79 4.17 3.78 1.17 2.26 1.22 2.35 2.32
537 0.38 0.91 0.39 0.92 1.22 0.19 0.37 0.19 0.38 0.60
538 0.67 1.86 0.69 1.94 2.21 0.34 0.79 0.35 0.83 0.96
539 0.20 0.79 0.20 0.78 0.59 0.23 0.82 0.23 0.82 0.91
559 0.29 0.77 0.29 0.80 0.68 0.24 0.69 0.24 0.70 0.65
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damaged during the last Mw 8.8 earthquake, was developed to study
SCI. This model includes buildings to evaluate the local interaction
between multiple structures and the influence of SCI effects in a rea-
listic urban environment. We focus on the development of a model
integrating soil and structural information to assess seismic interaction
considering inelastic soil behavior and using micro-vibrations as a main
calibration tool.

For the creation of the model, the three-dimensional basin of the
entire city of Viña del Mar, was validated on a study by Podestá et al.
[26] using available records. Buildings were added, with properties also
estimated by geophysics, whose behavior was confirmed by two pre-
vious investigations at the same city. We based our comparison on
maximum roof displacement and maximum interstory drift, parameters
that could be associated to structural damage, which at the same time
agrees with the parameters used for the few studies on the subject.

The SCI effects are, in general, beneficial for most buildings.

However, a few will suffer more damage as reported by Lu et al. [16]
and Taborda [35]. From the findings of the study, the following is clear:

• In taller buildings the response would not be affected by the level of
embedding of the base and, in these cases, the inclusion of site-city
effects is beneficial when the soil is approximated by LEQ, while the
effect is detrimental when NLE approximation is considered.

• In buildings with less than 5 stories the total embedment of the base
generates a significant decrease of the response.

• While the evaluation of SCI effects on buildings is a complex pro-
blem, it is believed that the increase in confinement stresses re-
sulting from the difference between the excavated soil and the
weight of the building would be key in the decrease of the response.
With the increase in confinement, the properties of the soil under
the foundation are stiffer, thus the deformation is reduced. This also
highlights the need to consider the nonlinear behavior of the soil.

Table 9
Comparison of the maximum responses for the structures in the area, input R2, NLE approach.

ID Maximum roof displacement (cm) Maximum Interstory Drift (×10−3)

1DU CaseA 1DU CaseB 3DU CaseA 3DU CaseB 3DFC 1DU CaseA 1DU CaseB 3DU CaseA 3DU CaseB 3DFC

110 1.88 2.63 2.39 3.26 2.98 1.11 1.31 1.41 1.64 1.66
112 1.33 2.51 1.79 3.15 2.55 0.81 1.23 1.09 1.54 1.45
176 0.17 0.63 0.20 0.85 0.42 0.14 0.46 0.17 0.63 0.79
188 0.78 2.25 0.88 2.62 2.35 0.55 1.26 0.63 1.47 1.53
193 0.18 0.73 0.22 0.93 0.50 0.16 0.56 0.19 0.71 0.40
195 2.89 2.83 3.68 3.92 3.49 0.87 0.81 1.08 1.03 0.99
207 0.11 1.32 0.13 1.70 0.44 0.12 1.04 0.14 1.34 0.34
208 1.39 2.17 1.94 3.12 2.93 0.60 0.81 0.84 1.17 1.17
211 0.15 0.52 0.19 0.66 0.45 0.13 0.39 0.16 0.50 0.57
212 0.13 0.46 0.16 0.60 0.37 0.11 0.35 0.15 0.45 0.28
228 0.21 0.44 0.27 0.58 0.49 0.21 0.41 0.28 0.54 0.48
229 0.40 0.61 0.51 0.78 0.79 0.19 0.24 0.24 0.32 0.32
447 2.44 2.50 3.56 3.48 3.32 0.91 0.91 1.37 1.25 1.29
448 1.32 2.33 1.75 3.01 2.56 0.75 1.09 1.00 1.42 1.36
450 2.86 2.83 3.66 4.13 3.64 0.87 0.85 1.06 1.11 1.08
535 0.29 1.71 0.37 2.29 1.02 0.30 1.23 0.38 1.65 0.88
536 1.02 2.37 1.21 2.81 2.68 0.69 1.34 0.83 1.59 1.71
537 0.25 0.55 0.30 0.67 0.80 0.12 0.22 0.15 0.28 0.41
538 0.41 1.09 0.46 1.21 1.40 0.21 0.46 0.23 0.51 0.64
539 0.14 0.48 0.16 0.60 0.37 0.15 0.50 0.19 0.63 0.66
559 0.19 0.47 0.23 0.57 0.46 0.16 0.41 0.19 0.50 0.41

Table 10
Comparison of the maximum responses for the structures in the area, input R5, LEQ approach.

ID Maximum roof displacement (cm) Maximum Interstory Drift (×10−3)

1DU CaseA 1DU CaseB 3DU CaseA 3DU CaseB 3DFC 1DU CaseA 1DU CaseB 3DU CaseA 3DU CaseB 3DFC

110 0.59 0.59 0.62 0.61 0.54 0.38 0.38 0.42 0.42 0.48
112 0.56 0.60 0.61 0.64 0.53 0.36 0.36 0.41 0.41 0.44
176 0.26 0.52 0.22 0.53 0.39 0.23 0.39 0.19 0.40 1.66
188 0.55 0.56 0.55 0.57 0.52 0.39 0.35 0.40 0.37 0.45
193 0.31 0.56 0.35 0.59 0.43 0.28 0.43 0.32 0.46 0.37
195 0.54 0.50 0.59 0.53 0.42 0.28 0.26 0.32 0.29 0.24
207 0.15 0.58 0.14 0.57 0.47 0.17 0.48 0.16 0.47 0.50
208 0.58 0.61 0.52 0.56 0.49 0.29 0.29 0.24 0.25 0.27
211 0.21 0.51 0.29 0.54 0.43 0.18 0.39 0.25 0.41 0.38
212 0.17 0.48 0.25 0.55 0.43 0.16 0.37 0.23 0.42 0.37
228 0.29 0.45 0.30 0.45 0.40 0.28 0.39 0.29 0.39 0.36
229 0.45 0.49 0.43 0.46 0.34 0.21 0.19 0.20 0.18 0.15
447 0.55 0.52 0.54 0.52 0.38 0.32 0.30 0.30 0.29 0.26
448 0.56 0.60 0.53 0.57 0.50 0.37 0.37 0.33 0.34 0.42
450 0.56 0.52 0.56 0.52 0.38 0.31 0.29 0.30 0.28 0.24
535 0.37 0.56 0.39 0.58 0.51 0.40 0.43 0.41 0.44 0.56
536 0.60 0.61 0.63 0.65 0.56 0.42 0.39 0.43 0.43 0.48
537 0.36 0.51 0.36 0.51 0.40 0.18 0.21 0.18 0.22 0.19
538 0.47 0.53 0.52 0.56 0.47 0.24 0.23 0.27 0.25 0.25
539 0.21 0.51 0.18 0.49 0.42 0.22 0.50 0.20 0.49 0.46
559 0.27 0.45 0.27 0.45 0.36 0.24 0.37 0.23 0.37 0.32
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On the other hand, regarding soil to site resonance, the foundation
flexibility modeled by LEQ in the coupled approach introduces a fre-
quency shift from resonance for buildings ID195 and ID450, avoiding
this type of amplification. This frequency shift is very small when using
an NLE approximation. From the results presented, underground levels
have a significant influence on building response, the future research
will focus on a more detailed quantification of this specific aspect of the
SCI problem.

Group effects, on the other hand, represent the interaction between
buildings. Although the buildings themselves generate an obvious in-
terference in their surroundings, their influence on other buildings was
not clear. Future work pretends to expand the domain to more dense
and large areas to introduce basis boundaries and therefore include
surface wave generation and their effects on SCI.
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Fig. 16. Spectral ratio of the selected buildings’ vibration for the 3 cases modeled. The red dot represents the building modeled resonant frequency Fm.
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