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Abstract: This paper presents the role of impedance contrast (IC) at the base of 2D deep

elliptical basin (shape-ratio > 0.25) in the site-city-interaction (SCI) effects on both the

SH- and SV-wave responses of buildings and basin. The obtained SCI effects in the form of

reduction of fundamental frequencies of building (F SB
02D) and basin (FB

02D), corresponding

amplification and splitting of the bandwidth of fundamental mode of vibrations of both

the building and basin corroborates with the findings in the past SCI studies. The FB
02D

of basin and F SB
02D of building are unaffected by an increase of IC during site-city-inter-

action, even though, there is an increase of FB
02D of basin with an increase of IC in the

absence of city. A drastic increase of SCI effects on the basin response but only minor

increase of SCI effects on the building response with an increase of IC is observed for

both the polarizations of the S-wave. However, the rate of increase of SCI effects with IC

is more in the case of SV-wave responses of buildings and basin. The obtained larger %

reduction of FB
02D and corresponding amplification in the case of SH-wave responses as

compared to those in the case of SV-wave responses may be due to the larger height of

B16-buildings compared to B12-buildings used in the SV-wave simulations or due to the

buildings behaving as a shear beam for the SH-wave or may be due to both.

Key words: SCI effects on building and basin responses, impedance contrast, free field
motion, double resonance condition and polarization of S-wave

1. Introduction

The concept of site-city-interaction (SCI) effects on the responses of build-
ing and basin was originated when the scientists were trying to find out
the reasons responsible for the observed beating phenomenon along with
longer duration of ground motion in the Mexico City during the 1985 Mex-
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ico earthquake (Chávez-Garćıa and Bard, 1994; Wirgin and Bard, 1996;
Stewart et al., 1999; Guéguen et al., 2002; Tsogka and Wirgin, 2003; Sahar
et al., 2015; Guéguen and Colombi, 2016). The SCI effects on both the
building and basin responses are due to the combined effects of kinematic
soil-structure interaction and inertial structure-soil interaction on a global
scale (Housner, 1954; Jennings, 1970; Wong and Trifunac, 1975; Kanamori
et al., 1991; Stewart et al., 1999; Bard et al., 2005; 2008). In most of the
past SCI studies, the cities were considered on a sediment layer (1D basin) or
in a 2D shallow basin (shape-ratio> 0.25) under double-resonance condition
and results were in the form of reduction of fundamental frequencies of build-
ing (F SB

02D) and basin (FB
02D), spectral amplification factors (SAF) at F SB

02D

and FB
02D, as well as splitting of the bandwidth of the fundamental mode

of vibrations of buildings and basin (Guéguen and Bard, 2005; Kham et al.,
2006; Groby and Wirgin, 2008; Semblat et al., 2008; Sahar and Narayan,
2016; Kumar and Narayan, 2018). The shape-ratio of basin is the ratio of
its maximum depth to half-width and double resonance is the matching of
frequency of the incoming signal with the fundamental frequency of basin
(FB

02D) and further matching with the fundamental frequency of building on
rock (F S

02D). Some researchers have also studied SCI effects theoretically
and have validated the outcomes with numerical and experimental results
(Schwan et al., 2016).

The response of 2D-shallow basin is dominated with basin generated
surface waves and there is a spatial variation of fundamental frequency of
sediment deposit in the basin (Narayan, 2005). On the other hand, the
response of 2D-deep basin (shape-ratio > 0.25) is dominated with a 2D-
resonance phenomenon and entire basin vibrates with a single fundamental
frequency (Bard and Bouchon, 1985; Kumar and Narayan, 2018). There
is an increase of fundamental frequency of deep-basin with an increase of
impedance contrast (IC) at its base (Zhu et al., 2019). The extensive lit-
erature review revealed that in most of the past SCI studies, the SH-wave
responses of 2D-shallow basins (Kham et al., 2006; Semblat et al., 2008;
Sahar and Narayan, 2016) and 2D-deep basins (Kumar and Narayan, 2018;
2019) are used. There are few studies in which SCI effects are studied using
SV-wave responses (Kumar and Narayan, 2018). As far as we know, nobody
has studied the role of impedance contrast (IC) in the SCI effects on the
responses of buildings and basin. Guéguen et al. (2019) reported that the
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fundamental frequency of the shear-beam buildings can be computed using
simple relation F S

02D = VS/4H (where ‘H’ is the height of building), but
not that of bending-beam buildings. In the case of bending-beam model,
the reduction of fundamental frequency with increase of height is non-linear
in nature due to the reduction of bending-stiffness of the building. Kumar
and Narayan (2018) stated that the computed fundamental frequency of
2D building block model (BBM) using SH- and SV-waves is like that of
shear-beam and bending-beam models, respectively. So, there is need of
quantification of polarization dependent role of IC at the base of deep-basin
in the SCI effects on the responses of buildings and basin.

In order to fulfill the above identified scientific gaps, the SH- and SV-
wave responses of the buildings of a city situated in a deep elliptical basin
and free field motion were simulated under double-resonance condition for
different IC at the base of basin. The IC has been increased by increas-
ing the impedance of rock. The dimension and rheological parameters of
the basin and building are same in all the considered site-city models for
a particular polarization of the S-wave. To quantify the role of IC in the
SCI effects on the responses of buildings of the city, the response of a stan-
dalone building at the centre of elliptical basin is considered as a reference
one. Similarly, the role of IC in the SCI effects on the response of basin
is quantified considering the response of basin in the absence of city as a
reference one. The SH- and SV-wave responses of the various considered
site-city models were simulated using recently developed fourth-order ac-
curate visco-elastic staggered-grid SH- and SV-wave finite-difference (FD)
programs by Narayan and Kumar (2013) and Narayan and Kumar (2014),
respectively.

2. Model parameters and salient features of FD programs

2.1. Parameters of building block model

In order to study the role of IC in the SCI effects on the SH- and SV-
wave responses of buildings and basin under double resonance condition,
homogenous cities made-up of 16-storey (B16) and 12-storey (B12) build-
ings, respectively, were considered. The height of one storey is taken as
3 m based on the prevailing Indian scenario of construction of buildings
(IS 1893-1, 2002). Presently, it is impossible to implement the buildings
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of the city in the numerical grid because of lack of computer memory and
computational speed. However, the buildings can be incorporated in the nu-
merical grid using BBM, as shown in Fig. 1, taking into account that the dif-
ferent modes of vibrations, dimensions, damping and weight of the BBM are
same as that of the real building (Wirgin and Bard, 1996; Bard at el., 2005;
2008; Sahar at el., 2015; Sahar and Narayan, 2016). Michel and Guéguen
(2018) stated that the equivalent S-wave velocity for the buildings fall in a
range of 100m/s to 500m/s depending on the design and material used based
seismic interferometry. The S-wave of the order of 120 m/s is taken for the
BBM in the present study (Sahar et al., 2015). The computed fundamen-
tal frequency of B16-BBM of height 48 m for the SH-wave (SHF S

02D) is
0.625 Hz (Guéguen et al., 2019). The effective density of the BBM was ob-
tained as 350kg/m3 for a particular design and material property, using the
weights of all the walls, beams, columns, slabs of building and the live load
(Sahar et al., 2015). The damping in the BBM for both the P-wave and
S-wave was taken as 5%. Table 1 depicts the rheological parameters for the
considered building/BBM, sediment in basin and underlying rock.

Table 1. Rheological parameters for the building block model, sediment of basin and rock.

Materials
Seismic velocity (m/s) Quality factors Poisson’s Density ‘ρ’
S-wave P-wave Qs Qp ratio (ν) (kg/m3)

Building 120.0 294.0 10 10.0 0.40 350

Basin 300.0 735.3 30 73.5 0.40 1800

Rock 1800.0 3117.7 180 311.0 0.25 2500
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Fig. 1. Vertically exaggerated sketch for the various site-city models (Note: the considered
number of buildings are nine and five in the cases of SV- and SH-wave simulations,
respectively).
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2.2. Salient features of FD programs

A frequency dependent damping in the time-domain simulations of the SH-
and SV-wave responses of the site-city models is essential for the accurate
prediction of SCI effects on the building and basin responses (Emmerich
and Korn, 1987; Kristek and Moczo, 2003). A forth-order accurate time-
domain SH- and SV-wave viscoelastic finite-difference (FD) programs were
used for the simulations (Narayan and Kumar, 2013; 2014). These programs
were written for the simulations to be carried out in the XZ-plane of the
Cartesian coordinate system. The details of finalizing the input parameters
like relaxation frequencies and the computation of anelastic coefficients and
unrelaxed moduli are given in Narayan and Kumar (2013; 2014). The
centres of basin and city are collocated and are considered as a reference
point for all the horizontal distance measurements. An improved vacuum
formulation proposed by Zeng et al. (2012) is used as a free surface boundary
condition. In order to avoid the edge reflections, sponge-absorbing boundary
layers were used at the left, right and bottom edges of the model (Israeli
and Orszag 1981; Kumar and Narayan, 2008).

A plane SH- and SV-wave front propagating vertically towards the free
surface was generated at a desired depth in the respective FD program using
various point sources at every 3m distance along a horizontal line from left-
edge to right-edge of the model. The envelops of the wave fronts of the
individual point source generated a plane wave front propagating towards
the free surface. The downward propagating plane wave front was absorbed
by the implemented absorbing boundary condition at the bottom edge of
the model. The shear stress σyz and σxz in the form of Gabor wavelet
was used as a source time function (STF) to implement a point source in
the cases of SH- and SV-wave simulations, respectively. The mathematical
formulation for the Gabor wavelet is given below:

S(t) = exp(−α) cos[ωP (t− tS) + ϕ ] , (1)

where α =

[
ωP (t− tS)

γ

]2
, ωP is predominant frequency, γ controls the os-

cillatory character, tS controls the duration and ϕ is phase shift. The value
of parameters fP = 3 Hz, γ = 1.5, tS = 0.33 s and ϕ = 0 was used.
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Fig. 2. The horizontal component of SV-wave responses (left) and spectral amplifications
(right) at the top of B4, B8 and B12-buildings.

3. Response of standalone building on rock

In this subsection, the fundamental frequency of standalone BBM on rock is
numerically computed for both the polarizations of S-wave and its variation
with IC between the base of BBM and the underlying rock.

3.1. The SVFS
02D of standalone BBM on rock

As discussed earlier, the fundamental frequency of BBM on rock for the SV-
wave (SVF S

02D) cannot be computed using simple relation F S
02D = VS/4H

since BBM behaves like a bending beam (Kumar and Narayan, 2018). So,
to find out the SVF S

02D of the BBM, the SV-wave responses of the consid-
ered standalone B4 (four-storey), B8 (eight-storey) and B12 (twelve-storey)
buildings on rock were computed and analysed. The dimensions of B4, B8,
B12-buildings are given in the Table 2. The left panel of Fig. 2 depicts the
horizontal components of the SV-wave responses at the top of B4, B8 and
B12-buildings. An increase of duration and decrease of amplitude of the
SV-wave at the top of building can be inferred with an increase of height of

Table 2. Dimension of considered buildings, SVF S
02D of standalone BBM on rock, SVF SB

02D

of standalone BBM in basin and corresponding SAFS.

Buildings Height Width SVF S
02D SAF at SVF SB

02D SAF at

(m) (m) (Hz) SVF S
02D (Hz) SVF SB

02D

B12 36 60 0.66 9.18 0.64 67.27

B8 24 60 1.06 8.71 – –

B4 12 60 2.34 8.38 – –
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building. The right panel of Fig. 2 reveals the spectral amplification factors
(SAF) for the horizontal component of SV-wave at the top of B4, B8 and
B12-buildings. The SAFs were computed using simply the ratio of spectra
of the horizontal component of SV-wave at the top of building and that on
the exposed rock. Analysis of Fig. 2 revealed a decrease of value of SVF S

02D

of the BBM on rock with an increase of height for a fixed dimension of base
(Kumar and Narayan, 2018). The numerically obtained of the B12, B8 and
B4-buildings for the SV-wave were 0.66 Hz, 1.06 Hz and 2.34 Hz, respec-
tively (Table 2). The inferred increase of rate of decrease of of BBM with
height may be due to decrease of bending stiffness of building.

3.2. Effects of IC on the response of standalone BBM on rock

In order to study the role of IC at base of basin in the SCI effects on the
SH- and SV-wave responses of buildings and basin, four ICSH1–ICSH4 site-
city models for the SH-wave and four ICSV1–ICSV4 site-city models for the
SV-wave simulations were taken (Table 3). In all the IC models, only the
impedance of rock is varied and the rheological parameters of the basin and
buildings are same.

Table 3. The rheological parameters of rock for the ICSH1–ICSH4 and ICSV1–ICSV4
site-city models and impedance contrast at the base of basin and building situated on
rock (Note: basin and BBM parameters are given in Table 1).

Site-city VS VP Density Quality Quality IC at base IC at base

models (m/s) (m/s) (g/cm3) factor (QS) factor (QP ) of basin of BBM

ICSH1/ICSV1 1800 3117.7 2.50 180 311 8.33 107.14

ICSH2/ICSV2 1600 2771.3 2.30 160 277 6.81 87.62

ICSH3/ICSV3 1400 2424.9 2.10 140 242 5.44 70.00

ICSH4/ICSV4 1200 2078.5 2.00 120 208 4.44 57.14

3.2.1. SH-wave responses

The SH-wave responses of the standalone B16-BBM on the rock were com-
puted using the rheological parameters of the rock of the ICSH1–ICSH4
site-city models (Table 3). The computed SAFs of the SH-wave at the top
of B16-BBM for different rock impedances are shown in the left panel of
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Fig. 3a. There is an excellent match of numerically obtained SHF S
02D of

building as 0.62 Hz with that computed using simple relationship F S
02D =

VS/4H, since the BBM is behaving as a shear beam model (Guéguen et al.,
2019; Kumar and Narayan, 2018; 2019). The obtained SAFs at SHF S

02D of
the B16-BBM as 11.38, 11.33, 11.28 and 11.21 in the ICSH1–ICSH4 mod-
els, respectively revealed that SAF at SHF S

02D was almost unaffected by
the change of IC at the base of building, although corresponding ICs were
107.14, 87.62, 70.0 and 57.14, respectively (Table 3).

Fig. 3a-b. spectral amplifications at the top of standalone building on rock and free field
motion in basin in the absence of city with impedances in the rock corresponding to the
ICSH1/ICSV1–ICSH4/ICSV4, respectively.

3.2.2. SV-wave response

Similarly, the SV-wave responses of the standalone B12-BBM on the rock
were computed using the rheological parameters of the rock of the ICSV1–
ICSV4 site-city models (Table 3). The computed SAFs of the horizontal
component of SV-wave at the top of B12-BBM for different rock impedances
are shown in the right panel of Fig. 3a. A comparison of the numerically
obtained SVF S

02D of building (0.66 Hz) with that computed using simple
relationship F S

02D = VS/4H (0.83 Hz) reveals a drastic decrease of SVF S
02D

of the B12-BBM, since for the SV-wave, the BBM is behaving as a bending
beam model (Guéguen et al., 2019; Kumar and Narayan, 2018; 2019). The
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obtained SAFs at SVF S
02D of the B12 building as 9.18, 8.97, 8.76 and 8.61 in

the ICSV1–ICSV4 models, respectively revealed that SAF at SVF S
02D was

almost unaffected by the change of IC at the base of building (Table 3).
These findings depicted that the 5% damping in the BBM has controlled
the SAF at fundamental frequency and not the IC between the BBM and
the underlying rock. Further, the obtained fundamental frequency of the
BBM for the SH-wave (0.62Hz) and SV-wave (0.66Hz) were same in all the
respective IC models.

4. Response of elliptical basin

The computed SHF S
02D of the B16-BBM as 0.62Hz and SHF S

02D of B12-BBM
as 0.66 Hz in the case of all the IC models depict that the fundamental fre-
quency of elliptical basin for the SH-wave (SHF B

02D) and SV-wave (SVF B
02D)

should also be 0.62Hz and 0.66Hz, respectively to preserve the double reso-
nance condition. Bard and Bouchon (1985) reported that the fundamental
frequency of deep-elliptical basin for the SH-wave is lesser than for the SV-
wave for a particular dimension of basin. In case of deep-basin, the entire
basin vibrates with a single fundamental frequency and there is an increase
of FB

02D of basin with an increase of IC (Bard and Bouchon, 1985; Kumar
and Narayan, 2018; Zhu et al., 2019).

4.1. SH-wave response of basin

Kumar and Narayan (2018) have given an empirical relation to predict the
SHFB

02D of deep-basin in terms of lowest 1D fundamental frequency (F B
01D)

and maximum depth ‘h’ for the SH-wave.

SHFB
02D = FB

01D

√
1 + 1.6

(
h

w

)2

, (2)

where FB
01D = VS/4h, ‘h’ and ‘w’ are the 1D lowest fundamental frequency,

maximum depth and half-width of the elliptical basin, respectively. The
estimated maximum depth and width (2w) of elliptical basin for SHF B

02D =
0.62 Hz are 150 m and 492 m, respectively, using Eq. (2). In order to find
out the variation of SHF B

02D of basin with IC, the SH-wave responses of
the elliptical basin with depth 150 m and width 492 m were computed for
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all the IC models. The left panel of Fig. 3b show the SAFs at a distance
of 39 m from the centre of elliptical basin with ICs corresponding to the
ICSH1–ICSH4 site-city models. An analysis of Fig. 3b revealed that there
is minor increase of SHF B

02D of basin with an increase of IC at its base
(Zhu et al., 2019; Kumar and Narayan, 2018). For example, the obtained
SHFB

02D of elliptical basin are 0.638Hz, 0.627Hz, 0.626Hz and 0.621Hz in the
ICSH1–ICSH4 models, respectively. There is minor mismatch of SHF S

02D of
building with SHF B

02D of basin in the case of larger IC values.

4.2. SV-wave response of basin

Bard and Bouchon (1985) have given an empirical relation to predict the
SVFB

02D of deep-basin in terms of lowest 1D fundamental frequency (F B
01D)

for the SV-wave (Zhu et al., 2019).

SVFB
02D = FB

01D

√
1 +

(
2.9h

we

)2

, (3)

where ‘2we’ is the effective width of basin (effective width is the span over
which the depth (h) is ≥ h/2). The inferred depth, width and effective
width of the elliptical basin for SVF B

02D = 0.66 Hz are 150 m, 660 m and
505m, respectively, using Eq. (3). To infer the variation of SVF B

02D with IC,
the SV-wave responses of the elliptical basin with maximum depth 150 m
and width 660 m were computed for all the IC models. The right panel of
Fig. 3b shows the SAFs at a distance of 36 m from the centre of elliptical
basin with IC corresponding to the ICSV1–ICSV4 site-city models. Fig. 3b
also revealed an increase of SVF B

02D of the elliptical basin with an increase of
IC (Zhu et al., 2019; Kumar and Narayan, 2018). The numerically obtained
SVFB

02D of elliptical basin as 0.662 Hz, 0.658 Hz, 0.655 Hz and 0.651 Hz in
the ICSV1–ICSV4 models, respectively revealed a minor mismatch with the
SVF S

02D of structure (0.66 Hz) in the case of lower IC models.

5. Role of IC in SCI effects on SH-wave responses

In all the considered ICSH1–ICSH4 site-city models, five-B16 buildings of
width 60 m are situated at an equal spacing of 15m in the elliptical basin.
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The centre of 3rd building is at the centre of basin and the width of city
is 360 m. The SH-wave responses of a standalone building at the centre of
elliptical basin are used as a reference one to quantify the SCI effects on the
response of buildings of the city. Similarly, the response of basin at some
selected locations in the absence of city were considered as a reference one
to quantify the SCI effects on the response of basin.

5.1. Standalone building at the centre of elliptical basin

The left and right panels of Fig. 4a depict the SH-wave responses at the top of
standalone building situated at centre of elliptical basin and corresponding
spectral amplifications, respectively in the case of ICSH1–ICSH4 site-city
models. Analysis of Fig. 4a illustrated an increase of amplitude of the SH-
wave with a decrease of impedance in the rock. This may be due to use of
the same stress drop to generate point sources in all the IC models. The
computed fundamental frequency of standalone building in basin (SHF SB

02D)
as 0.61Hz in all the IC models depicts that SHF SB

02D of building is not affected
by IC. The achieved SAF at SHF SB

02D of building as 51.89, 48.92, 44.85 and
40.95 were 4.5, 4.3, 3.9 and 3.6 times larger than that on F S

02D of standalone
building on rock in the ICSH1–ICSH4 site-city models, respectively. The

Fig. 4a-b. The SH-wave responses (left panels) and spectral amplifications (right panels)
at the top of standalone building situated at the centre of elliptical basin and at the top
of the building situated at the centre of city, respectively.
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observed very large amplification at the top of standalone building in basin
as compared to the standalone building on rock revealed effect of occurrence
of double resonance phenomenon.

5.2. City situated in the elliptical basin

In this numerical experiment, the SH-wave responses of buildings of the
ICSH1–ICSH4 site-city models as well as free field motion have been simu-
lated and analysed.

5.2.1. SCI effects on the response of buildings

The SH-wave responses and corresponding SAFs at the top of 3rd building
of the ICSH1–ICSH4 site-city models is shown in the left and right panels
of Fig. 4b. It is very much clear that the SCI has caused reduction of the
amplitude of SH-wave, particularly in the case of later phases as compared
to the respective response of standalone building in basin. The obtained
SHF SB

02D of the 3rd building as 0.55 Hz in all the IC models revealed that
SHF SB

02D of building is almost not affected by IC. However, there is 9.8%
reduction of SHF SB

02D due to the SCI effects. The obtained SAFs at SHF SB
02D

of 3rd building as 33.23, 31.41, 28.85 and 26.67 in the case of ICSH1–ICSH4
site-city models, respectively, revealed an increase of SAFs at SHF SB

02D of
building with an increase of IC. Table 4 reveals that SCI effects due to only 5-
buildings have caused 35.96%, 35.79%, 35.67% and 34.87% reduction of SAF
at SHF SB

02D of building in the ICSH1–ICSH4 site-city models, respectively.
Similarly, the observed % reduction of SAF at F S

02D of 3rd building as
60.37%, 59.95%, 59.21% and 57.60% in the ICSH1–ICSH4 site-city models,
respectively revealed that the reduction of SAF at SHF S

02D was larger than
that at SHF SB

02D of the 3rd building of the respective site-city model (Table
4). The larger % reduction of SAF at frequency SHF S

02D may be due to
the additional reduction of SAF at SHF S

02D caused by the seismic waves
emanated by the buildings during their inertial vibrations. The emanated
seismic waves during inertial vibrations were out of phase to that of the
incident SH-wave. There is only minor increase in % reduction of SAFs at
SHF SB

02D and SHF S
02D with an increase of IC (Table 4). Further, the effects

of minor mismatch of SHF S
02D with SHFB

02D has no considerable effects on
the response of buildings.

146



Contributions to Geophysics and Geodesy Vol. 50/1, 2020 (135–159)

Table 4. A comparisons of SAFs at F SB
02D and FS

02D in the case of standalone building and
3rd building of city in basin and corresponding % reduction of SAFs at F SB

02D and FS
02D

due to the SCI effects in the ICSH1–ICSH4 and ICSV1–ICSV4 site-city models.

Site-city models ICSH1 ICSH2 ICSH3 ICSH4

SAF at SHF SB
02D of standalone building in basin 51.89 48.92 44.85 40.95

SAF at SHF SB
02D of 3rd building of city 33.23 31.41 28.85 26.67

% reduction of SAF at SHF SB
02D of 3rd building 35.96 35.79 35.69 34.87

SAF at SHF S
02D of standalone building in basin 51.78 48.64 44.37 40.38

SAF at SHF S
02D of 3rd building of city 20.56 19.59 18.29 17.36

% reduction of SAF at SHF S
02D of 3rd building 60.37 59.95 59.21 57.60

Site-city models ICSV1 ICSV2 ICSV3 ICSV4

SAF at SVF SB
02D standalone building in basin 67.27 59.69 50.61 41.82

SAF at SVF SB
02D of 5th building of city 34.41 31.02 26.90 22.65

% reduction of SAF at SVF SB
02D of 5th building 48.84 48.03 46.84 45.83

SAF at SVF S
02D standalone building in basin 61.50 54.20 45.80 37.63

SAF at SVF S
02D of 5th building of city 20.04 18.81 17.18 15.31

% reduction of SAF at SVF S
02D of 5th building 67.41 65.29 62.48 59.31

The left and right panels of Fig. 5a-d depict the SH-wave responses and
the spectral amplifications at the top of 1st, 2nd and 3rd buildings of the
ICSH1–ICSH4 site-city models, respectively. As expected, a decrease of
amplitude of the SH-wave at the top of 1st, 2nd and 3rd buildings can be
inferred due to an increase of impedance in the rock. Relatively larger de-
crease of amplitude of the SH-wave at the top of buildings situated away
from the centre of city can be observed. This may be due to the decrease
of basin response at its fundamental frequency (Bard and Bouchon, 1985;
Kumar and Narayan, 2018). An increase of spectral amplifications at the
top of buildings with the increase of IC can be inferred. Fig. 5 also depicts
the decrease of SAF at SHF SB

02D of building towards the edge of city. How-
ever, this decrease was very large in case of the 1st building. For example,
the largest SAF obtained at SHF SB

02D of building at the top of 1st, 2nd and
3rd buildings of the ICSH3 site-city model as 12.31, 23.86 and 28.85, re-
spectively were 72.55%, 46.80 and 35.69% lesser as compared to the SAF
obtained at the top of standalone building at the centre of the ICB3 model.
Further, in the case of ICSH3 model, the obtained % reduction of SAF at
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Fig. 5a-d. The SH-wave responses at the top of 1st, 2nd and 3rd buildings of the ICSH1–
ICSH4 site-city models, respectively (left panels) and corresponding spectral amplifica-
tions (right panels).
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SHF S
02D at the top of 1st, 2nd and 3rd buildings as 76.17%, 64.93 and 59.21%

were larger as compared to the % reduction of SAF at SHF SB
02D of the re-

spective building (Table 4). But, it may not be concluded that there were
larger SCI effects on the responses of 1st and 2nd buildings as compared to
the 3rd building. This was due to the computation of % reduction of SAF
at SHF SB

02D with respect to the reference standalone building situated at the
centre of basin.

5.2.2. SCI effects on free field motion

To quantify the role of IC in the SCI effects on the response of basin, the
SH-wave responses at different locations in the elliptical basin for without
and with city in basin were computed for the ICSH1–ICSH4 site-city mod-
els. The selected locations in the basin were at a distance of 39 m, 114 m
and 189m towards the right of centre of basin (third receiver point was 9m
away from the edge of city). Fig. 6a-d depicts the comparison of spectral
amplifications computed for with and without ICSH1–ICSH4 site-city mod-
els at different locations. Analysis of Fig. 6 revealed a decrease of spectral
amplifications due to the SCI effects. The basin was vibrating with a single
resonance frequency (0.53 Hz) in the presence of city in all the IC models.
In contrast to this, there was minor increase of SHF B

02D of basin with an
increase of IC in the absence of city. Further, the obtained decrease of SAF
at SHFB

02D towards the edge of basin corroborates with the finding of Bard
and Bouchon (1985). It was interesting to note the decrease of SHF B

02D of
basin due to the SCI effects. The obtained SHF B

02D of basin (0.53 Hz) due
to SCI effects was somewhat lesser than SHF SB

02D of building (0.55 Hz) of
city.

Table 5 shows that the % age reduction of SAF at SHF B
02D of basin as

compared to that in the absence of city is increasing with increase of IC.
Further, the % age reduction of SAF at SHF B

02D of basin was decreasing to-
wards the edge of city. For example, the obtained SAF at SHF B

02D as 7.31,
6.22, 2.30 at 39m, 114m and 189m distance from the centre of basin in the
ICSH1 model was 50.40%, 35.27% and 33.90% lesser than that obtained in
the absence of city. The computed % reduction of average spectral ampli-
fication (ASA) at a distance of 39 m as 11.4%, 10.11%, 9.42% and 8.26%
as well as at a distance of 189 m (outside city) as 5.38%, 5.23%, 4.90%
and 4.00% in the ICSH1–ICSH4 site-city models, respectively was also an
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Fig. 6a-d. A comparison of spectral amplifications at different locations in the elliptical
basin corresponding to with and without city in basin in the ICSH1–ICSH4 site-city
models, respectively.

indicator that SCI effect was largest at the centre of city and decreasing
towards the edge or outside the city (ASA is simply the average of spectral
amplifications in the considered frequency bandwidth). The larger reduc-
tion of SAF at frequency SHF S

02D was responsible for the splitting of the
bandwidth of the fundamental mode of vibration of basin as was inferred in
the case of building’s response. The % reduction of SAF at SHF S

02D is also
increasing with increase of IC.

6. Role of IC in SCI effects on SV-wave responses

To quantify the role of IC in the SCI effects on the SV-wave responses of
buildings and the basin, four ICSV1–ICSV4 site-city models were consid-
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Table 5. A comparison of SAFs at FB
02D of basin as well as ASA of free field motion for

without and with city in basin and corresponding % reductions due to the SCI effects in
the ICSH1–ICSH4 and ICSV1–ICSV4 site-city models.

Site-city models ICSH1 ICSH2 ICSH3 ICSH4

SAF at SHFB
02D for without city at 39 m 13.74 11.58 9.51 7.71

SAF at SHFB
02D for with city at 39 m 7.31 6.23 5.24 4.82

% reduction in SAF at SHFB
02D at 39 m 50.40 46.20 44.84 37.48

ASA at 39 m for without city 3.24 2.57 2.44 2.30

ASA at 39 m for with city 2.87 2.31 2.21 2.11

% Decrease in ASA at 39 m 11.40 10.11 9.42 8.26

Site-city models ICSV1 ICSV2 ICSV3 ICSV4

SAF at SVFB
02D for without city at 36 m 12.54 10.76 8.69 6.82

SAF at SVFB
02D for with city at 36 m 7.62 7.44 6.46 5.45

% reduction in SAF at SVFB
02D at 36 m 39.23 30.85 25.43 20.08

ASA at 36 m for without city 2.46 2.43 2.41 2.27

ASA at 36 m for with city 2.06 2.07 2.09 2.01

% Decrease in ASA at 36 m 16.26 14.81 13.27 11.45

ered (Tables 1–3). Fig. 1 illustrates the sketch for the vertically exaggerated
site-city model with nine B12-buildings situated in the elliptical basin. The
maximum depth and width of the elliptical basin were taken as 150 m and
660 m, respectively. The width of B12 buildings was taken as 60 m and
spacing between two consecutive buildings was 12 m. The buildings of the
city were numbered as 1st, 2nd and 9th building from left to right edge of
the city. The centre of 5th building was at the centre of elliptical basin. The
free field motions were computed on a horizontal array with 14-equidistant
(72 m apart) receiver points, extending from 486 m left to 468 m right of
the centre of elliptical basin.

6.1. Standalone building at the centre of basin

To quantify the SCI effects on the response of B12-buildings of the city,
the SV-wave response of standalone B12-building at the centre of ellipti-
cal basin is considered as a reference one. Fig. 7a shows a comparison of
horizontal component of the SV-wave responses at the top of standalone
B12-building situated at the centre of basin (left panel) and corresponding
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SAFs (right panel) in the ICSV1–ICSV4 impedance models. The double
resonance phenomenon was responsible for many fold increase in spectral
amplifications. For example, the obtained SAFs at SVF SB

02D as 67.27, 59.69,
50.61 and 41.82 in the ICSV1–ICSV4 models were 7.32, 6.65, 5.77 and 4.91
times larger than those obtained at SVF S

02D of building on rock, respectively
(Table 4). Although, there was no increase of SVF SB

02D of building with an
increase of IC, but, the interaction of standalone building with basin has
caused a minor reduction of SVF SB

02D of building (0.64 Hz) as compared to
the SVF S

02D of standalone building on rock (0.66 Hz). There is no splitting
of the spectral bandwidth of the fundamental mode of vibration of building.

Fig. 7a-b. A comparison of the SV-wave responses (left) and spectral amplifications (right)
at the top of standalone building on the exposed rock, at the top of a standalone building
at the centre of basin and at the top of a building situated at the centre of ICSV1–ICSV4
site-city models, respectively.

6.2. SCI effects on building response

The left panel of Fig. 7b shows the SV-wave responses at the top of 5th

building of the ICSV1–ICSV4 site-city models. Fig. 7b revealed a decrease
of amplitude and duration of the SV-wave at the top of building with an
increase of IC. In contrast to this, the right panel of Fig. 7b showed that
the SAFs at the top of building were increasing with the increase of IC. The
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interaction of city with basin has further reduced the SVF SB
02D of building

to 0.58 Hz, but, this reduction was not affected by the change of IC. The
obtained SAF at SVF SB

02D of 5th building as 34.41, 31.02, 26.90 and 22.65
in the ICSV1–ICSV4 site-city models, respectively were 48.84%, 48.03%,
46.84% and 45.43% lesser than those obtained in the respective case of the
standalone building (Table 4).

On the other hand, the observed reduction of SAF at SVF S
02D of building

as 67.41%, 65.29%, 62.48% and 59.31% in the ICSV1–ICSV4 site-city mod-
els, respectively revealed that reduction of SAF at SVF S

02D was larger than
that at SVF SB

02D (Table 4). There was also an increase of % reduction in
ASA in the horizontal component of SV-wave response of 5th building with
an increase of IC as compared to that in the case of standalone building.
So, it may be inferred that the role of IC in the SCI effects on the building
response is considerable but not on the reduction of SVF SB

02D of buildings.
The left and right panels of Fig. 8a-d depict a comparison of the SV-wave

responses and SAFs at the top of 5th, 7th and 9th buildings of the ICSV1–
ICSV4 site-city models, respectively. A decrease of the SV-wave amplitude
and duration at the top of buildings towards the edge of city can be inferred.
A decrease of SAFs at the top of building with the decrease of impedance
in rock as well as towards the edge of city can be seen in the right panels
of Fig. 8a-d. Fig. 8 also showed a decrease of SAF at frequency SVF SB

02D

towards the edge of city, but this decrease was very large in the case of 9th

building. This may be due to decrease of SAF at towards the edge (Bard
and Bouchon, 1985; Kumar and Narayan, 2018).

6.3. SCI effects on basin response

The SV-wave responses of the ICSV1–ICSV4 site-city models for without
and with city in basin were computed on the horizontal array in between the
buildings to quantify the role of IC in SCI effects on the SV-wave response of
basin. A considerable decrease in the SV-wave response of basin was inferred
due to the presence of city (result not shown here). Fig. 9a-d depicts the
comparison of SAFs of the horizontal component of the SV-wave for without
and with city in the basin at a distance of 36 m (left panel), 108 m (middle
panel), and 252 m (right panel) from the centre of basin for the ICSV1–
ICSV4 site-city models, respectively. The analysis of Fig. 9 revealed that
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in the absence of city, the deep elliptical basin was vibrating with a single
fundamental frequency and the amplification at this frequency was largest
at the centre of basin and reduced to one towards the edge of basin, as
was observed in the case of SH-wave responses (Bard and Bouchon, 1985;
Kumar and Narayan, 2018).

Fig. 8a-d. A comparison of the SV-wave responses (left) and spectral amplifications (right)
at the top of different buildings of the ICSV1–ICSV4 site-city models, respectively.
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Fig. 9a-d. A comparison of spectral amplifications of free field motion at different locations
in the absence and presence of city in the ICSV1–ICSV4 site-city models, respectively.

Minor increase of SVF B
02D of basin with an increase of IC in the absence

of city can be inferred (Zhu et al., 2019). However, the interaction of city
with the basin has reduced the SVF B

02D of basin to around 0.58Hz in all the
IC model. This reduction of SVF B

02D of basin due to SCI was for the entire
elliptical basin and was not limited to the area covered by the city. It was
interesting to note that the fundamental frequency of buildings and the basin
were matching, even after interaction. Table 5 depicts that SCI has caused a
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reduction of SAF at SVF B
02D of basin of the order of 39.23%, 30.85%, 25.43%

and 20.08% in the ICSV1–ICSV4 site-city models, respectively, at a distance
of 36 m. But, the obtained % reduction of SAF at frequency SVF S

02D as
79.83%, 75.99%, 70.49% and 66.67% in the ICSV1–ICSV4 site-city models,
respectively, reveals that the % reduction of SAF at SVF S

02D is larger than
that at SVF SB

02D. Table 5 also revealed an increase of % reduction of ASA in
the free field motion with an increase of IC. The SCI effect on the free field
motion was largest at the centre of city and decreasing towards the edge of
city.

7. Discussion and conclusions

The analysis of simulated SH- and SV-wave responses of the various consid-
ered site-city models revealed that the obtained reduction of F SB

02D of build-
ing, FB

02D of basin, corresponding SAFs as well as splitting of bandwidth of
fundamental mode of vibrations of both the basin and buildings corroborate
with the findings in the past SCI studies (Guéguen and Bard, 2005; Kham et
al., 2006; Semblat et al., 2008; Kumar and Narayan, 2018). The observed
splitting of fundamental mode of vibrations of both the buildings and basin
is due to an additional drop of SAF at F S

02D of building on rock since the
emanated seismic waves by the buildings at this frequency were out of phase
to that of the incident S-wave (Jennings, 1970; Kanamori et al., 1991). The
obtained larger % reduction of SHF B

02D of basin and corresponding SAF in
the case of SH-wave responses, even though the number of buildings were
lesser, may be due to larger height of B16-building as compared to B12-
building used in the SV-wave simulations or due to buildings behaving as a
shear beam for the SH-wave or may be due to both. The increase of F B

02D

of basin with an increase of IC in the absence of city corroborates with the
finding of Zhu et al. (2019). It was appealing to note that reduction of
FSB
02D of building and FB

02D of basin due to SCI effects were unaffected by
the increase of IC for both the polarizations of S-wave. The drastic increase
of SCI effects on the responses of basin but only minor increase on response
of building were obtained with an increase of IC for both the polarizations
of S-wave. Although, the % reduction of SAF at SVF B

02D of basin was lesser
than that at SHFB

02D, but, the role of IC in the SCI effects on the responses
of buildings and basin was lager in the case of SV-wave responses.
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Bard P.-Y., Chazelas J. L., Guéguen Ph., Kham M., Semblat J. F., 2005: Site-City Inter-
action. Chapter 5 of the book “Oliveira C. S., Roca A., Goula X. (Eds.): Assess-
ing and Managing Earthquake Risk (Geo-Scientific and Engineering Knowledge for
Earthquake Risk Mitigation: Developments, Tools and Techniques)”, Springer (new
book series on Geotechnical, Geological and Earthquake Engineering). Hardcover
ISBN 1-4020-3524-1, 91–114.
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Guéguen P., Bard P.-Y., 2005: Soil-structure and soil-structure-soil interaction: experi-
mental evidence at the Volvi test site. J. Earthq. Eng., 9, 5, 657–693, doi: 10.1080
/13632460509350561.
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