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ABSTRACT 11 

The paper presents the quantification of site-city-interaction (SCI) effects on the responses of 12 

buildings of a city and free field motion under realistic earthquake loading for the economic 13 

development of a smart city. The state of the art pseudo-dynamic earthquake rupture is 14 

implemented in the existing fourth-order viscoelastic staggered-grid SH-wave finite-difference 15 

program, and simulated results validated. SH-wave responses of various homogeneous and 16 

heterogeneous cities situated on horizontal sediment layer as well as in 2D heterogeneous basins 17 

are simulated and analyzed for different dynamic parameters of the buildings. The simulated SCI 18 

effects using realistic earthquake loading reveals a reduction of transfer function (TF) of buildings 19 

in a wide frequency bandwidth. This finding is conflicting with the reported splitting of bandwidth 20 

of the 𝐹0𝑆𝐵 in the past SCI studies, carried out using simple plane incident wave-front with a single 21 

zero-phase wavelet. The obtained largest SCI effects on a building was highly dependent on the 22 

building type, city and basin heterogeneity in contrast to the general perception that it should be 23 

maximum at centre of city. It is also obtained that SCI effects are always beneficial to buildings 24 

when fundamental frequency of building on rock 𝐹0𝑆𝑅 < 1.4𝐹0𝐵 (𝐹0𝐵 is the fundamental frequency 25 

of basin/sediment layer). The obtained reduction of 𝐹0𝐶𝐵 of building of city as well as free field 26 

motion due to the effects of SCI corroborates with the past SCI studies. The increase of coupling 27 

between the buildings and basin due to an increase of building density causes an increase of SCI 28 

effects on the responses of both the buildings and free field motion. The SCI effects in the case 29 

of buildings with low damping are beneficial during an earthquake. It is recommended that the 30 

smart city should be homogeneous in nature and 𝐹0𝑆𝑅 of buildings should be less than around 1.4 31 

times the 𝐹0𝐵 of the underlying basin/sediment deposit and buildings should preferably be a steel 32 

one. 33 

 34 
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 50 

1. INTRODUCTION 51 

The explanation of the behaviour of buildings and free field motion during an earthquake loading 52 

is a significant challenge for researchers because of the complex soil-structure-soil interaction 53 

(SSSI). The study of soil-structure interaction (SSI) started during the 1950s when Merrit and 54 

Housner (1954) studied the SSI effects of buildings on the base shear and fundamental frequency 55 

of buildings. They reported a decrease in the fundamental frequency of structure resting on soft 56 

soil. Later, Jennings (1970) performed an experiment to estimate the ground motion induced by 57 

the Millikan Library Building at California Institute of Technology, Pasadena/Los Angeles, 58 

excited by two vibrators placed on the top of the building. Wirgin and Bard (1996) studied the 59 

complex interaction of buildings with the underlying basin using numerical simulation of SH-wave 60 

responses of homogenous building blocks. They found that SSI significantly modifies the 61 

amplitude and duration of ground motion up to a distance of 1.0 km. The site-city-interaction (SCI) 62 

affects the buildings and basin responses due to the combined effects of kinematic soil-structure 63 

interaction and inertial structure-soil interaction on a global scale (Merrit and Housner, 1954; 64 

Jennings, 1970; Wong and Trifunac, 1975; Wirgin and Bard, 1996; Gueguen et al., 2002). 65 

Chavez-Garcia and Cardenas-Soto (2002) recorded micro-tremors around two structures and 66 

concluded that the SCI phenomenon is dominant when two conditions are satisfied. Firstly, 67 

buildings are on soft soil deposit, and secondly, the fundamental frequency of buildings matches 68 

the fundamental frequency of the soft soil deposit. The free-field motion recorded in the vicinity of 69 



3 

 

structures is altered by the motion radiated to the ground by the vibration of structures. Kham et 70 

al. (2006) and Semblat et al. (2008) simulated the SH-wave responses of structures situated in a 71 

shallow basin under double resonance condition and concluded that the SCI is beneficial to some 72 

part of the city (within the city) and detrimental within and at boundaries of the city. Now, the first 73 

question arises whether SCI effects are always beneficial to buildings or detrimental too for some 74 

of the buildings of the city.  75 

 76 

In most of the past SCI studies, scientists have used incident plane wave-front of SH/SV-wave 77 

with simple wavelet shape (Ricker/Gabor wavelet) to excite the site-city model (Kham et al., 2006;  78 

Kumar and Narayan, 2018; 2019). In some of the SCI studies, vertically incident plane waves 79 

along with basin-generated surface waves are used to excite the buildings (Kham et al., 80 

2006; Semblat et al., 2008; Sahar et al., 2015; Lu et al., 2018). Isbiliroglu et al. (2015) is an 81 

example in which the seismic response of idealized building block models placed in San 82 

Fernando Valley corresponding to the 1994 Northridge earthquake is simulated for 83 

frequencies up to 5 Hz, apart from this few other studies have also been carried out 84 

considering incident wave-field other than simple vertically propagating plane wave 85 

(Clouteau and Aubry, 2001; Clouteau et al., 2002; Guidotti et al., 2011; Taborda and Bielak, 86 

2011a; b). On the other hand analytical methods have also been developed  to study the 87 

SCI effects based on mean impedance of the soil city interface (Boutin and Roussillon, 88 

2004; Boutin and Roussillon, 2006). Further, in the past SCI studies, the cities were considered 89 

in on a sediment layer or in a 2D-shallow basin (shape-ratio<0.25) under double-resonance 90 

condition and results were in the form of reduction of fundamental frequencies of building and 91 

basin, corresponding transfer function (TF) and splitting of the bandwidth of fundamental mode of 92 

vibrations of buildings and basin (Gueguen and Bard, 2005; Kham et al., 2006; Semblat et al., 93 

2008; Kumar and Narayan, 2018). Double resonance is the matching of the fundamental 94 

frequency of basin (𝑭𝟎𝑩) with the fundamental frequency of building on rock (𝑭𝟎𝑺𝑹). Some 95 

researchers have also carried out experimental work to reinforce further the understanding of SCI 96 

effects (Bard et al., 2005; Schwan et al., 2016, Aldaikh et al., 2016).  Now, the second question 97 

arises whether the conclusions drawn based on analysis of buildings and basin responses using 98 

simple sources such as Ricker wavelet will be intact in the case of realistic earthquake sources. 99 

 100 

In SCI studies, buildings are incorporated in the numerical grid as homogenous visco-elastic 101 

building block models (BBM) instead of a real one (Wirgin and Bard, 1996; Bard et al, 2005; Sahar 102 

et al, 2015). The dynamic parameters for the BBM like values of moduli, damping and density 103 
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may vary with the design, type of building, social status of a city/society and the approach followed 104 

to finalize the building parameters (IS 1893:2016; Kham et al., 2006; Sahar et al., 2015).  105 

Recently, Michel and Gueguen (2018) reported a range for effective S-wave velocity for the 106 

buildings as 100-500 m/s depending on the type of building, dimension, and design. The 107 

fundamental frequency of the BBM on rock for the SH-wave can be obtained using simple 108 

relation 𝐅𝟎𝐒𝐑 = 𝐕𝐒 𝟒𝐇⁄ , where ‘H’ is the height of building (Wirgin and Bard, 1996; Kumar and 109 

Narayan, 2019). Means, the SCI results obtained using SH-wave responses of site-city 110 

models may be applicable for the shear beam building models (Bard et al., 2005; Sneider 111 

and Safak, 2006; Sahar et al., 2015; Michel and Gueguen, 2018). Now, the third question arises 112 

what will be the role of dynamic parameters like density and damping of building in the SCI effects 113 

on the responses of buildings and basin.  114 

To fulfil the above-identified scientific gaps as well as for the economic development of the smart 115 

city, first, a state of the art pseudo-dynamic earthquake rupture is implemented in the existing 116 

fourth-order viscoelastic staggered-grid SH-wave finite-difference program of Narayan and Kumar 117 

(2013) to simulate the realistic earthquake ground motion. The simulated ground motion for a 118 

postulated earthquake is validated using NGA-West2 (Boore et al., 2014; Campbell and 119 

Bozorgnia, 2014; Chiou and Youngs, 2014; Idriss, 2014).) ground motion prediction equations 120 

(GMPEs). After that, seismic responses of various homogeneous and heterogeneous city models 121 

situated on horizontal sediment layer, as well as in 2D heterogeneous basins, are simulated and 122 

analyzed. Seismic responses of homogeneous site-city models with different damping and density 123 

of the BBM are also simulated. To quantify the SCI effects on the transfer function (TF) of 124 

buildings, the response of a standalone building was considered as a reference. Similarly, the 125 

SCI effects on the response of basin were quantified considering the response of basin in the 126 

absence of city as a reference.  127 

 128 

2. PSEUDO-DYNAMIC RUPTURE IMPLEMENTATION, SGM SIMULATION AND 129 

VALIDATION 130 

The process of development of ground motion time histories can be traced back to the 131 

revolutionary work of Hartzell (1978) and Irikura (1983), in which a methodology for the simulation 132 

of strong ground motion (SGM) due to damaging earthquakes was proposed using smaller 133 

earthquake records as an Empirical Green’s function. In the past four decades, SGM simulation 134 

procedure has come a long way with many new approaches being developed and constant 135 

refinements in the same, for example, stochastic method (Boore,1983), theoretical full-waveform 136 

Green’s functions (Zeng et al., 1994) and different amalgamations of these procedures (Hartzell, 137 
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1989). An exhaustive review of all such methodologies is put together and compared in Hartzell 138 

et al. (1999), which mainly follows a kinematic rupture implementation. On the other hand, more 139 

recent studies have incorporated an entirely spontaneous (Hartzell et al., 2005) or dynamically 140 

constrained rupture characterizations (Pulido and Dalguer, 2009) to generate broadband ground 141 

motion. Dynamic approach is generally not adopted in the numerical simulation due to the lack of 142 

the required rheological and physical parameters around the source volume besides being 143 

tedious and computationally exhaustive (Shi and Day, 2013). However, it is possible to simulate 144 

earthquake ground motion using a kinematic approach as per the physics of the rupture 145 

propagation, which is easier to implement and is comparatively computationally less expensive. 146 

 147 

The process of refinement of broadband SGM using a kinematic approach can be found in pioneer 148 

works of Graves and Pitarka (2010; 2015), which is a combination of a deterministic approach for 149 

low frequency (<1.0 Hz) and a stochastic method for high frequency (> 1.0 Hz) simulations. The 150 

crucial work of eliminating the need for a stochastic method for high-frequency ground motion 151 

consists of incorporating a so-called pseudo-dynamic rupture in the numerical grid (Guatteri et 152 

al., 2004; Schmedes et al., 2010; Mena et al., 2012; Graves and Pitarka, 2016).  In the case of 153 

pseudo-dynamic rupture, the characterization and inter correlations of kinematic parameters are 154 

guided by the rules developed from the statistical analysis of suites of dynamic rupture 155 

simulations. Some of the significant recent developments in the pursuit of the reduction of 156 

coherency in radiation pattern are the incorporation of a near-fault damage zone (Cochran et al., 157 

2009; Ben-Zion et al., 2015), stochastic crustal velocity perturbations (Graves and Pitarka, 2016) 158 

and the effects of fault roughness (Mai et al., 2017).  159 

 160 

2.1 Deliberated earthquake rupture models 161 

In the case of most widely used kinematic rupture models, the rupture propagation is simulated 162 

by postulating a slip function on a fault plane, in which a set of point sources are distributed along 163 

the rupture plane. The ground motion at the desired location is computed by solving the 164 

elastodynamic wave equations in an iterative way. The kinematic models simulate earthquakes 165 

as the kinematic spreading of a displacement discontinuity along a fault plane as long as the 166 

transverse dimension of the fault zone is negligible with respect to the width and length of the 167 

fault. The fault length L, fault width W, rupture velocity Vr, permanent slip D, rise time A, slip 168 

function, and temporal propagation of slip on the fault is known before a postulated earthquake. 169 

Generally, the source is represented in a deterministic manner following the methodology given 170 

by Hartzell and Heaton (1983). The whole rupture plane is divided into small sub-faults, which act 171 
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as individual point sources. Utmost care is taken in the positioning and size of these point sources 172 

such that they do not behave independently. This is achieved by keeping the distance between 173 

the consecutive sub-faults less than that of the minimum resolvable wavelength of interest. The 174 

time separation is also managed using the rise-time of source time function (STF) and the rupture 175 

arrival time in such a manner that there is no time lag between any two adjacent point sources. 176 

In the present study, STF directs the temporal evolution of slip at every point source.  177 

In order to study the SCI effects under realistic earthquake loading, five pseudo-dynamic rupture 178 

models, namely PRM1-PRM5, are proposed based on the past studies and implemented into the 179 

fourth-order SH-wave staggered-grid visco-elastic finite difference program of Narayan and 180 

Kumar (2013). The required input parameters for this FD program are unrelaxed shear modulus, 181 

density, and anelastic coefficients. The details of the computation of unrelaxed modulus and 182 

anelastic coefficients using S-wave velocity and quality factor at a reference frequency is 183 

explained in Narayan and Kumar (2013). A layered earth model is considered, and corresponding 184 

rheological parameters are given in Table 1. In order to incorporate a point source on the rupture 185 

plane shear stress components σ𝑥𝑦 and σ𝑧𝑦 are required. The details of implementation of 186 

PRM1-PRM5 pseudo-dynamic ruptures for a postulated earthquake of moment magnitude 187 

Mw=6.0 and average slip 18 cm are given in the following sub-sections. The dip angle (𝜹), 188 

rake (𝜸), strike direction (ɸ𝒔) for the rupture plane of the postulated earthquake are taken 189 

as 90⁰, 180⁰, and 180⁰, respectively. The grid size is taken as 50 m in both the horizontal and 190 

vertical directions to give reliable deterministic results up to 5 Hz. The time step (Δt) in the 191 

simulation is taken as 0.004 seconds keeping in mind the stability criteria for 4th order accurate 192 

finite difference simulations. The length and width of the rupture zone are finalized for the 193 

postulated earthquake as 40 km and 15 km, respectively, based on the available empirical 194 

relations (Wells and Coppersmith, 1994; Leonard, 2010). The focal depth is taken as 18 km, and 195 

ground motion is recorded towards right of epicentre at a distance of 65 km. 196 

 197 

The number of considered point sources on the rupture plane are 2.4x105 (300x800), the distance 198 

between the two consecutive point source in both the horizontal and vertical directions is 50 m. A 199 

particular point source is inserted into the numerical grid (velocity-stress scheme) using STF and 200 

stress tensor components. 201 (σ𝑧𝑦)𝑖,𝑗+1 2⁄𝑛 = (σ𝑧𝑦)𝑖,𝑗+1 2⁄𝑛 − 𝑆𝑇𝐹(𝑡) ∗ Δt ∗ 𝑀𝑧𝑦𝑉  
(1a) 

(σ𝑥𝑦)𝑖+1 2⁄ ,𝑗𝑛 = (σ𝑥𝑦)𝑖+1 2⁄ ,𝑗𝑛 − 𝑆𝑇𝐹(𝑡) ∗ Δt ∗ 𝑀𝑥𝑦𝑉  
(1b) 
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Where STF(t) is the value of the STF at time instant ‘t’, 𝑀𝑥𝑦 and 𝑀𝑧𝑦 are the moment tensor 202 

components and V is the volume of the FD grid.  203 

 204 

The STF used is a Kostrov-like pulse proposed by Liu et al. (2006), as given below. 205 

 �̇�(𝒕) = {𝑪𝑵[𝟎. 𝟕 −  𝟎. 𝟕 𝐜𝐨𝐬(𝝅𝒕/𝝉𝟏) + 𝟎. 𝟔 𝐬𝐢𝐧(𝟎. 𝟓𝝅𝒕/𝝉𝟏)]               𝟎 ≤ 𝝉 < 𝝉𝟏𝑪𝑵[𝟏. 𝟎 −  𝟎. 𝟕 𝐜𝐨𝐬(𝝅𝒕/𝝉𝟏) + 𝟎. 𝟑 𝐜𝐨𝐬(𝝅(𝒕 − 𝝉𝟏)/𝝉𝟐)]    𝝉𝟏 ≤ 𝝉 < 𝟐𝝉𝟐𝑪𝑵[𝟎. 𝟑 +  𝟎. 𝟑 𝐜𝐨𝐬(𝝅(𝒕 − 𝝉𝟏)/𝝉𝟐)]                                       𝟐𝝉𝟏 ≤ 𝝉 < 𝝉   (2)  206 

Where �̇�(𝒕)  is the slip-velocity,  𝑪𝑵 = 𝝅/(𝟏. 𝟒𝝅𝝉𝟏 + 𝟏. 𝟐𝝉𝟏 + 𝟎. 𝟑𝝅𝝉𝟐), 𝝉 is rise time,  207 𝝉𝟏𝒊𝒔 𝒑𝒆𝒂𝒌 𝒕𝒊𝒎𝒆 𝒂𝒏𝒅 𝒆𝒒𝒖𝒂𝒍 𝒕𝒐 𝟎. 𝟏𝟑𝝉 and 𝝉𝟐 = 𝝉 − 𝝉𝟏. 208 

 209 

The summation of product of value of STF(t) with Δt throughout slip-duration should be unity. The 210 

temporal evolution of the slip was characterized using a STF compatible with dynamic rupture 211 

simulations proposed by Liu et al. (2006) for all the considered PRM rupture models. In all the 212 

considered PRM models, the stress tensor components can be computed using moment tensor 213 

formulation (Aki and Richards, 1980).  214 

where, 𝑚𝑜 is the seismic moment for a sub-fault. The seismic moment release due to the 215 

postulated earthquake is 1.12*1025 dyne-cm, based on the following equation.   216 𝑀𝑤 = 𝑙𝑜𝑔 𝑀𝑜1.5 − 10.7        (4) 217 

 218 

2.2 SGM simulation using deliberated earthquake rupture models 219 

In the following subsections, implementation of PRM1-PRM5 rupture models and validation of the 220 

simulated SGM is presented. Table 2 gives the variability or non-variability in the slip distribution 221 

(moment release), rake, rise-time, rupture arrival time, as well as the incorporation of the damage 222 

zone in the PRM1-PRM5 models.  223 

 224 

2.2.1 SGM simulation using PRM1 rupture model 225 

In the case of PRM1 rupture model, a constant average slip 18 cm and rake 180⁰ were taken for 226 

each point source throughout the rupture plane. The rise-time of the STF was kept constant for 227 

all the point sources and was calculated using modified Somerville et al. (1999) relation by Graves 228 

and Pitarka (2016). The obtained rise-time (𝜏𝐴) for the postulated earthquake of Mw=6.0 is 0.36 229 

second. 230 

𝑀𝑥𝑦 =  𝑚𝑜(𝑠𝑖𝑛𝛿 𝑐𝑜𝑠𝛾 𝑐𝑜𝑠 2ɸ𝑠  +  0.5𝑠𝑖𝑛2𝛿 𝑠𝑖𝑛𝛾 𝑠𝑖𝑛2ɸ𝑠) =  𝑀𝑦𝑥 (3a) 𝑀𝑧𝑦 = −𝑚𝑜 (𝑐𝑜𝑠𝛿 𝑐𝑜𝑠𝛾 𝑠𝑖𝑛 ɸ𝑠 −  𝑐𝑜𝑠2𝛿 𝑠𝑖𝑛𝛾 𝑐𝑜𝑠ɸ𝑠) =  𝑀𝑦𝑧 (3b) 
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𝜏𝐴 = 𝛼𝑇𝑐1𝑀01 3⁄
 

Where 𝑐1 = 1.6 ∗ 10−9;   

(5) 

 𝛼𝑇 = [1 + 𝐹𝐷𝐹𝑅𝑐𝛼]−1  𝐹𝐷 = {1 − (𝛿 − 450) 450⁄ , 450 < 𝛿 ≤ 9001,                               𝛿 ≤ 450  
 

𝐹𝑅 = {1 − (𝛾 − 900) 900⁄ , 0 < 𝛾 ≤ 18000, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  
 

Where 𝑐𝛼 = 0.1.  

The rupture arrival time at different point sources was calculated using the procedure given by 231 

Vidale (1988) using a constant rupture velocity as 0.8 times Vs. The left, middle and right panels 232 

of Figure 1a show the slip distribution, rise-time distribution and rupture arrival times for different 233 

point sources on the fault-plane, respectively for PRM1 the rupture model. 234 

 235 

So, in the case of PRM1 model, the slip (moment release) and rise-time are kept constant 236 

throughout the fault plane, and rupture arrival time is also unperturbed; the only heterogeneity 237 

that is present is due to the velocity profile, as given in Table 1. The left panel of Figure 2a shows 238 

the simulated SGM at an epicentral distance of 65 km (right of epicentre). The simulated SGM 239 

reveals a peak ground acceleration (PGA) of the order of 0.13g. The obtained relatively large 240 

PGA may be due to the taken shearing strength of the fault as that of the surrounding rock 241 

mass, coherency in ground motion, and the rupture directivity effects to some extent. The 242 

coherency in ground motion in the high-frequency range causes over prediction of SGM 243 

(Graves and Pitarka, 2016). The right panel of figure 2a shows the comparison of pseudo-244 

spectral acceleration (PSA) using simulated SGM with 5% damping with that obtained 245 

using four NGA-West2 attenuation relationships, namely BSSA14 (Boore et al., 2014), CB14 246 

(Campbell and Bozorgnia, 2014), CY14 (Chiou and Youngs, 2014) and I14 (Idriss, 2014). The 247 

computed PSAs are substantially more throughout the period range of interest 0.2 to 5.0 248 

seconds. The coherency effect can be minimized by adding heterogeneity in the source 249 

implementation process. 250 

 251 
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 252 

Fig.1a-e Spatial variation of slip (left panel), rise-time (middle panel) and rupture arrival time (right 253 

panel) on the rupture plane of the considered PRM1-PRM5 pseudo-dynamic rupture models, 254 

respectively. 255 

 256 

Table 1 Rheological parameters for the considered layered earth model 257 

Layer 

Thickness 

(km) 

Density 

(kg/m3) 

Vs and Qs at reference 

frequency 1.0 Hz 

Unrelaxed 

shear modulus 

(GPa) 

Anelastic coefficients 

Velocity (m/s) Qs a1 a2 a3 a4 

0 – 1  2468 1636 163.6 6.8360 0.0176 0.0107 0.0115 0.0183 

1 – 9  2667 3200 320 27.7917 0.0093 0.0055 0.0060 0.0093 

9 – 17  2750 3600 360 36.1979 0.0083 0.0049 0.0053 0.0083 

17 – 25  3000 3800 380 43.9621 0.0079 0.0047 0.0050 0.0078 

≥ 25 3300 4400 440 64.7047 0.0068 0.0041 0.0043 0.0067 

 258 

2.2.2 SGM simulation using PRM2 rupture model 259 

In the case of PRM2 model, the STF, rise-time, rake and rupture arrival times for different point 260 

sources are the same as used in the PRM1 model (Table 2). Nevertheless, the moment release 261 
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as per-slip was varied from one-point source to another, and the spatial slip distribution 262 

was done using the methodology of Mai and Beroza (2002). Mai and Beroza (2002) concluded 263 

based on the study of several past earthquakes that the slip distribution in the wavenumber 264 

domain follows the Von Karman autocorrelation function as given bellow 265 𝐴 (𝑘𝑠, 𝑘𝑑) =  [ 𝑎𝑠𝑎𝑑(1+𝐾2)𝐻+1]1 2⁄
                                                                        (6) 266 

Where as and ad are the correlation lengths in the strike and dip direction, H is the Hurst exponent 267 

which is taken as 0.75, and K is given as 268 𝐾2 = 𝑎𝑠 2 𝑘𝑠2 + 𝑎𝑑2𝑘𝑑2                                                                                       269 

 270 

Table 2 Details of perturbation incorporated in slip, rake, rise time, rupture velocity and damage 271 

zone in the PRM1-PRM5 considered pseudo-dynamic rupture models. 272 

PRM models PRM1 PRM2 PRM3 PRM4 PRM5 

Slip Constant Variable Variable Variable Variable 

Rake Constant Constant Constant Constant Variable 

Rise-time Constant Constant Variable Variable Variable 

Variable rupture velocity  Constant Constant Constant Variable Variable 

Damage zone N.A. N.A. N.A. N.A. Applied 

 273 

 274 
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 275 

Fig. 2a-e Simulated ground motion acceleration at the free surface (left panels) and a comparison 276 

of computed PSA using simulated ground motion with the same calculated using NGA-West2 277 

empirical relations in the case of PRM1-PRM5 pseudo-dynamic rupture models, respectively 278 

(right panels). 279 

 280 

The correlation lengths in down-dip and strike directions are directly proportional to the magnitude 281 

of earthquake and are calculated using the scaling equation 7. For the postulated Mw=6.0 282 

earthquake, the correlation lengths are taken as 3.16 km and 3.14 km in the strike and down-dip 283 
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directions, respectively. The obtained 2D random wavenumber distribution is transformed back 284 

to the spatial domain to give the slip distribution for the event. 285 𝑙𝑜𝑔10𝑎𝑠 = 0.5 × 𝑀𝑤 − 2.5                                                                                            (7a) 286 𝑙𝑜𝑔10𝑎𝑑 = 0.333 × 𝑀𝑤 − 1.5                                                                                        (7b) 287 

The random slip distribution, constant rise-time, and rupture arrival times for different point 288 

sources on the fault-plane are shown in the left, middle, and right panels of Figure 1b, respectively 289 

(Table 2). The randomization of moment release at each point source is in proportion of 290 

the slip at that point, and the sum of moment released on all the point sources is equal to 291 

the total seismic moment of the postulated earthquake. The simulated SGM at the same 292 

epicentral distance is shown in the left panel of Figure 2b. A comparison of computed PSA using 293 

simulated SGM with that obtained using NGA-West2 relation is shown in the right panel of Figure 294 

2b. A relative improvement as compared to PRM1 model can be inferred, but still, there is over-295 

prediction of ground motion amplitude and PSA. A minor increase of PGA may be due the 296 

randomization of the slip. 297 

 298 

2.2.3 SGM simulation using PRM3 rupture model 299 

In the PRM3 model, randomization of rise-time over the fault plane is done, and the randomization 300 

of slip as well as rupture arrival times to different point sources are the same as in the PRM2 and 301 

PRM1 models, respectively.  In the past SGM simulation studies, scientists have used many 302 

different methodologies for the randomization of the rise-time (Liu et al., 2006; Graves and 303 

Pitarka, 2010; Schmedes et al., 2013; Graves and Pitarka, 2016). In the case of PRM3 model, 304 

we have proposed a method based on ideas borrowed from the past studies. Firstly, we 305 

begin with a 2D random wavenumber array, as in the case of random slip distribution, 306 

filtered with the same Von Karman autocorrelation function having the same value of 307 

correlation lengths and Hurst exponent. This array is correlated to the slip array with a 308 

correlation coefficient of 0.61. The particular choice of the correlation coefficient is based 309 

on the studies of Schmedes et al. (2010), who have analyzed 315 dynamic strike-slip 310 

rupture models to develop a covariance matrix between the fault parameters. Once the rise 311 

time matrix has been developed, it is multiplied by a factor ‘k’ chosen such that the rise 312 

time-averaged over the entire fault is equal to the rise time calculated by a modified 313 

Somerville et al. (1999) relation (Graves and Pitarka, 2016). The source parameters for the 314 

PRM3 model are shown in Figure 1c. The simulated ground motion at an epicentral distance of 315 

65 km and a comparison of the corresponding computed PSA with the NGA-West2 relation is 316 
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shown in the left and right panels of Figure 2c. Very subtle improvements are noticeable in 317 

comparison with Figures 2a and 2b.    318 

 319 

2.2.4 SGM simulation using PRM4 rupture model 320 

The randomization in slip, rise-time over the fault plane are the same as used in PRM2 and PRM3 321 

models, respectively in this case (Table 2). The perturbations in the rupture arrival times at 322 

different point sources are applied in the PRM4 model using a 2D random wavenumber matrix 323 

having a Von Karman power spectral decay. Although, it is not correlated with the slip distribution 324 

as no correlation between the rupture velocity and slip was reported in Schmedes et al. (2010). 325 

The source parameters for the PRM4 model are shown in Figure 1d. The simulated ground motion 326 

at an epicentral distance of 65 km and a comparison of the computed PSA with that obtained 327 

using NGA-West2 relations is shown in the left and right panels of Figure 2d, respectively. A 328 

comparison with Figures 2a-c reveals a considerable reduction of PGA and PSA in high frequency 329 

range after randomization of the rupture arrival time. For example, the obtained PGA is 0.07g 330 

using the PRM4 model as compared to PGA obtained as 0.13g, 0.14g, and 0.13g in the case of 331 

PRM1, PRM2, and PRM3 models, respectively. So, it can be concluded that randomization in the 332 

rupture arrival times to different point sources is playing a significant role in reducing the 333 

coherency effects on high frequency seismic radiations. 334 

   335 

2.2.5 SGM simulation using PRM5 rupture model 336 

Finally, in the most complex PRM5 rupture model of the present study, the randomization 337 

in slip is the same as used in the PRM2 model (Table 2). In this PRM5 model, the 338 

perturbations to the rake is applied (Table 2). The rake on the fault plane is varied 339 

throughout the fault plane, having a mean value of 180⁰ and a standard deviation of 10⁰. 340 

Apart from the above, a shallow weak zone has also been incorporated in the fault plane 341 

up to a depth of 5 km where the rupture velocity is reduced to 56% of Vs to represent the 342 

weak zone in near surface rupturing events (Marone and Scholz, 1988; Dalguer et al., 2008; 343 

Pitarka et al., 2009). Apart from this the rise time is doubled in the top 5 km of the fault 344 

plane (Kagawa et al., 2004), however the average rise time is kept the same as in previous 345 

models. Additionally, based on the findings of Cochran et al. (2009), a reduction in seismic 346 

velocity of up to 50% has been found in the damage zone near the fault plane. In the PRM5 347 

model, the maximum reduction in velocity is taken as 35% in the fault zone which extends to a 348 

depth of 1.5 km beyond the depth of fault where it linearly tapers into the background velocity. 349 

Figure 1e shows the source parameters for the PRM5 model. Due to the shallow weak zone, the 350 
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rise time in the top 2.5 km of the fault shows longer rise times. The rupture time arrivals are also 351 

more heterogeneous as compared to the PRM4 model due to the added perturbations, but they 352 

are random and not correlated to slip as proposed by Schmedes et al. (2010). The simulated 353 

ground motion at the same epicentral distance using the PRM5 model is shown in the left 354 

panel of Figure 2e, and a comparison of PSA with that obtained using NGA-West2 relation 355 

is shown in the right panel of Figure 2e. An analysis of Figure 2e reveals a good match 356 

with that obtained using NGA-West2 relation. Further, in the time domain response, there 357 

is no strong peak, as was evident in the PRM1-PRM4 models. There is better match of the 358 

obtained PGA 0.05g with that computed using NGA-West2 relationship as 0.032g. The 359 

obtained somewhat larger PGA may be due to the simulation of SH-wave in only one 360 

component (transverse to rupture plane) and the occurrence of rupture directivity effect. 361 

On the other hand, NGA West2 relations use the average of both the NS and EW 362 

components of the recorded ground acceleration. 363 

 364 

The inferred good match of the spectra with those computed using NGA-West2 relation, validates 365 

the accuracy and competency of the proposed PRM5 model for SGM simulation.  Further, the 366 

PRM5 model is competent enough to avoid coherency problems. It is concluded that the proposed 367 

PRM5 rupture model can be used for simulation of SGM even in the case of 3D simulations.  368 

 369 

3.  SCI EFFECTS ON RESPONSES OF STRUCTURES OF CITY AND FREE FIELD MOTION 370 

UNDER REALISTIC EARTHQUAKE LOADING 371 

 372 

3.1 Building implementation in the FD grid 373 

In this section, the ground motion computed using kinematic model is applied for investigating the 374 

SCI effects on the responses of buildings and basin/sediment layer. The site-city model consisting 375 

of 30 buildings along with the earthquake rupture and epicenter, is shown in Figure 3. All the 376 

horizontal distances are measured with respect to the epicenter, and all the vertical distances are 377 

measured with respect to the free surface. In the past, for SCI studies, buildings of a city were 378 

incorporated in the numerical grid as a homogenous linear visco-elastic building block model 379 

(BBM) with 5% damping (Wirgin and Bard, 1996; Bard et al., 2005; Sahar et al., 2015).  380 
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 381 

Fig. 3 A vertically staggered site-city model along with the earthquake rupture and epicenter of a 382 

postulated earthquake of moment magnitude 5.4 (Note: all the horizontal distances are measured 383 

with respect to the epicenter and all the vertical distances are measured with respect to the free 384 

surface) 385 

 386 

The visco-elastic parameters for the BBM have been assigned in such a way that the different 387 

modes of vibrations of the BBM are the same as that of the real building. Although this might be 388 

thought of as a simplification of a shear beam or bending beam models, still the block model 389 

accounts for both shear and bending effects for out-of-plane and in-plane motion (Wirgin and 390 

Bard, 1996; Kham et al., 2006). There have been many studies conducted on the assessment of 391 

seismic wave velocity in buildings using the Timoshenko beam theory as well as the shear beam 392 

model. In the recent research work of Gueguen et al. (2019), the velocity of S-wave for different 393 

types of buildings have been obtained using seismic interferometry and deconvolution from pure 394 

bending to pure shear-type buildings, using different cases of Timoshenko beam-like structures 395 

(Snieder and Safak, 2006). For example, Sherman Oak, a 12-storey reinforced concrete frame 396 

building in Los Angeles (California), can be modelled, assuming it to be a shear beam (Gueguen 397 

et al. 2019). Michel and Gueguen (2018) inferred that the equivalent S-wave velocity for the 398 

building is highly dependent on the design and the material used and reported that equivalent S-399 

wave velocity in a range of 100 m/s to 500 m/s depending on the building design. The S-wave 400 

velocity is taken to be 120 m/s for the BBM, in this study (Sahar et al., 2015). The density of the 401 

building was obtained considering the dead load and live load (3 kN/m2) based on IS-456:2000 402 
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and IS-1893:2016. The density of columns, beams, and slabs is taken as 2500 Kg/m3, and for 403 

walls, it is taken as 2000 Kg/m3 (Sahar et al., 2015).  404 

The SCI study needs very fine grid (size=3m) to incorporate the building in the numerical 405 

model, which in turn requires very large computational memory and time. Further, we are 406 

not considering the crustal rock mass in the model for the same purpose as well as to 407 

avoid the very large impedance contrast at the base of sediment layer. So, a homogeneous 408 

rock layer with shear modulus of the order of 15 GPa is taken. In order to further optimize 409 

the required computational memory and time an earthquake with Mw 5.4 is considered. 410 

The damage zone is not considered since shearing strength of the considered 411 

homogeneous rock is of the same order as that of rupture. Further, the main aim of SGM 412 

simulation using pseudo-dynamic rupture is to emanate the seismic energy which is 413 

realistic one (spectra of SGM should follow the Brune’s model). So, a rupture 414 

corresponding to a strike-slip earthquake of magnitude Mw=5.4 (average slip=8.4 cm, 415 

average rise time=0.18 s and average rupture velocity=1125 m/s) is implemented into the FD 416 

grid using PRM5 model, but, excluding damage zone. The dip, rake and strike of the fault are 417 

taken as 90⁰, 180⁰, and 180⁰ respectively. The length and width of the rupture are taken as 25.5 418 

km and 12.012 km, respectively. The focal depth was taken as 13.340 km. The total horizontal 419 

span of the city is 2208 m, and it extends between an epicentral distance of 16.40 km and 18.60 420 

km. Further, the epicentral distance of the first building of the city is 16.40 km. The width of each 421 

building is taken as 33 m, and the height of buildings is varied as per the site-city model. The 422 

distance between the two consecutive buildings is taken as 42 m. So, the city density is 44.8%. 423 

The basin is implemented in the form of a horizontal layer or with a varying sediment thickness. 424 

The S-wave velocity (VS),) and S-wave quality factor (QS) at the reference frequency (Fr=1.0 Hz), 425 

density (), and unrelaxed moduli for the viscoelastic air, BBM, sediment, and rock are given in 426 

Table 3. The grid size was taken as 3 m in the vertical direction from the top of the model to a 427 

depth of 930 m and 18 m thereafter. Similarly, the grid size in the horizontal direction in the 428 

computational domain (over the span of the site-city model) was taken as 3 m and thereafter 18 429 

m. The time step was chosen to be 0.0012s to avoid stability problems. Buildings are numbered 430 

as 1st, 2nd, and so on till 30th from left to right. The recorders are placed at the top of each 431 

building at the mid-span of building-width. Similarly, the gaps between the buildings are numbered 432 

G1, G2 and so on till G29, and the recorders are placed at the free surface at the mid-span of 433 

each gap.  434 

 435 

3.2 Response of horizontal sediment layer 436 
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 437 

The seismic response of a model with a horizontal sediment layer (thickness 84 m) 438 

overlying the homogeneous rock is computed. The computed response of the same model 439 

in the absence of sediment layer is used as a reference one to quantify the spectral 440 

amplification (transfer function) caused by the sediment layer. The rheological parameters 441 

of the sediment and rock are given in Table 3. The left panel of Figure 4a shows the recorded 442 

ground acceleration and corresponding spectral acceleration on rock at an epicentral distance of 443 

17.45 km. The obtained PGA is 0.07g. Similarly, the left panel of Figure 4b shows the 444 

computed ground acceleration in the horizontal sediment layer and at the same epicentral 445 

distance. An increase of PGA (0.21g) can be inferred on the sediment layer due to 446 

amplitude amplification caused by combined effects of resonance, damping, and the 447 

impedance contrast. 448 

 449 

 450 

 Table 3 Rheological parameters for the visco-elastic air, building, sediment, and rock 451 

 452 

A comparison of spectra of ground acceleration on the free surface in the presence and absence 453 

of sediment layer shown in right panel of figure 4a reveals that both the spectra are as per Brune’s 454 

model. The transfer function (TF) due to the sediment layer is computed using the spectral ratio 455 

of response on the horizontal sediment layer with that of the rock motion (Fig. 4b). The numerically 456 

obtained fundamental frequency of sediment layer (𝐹0𝐵) is 1.0 Hz which matches with the same 457 

computed using the well-known empirical relation 𝐹0𝐵 = 𝑉𝑆 4𝐻⁄  (Table 3). 458 

 459 

Materials Velocity at FR  

(m/s) 

Quality factor at 

FR 

Density 

(Kg/m3) 

Unrelaxed moduli  

(GPa) 

Air 0 ∞ 20 0.0 

Building 120 10 350 0.00683 

Soil 336 33 1800 0.22194 

Rock 1500 150 2400 5.50653 
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 460 

Fig. 4 Free surface ground acceleration recorded on the out-cropping rock and sediment at an 461 

epicentral distance of 17.50 km (left panels of Fig. 4a&b); a comparison of spectra of responses 462 

of out-cropping rock and sediment (right panel of Fig. 4a) and spectral amplifications (transfer 463 

function) caaused by the sediment layer (right panel of Fig. 4b). 464 

 465 

3.3 Response of standalone building on rock 466 

Figure 5a shows the motion recorded at the top of the standalone building (height= 30 m and 467 

width= 33 m) on rock and at the position of 15th building of the city using the same earthquake 468 

loading. The maximum amplitude of motion recorded is 2.55 m/s2. The spectra of the response of 469 

the standalone building was normalized with the spectra of free field motion on the rock at the 470 

same location to obtain the TF of the building (Fig. 5d). The obtained 𝐹0𝑆𝑅 of standalone building 471 

on rock is around 1.0 Hz, and the corresponding spectral amplification is 13.56.  472 

 473 

3.4 Response of standalone building on horizontal sediment layer 474 

The seismic response of standalone building situated at the location corresponding to a particular 475 

building of the city is computed and used as a reference response for the quantification of SCI 476 

effects on the response of that particular building. The computed seismic response of the same 477 

standalone building (H5) kept on the horizontal sediment layer (𝐹0𝐵 = 1.0 𝐻𝑧) is shown in Figure 478 

5b. Figure 5b reveals that when standalone building and sediment layer are in resonance, then 479 

there is a tremendous increase in the response of the building. The recorded ground motion at 480 
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the top of the building is about 3 times (7.22 m/s2) to that on a standalone building on rock. This 481 

may be due to the occurrence of double resonance phenomenon. The obtained fundamental 482 

frequency of standalone building on sediment layer (𝐹0𝑆𝐵) and corresponding spectral 483 

amplification are 0.96 Hz and 36.76, respectively (Fig. 5d).  Minor reduction of value of 𝐹0𝑆𝐵 as 484 

compared to 𝐹0𝑆𝑅can be inferred. 485 

 486 

 487 

 488 

 489 

Fig. 5a-c The responses H5-standalone 490 

building on rock, H5-standalone building on 491 

horizontal sediment layer (H5SB model) and 492 

15th building of the H5CB site-city model, 493 

respectively (thickness of sediment is 84 m 494 

in both the H5SB and H5CB models); (5d) 495 

Comparison of TFs of H5-standalone 496 

building on rock, H5-standalone building on 497 

horizontal sediment layer (H5SB model) and 498 

15th building of the H5CB site-city model. 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 
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3.5 SCI effects on the response of 15th building under double resonance condition 515 

The seismic response of the 15th building (17.45 km epicentral distance) of city made-up of 30 516 

buildings lying on a horizontal sediment layer of 𝐹0𝐵 = 1.0 𝐻𝑧 was computed. The height and width 517 

of all the buildings were taken as 30 m and 33 m, respectively (means 𝐹0𝑆𝑅 = 1.0 𝐻𝑧). Now, both 518 

the buildings of the city and sediment layer are under double resonance condition. The computed 519 

motion at the top of 15th building and corresponding TF are shown in Figures 5c and 5d. The 520 

obtained maximum amplitude as 6.32 m/s2 is about 12.5% lesser than that in the case of a 521 

standalone building (Figure 5b). Even more percentage reduction of amplitude can be inferred in 522 

the case of later arrivals of the seismic phases as well as reduction of the duration of shaking.  523 

 524 

Table 4 Homogeneous site-city models, fundamental frequency of solo-building (F0
SB) on 525 

horizontal sediment layer and bandwidth of plateau (BP) like transfer function of city-buildings 526 

located at different positions. 527 

Model Height 

(m) 

7th Building position 15th Building position 21th Building position 28th Building position 

F0SB (Hz) BP (Hz) F0SB (Hz) BP (Hz) F0SB (Hz) BP (Hz) F0SB (Hz) BP (Hz) 

H1CB 18 1.64 1.58-1.86 1.66 1.60-1.74 1.66 1.59-1.92 1.67 1.55-1.91 

H2CB 60 0.50 0.46-0.55 0.50 0.46-0.53 0.48 0.47-0.55 0.50 0.48-0.56 

H3CB 24 1.05 0.88-1.23 1.03 0.80-1.26 1.11 0.95-1.27 1.08 0.91-1.26 

H4CB 36 0.85 0.76-0.95 0.80 0.72-0.90 0.79 0.70-0.84 0.81 0.70-0.97 

H5CB 30 0.95 0.84-1.04 0.96 0.76-1.09 0.97 0.89-1.08 0.96 0.87-1.07 

 528 

It is interesting to infer that the SCI effects on the response of building under realistic earthquake 529 

loading has caused a plateau like TF in a wide frequency bandwidth. In contrast to this, in most 530 

of the past SCI studies using incident plane wave-front and simple source excitation function 531 

(Ricker wave or Gabor wavelet), the reduction of TF was maximum at the 𝐹0𝑆𝑅of building, which 532 

in turn caused the splitting of the spectral bandwidth of fundamental mode of vibration of the 533 

building (Kham et al., 2006; Semblat et al., 2008; Sahar et al., 2015; Kumar and Narayan, 2019). 534 

In most of the past SCI studies under double resonance condition, a further reduction of 535 

fundamental frequency of city-buildings (𝐹0𝐶𝐵) and corresponding TF is reported due to the SCI 536 

effects (Bard et al., 2005; Kham et al., 2006; Semblat et al., 2008; Sahar et al., 2015; Kumar 537 

and Narayan, 2019). But, from the present study as the reduction of TF is in a wide frequency 538 

band causing a plateau like shape around the 𝐹0𝑆𝐵of building. Hence, we propose a range 539 

“bandwidth of plateau (BP)” in place of 𝐹0𝐶𝐵of building and the % reduction of TF at  𝐹0𝐶𝐵 is 540 

computed in terms of average transfer function (ATF) in the plateau. Similarly, in the case of 541 
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standalone buildings the average transfer function is computed in the same BP as that of 542 

the corresponding city building and is named as average transfer function of single 543 

building (ATF-SB). For example, the obtained ATF in a frequency band 0.76-1.09 Hz is 544 

around 17.27 for 15th building which is around 23.38% lesser than that in the case of 545 

standalone building. Table 4 depicts the fundamental frequency of solo-building (F0
SB) on 546 

sediment layer and BP for 7th, 15th, 21st and 28th city-buildings of the homogeneous H1CB-H5CB 547 

site-city models. The analysis of table 4 reveals further reduction of 𝐹0𝐶𝐵 of city-buildings, 548 

particularly under double resonance condition. 549 

 550 

4. ROLE OF RESONANCE IN SCI EFFECTS ON RESPONSES OF BUILDINGS AND 551 

SEDIMENT LAYER 552 

In the past, most of the SCI studies were conducted under double resonance conditions (Kham 553 

et al., 2006; Sahar et al., 2015; Kumar and Narayan, 2018). However, in nature, all the buildings 554 

of a city may not be in double resonance condition. The sediment deposit is generally highly 555 

variable from one place to another, and there is chance of occurrence of no double resonance, 556 

partial double resonance, or a complete double resonance. To study the SCI effects on the 557 

responses of buildings of a city and sediment layer under realistic earthquake loading as well as 558 

to infer the dependency of the level of this effects on the occurrence of double resonance, partial 559 

resonance, and no resonance, five homogeneous site-city models H1CB, H2CB, H3CB, H4CB, 560 

and H5CB are considered, wherein only height of buildings is variable and width of all the 30-561 

buildings is 33 m. The height of buildings of the H1CB-H5CB homogeneous city models is H1-562 

H5, respectively as given in Table 4. Similarly, five H1SB-H5SB models with a standalone building 563 

at desired location on the same sediment layer with heights as H1-H5, respectively are 564 

considered. Table 4 also depicts the 𝐹0𝑆𝐵of standalone buildings of H1SB-H5SB models. There is 565 

no resonance between the buildings of the H1CB and H2CB city models with the sediment layer. 566 

The buildings of H3CB and H4CB city models are in partial resonance condition and buildings of 567 

H5CB city model are in complete resonance condition with the sediment layer. The seismic 568 

responses of 7th, 15th, 21st, and 28th buildings of the H1CB-H5CB homogeneous city models are 569 

computed using the same realistic earthquake loading. Similarly, the seismic responses of 570 

standalone buildings of H1SB-H5SB models located at the position of 7th, 15th, 21st, and 28th 571 

buildings of city models are also computed using the same earthquake loading. The choices of 572 

building positions have been made in such a way so as to cover the different regions of 573 

the city, ideally we would have wanted to compare the standalone building with city 574 

buildings at every location but this requires to run 30 different models (one for each 575 
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building location) which is practically not possible for all the parameters that have to be 576 

investigated in the present study. 577 

  578 

4.1 Buildings-sediment layer out of resonance 579 

Figure 6a&b shows the comparison of TF of the 7th, 15th, 21st, and 28th buildings of H1CB and 580 

H2CB city models with that of a standalone building of the H1SB and H2SB models at the 581 

corresponding locations.  There is an increase of TF of buildings of H1CB city-model in the 582 

frequency bandwidth of fundamental mode of vibration of building, and the reverse is the case for 583 

the buildings of H2CB city-model. Based on the past SCI studies, it is a well-established fact that 584 

when the buildings are under inertial motion, they radiate motion back to the ground at their 585 

different modes of vibrations (Bard et al., 2005; Kham et al., 2006; Sahar et al., 2015). The 586 

radiated motion to the ground is out of phase from the incident earthquake motion due to the path 587 

difference corresponding to the twice of the height of the building. Further, the frequency content 588 

in the radiated motion to the ground is dominant at 𝐹0𝑆𝑅 of the building. In a city, when all the 589 

buildings of the city are under inertial motion, their collective radiated motion to the ground may 590 

cause a reduction or increase of response of buildings of the city, depending on the path 591 

difference. Further, the peak reduction of TF may/ may-not occur at 𝐹0𝑆𝐵of building, which in turn 592 

may cause a decrease or increase of TF in obtained BP of the building. For example, table 4 593 

depicts the range for BP in the case of 7th building of H2CB city from 0.46 Hz to 0.55 Hz. It is quite 594 

surprising to note that in the case of H1CB model, there are detrimental SCI effects on the 595 

responses of all the considered buildings (Fig. 6a). The obtained percentage increase of ATF in 596 

the BP of buildings of H1CB city model as compared to that the respective standalone building 597 

are given in Table 5. The range of percentage increase of ATF in the BP of buildings of the 598 

H1CB city is 9.19% to 18.45%. On the other hand, in the case of H2CB city, there is a 599 

decrease of ATF in the BP of all the considered buildings and the range of percentage 600 

reduction is 11.95% to 19.94% (Table 5).  601 

 602 

 603 

  604 
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 605 

 606 

Fig. 6a-e A comparison of transfer functions of standalone buildings of H1SB-H5SB models with 607 

that of the corresponding building of cities H1CB-H5CB at different locations (Note: ATF in the 608 

BP of buildings of city and standalone buildings are given in brackets). 609 

 610 

 611 

In order to infer the cause/phenomenon responsible for the observed detrimental effects on the 612 

TF of buildings of H1CB city model, seismic responses of buildings of another two homogeneous 613 

city models with the height of buildings as 21 m (𝐹0𝑆𝐵 = 1.4𝐻𝑧) and 15 m (𝐹0𝑆𝐵 = 2𝐻𝑧) were 614 

simulated. A comparison of the computed TF of the buildings of height 15 m, 18 m and 21 m of 615 
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homogeneous cities with the standalone building at the respective location is shown in Figure 7a-616 

c, respectively. In all the three city models, an increase of ATF in the BP of the buildings is 617 

obtained. The range of percentage increase (-ve sign) of ATF in the BP is -7.01% to -11.86%, 618 

-9.19% to -18.45% and -3.32% to -11.37%, in the cities with height of buildings as 15 m, 18 619 

m and 21 m, respectively.   So, it may be inferred that the SCI effects on the response of 620 

buildings may be detrimental when the 𝑭𝟎𝑺𝑩 of buildings of the city is larger than around 621 

1.4 times of the 𝑭𝟎𝑩 of underlying basin, although it needs further details study. 622 

 623 

Table 5 Homogeneous site-city models, ATF in the BP of buildings of H1CB-H5CB cities (ATF-624 

BP) as well as standalone buildings (ATF-SB) and percentage increase (- sign) and decrease (no 625 

sign) due to SCI effects. 626 

Site-city 

Models 

Height 

(m) 

7th Building position 15th Building position 21th Building position 28th Building position 

ATF-

BP 

ATF-

SB 

% Inc/Dec. ATF-

BP 

ATF-

SB 

% 

Inc/Dec. 

ATF-

BP 

ATF-

SB 

% 

Inc/Dec. 

ATF-

BP 

ATF-

SB 

% 

Inc/Dec. 

H1CB 18 9.50 8.02 -18.45 10.10 9.25 -9.19 8.23 7.04 -16.90 8.37 7.12 -17.56 

H2CB 60 8.62 9.79 11.95 11.84 14.04 15.67 12.97 16.20 19.94 13.11 14.92 12.13 

H3CB 24 12.52 15.56 19.54 11.36 13.97 18.68 12.29 16.71 26.45 11.25 16.08 30.04 

H4CB 36 14.43 22.52 35.92 14.88 18.81 20.89 14.72 18.79 21.66 14.79 15.93 7.16 

H5CB 30 18.02 29.38 38.66 17.27 22.54 23.38 20.44 29.29 30.22 18.65 28.49 34.54 

 627 

 628 

4.2 Building-sediment layer in partial resonance 629 

A comparison of TF of the 7th, 15th, 21st and 28th buildings of H3CB and H4CB city models with 630 

that of standalone building of the H3SB and H4SB models at the corresponding locations is given 631 

in Figure 6c&d, respectively. There is a decrease of TF of all the buildings of H3CB and H4CB 632 

city-models, but this decrease of TF is relatively more in the case of H4CB city model. We can 633 

infer the reduction of 𝐹0𝐶𝐵of the buildings of the H3CB and H4CB city-models. Table 5 depicts the 634 

percentage reduction of ATF in the BP as compared to that at 𝐹0𝑆𝐵 of the standalone building due 635 

to the SCI effects and is highly variable from one building to another building. The obtained range 636 

of percentage reduction of ATF in BP is 18.68% to 30.04% and 7.16 to 35.92% for the buildings 637 

of the H3CB and H4CB site-city models, respectively.  638 
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 639 

Fig. 7a-c A comparison of transfer functions of buildings of 15m,18m and 21m homogeneous city 640 

models, respectively with the standalone building at the corresponding location (Note: ATF in the 641 

BP of buildings of city and standalone buildings are given in brackets). 642 

 643 

4.3 Building-sediment layer in resonance 644 

Similarly, a comparison of TF of the 7th, 15th, 21st and 28th buildings of H5CB city model with that 645 

of standalone building of the H5SB model is shown in figure 6e. The percentage decrease of ATF 646 

in the BP of buildings of H5CB city is the largest since both the buildings and basin are in double 647 

resonance condition (Table 5). For example, its range in the case of H5CB city is 23.38% to 648 

38.66%. Analysis of Figure 6 and Table 5 clearly reveals that the SCI effects are maximum in the 649 

case of H5CB city-model, and these effects are reducing as we move away from the condition of 650 

double resonance. The reason for this can be understood by enquiring about the underlying cause 651 

of SCI effects. In the case of double resonance, the motion of the building is relatively high as 652 

compared to the motion of a building which is not in complete resonance with the sediment layer. 653 

This is visible in Figure 6, where TF values are highest in the case of H5CB city model. Hence, 654 

the motion radiated back to the ground by the building in double resonance condition will be much 655 

higher than other cases, which in turn will cause more reduction in the TF of the buildings.  656 

 657 

Arias intensity was also computed for further infer the role of site-city resonance in the 658 

SCI effects on the building response (Kramer, 1996). A comparison of the computed Arias 659 
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intensity computed for the 15th building of the H1CB-H5CB city models with the 660 

corresponding standalone building is shown in Figure 8. The cumulative value of Arias 661 

intensity for vibrational time of 25 second is least in the H2CB and largest in the H5CB city 662 

model. The higher value of Arias intensity in the case of buildings of H5CB model indicates 663 

higher level of shaking which is also evident from the TF shown in figure 6e. The Arias 664 

intensity of 15th building of H1CB-H5CB cities is 0.06m/s, 0.03m/s, 0.15m/s, 0.21m/s and 665 

0.42m/s which is 3%, 3.4%, 19%, 14% and 45% lesser than the corresponding standalone 666 

building, respectively.  Further, there is minor reduction of Areas intensity when buildings 667 

of the city are out of resonance with the underlying sediment.  668 

 669 

Apart from various generalized conclusions drawn from the past SCI studies using simple plane 670 

wave-front with a single wavelet does not hold good while using realistic earthquake loading. For 671 

example, Kham et al. (2006), Semblat et al. (2008) and Sahar et al. (2015) reported the splitting 672 

of the bandwidth of the fundamental mode frequency of the building due to substantial reduction 673 

of TF at 𝐹0𝑆𝑅. In the case of realistic earthquake excitation, a BP is obtained where in the TF is 674 

more or less same (Table 4). However, the reported reduction of 𝐹0𝐶𝐵 of buildings of city is also 675 

observed in the case of realistic earthquake loading (Table 4). The obtained SCI effects on the % 676 

reduction of TF of building under realistic earthquake loading reveals that maximum SCI effects 677 

can happen on any building irrespective of its location in the city, in contrast to the general 678 

perception that it is maximum at the centre of city (Table 5). Although the SCI effects on the TF 679 

of buildings are maximum in case of double resonance of the buildings, its impact in other cases 680 

is still significant (Table 5), which can be very beneficial in the economic design of buildings and 681 

urban planning.  682 

 683 
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 684 

Fig 8 A comparison of Arias intensity of 15th building of the H1CB-H5CB city models with the 685 

respective standalone building. 686 

 687 

4.4 Role of resonance in SCI effects on the response of sediment layer 688 

In order to study the role of resonance between buildings of a city and sediment layer on the free 689 

field motion, the responses are computed at epicentral distances of 16.90 km, 17.50 km, 17.95 690 

km and 18.47 km in the presence and absence of H1CB-H5CB homogeneous city models. Figure 691 

9a-e depicts the comparison of TF of the sediment layer at the above-selected locations in the 692 

absence and presence of H1CB-H5CB cities, respectively. There is only minor change in TF 693 

of sediment layer with location (epicentral distance) under realistic earthquake loading. 694 

This may be due to not a huge change in the angle of incidence at the free surface with 695 

epicentral distance due to the presence of sediment layer, even though there is 696 

considerable change of angle of incidence at the base of the sediment layer. The apparent 697 

variation of 𝐹0𝐵of the sediment layer and corresponding TF at different locations (in between the 698 

two consecutive buildings) are given in Figure 10a-e for the H1CB-H5CB site-city models, 699 

respectively.   700 

 701 

Analysis of Figures 9 reveals that 𝐹0𝐵of the sediment is affected by the SCI effects when buildings 702 

and sediment are partial and complete resonance condition and it is more in case of complete 703 
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resonance condition. Further, there is only minor change in the TF of sediment layer at frequency 704 𝐹0𝐵 when sediment and buildings are out-of-resonance. 705 

 706 

 707 

Fig. 9 A comparison of transfer functions of sediment layer at various locations in the absence 708 

and presence of homogeneous H1CB-H5CB city models (Note: ATF of sediment layer in absence 709 

of city and ATF of the same in a frequency bandwidth (0.75-1.25Hz) in the presence of city are 710 

given in brackets). 711 

 712 

But, a considerable change in the TF of sediment layer at frequency 𝐹0𝐵 can be inferred when 713 

sediment layer and buildings are in partial-resonance condition, and substantial change is 714 
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obtained when both are in resonance. For example, the range of TF at apparent 𝐹0𝐵 of the 715 

sediment layer is 3.7 - 5.5, 4.1 - 5.2, and 3.3 - 4.9 in the cases of H3CB, H4CB, and H5CB site-716 

city models, respectively. Further, the obtained TF at some of the locations at apparent 𝐹0𝐵 of 717 

sediment layer in the cases of H4CB and H5CB site-city models is even higher than that in the 718 

absence of the respective cities (detrimental SCI effects on the free field motion). This finding 719 

corroborates with the findings of Kham et al. (2006) and Semblat et al. (2008). In contrast to this, 720 

the free field ATF in a frequency bandwidth 0.75-1.25Hz in the presence of city is always lesser 721 

than that in absence of city (Fig. 9). So, it may be concluded that SCI effects are always beneficial 722 

for the free field motion. 723 

 724 

Arias intensity was also computed to infer the role of site-city resonance in the SCI effects 725 

on the sediment response. Figure 10 a-e depicts a comparison of the free field Arias 726 

intensity computed at an epicentral distance 17.5 km in the presence and absence of the 727 

H1CB-H5CB city. The obtained free field Arias intensity at epicentral distance of 17.5 km 728 

in the presence of H1CB-H5CB city as 0.022m/s, 0.021 m/s, 0.020 m/s, 0.019 m/s and 0.014 729 

m/s which is 2.04%, 5.09%, 8.55%, 16.43% and 38.93% lesser than the corresponding value 730 

in the absence of the city, respectively reflects that SCI effect on free field resonance is 731 

largest in the case of H5CB city model.  732 

 733 

 734 
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Fig 10 A comparison of free field Arias intensity at an epicentral distance of 17504m in the 735 

presence and absence of H1CB-H5CB city. 736 

 737 

5. ROLE OF BASIN HETEROGENEITY IN SCI EFFECTS 738 

Nowadays, the city or a particular sector is being developed using a specific design and height of 739 

buildings. In nature, the sediment thickness in basin may not be the same everywhere below that 740 

city/sector.  So, some of the structures may be in double resonance, partial double resonance, 741 

and out of double resonance. In order to infer the SCI effects on the responses of a city made up 742 

of a particular type of structure but with a varying sediment thickness below it, four B1-B4 basin 743 

models are considered. Each basin model is subdivided into five sectors, and the sediment 744 

thickness in a particular segment is constant. The thicknesses of sediment in different segments 745 

of the basin are given in Table 6. Although the considered step like basin may seem to be 746 

unrealistic but the reason why this type of geometry has been selected is to get an exact 747 

match of frequencies with the building frequencies considered in the previous section.  748 

 749 

Table 6 Considered basin models and sediment thicknesses in different segments (Note: width 750 

of the segment is the same for all the basin models) 751 

Basin 

models 

Sediment thickness below segments of different basin models 

Segment1 Segment2 Segment3 Segment4 Segment5 

B1 84m  102m  168m 66m  51m 

B2 51m 66m 168m 102m 84m 

B3 84m 66m 51m 102m 168m 

B4 66m 102m 51m 84m 168m 

 752 

 753 

The S-wave velocity in sediment is constant throughout, as given in Table 3. The sediment 754 

thickness before and after the city is extending infinitely with the sediment thickness of the first 755 

and last segments of different basin models.  Figure 11a-d depicts the sketches for the B1-B4 756 

basin models, respectively.  757 
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 758 

Fig. 11a-d Sketches for B1-B4 basin models, respectively and the sediment thicknesses along 759 

with the fundamental frequency in the different segments. 760 

 761 

H5CB homogeneous city is considered for the study of the role of basin heterogeneity in the SCI 762 

effects. The name of homogeneous site-city models corresponding to B1-B4 basins is B1-H5CB 763 

to B4-H5CB, respectively. The buildings of the city are in resonance with the sediment thickness 764 

84 m, and the rest of the buildings are either in partial resonance or out-of-resonance with the 765 

underlying sediment depending on its thickness. Seismic responses of the 7th, 15th, 21st, and 28th 766 
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buildings of the B1-H5CB to B4-H5CB site-city models were computed using the same realistic 767 

earthquake loading. The response of the standalone building located at their respective places in 768 

each basin was also computed. A comparison of the TF of the 7th, 15th, 21st, and 28th buildings of 769 

the B1-H5CB to B4-H5CB with the standalone buildings are shown in Figures 12a-d, respectively.  770 

 771 

 772 

Fig. 12a-d A comparison of transfer functions of standalone buildings of B1-H5SB to B4-H5SB 773 

models with that of corresponding building of cities B1-H5CB to B4-H5CB at different locations 774 

(Note: ATF in the BP of buildings of city and standalone buildings are given in brackets). 775 

 776 

The responses of both the buildings of the city and the standalone buildings are highly variable 777 

from one site-city model to another depending on the thickness of sediment in the segment of 778 

basin. The response of the standalone building, as well as that of the city is affected by the 779 

sediment thickness of the segment below it as well as the sediment thickness in the segment 780 

ahead to it.  781 
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The effect of site frequency in the response of 15th building is not visible in all the basin 782 

models, which may be due to basin effects in the central part. The obtained range of 783 

percentage reduction of ATF in the BP of buildings is 13.89%-41.64% due to a city with 784 

only 30 buildings with a city-density 44.8% (Table 7). Even, % reduction of ATF of 28th 785 

building of B4-H5CB is of the order of 70.34%. It is interesting to note that the minimum 786 

percentage reduction of ATF is of the order to 13.89% even for buildings which are out of 787 

resonance with the underlying basin. The 28th and 21st buildings of the B2-H5CB and B4-H5CB 788 

cities are in resonance with the underlying basin and the corresponding percentage reduction of 789 

ATF is of the order of 41.64% and 38.37% which is comparable or more than that of the buildings 790 

of the H5CB city (Table 5).  791 

 792 

Table 7 ATF in the BP of buildings of B1-H5CB to B4-H5CB city models (ATF-BP) as well as 793 

standalone buildings (ATF-SB) and percentage increase (- sign) and decrease (no sign) due to 794 

SCI effects. 795 

Site-city 

Models 

7th Building  15th Building  21th Building  28th Building  

ATF-

BP 

ATF-

SB 

% 

Inc/Dec 

ATF-

BP 

ATF-

SB 

% 

Inc/Dec 

ATF-

BP 

ATF-

SB 

% 

Inc/Dec 

ATF-

BP 

ATF-

SB 

% 

Inc/Dec 

B1-H5CB 15.59 19.95 21.85 14.10 17.06 17.35 19.71 30.27 34.87 15.34 22.79 32.69 

B2-H5CB 14.18 18.87 24.85 13.11 17.84 26.51 11.73 14.80 20.74 20.04 34.34 41.64 

B3-H5CB 12.45 18.64 33.21 13.74 18.11 24.13 14.40 18.59 22.54 5.95 6.91 13.89 

B4-H5CB 15.61 25.30 38.54 16.35 22.64 27.78 25.75 41.78 38.37 8.58 28.73 70.34 

 796 

6. ROLE OF CITY-HETEROGENEITY IN SCI EFFECTS 797 

In this sub-section, the role of city heterogeneity in the SCI effects on the responses of buildings 798 

and sediment layer are simulated and analysed. There have been a few studies in the past 799 

where the role of heterogeneity in cities have been studied (Clouteau et al., 2002; Varone 800 

et al., 2020; Taborda and Bielak, 2011a; b). In the present study two types of heterogeneous 801 

city namely HT1CB and HT2CB, containing 30-buildings of width 33 m and varying height, are 802 

considered. There are five types of buildings of height H1, H2, H3, H4, and H5 (Table 4). Further, 803 

there are six buildings corresponding to each height of building. The sketches for the HT1CB and 804 

HT2CB heterogeneous city models are shown in Figure 13a&b, respectively. The rheological 805 

parameters for the buildings, sediment, and rock are given in Table 3. The sediment thickness is 806 

taken as 84 m. As in the previous cases, the seismic responses of the 7th, 15th, 21st, and 28th 807 

buildings of the cities were computed. The seismic response of the standalone building of HT1SB 808 



34 

 

and HT2SB model located at the respective locations were also computed. The buildings of the 809 

city with height 30 m are in resonance with the underlying sediment, and the rest of the buildings 810 

are either in partial resonance or out-of-resonance with the underlying sediment. A comparison 811 

of ATF of the 7th, 15th, 21st, and 28th buildings of the HT1CB and HT2CB city model with that of a 812 

standalone building at the respective locations are given in Figure 14a&b, respectively. There is 813 

a reduction of ATF at BP of all the buildings of both the heterogeneous cities except the 15th 814 

building of height 18 m (𝐹0𝑆𝐵 = 1.7 𝐻𝑧) of the HT2CB city model, where there is an increase of 815 

ATF in the BP by –17.06%. On the other hand, the range of percentage increase of ATF for the 816 

H1 building (18 m height) is -9.19% to -18.45% (Table 5). For rest of the buildings of both the 817 

HT1CB and HT2CB city models, the range of percentage reduction of ATF in the BP of buildings 818 

is 8.98% to 37.68% (Table 8).  819 

 820 

 821 
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Fig. 13a&b Sketches for the HT1CB and HT2CB heterogeneous site-city models, respectively  822 

 823 

Another interesting result is the obtained percentage reduction of ATF in the case of 7th 824 

building, with 𝑭𝟎𝑺𝑹 as 1.0 Hz and common to both the HT1CB and HT2CB city models, as 825 

12.77% and 13.46%, respectively which is much lesser than that obtained in the case of 826 

buildings of the H5CB city as 23.38% to 38.66% (Table 5). This may be because there are 827 

different buildings (18m and 60m) before the 7th building, which may modify the ground 828 

motion at the location of 7th building distinctively by radiating motion back to the ground. 829 

In contrast to this, the obtained percentage reduction of ATF in the BP of 21st and 28th 830 

buildings of HT1CB and HT2CB city as 37.68% and 35.63 % (Table 8) is larger than the 831 

same obtained in the case of buildings of H4CB city as 21.66% to 7.16%. So, finally it may 832 

be concluded that in the case of heterogeneous city models, there can be both percentage 833 

reduction or increase of ATF in the BP of the buildings with a lower magnitude than the same in 834 

case of homogeneous city in heterogeneous basin (Tables 7 & 8). 835 

 836 

 837 

 838 

 839 

Fig. 14a&b A comparison of transfer functions of standalone building at different location with 840 

that of corresponding building of heterogeneous cities HT1CB and HT2CB (Note: ATF in the BP 841 

of buildings of city and standalone buildings are given in brackets). 842 

 843 

 844 

 845 

 846 
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Table 8 ATF in the BP of buildings HT1CB and HT2CB city models (ATF-BP) as well as 847 

standalone buildings (ATF-SB) and percentage increase (- sign) and decrease (no sign) due to 848 

SCI effects. 849 

 

 

7th Building  15th Building  21th Building  28th Building  

ATF-

BP  

ATF-

SB 

% 

Inc/Dec 

ATF-

BP  

ATF-

SB 

% 

Inc/Dec 

ATF-

BP  

ATF-

SB 

% 

Inc/Dec 

ATF-

BP  

ATF-

SB 

% 

Inc/Dec 

HT1CB 16.12 18.48 12.77 5.98 6.57 8.98 12.72 20.41 37.68 11.54 13.06 11.64 

HT2CB 23.85 27.56 13.46 9.40 8.03 -17.06 9.84 11.81 16.68 10.35 16.08 35.63 

 850 

7.  ROLE OF WEIGHT OF BUILDINGS OF CITY IN SCI EFFECTS 851 

The overall density of a building depends on the majority of building material (steel, RCC, or 852 

masonry), dimension, and design. The density of a building can be obtained using the weights of 853 

all the walls, beams, columns, slabs of building, and the live load (Sahar et al., 2015). The live 854 

load can vary depending on the different types of occupancies like residential buildings, 855 

educational buildings, and industrial or storage buildings. So, the computed effective density for 856 

the BBM may have a range depending on type, design, residential, and occupancy. In order to 857 

study the role of density or impedance contrast (IC) in the SCI effects on the responses of building 858 

and sediment layer, the responses of H2CB, H4CB and H5CB city models were computed using 859 

BBM density as 250 kg/m3, 350 kg/m3 and 450 kg/m3 and analysed. The density of the building 860 

was increased, keeping in mind that the S-wave velocity for the BBM is unchanged. The 861 

responses of the standalone buildings at the selected locations corresponding to the H2SB, 862 

H4SB, and H5SB models were also computed using BBM density as 250 kg/m3, 350 kg/m3 and 863 

450 kg/m3. Further, the free field motion in between the buildings was simulated for with and 864 

without the city in the model for BBM density as 250 kg/m3, 350 kg/m3, and 450 kg/m3. The time-865 

domain responses of the buildings revealed that the role of density in SCI effects is tremendous 866 

in the form of reduction of response at the top of building with an increase of density of the BBM, 867 

particularly after the first arrival (result not shown here). 868 

 869 

7.1 Transfer function of buildings 870 

The left, middle and right panels of Figure 15a shows a comparison of TF of 15th building of the 871 

H2CB city model with the H2SB model using BBM density as 250 kg/m3, 350 kg/m3, and 450 872 

kg/m3, respectively. 873 
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874 

   875 

Fig. 15a-c A comparison of transfer functions of standalone buildings of H2SB, H4SB and H5SB 876 

models with that of corresponding 15th building of cities H2CB, H4CB and H5CB, respectively for 877 

different density of the BBM (Note: ATF in the BP of buildings of city and standalone buildings are 878 

given in brackets). 879 

 880 

A decrease of TF of both the 15th building of H2CB and standalone building of H2SB with an 881 
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increase of density can be inferred due to an increase of impedance of the BBM. However, the 882 

percentage reduction of ATF in the BP of 15th building is 10.19%, 15.67% and 18.75% in the case 883 

of BBM density as 250 kg/m3, 350 kg/m3 and 450 kg/m3, respectively in the case of H2CB city 884 

model (Table 9). The obtained increase of percentage reduction of ATF in the BP of 15th building 885 

with an increase in density of the BBM may be due to an increase of coupling between the building 886 

and the underlying sediment. An increase of coupling will cause more energy transfer to the 887 

building and back to the ground with a phase change of 1800. Similarly, the left, middle and right 888 

panels of Figures 15b&c depict a comparison of TF of 15th building of H4CB and H5CB city models 889 

with the standalone buildings of the H4SB and H5SB models for BBM density as 250 kg/m3, 350 890 

kg/m3 and 450 kg/m3, respectively. An increase in the decrease of TF of buildings of H4CB, H4SB, 891 

H5CB and H5SB models with an increase of density can also be inferred. An increase of BP with 892 

an increase of density of the BBM can also be inferred. An increase of percentage reduction of 893 

ATF in the BP of 15th building of the city models with an increase of density of BBM is obtained, 894 

irrespective of whether buildings are in resonance or not with the sediment layer (Table 9).  895 

 896 

To further enquire the effects of BBM density of buildings, Arias intensity was computed 897 

for all the 30 buildings of the H5CB model for the mentioned three density values. The 898 

average value of Arias intensity in the case of BBM density as 250 kg/m3, 350 kg/m3 and 899 

450 kg/m3 was found out to be 0.48 m/s, 0.39 m/s and 0.32 m/s with a standard deviation of 900 

0.13, 0.11 and 0.09, respectively. The higher value of Arias intensity at 250 kg/m3 indicates 901 

higher level of shaking of buildings which is also evident from the TF shown in figure 15c. 902 

The interesting point to notice is that when we compare the Arias intensity of a particular 903 

building of a city (say 15th building) with its standalone counterpart the reduction in the 904 

Arias intensity for the city building was found to be 44.83%, 50.23% and 54.28% for the 905 

BBM density as 250 kg/m3, 350 kg/m3 and 450 kg/m3, respectively and CD as 44.8%. The 906 

obtained larger percentage reduction of ATF in the BP of buildings, Arias intensity and 907 

increase of width of BP in the case of higher density reveals that the SCI effects will be 908 

more beneficial when the overall density of the buildings is more.   909 

 910 

 911 

Table 9 Homogeneous city models, ATF in the BP of 15th building of city (ATF-BP) as well as 912 

standalone buildings (ATF-SB) and percentage increase (- sign) and decrease (no sign) due to 913 

SCI effects for different density of the BBM. 914 
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 915 

 916 

7.2 Transfer function of sediment layer 917 

The left, middle and right panels of Figure 16a depict a comparison of TF of sediment at an 918 

epicentral distance of 17.50 km in the case of presence and absence of H2CB city for BBM density 919 

as 250 kg/m3, 350 kg/m3 and 450 kg/m3, respectively. The TF of sediment layer reveals a 920 

considerable reduction in the bandwidth of fundamental mode of vibration of the H2-building and 921 

there is almost no change in TF at fundamental frequency of sediment layer due to the SCI effects. 922 

Further, the fundamental frequency of basin is almost not affected by the SCI effects caused by 923 

the H2CB city as well as due to an increase of density of the buildings.  924 

 925 

 926 

Fig. 16a-c A comparison of transfer function of sediment layer in the presence and absence of 927 

H2CB, H4CB and H5CB cities, respectively at an epicentral distance of 17.50 km for different 928 

Site-city 

Models 

BBM Density=250 (kg/m3) BBM Density=350 (kg/m3) BBM Density=450 (kg/m3) 

ATF-

SB 

ATF-BP % Inc/Dec ATF-

SB 

ATF-BP % Inc/Dec ATF-

SB 

ATF-BP % Inc/Dec 

H2CB 11.97 10.75 10.19 14.04 11.84 15.67 11.57 9.40 18.75 

H4CB 22.51 16.70 25.81 18.81 14.88 20.89 15.90 12.36 22.26 

H5CB 26.67 21.12 20.81 22.54 17.27 23.38 20.19 14.93 26.05 
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density of BBM (Note: ATF of sediment layer in absence of city and ATF of the same in a 929 

frequency bandwidth (0.75-1.25Hz) in the presence of city are given in brackets). 930 

 931 

However, an increase of observed reduction of TF in the bandwidth of fundamental mode of 932 

vibration of buildings of H4CB model as well as minor apparent increase of 𝐹0𝐵 of sediment layer 933 

can be inferred with an increase of density of the buildings (Figure 16b). Similarly, Figure 16c 934 

shows a substantial decrease of TF function of sediment layer in the bandwidth of fundamental 935 

mode of buildings of H5CB city model as well as considerable apparent decrease of 𝐹0𝐵 of the 936 

sediment layer due to SCI effects. Further, an increase in these effects can be inferred with an 937 

increase in the density of the buildings of the H5CB city model. The obtained percentage 938 

reduction of ATF of sediment layer in frequency band 0.75-1.25 Hz in the case of H5CB city 939 

model were of the order of 14.43%, 18.69%, and 21.97% for BBM density as 250 kg/m3, 350 940 

kg/m3, and 450 kg/m3, respectively (Table 10). The obtained decrease of ATF in the bandwidth 941 

of 𝐹0𝐵 of the sediment layer when the sediment deposit is under partial or complete resonance 942 

condition with the buildings of the city with an increase of density of the BBM reflects the need for 943 

consideration of SCI effects in smart city development.  944 

 945 

Table 10 Homogeneous city models, ATF of sediment layer in absence of city and ATF in a 946 

frequency bandwidth (0.75-1.25Hz) in the presence of city at a distance of 17.45 km as well as 947 

percentage increase (- sign) and decrease (no sign) for different density of the BBM. 948 

 949 

8.  ROLE OF DAMPING OF BUILDINGS IN THE SCI EFFECTS 950 

The damping of a building depends to a great extent on the type of building (steel, RCC, 951 

or masonry) as well as dimension and design. Generally, the damping for steel, RCC, and 952 

masonry is taken of the order of 2.5%, 5%, and 10%, respectively (IS:456:2000; Clough and 953 

Penzien, 2003). To quantify the role of damping of the building in the SCI effects on the responses 954 

of buildings and sediment layer, the responses of the H2CB, H4CB and H5CB city models were 955 

Site-city 

Models 

BBM Density=250 (kg/m3) BBM Density=350 (kg/m3) BBM Density=450 (kg/m3) 

ATF-B ATF (0.75-

1.25) 

% 

Inc/Dec 

ATF-B ATF (0.75-

1.25) 

% 

Inc/Dec 

ATF-

B 

ATF (0.75-

1.25) 

% 

Inc/Dec 

H2CB 3.05 2.96 2.95 3.05 2.95 3.28 3.05 2.90 4.92 

H4CB 3.05 2.80 8.20 3.05 2.76 9.51 3.05 2.69 11.80 

H5CB 3.05 2.61 14.43 3.05 2.48 18.69 3.05 2.38 21.97 
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computed using BBM damping as 2.5%, 5%, and 10%. The sediment thickness was taken as 84 956 

m. The unrelaxed moduli of the BBM were computed as per the damping taken (Narayan and 957 

Kumar, 2013). The response of standalone building at the selected locations corresponding to 958 

the H2SB, H4SB, and H5SB models was computed using BBM damping as 2.5%, 5%, and 10%. 959 

The free-field motion in between the buildings was also simulated for with and without city in the 960 

model for the same BBM damping to quantify the role of BBM damping in the SCI effects on the 961 

free field motion. The time-domain responses of the buildings revealed a drastic decrease of 962 

amplitude and duration of shaking with an increase of damping of the BBM (result not shown). 963 

 964 

8.1 Building response 965 

The left, middle and right panels of Figure 17a-c depicts a comparison of TF of the 15th building 966 

of the H2CB, H4CB, and H5CB city models with that of the corresponding standalone building, 967 

respectively, using BBM damping as 2.5%, 5%, and 10%.  A decrease of TF of the 15th building 968 

of H2CB, H4CB, and H5CB city models and corresponding standalone building with an increase 969 

of damping can be inferred (Table 11). For example, the percentage reduction of ATF in the BP 970 

of building of H2CB model is 22.0%, 15.6% and 10.4% in the case of BBM damping as 2.5%, 5% 971 

and 10%, respectively (Table 11). To further enquire the effects of damping on buildings, 972 

Arias intensity was computed for all the 30 buildings of the H5CB model for the mentioned 973 

three damping values. The average value of Arias intensity for damping 2.5%, 5% and 10% 974 

was found to be 0.61 m/s, 0.39 m/s and 0.21 m/s with a standard deviation of 0.18, 0.11 and 975 

0.06, respectively. The higher value of Arias intensity at 2.5% damping indicates higher 976 

level of shaking in steel buildings which is also evident from the TF shown in figure 17c. 977 

The interesting point to be noticed is that when we compare the Arias intensity of a 978 

particular building of the city (15th building) with its standalone counterpart, the reduction 979 

in the Arias intensity for the city building was found to be 55.5%, 50.2% and 40.1% for 2.5%, 980 

5% and 10% damping, respectively.  So, the inferred larger percentage reduction of ATF in 981 

the BP and Arias intensity in the case of low damping reveals that the SCI effects will be 982 

more beneficial when a city is developed with steel buildings.   983 

 984 
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 985 

Fig. 17a-c A comparison of transfer functions of standalone buildings of H2SB, H4SB and H5SB 986 

models with that of corresponding 15th building of cities H2CB, H4CB and H5CB, respectively for 987 

different damping of BBM (Note: ATF in the BP of buildings of city and standalone buildings are 988 

given in brackets). 989 

Table 11 ATF in the BP of 15th building of city (ATF-BP) as well as standalone buildings (ATF-990 

SB) and percentage increase (- sign) and decrease (no sign) due to SCI effects for different 991 

damping of the BBM. 992 

 993 

8.2 Response of sediment layer 994 

The left, middle and right panels of Figure 18a depict a comparison of TF of the sediment layer at 995 

an epicentral distance of 17.50 km in the presence and absence of H2CB, H4CB, and H5CB city 996 

models, respectively for BBM damping as 2.5%, 5%, and 10%. Although there is a considerable 997 

percentage reduction of TF in the bandwidth of the fundamental mode of vibration of the buildings, 998 

Site-city 

Models 

BBM Damping=2.5% BBM Damping=5% BBM Damping=10% 

ATF-

SB 

ATF-BP % Inc/Dec ATF-

SB 

ATF-BP % Inc/Dec ATF-

SB 

ATF-BP % Inc/Dec 

H2CB 28.00 21.84 22.00 14.04 11.84 15.67 7.48 6.70 10.43 

H4CB 29.12 18.19 37.53 18.81 14.88 20.89 13.68 11.02 19.44 

H5CB 37.12 26.39 28.91 22.54 17.27 23.38 15.47 12.58 18.68 
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but, there is almost no change in the fundamental frequency of sediment layer and corresponding 999 

TF due to the SCI effects in the case of H2CB city. A decrease of reduction of TF as well as a 1000 

minor apparent increase of 𝐹0𝐵 of the sediment layer can be inferred in the case of H4CB city 1001 

model with an increase of damping of the buildings (Figure 18b). Similarly, Figure 18c shows a 1002 

substantial decrease of TF function and considerable apparent decrease of 𝐹0𝐵 of the sediment 1003 

layer due to SCI effects in the case of H5CB city model with increase of damping. Further, a 1004 

decrease of SCI effects can be inferred with an increase in the damping of the buildings. The 1005 

obtained percentage reduction of TF of the sediment layer in the frequency bandwidth of 1006 

0.75 – 1.25 Hz in H5CB city model were of the order of 19.34%, 18.69%, and 9.51% in the 1007 

case of BBM damping as 2.5%, 5%, and 10%, respectively (Table 12). This can be because 1008 

buildings with higher damping value radiate lesser motion back to ground which causes the 1009 

reduction in TF of the sediment layer. 1010 

 1011 

 1012 

 1013 

 1014 

Table 12 Homogeneous city models, ATF-B of sediment layer in absence of city and ATF in a 1015 

frequency bandwidth (0.75-1.25Hz) in the presence of city at a distance of 17.45 km as well as 1016 

percentage increase (- sign) and decrease (no sign) for different density of the BBM. 1017 

 1018 

 1019 

Site-city 

Models 

BBM Damping=2.5% BBM Damping=5% BBM Damping=10% 

ATF-B ATF (0.75-1.25) % Inc/Dec ATF-B ATF(0.75-1.25) % Inc/Dec ATF-B ATF(0.75-1.25) % Inc/Dec 

H2CB 3.05 2.92 4.26 3.05 2.95 3.28 3.05 2.98 2.29 

H4CB 3.05 2.68 12.13 3.05 2.76 9.51 3.05 2.80 8.19 

H5CB 3.05 2.46 19.34 3.05 2.48 18.69 3.05 2.76 9.51 
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 1020 

Fig.   18a-c A comparison of transfer function of sediment layer in the presence and absence of 1021 

H2CB, H4CB and H5CB cities, respectively at an epicentral distance of 17.50 km for different 1022 

damping of BBM (Note: ATF of sediment layer in absence of city and ATF of the same in a 1023 

frequency bandwidth (0.75-1.25Hz) in the presence of city are given in brackets). 1024 

 1025 

9. DISCUSSION AND CONCLUSIONS 1026 

 1027 

An analysis of the computed pseudo-spectral acceleration (PSA) using simulated SGM and NGA-1028 

West2 empirical relations reveals that the pseudodynamic rupture models (PRM1 & PRM2) over-1029 

predict SGM due to use of constant slip, rupture velocity, and rise-time (Graves and Pitarka, 1030 

2016). A considerable reduction of coherency effect was not observed even after applying 1031 

randomization in slip and rise-time of the STF in the case of PRM3 model. However, a 1032 

considerable reduction of coherency effect was obtained by using the randomization of slip, rise-1033 

time, and rupture arrival time in the case of PRM4 model. The desired reduction of coherency 1034 

effects on high frequency and a good match of the computed PSA with NGA-West2 was 1035 

obtained when randomization in the slip, rise-time, rupture arrival time, and rake was done 1036 

along with the incorporation of a damage zone around the rupture plane in the case of 1037 

PRM5 model (Liu et al., 2010; Schmedes et al. 2010; 2013; Graves and Pitarka, 2010; 2016). 1038 

It is concluded that ground motion with a frequency bandwidth of earthquake engineering 1039 
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interest can be predicted using PRM5 pseudodynamic rupture model wherein the spectra 1040 

of radiated seismic energy from different point sources match with the Brune’s model 1041 

(Graves and Pitarka, 2010; 2016).  1042 

 1043 

Some of the various generalized conclusions drawn from the past SCI studies using simple 1044 

plane wave-front with a single wavelet does not hold good while using realistic earthquake 1045 

loading. For example, Kham et al. (2006), Semblat et al. (2008), Sahar et al. (2015) and 1046 

Kumar and Narayan, (2018) reported the splitting of the bandwidth of the fundamental 1047 

mode frequency of the building due to substantial reduction of TF at 𝑭𝟎𝑺𝑹. The results of 1048 

the present SCI study using realistic earthquake loading reveals a reduction and flattening 1049 

of TF for a band of frequency (BP) within the bandwidth of the fundamental mode of 1050 

vibration of building (Table 5). The maximum SCI effects on a building was highly 1051 

dependent on the building type, city and basin heterogeneity and not on its location at 1052 

centre of city, in contrast to the general perception that it is maximum at the centre of city 1053 

(Kham et al., 2006; Semblat et al., 2008; Sahar et al., 2015).  1054 

 1055 

An interesting inference is made based on the analysis of simulated results of H1CB-H5CB and 1056 

HT2CB city models as well as two more homogeneous city models with the height of buildings as 1057 

15 m and 21 m. When the 𝐹0𝑆𝐵 of buildings of the cities (BBM with height 15m, 18m and 21m) are 1058 

greater than 1.4 times the 𝐹0𝐵 of the sediment layer, there is detrimental SCI effect on the 1059 

buildings. For example, the range of percentage increase (-ve sign) of ATF in the BP of building 1060 

is -7.01% to -11.86%, -9.19% to -18.45% and -3.32% to -11.37%, in the cities with height of 1061 

buildings as 15 m, 18 m and 21 m, respectively.  Although, we feel it needs further detailed 1062 

study. The computed percentage reduction of ATF in a frequency band (like BP) instead at a 1063 

single frequency reveals that the SCI is always beneficial to both the buildings and free field 1064 

motion, except the case when 𝐹0𝑆𝑅 of building is around 1.4 times larger than 𝐹0𝐵, wherein building 1065 

response is detrimental. This finding also do not hold good (Kham et al., 2006; Semblat et al., 1066 

2008).  1067 

 1068 

The analysis of responses of buildings of homogeneous city situated in a heterogeneous basin 1069 

and heterogeneous cities situated on the sediment layer with same city density (44.8%) revealed 1070 

that the percentage reduction of ATF in the BP of buildings is highly dependent on its location, 1071 

city heterogeneity, and the heterogeneity of the basin. In the case of B1-H5CB to B4-H5CB 1072 

heterogeneous basin models (some of the buildings are out of resonance with underlying basin), 1073 
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the obtained range of percentage reduction of ATF in the BP of buildings is 17.35%-41.64% (Table 1074 

7). On the other hand, in case of heterogeneous city (HT1CB & HT2CB), the range of percentage 1075 

reduction of ATF in the BP of buildings is 8.98% to 35.63% (Table 8) and an increase of ATF of 1076 

the order of –17.04%. Another interesting result is the obtained percentage reduction of ATF in 1077 

the case of 7th building (in double resonance condition) of the HT1CB and HT2CB city models, as 1078 

12.77% and 13.46%, respectively is lesser than that in the case of buildings of the H5CB city 1079 

(23.38% - 38.66%) (Table 5). So, the obtained lesser beneficial SCI effect as compared to 1080 

homogeneous city along with detrimental SCI effect in the case of heterogeneous city models, 1081 

reveals that the development of a smart homogeneous city either in homogeneous or 1082 

heterogeneous basin is the better option as compared to the heterogeneous city. The limitation 1083 

of this study is the computation of 2D linear visco-elastic out of plane response which may 1084 

not be applicable for the bending beam model. There is need of computation of 3D non-1085 

linear viscoelastic response of a site-city model with realistic earthquake loading, wherein 1086 

in-plane, out-of-plane and vertical motions will act simultaneously, for better quantification 1087 

of SCI effects. 1088 

 1089 

The increase of density of building for a fixed value of S-wave velocity is causing the increase of 1090 

impedance of building, which in turn reduces the impedance contrast and finally an increase of 1091 

coupling between the building and basin. The increase of coupling has caused an increase of 1092 

energy transfer of incident earthquake waves to the BBM, and an increase of the amplitude of 1093 

seismic waves radiated back to the sediment, which in turn increases the SCI effects on the 1094 

responses of buildings and sediment. For example, the obtained percentage reduction of ATF in 1095 

the BP of buildings and Arias intensity are largest in the case of highest BBM density. Apart from 1096 

this, an overall increase in density of a building for a fixed dimension also implies an increase in 1097 

the weight of the building. Building with more weight will consequently have more counteracting 1098 

force and moment against the horizontal earthquake load. The obtained largest percentage 1099 

reduction of ATF in the BP and Arias intensity in the case of low damping of buildings reveals that 1100 

the SCI effects will be beneficial for urban planning when a city is developed with steel buildings. 1101 

Also from an earthquake engineering point of view, the steel buildings are more ductile as 1102 

compared to RCC and masonry buildings which makes them good at resisting forces which are 1103 

dynamic in nature such as earthquake or wind loads. In order to develop an economical and smart 1104 

city, it is recommended that the city should be homogeneous in nature and 𝐹0𝑆𝑅 of buildings should 1105 

be less than around 1.4 times the 𝐹0𝐵 of the underlying sediment deposit and buildings should 1106 

preferably be a steel one. 1107 
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Figures

Figure 1

a-e Spatial variation of slip (left panel), rise-time (middle panel) and rupture arrival time (right panel) on
the rupture plane of the considered PRM1-PRM5 pseudo-dynamic rupture models, respectively.



Figure 2

a-e Simulated ground motion acceleration at the free surface (left panels) and a comparison of computed
PSA using simulated ground motion with the same calculated using NGA-West2 empirical relations in the
case of PRM1-PRM5 pseudo-dynamic rupture models, respectively (right panels).



Figure 3

A vertically staggered site-city model along with the earthquake rupture and epicenter of a postulated
earthquake of moment magnitude 5.4 (Note: all the horizontal distances are measured with respect to the
epicenter and all the vertical distances are measured with respect to the free surface)

Figure 4



Free surface ground acceleration recorded on the out-cropping rock and sediment at an epicentral
distance of 17.50 km (left panels of Fig. 4a&b); a comparison of spectra of responses of out-cropping
rock and sediment (right panel of Fig. 4a) and spectral ampli�cations (transfer function) caaused by the
sediment layer (right panel of Fig. 4b).

Figure 5



a-c The responses H5-standalone building on rock, H5-standalone building on horizontal sediment layer
(H5SB model) and 15th building of the H5CB site-city model, respectively (thickness of sediment is 84 m
in both the H5SB and H5CB models); (5d) Comparison of TFs of H5-standalone building on rock, H5-
standalone building on horizontal sediment layer (H5SB model) and 15th building of the H5CB site-city
model.

Figure 6

a-e A comparison of transfer functions of standalone buildings of H1SB-H5SB models with that of the
corresponding building of cities H1CB-H5CB at different locations (Note: ATF in the BP of buildings of city
and standalone buildings are given in brackets).



Figure 7

a-c A comparison of transfer functions of buildings of 15m,18m and 21m homogeneous city models,
respectively with the standalone building at the corresponding location (Note: ATF in the BP of buildings
of city and standalone buildings are given in brackets).



Figure 8

A comparison of Arias intensity of 15th building of the H1CB-H5CB city models with the respective
standalone building.



Figure 9

A comparison of transfer functions of sediment layer at various locations in the absence and presence of
homogeneous H1CB-H5CB city models (Note: ATF of sediment layer in absence of city and ATF of the
same in a frequency bandwidth (0.75-1.25Hz) in the presence of city are given in brackets).



Figure 10

A comparison of free �eld Arias intensity at an epicentral distance of 17504m in the presence and
absence of H1CB-H5CB city.



Figure 11

a-d Sketches for B1-B4 basin models, respectively and the sediment thicknesses along with the
fundamental frequency in the different segments.



Figure 12

a-d A comparison of transfer functions of standalone buildings of B1-H5SB to B4-H5SB models with that
of corresponding building of cities B1-H5CB to B4-H5CB at different locations (Note: ATF in the BP of
buildings of city and standalone buildings are given in brackets).



Figure 13

a&b Sketches for the HT1CB and HT2CB heterogeneous site-city models, respectively



Figure 14

a&b A comparison of transfer functions of standalone building at different location with that of
corresponding building of heterogeneous cities HT1CB and HT2CB (Note: ATF in the BP of buildings of
city and standalone buildings are given in brackets).



Figure 15

a-c A comparison of transfer functions of standalone buildings of H2SB, H4SB and H5SB models with
that of corresponding 15th building of cities H2CB, H4CB and H5CB, respectively for different density of
the BBM (Note: ATF in the BP of buildings of city and standalone buildings are given in brackets).



Figure 16

a-c A comparison of transfer function of sediment layer in the presence and absence of H2CB, H4CB and
H5CB cities, respectively at an epicentral distance of 17.50 km for different density of BBM (Note: ATF of
sediment layer in absence of city and ATF of the same in a frequency bandwidth (0.75-1.25Hz) in the
presence of city are given in brackets).



Figure 17

a-c A comparison of transfer functions of standalone buildings of H2SB, H4SB and H5SB models with
that of corresponding 15th building of cities H2CB, H4CB and H5CB, respectively for different damping of
BBM (Note: ATF in the BP of buildings of city and standalone buildings are given in brackets).



Figure 18

a-c A comparison of transfer function of sediment layer in the presence and absence of H2CB, H4CB and
H5CB cities, respectively at an epicentral distance of 17.50 km for different damping of BBM (Note: ATF
of sediment layer in absence of city and ATF of the same in a frequency bandwidth (0.75-1.25Hz) in the
presence of city are given in brackets).


