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Abstract
Understanding site–city interaction (SCI) is important for sustainable urban development 
in seismic regions. Due to vertical expansion of cities, super-tall buildings with deep foun-
dations and large underground chambers are often simultaneously present. However, the 
role of these structures and their layouts in SCI have not been considered before. This 
study quantifies the effects of SCI at a congested transport hub in Hong Kong, utilizing 3D 
numerical modeling. At the site, 16 high-rise buildings surround a center plaza with a large 
metro station underground. This research demonstrates that the building layout, building 
inertia, and interaction between underground structures through the soil govern SCI at the 
site, causing ground motion perturbations and wave trapping between buildings. The pres-
ence of buildings causes up to 150–200% amplification in the short-period acceleration 
spectra and 150% PGA amplifications in the center plaza. Notable SCI effects on struc-
tures only appear as excess maximum story accelerations, in the order of 1–2 m/s2, and 
increased destructive kinetic energy. Amid and around the high-rise buildings, SCI effects 
may significantly increase seismic demand on short structures. Finally, increasing the seis-
mic demand for the design of super-tall and low-rise buildings is recommended to account 
for the SCI effects.
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1 Introduction

Ground motion estimation and resilient seismic design of structures have been at the fore-
front of earthquake engineering research. Until the mid-1900s, researchers evaluated the 
site and structural response independently. With the advancements of soil dynamics, we 
have learned that stiff foundations embedded in a softer domain filter the incident waves, 
and the compliance between soil and foundation allow the rocking of superstructures. 
These interactions increase the damping of the system and thus decrease the loading and 
deformation of buildings (Sarrazin 1970; Sarazzin et  al. 1972; Aspel and Luco 1987; 
Housner 1957). These observations led engineers to implement soil–structure interaction 
(SSI) into seismic design.

SSI is the interaction between a stand-alone building and the flexible soil which it is rest-
ing on. Neighboring structures are not considered. On the other hand, site–city Interaction 
(SCI) is the interaction between neighboring buildings through the connecting medium, i.e. 
soils. The key phenomena of SCI and SSI are shown in Fig. 1. Despite the advancements 
in SSI, without the concept of SCI, engineers remained unable to explain some unexpected 
performance of buildings and erratic damage patterns observed after major earthquakes, 
such as events in Mexico, Italy, and Japan (Uenishi 2013, 2010; Guéguen et al. 2002). In 
the 1985 Mexico City earthquake, elongated duration, and monochromatic beatings (viz. 
Fig. 1a) were identified in the earthquake records. Bard et al. (1996) explained these phe-
nomena as ground motion contamination by the multiple interactions between the soil and 
closely-spaced structures. Considering the collective dynamic behavior of a group of build-
ings, Uenishi (2010, 2013) explained why neighboring buildings with almost identical 
dynamic properties would experience vastly different damage levels during the 1976 Friuli 
earthquake in Italy and the 2007 Noto Peninsula earthquake in Japan.

With cities ever-expanding, a key pursuit of earthquake engineers is a more rigorous 
hazard prediction to ensure safe urban planning and resilient seismic design. Understand-
ing site–city interaction (SCI) is an essential part of this pursuit. SCI can be described 

Fig. 1  Key phenomena of the a site–city interaction and the b soil–structure interaction models used in this 
study
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as the cumulative effect of site response and both underground, and above ground struc-
ture to structure interaction via the soil. Figure 1a shows some of the key phenomena of 
site–city interaction. Beating encompasses the vibrations fed back to the soil from the seis-
mic response of buildings and the disturbance of ground motion created by the reflected/
refracted waves at soil–foundation interfaces. These waves can either radiate or interact 
with neighboring buildings. During an earthquake, super-tall buildings can pin their sur-
rounding soil mass in place via their foundation due to their immense weight. Furthermore, 
closely-spaced underground structures can trap surface waves in the soil between them. 
Active SCI effects include inertial effects and feedback vibrations from the buildings’ seis-
mic response (Guéguen and Bard 2005). On the other hand, passive SCI effects include 
wave reflections and refractions at soil–foundation interfaces generated due to impedance 
contrasts and the pinning effect of foundations (Kato and Wang 2019; Semblat et al. 2008). 
As shown in 2D and 3D general parametric studies (Luco and Contesse 1973; Kham et al. 
2006; Bard et  al. 2006), these SCI effects might manifest in energy exchange between 
buildings via the soil or in resultant waves traveling outward from a cluster of buildings, 
thus, increasing the seismic demand in neighboring areas. Consequently, a structure can be 
considered as the source of a secondary wavefield that contaminates the ground motion and 
affects neighboring buildings (Lin et al. 1987; Mason et al. 2013; Isbiliroglu et al. 2015; 
Schwan et  al. 2016). It is important to mention that soil layering is key in SCI, as sur-
face waves are strongly affected by soil heterogeneity. Many of the described SCI effects 
are governed by the interactions of these waves. Through a 2D parametric study, Guéguen 
et  al. (2002) in their study of an idealized city over a basin showed that ground motion 
contamination due to SCI is not a local, but a regional-scale, more precisely, a basin-
scale phenomenon. Hence, in populated cities regional-scale simulations considering all 
structures would result in a better seismic hazard prediction. Moreover, the effects of SCI 
become increasingly important for urban infrastructure developed over long periods. In 
urban expansion projects, new buildings, underground stations, or subways are often con-
structed in multiple phases in the vicinity of existing buildings. Disregarding SCI effects 
from the modified configuration on the pre-existing structures can jeopardize their seismic 
resilience. To this end, the conventional seismic design of a standalone structure is not 
comprehensive and potentially unsafe. This was expressed by several general purpose SCI 
studies, such as Semblat et al. (2008) and Tsinidis (2018).

Although significant progress has been made on the topic of SCI, some aspects remain 
unclear. Urban districts tend to have heterogeneous or special building layouts containing 
structures with diverse shapes and sizes. Furthermore, due to the vertical expansion in met-
ropolitan environments, super-tall buildings with deep foundations and large underground 
chambers are often simultaneously present. Several research groups have suggested the rel-
evance of these structures and their 3D distribution to SCI (Semblat et al. 2008; Bard et al. 
2006; Chen and Li 2015; Verona et  al. 2021). However, the combined effects of under-
ground and aboveground structures have not been investigated before. Realistic 3D layouts 
such as buildings surrounding a center plaza and the SCI of super-tall buildings have not 
been considered either. SCI effects inside a city have been deemed potentially beneficial 
or harmful, depending on the building configuration, site conditions and input motions. 
Within a dense building cluster, SCI generally reduces the site and structural responses 
under the double resonance condition, i.e. when the fundamental frequencies of the site 
and buildings are close to each other and they resonate under excitation. This has been con-
firmed in a couple of parametric studies on idealized cities laying over basins (Sahar et al. 
2015; Semblat et al. 2008). However, multiple factors can change the beneficial effect of 
SCI into an adverse effect. Some important factors, such as the lack of double resonance, 
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the heterogeneity of building types, their irregular distribution, and their spacing, can con-
tribute to the development of adverse SCI effects. These factors are complicated and their 
simultaneous contributions are difficult to quantify, hence, an exact delineation has not 
been made between beneficial and adverse SCI. It is noteworthy, however, that in all cases 
SCI generates an outward propagating wavefield from a city that increases demand in the 
outskirts (Semblat et al. 2008; Bard et al. 2006). According to case studies on dense urban 
sites (Kato and Wang 2021; Taborda and Bielak 2011), in the vicinity of tall building clus-
ter, the SCI effects may increase high-frequency components of motions due to wave trap-
ping, therefore, increase the seismic demand on neighboring short-story buildings.

This case study examines SCI effects under a more realistic scenario that might pro-
vide better insight. The contribution of SCI to structural response must be isolated from 
SSI then quantified to improve our understanding of the phenomenon. Hence, this study 
aims to capture and quantify the complex interaction that occurs between underground 
structures and super-tall buildings in a 3D setting. We carry out a site–city interaction case 
study in Hong Kong based on Kowloon Station and its surrounding structures to bridge the 
aforementioned knowledge gaps. A fully integrated 3D model of the Kowloon transpor-
tation hub was built for a numerical analysis. The model includes 16 high-rise buildings 
distributed in a trapezoidal layout. The buildings surround a center plaza with a metro sta-
tion underground. A discontinuous Galerkin spectral element code (Mazzieri et al. 2013) is 
employed to simulate 3D viscoelastic wave propagation in the studied models. We examine 
the influence of super-tall buildings, underground structures, and a special building layout 
on both structural and site responses. Besides the fully integrated SCI model of the entire 
building cluster (hereinafter referred to as the “SCI model”), we build standalone models 
(as shown in Fig. 1b, hereinafter referred to as the “SSI model”) of four chosen buildings in 
the development. The standalone models are created in the same fashion as the SCI model 
(i.e., the soil and the structure are modelled using solid hex elements) except that they only 
contain a single building without its neighbors (viz. Fig.  1b). Through comparing these 
models, we isolate and quantify the effects of SCI on structural responses. In the end, we 
discuss the key phenomena of SCI and their engineering implications on seismic resilience 
at congested urban sites.

2  Simulation setup

2.1  Computational platform

The most popular methods used to simulate large-scale wave propagation are the boundary 
element (BEM), finite difference (FDM), finite element (FEM), and spectral element meth-
ods (SEM). All these methods can be used for large-scale seismic simulation. There are 
several grand challenges in simulating regional-scale events in three-dimensions. Site–city 
interaction models have an immense number of DOFs, hence the effectiveness and effi-
ciency of the numerical solver are crucial. The complexity of structural shapes and the 
multi-scale nature of a city model makes meshing a challenging task.

In this study, we use the numerical code SPEED (Mazzieri et  al. 2013; Paolucci 
et al. 2015; Infantino et al. 2020). This code implements a discontinuous Galerkin for-
mulation of the spectral element method (DGSEM). We chose the DGSEM as it eases 
some of the meshing challenges faced in large-scale SCI simulations as we will discuss 
in the following sections. SEM, in principle, is a high order FEM (h–p implementation) 
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that uses high order piecewise polynomials as its basis function. In SEM, the colloca-
tion points are chosen to be the N + 1 Legendre–Gauss–Lobatto (LGL) points which 
are the roots of (1 − ξ2)LN′, where LN′ is the derivative of the Legendre polynomial of 
degree N. This choice is motivated by the fact that Lagrange polynomials defined on 
these collocation points for interpolation, combined with the use of the LGL quadrature 
on the same points leads to an exact diagonal mass matrix. Moreover, with this imple-
mentation the equations of motion are satisfied at all internal LGL nodes. Therefore, 
SEM has been increasingly used in large-scale wave simulation in recent years (Chaljub 
et al. 2010; He et al. 2015; Wang et al. 2018; Lu et al. 2018; Huang et al. 2020, 2021; 
Feng et  al. 2022). Figure  2a shows 3D illustration of the LGL points along with the 
Lagrange basis functions on an SEM element. Interpolation in the elements are done via 
the Lagrange interpolation scheme. Here the governing equation of motion is according 
to Eq. (1).

where ut and utt are the first and second temporal derivate of displacement, u, respectively. 
f is the body force, σ(u) is the Cauchy stress tensor, ρ is material density. Note that in Eq. 
(1), two equivalent body forces, 2��ut + ��2u , are introduced to model anelastic attenua-
tion by multiplying the velocity and displacement field with a decay factor ξ. The strategy 
is similar to the method proposed by Graves (1996). ξ is the decay factor equivalent to the 
quality factor Q, ξ = (2Q)−1. All frequencies are equally attenuated, leading to a frequency-
proportional quality factor, Q = Q0 (f/f0), where Q0 is the quality factor evaluated at a refer-
ence frequency, f0.

A diagonal mass matrix combined with an explicit time marching scheme is very 
important for parallel implementation, and thus for the efficiency of solving large-scale 
wave propagation problems. The DGSEM software used in this study adopts the stand-
ard leapfrog scheme for time marching using the following algorithm: the nodal velocity 
vector is defined as V = �̇ and the initial conditions are set to V(t0) and U(t0). The simu-
lation time [0, T] is subdivided into k time steps tn = Δt, 2Δt, …, kΔt, where Δt = T/k. 
Then the explicit 2nd order leap frog scheme corresponds to:

(1)�u
��
+ 2��ut + ��2u − ∇�(u) = f

Ω1

Ω2

Γ12

N1=2

N2=3

ξ

Lagrange Interpolation

LGL nodes 
(collocation points)

(a) (b)

Fig. 2  a N = 4 SEM element showing the LGL points along with the Lagrange basis functions. b The visu-
alization of a simple non-conforming mesh consisting of two subdomains, Ω1 and Ω2, with a discontinuous 
interface Γ12 between  them
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for n = 1, …, k, with

where M is the mass matrix, K is the stiffness matrix, and F is the vector of externally 
applied loads including the absorbing boundary conditions. This scheme will only 
remain stable if the size of Δt satisfies the Courant–Friedrichs–Levy (CFL) condition, 
Δt ≤ CCFL∙Δx/Vp, where Vp is the compressional wave velocity, Δx is the shortest distance 
between two LGL nodes, and CCFL is a constant that can be approximated as CCFL ≈ N − 
2. According to error estimate analysis conducted by Antonietti et al. (2012), this scheme 
coupled with the DG formulation will provide sufficient accuracy provided that there are 5 
LGL points per minimum propagated wavelength.

The discontinuous Galerkin (DG) formulation of SEM provides an easy discretization 
of complex domains and mesh adaptivity, by allowing for neighboring subdomains with 
non-matching interpolation order (N) and mesh size (h). The mesh can abruptly change 
between non-conforming volumes, and each non-conforming volume can be meshed inde-
pendently, which allows for a significantly easier meshing procedure and higher quality 
mesh. This way, the number of unknowns in a geometrically complex problem, and thus 
the computational cost of the analysis can be greatly reduced (Paolucci et  al.  2014). A 
visualization of a simple non-conforming mesh is shown in Fig. 2b. The continuity of the 
global solution over non-conforming interfaces is imposed inherently in the DG formula-
tion by the symmetric interior penalty Galerkin method (Rivière 2008). The jump of stress 
and displacement are quantified and penalized across discontinuous interfaces (Antoni-
etti et al. 2012). However, numerical instabilities may occur hence the penalty parameters 
should be chosen carefully.

2.2  Computational models

The testbed for this study (Fig. 3), the Kowloon metro station, is one of the busiest and 
most populated transportation hubs in Hong Kong. The 12 m deep metro station sup-
ports an additional 18-m superstructure, which is surrounded by 16 super-tall buildings, 
including the 480 m tall International Commerce Centre, the tallest skyscraper of Hong 
Kong. This testbed is ideal for examining the interactions between underground structures 
and building layout effects on SCI. Furthermore, Kowloon station is a densely populated 
site representing high economic value, and it is subjected to further development. The 

(2)M(t
n+1) = [2M − Δt2K]U(t

n
) −MU(t

n−1) + Δt2 F(t
n
)

(3)M(t1) =

[

M −
Δt2

2
K

]

U(t0) − ΔtMV(t0) +
Δt2

2
F(t0)

Fig. 3  Testbed for this study—Kowloon station, Hong Kong
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arrangement of the structures, as shown in Fig. 4, is typical of transport hubs in Hong Kong 
and many major cities of the world. We examine ground motion contamination through the 
fully integrated SCI model of the entire study area. The variation in height, complexity, 
and foundation depth of the structural systems are large, resulting in significant inertial dif-
ferences between the two sides of the hub, i.e., between the area around structures A, B, F, 
G, and C, D, E, according to Fig. 4. Besides the SCI model, we created four SSI models 
based on building clusters A, B, D, and E. Superstructures in clusters B, D, and E stand on 
a single raft foundation supported by piles. Hence, we consider the entire cluster in a single 
SSI model for these clusters to honor their design. From each cluster, we chose a single 
superstructure, indicated by red circles in Fig.  4, to compare SSI and SCI models. The 
geometric and geological properties of the models are based on architectural, geotechnical, 
and geological data acquired from the Hong Kong Buildings Department (HKBD) (Hong 
Kong Buildings Department 2019). Dynamic parameters of the soil layers and the struc-
tures are derived from these data and are described in the following two sections. The sim-
ulation domain is 5.4 × 5.4 × 0.15 km in size, while the area of the development is 1.4  km2. 
Data derived from the synthetic recordings on a dense monitoring grid are subsequently 
animated and highlighted in cartoons.

2.3  Soil model and parameters

Soil conditions at the site are typical of Hong Kong’s harbor front. Based on borehole data 
acquired from the HKBD, three geological layers were identified: hydraulic fill, completely 
decomposed granite (CDG), and fresh granite. We built a five-layer model, shown in Fig. 5b, 
following the SPT-N data described in Table  1. We defined a piecewise linear shear wave 
velocity profile using SPT-N-Vs correlations published by Wair et al. (2012) that accounts for 
overburden pressure. The simulations use a Poisson’s ratio of 0.33 (Vp = 2Vs), which is typi-
cal for elastic soils and ensures the stability of the bottom absorbing boundary (Stacey 1988). 
Boundary nodes were fixed in ‘y’ and ‘z’ on the edges of the domain, but free in ‘x’ direction 
to mimic a shear box. In addition, the computational domain is extended by 5 times of the 
size of the building cluster in each direction. The domain is 5.5 km in ‘x’ and ‘y’ directions, 
while the dimensions of  the building cluster is 500 m by 300 m. Surface waves generated at 

Fig. 4  2D layout of Kowloon station. Red circles indicate the structures chosen for SSI–SCI comparison
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the building cluster dissipate due to material and geometric damping in the extended domain. 
There are no significant wave reflections from the boundary. The controlling earthquakes in 
Hong Kong are a magnitude  Mw = 6, rupture distance R = 30 km event in the short period 
range of the uniform hazard spectrum (UHS), an  Mw = 7, R = 60 km event for a spectral period 
of around 1 s, and an  Mw = 7.75, R = 300 km event for long period range (5 s). The design 
ground motion library (Wang et al. 2015) was used to select a time history that can be fit-
ted to the 2475-year return period UHS prescribed by Hong Kong’s design practice (ARUP 

A B

C

D

E

F
G

H

(a) (b)

Fig. 5  Non-conforming subdomains (a), soil layers (b) and meshed geometry for the SCI model

Fig. 6  The input signal (as rock outcrop motion) and its acceleration spectra compared to the 2475-year 
return period UHS for Hong Kong

Table 1  Soil properties ID Soil type Layer 
thickness 
(m)

SPT-N Vs (m/s) ρ (g/cm3) Q0

1 Fill 30 28 230 2.0 10
2 CDG 30 50 400 2.0 30
3 CDG 20 70 450 2.0 30
4 CDG 20 80 480 2.0 30
5 Granite 50 > 200 2000 2.6 100
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2015). The selected signal (see Fig. 6) was then truncated and baseline corrected, and finally 
deconvoluted to the bedrock. The ‘x’ component of this motion was applied at the bottom of 
the simulation domain as a vertically propagated shear wave input, which is usually assumed 
for design purposes. Furthermore, only the ‘x’ direction input is used in order to highlight the 
SCI effects. The fundamental period of the site is 0.91 s, while the predominant period of the 
excitation is 0.45 s. Although a site resonance is not expected, the period gap is small enough 
to cause significant ground motion amplification. The majority of the excitation energy is con-
tained between 1 and 7 Hz, hence, f0  = 4 Hz was adopted as the reference frequency for damp-
ing. A linear soil model may significantly overestimate the ground accelerations. To avoid this, 
we accounted for a strain-compatible modulus and damping ratio for each soil layer and deter-
mined the soil quality factors accordingly similarly to the equivalent linear approach (Idriss 
and Sun 1993; Pitilakis and Clouteau 2010). We ran a series of trial simulations to determine 
the averaged strain level in each soil layer, and adjusted soil modulus and damping accord-
ing to the equivalent maximum shear strain (0.65γmax) in each layer. We adjusted the quality 
factor values according to the damping curves published for hydraulic fill (Chandler and Su 
2000) and CDG (Gu 2012). For the fresh rock, we assigned Q0 = 100, a common quality fac-
tor for granite. Finally, the target mesh size for the unstructured meshing was set to h = 20 m 
in the topsoil layer with an N = 3 polynomial degree for the shape function to reach sufficient 
numerical accuracy, up to 6 Hz.

2.4  Structural models and parameters

Structural plans were provided by the HKBD. We model the foundation-superstructure sys-
tems as 3D homogeneous equivalent blocks. The blocks consist of the same viscoelastic hexa-
hedral elements as the soil. This model is capable of capturing the shear, rotational, and flex-
ural responses if the mesh is sufficiently fine, and the first derivative of the shape function is 
continuous between elements (C1 continuity). Such a model may be considered as the 3D 
generalization of the classical bending beam model. In previous 3D SCI studies, this type of 
model was used as a reasonable approximation of shear and bending responses of buildings 
(Taborda and Bielak 2011; Mazzieri et al. 2013; Isbiliroglu et al. 2015). We simplified and 
modeled the building geometries in CAD and selected their dynamic parameters to best rep-
resent their real behavior. The four most important parameters are shear wave velocity, Vs, 
mass density, ρ, fundamental period, T0, and quality factor, Q. Taborda and Bielak (2011) 
suggested estimating an equivalent Vs for homogeneous block models using the empirical for-
mula, Vs = 28hs, where hs is the inter-story height. We used the Vs values listed in Table 2. To 
define appropriate Vs for the smeared foundation blocks, we calculated the weighted average 
of the stiffness and density of soil and concrete according to their areal ratio through Eq. (4) 
(note Vs

2= G/ρ). We calculated the average mass density for each equivalent block from the 
total weight and volume of each building. The total weight includes an additional 25% of the 
live loads. We set all superstructure densities to 300 kg/m3 as they were all close to this value, 
as Table 2 indicates. We calculated the mass density of foundations following the same princi-
ple as for Vs, using Eq. (5).

(4)Vf
s
=

Ap

Af

√

Gc

�c
+

(

1 −
Ap

Af

)

√

G
avg
s

�
avg
s
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where Ap is the total cross-section area of piles, Af is the total foundation area, Gs
avg and 

ρs
avg are the averaged stiffness and density of soil layers encompassing the piles, ρc, and Gc 

are the density and stiffness of concrete, respectively.The natural period of buildings can 
be estimated based on the number of stories (Ns) they have, as T0 = Ns/10. By examining 
Table 2, we can see that the fundamental period of all superstructures (A–G) is between 
5 and 11 s, which falls into the long-period, low-amplitude range of the input spectrum, 
showed in Fig. 6. Based on this observation, the buildings are expected to experience low-
to-moderate roof displacement, as this is mainly governed by the resonance response. 
Finally, based on structural design practice in Hong Kong, we used a quality factor Q0 
=  100 for the superstructures, while Q0 = 200 was assigned for the foundations based on 
their stiffness. We modeled the metro station and its superstructure as a closed rigid box, 
which has dimensions 57 × 127 × 30 m and is buried 12 m into the soil. We assigned con-
crete material properties to the box that gives it significant weight and stiffness.

The DGSEM makes meshing easier as the domain can be discretized into non-con-
forming sub-domains. We created nine sub-domains for each building cluster and the soil, 
which we meshed independently, then assigned discontinuous interfaces between the soil 
and each foundation. Consequently, the resulting mesh has very high-quality metrics. Fig-
ure 5a shows a visualization of the subdomains and the mesh. Each color in Fig. 5a rep-
resents a non-conforming sub-domain. Superstructures and foundations have a mesh size 
ranging from 8 to 15 m. Capturing the flexural mode of high-rise buildings is important, 
thus, we specified the mesh size such that the models can effectively capture the bending 
moments of the buildings. The narrowest cross sections of a building consist of at least 
two 2nd order elements (i.e. 6 interpolation points) in each direction. The mesh is fine 
enough to capture the bending moment within the structure reasonably well. The super-
structure models are accurate at least up to 5 Hz. Subsequently, we created the four stan-
dalone SSI models of A, B, D, and E in the same fashion. We note that the SCI model 
contains 117,163 elements, and it costs 2150 core hours to run the 42-second scenario with 
a 0.0001 s time-step on our server with 2.9 GHz Xeon CPUs and 190 GBs of RAM.

3  Results

3.1  SCI Effects on site response

In this section, we will discuss how structures contaminate ground motion through their 
interaction with each other via the soil. Figure 7a shows a snapshot of the ‘x’ component 
wavefield at the moment of peak ground displacement (PGD). The peak ground perturba-
tion (PGP) field relative to the free-field displacements (cf. Eq. 6) is shown in Fig. 7b.

where up(t,xi) is the displacement perturbation at monitor point xi, u(t,xi) is the displace-
ment at xi and u(t,xff) is the displacement at the free field.

The wavefields show a clear disturbance in the ground motion due to the presence of 
buildings. Figure  7a shows displacements reaching the PGD (20 cm) in several regions, 
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including on both sides of the metro station in the center plaza and in the outskirts of the 
development, up to 300 m away from the structures. Two phenomena of SCI can be recog-
nized in Fig. 7b that are influenced by the building distribution. First, an outward propa-
gating wavefield is visible assuming the shape of the building layout. Second, significant 
perturbations, that we describe as wave trapping, occur in the center plaza amid structures. 
The outward propagating wavefield has been identified in 2D studies before (Bard et  al. 
2006). However, our results show that the 3D building distribution can have a profound 
effect on the propagation path of these waves. Due to their high inertia, super-tall buildings 
pin their neighboring soil mass via their stiff foundations. This is the primary cause of the 
perturbations in the outskirts. The literature regards this as the passive effect of structures 
in SCI, where buildings act as obstacles for the propagating wave. On the other hand, the 
trapped wavefield is caused by the presence of underground structures. Surface waves may 
get trapped in the soil enclosed by underground structures. As the major energy dissipation 
happens through radiation damping, waves trapped in a small area may reflect at soil–foun-
dation interfaces multiple times. This can lead to constructive interference and significant 
ground motion amplification.

Figure 8a shows the ‘x’ component peak ground accelerations (PGA). In the close vicin-
ity of the foundations and the center plaza, the PGA is over 6 m/s2. Specifically, around 
points 1, 3, and 4 indicated in Fig. 8b, the PGA reaches 6.5 m/s2. In addition to the large 
‘x’ PGA, the interaction between structures and the soil generates considerable ‘y’ and ‘z’ 
(vertical) acceleration components as well, shown in Fig.  8c, d, respectively. The rock-
ing of the buildings causes at least 1.5 m/s2 ‘z’ acceleration in the center plaza and up 
to 100 m on either side of the development. While misaligned wave reflections from the 
obliquely oriented foundations generate ‘y’ accelerations up to 4 m/s2 in the center plaza. 
Figure 8b shows the PGA amplification map. Amplification factors range from 1.1 to 1.65 
in the center plaza, which shows that wave trapping can dramatically increase the surface 
response when it occurs. In the outskirts (points 5–8), alternating ring-like zones of ampli-
fication/no-amplification emerge. Waves reflected from foundation-soil interfaces that 
travel outwards interfere constructively/deconstructively with incoming shear waves. The 
alternation patterns are associated with wavelengths varying from 30 to 100 m, correspond-
ing to a period range of 0.1–0.4 s. As longer period waves can travel farther, amplifica-
tion zones far from the structures recur about every 100 m, while close to the structure the 
recurrence length is about 30 m. The outward propagating wavefield travels up to 300 m, 

Fig. 7  Site response at the instance when PGD (a) and PGP (b) occur
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where an amplification factor of 1.1–1.2 persists. The 20% excess acceleration (0.7 m/s2) 
is larger than the PGA of a serviceability level earthquake (SLE) specified by the Chinese 
seismic design code.

The pseudo acceleration spectra (Sa) in Fig. 9 shows a significant amplification of the free-
field (FF) motion in the short period range (up to 0.3 s) at the center plaza and close to the 
foundations (points 1–6). However, as we move away (points 7, 8), the spectral amplifications 
diminish. It is also interesting to notice that the spectral ordinate considerably increases at 
0.4 s moving far from the structures (point 7, 8 vs. 5, 6). These observations are consistent 
with our argument above regarding the ring-like PGA amplification patterns. On the other 
hand, Fig. 9 shows no change in Sa in the period range of 1–10 s, where the site or building 
resonance would occur. Active beating of structures would trigger amplification in the ground 
motion around the natural period of the local structures which cannot be identified. From this, 
we can conclude that ground motion amplification results solely from wave trapping between 
the underground structures, from the pinning effect of foundations, and by structures acting 
as obstacles to propagating seismic waves. These phenomena seem to dominate in the short 
period range in the presence of super-tall buildings. The level of amplification observed due 
to SCI raises concerns for the possible increase in seismic demand on secondary structures in 
the neighborhood of super-tall buildings, for example, footbridges, low-rise buildings up to 3 
stories, and temporary structures such as market boutiques or stages for large social events.

Fig. 8  PGA maps in ‘x’ (a), ‘y’ (c), ‘z’ (d) and PGA amplification map showing the monitoring points used 
for spectral analysis (b) 
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In the following, we discuss ground velocity signal energy, defined in Eq. (7):

where E is the velocity signal energy and v(x, t) is the velocity signal at monitor point 
x integrated from the initial time (t0) until the end (T) of the signal. The velocity signal 
energy differs from the definition of cumulative kinetic energy density only by a scalar 
term. Therefore, it is indicative of the intensity of ground motions.

Figure  10  shows the map of velocity signal energy ratios (ER) between the SCI and 
the free-field response. Compared with the PGA amplification map in Fig. 8, the ER map 
shows a similar but more distinct pattern. Reduced ER zones are observed around the 
building foundations. This displays how structures act as energy barriers and energy sinks 
via their foundations. Foundations decrease energy by 40–60%. High energy reduction is 
associated with large building inertia, and with a stronger pinning effect of deeper founda-
tions. On the left and top side of the development, clusters A, B, F, and G, which have 
the deepest foundations and heaviest structures reduce ER the most. Conversely, cluster E 
reduces the energy the least, as it consists of structures with the lowest inertia and the shal-
lowest foundation

The metro station (H) is relatively compliant with soil displacements and only causes 
slight energy reduction. However, it takes a crucial role in the interaction between under-
ground structures by acting as an obstacle for incoming and trapped waves. The ER map 
shows focused zones of increased energy (110–130%) due to wave trapping on both sides 
of the metro station. From the acceleration spectra at points 1 and 2 in Fig. 9, we can see 
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that only short periods are amplified. However, we speculate that as the entrapment zone 
gets larger and longer waves can be trapped as well, amplification would occur at longer 
periods.

To demonstrate the importance of the structure layout on the wave trapping effect, the 
metro station (H) in the central plaza is removed as an alternative urban scenario. Fig-
ure 11 compares the ER and PGA maps with and without the metro station, using a 2 Hz 

0m        200m             500m
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C

D
H

Fig. 10  ER, velocity signal energy ratio map

Fig. 11  Signal energy ratios between SCI and freefield energy (top) and peak ground accelerations (bottom) 
with and without the presence of the metro station (H)
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Ricker wavelet as the input motion for easier comparison. It shows that if the metro sta-
tion is absent, the center plaza has a larger and more homogeneous zone of ER amplifica-
tion. On the other hand, the metro station spatially divides the plaza into smaller unbuilt 
zones, which traps higher frequency waves, and thus the PGA is increased in these divided 
zones when the metro station is present. Finally, we emphasize that despite the small ratio 
between the fundamental site period and the fundamental period of buildings, the immense 
inertia of super-tall buildings and wave trapping will still cause notable SCI effects.

3.2  SCI effects on structural response

In this section, we quantify the contribution of SCI to the structural response of clusters 
A, B, D, and E. Figure 12a, b shows snapshots of building and soil deformations when the 
roof displacement of structures E reaches negative and positive peak values, respectively 
(at times: 31 and 40 s). The equivalent homogeneous block structure models can capture 
flexural and modal responses as expected from a 3D beam. This is well demonstrated in 
Fig. 12 for structures A and E. Structures in E are dominated by their first modal response, 
however, perturbed with high-frequency modal shapes. Other structures respond more 
significantly in higher modes and torsional modes due to their misalignment with the ‘x’ 
directional excitation and their non-trivial geometry. Figure 12 also shows that the base of 
the buildings and their surrounding soil do no move together. This phenomenon contrib-
utes to the beating effect. However, active beating is not visible in our case, as the spectrum 
(Sa) at the natural period of the structures is negligible (cf. Fig. 9) and the high-frequency 
vibrations of buildings contain too little energy to notably affect ground motions. The 
metro station is compliant with soil displacements. On the other hand, its movement is lim-
ited by its surrounding structures that stiffen the local site response.

Subsequent figures describe some quantities commonly used to describe dynamic struc-
tural response, namely, the maximum relative story displacement (MRSD), the maximum 
inter-story drift ratio (MIDR), and the maximum relative story acceleration (MSA) defined 
in Eqs. (8)–(10).

0m       200m               500m

(a) (b)
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E
G
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D

Fig. 12  Structural response of the SCI model when peak negative (a) and positive (b) displacements occur 
in structures E
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where MRSDi is the maximum relative story displacement at story i while, ui(t) and ub(t) 
are displacements at floor i at times t and the base of the building, respectively.

where MIDRi is the maximum inter-story drift ratio at story i, dxi(t) is the relative horizon-
tal displacement of the story i at times t, and dz is the inter-story height.

where MSAi is the maximum relative story acceleration at story i while, ai(t) and ab(t) are 
accelerations at floor i and the base of the building at times t, respectively.

Figures 13 and 14 compare these quantities between SSI and SCI models of the structures 
highlighted in Fig. 3, in clusters A, B, D, and E. Note that the resolution of the figures is 
according to the density of monitoring points (1 per element) and do not represent the spa-
tial resolution of the SEM model itself (3 GLL nodes per element). The maximum relative 
roof displacements are between 40 and 60 cm. These values are virtually identical between 
SCI and SSI models. The shortest tower (E) shows a dominant first modal response in ‘x’ 
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based on MRSDx in Fig. 13. However, MIDRx in Fig. 14 reveals that the drift pattern of the 
building is of a higher mode. For high-rise buildings, higher-mode participation becomes 
important. Structure D primarily shows the first and second modal shapes while the first three 
modes dominate in B and A, according to MRSDx. A substantial change in structural response 
between the SSI and SCI cases is not expected. Based on Fig. 9, SCI affects the short periods 
(0.01–0.3 s), which is far from the buildings’ fundamental periods (5–11 s) and their dominant 
higher modes. Short period waves cannot change the displacement and deformation reaction 
of such tall buildings, as MRSDx and MIDRx graphs would indicate. On the other hand, upon 
inspecting MRSDy and MIDRy that are orthogonal to the shaking direction, a slight increase is 
evident for the SCI model. The increased distortion in ‘y’ is related to excess acceleration and 
large spatial incoherency of ground motions generated by SCI. It is noted that SSI models also 
displace in the ‘y’ direction due to special building geometries and misalignment with respect 
to the shaking direction. In conclusion, although the site response is adversely affected by SCI, 
super-tall buildings do not suffer significantly increased seismic demand in terms of MRSD 
and MIDR.

Figure 15 shows peak roof accelerations ranging from 4 to 12 m/s2 with the largest value 
belonging to building E and the smallest to B. The evolution of MSA displays the most promi-
nent differences between SSI and SCI models. Maximum relative story accelerations meas-
ured along the buildings demonstrate the notably adverse effects of SCI, in both ‘x’ and ‘y’ 
directions. Each building has several floors that suffer around 1 m/s2 additional acceleration 
in the ‘x’ direction. A few floors show up to 30–40% increased MSA. Generally, MSAy is 
increased on each floor by 50–100% (1–2 m/s2) for structures E, D, and B, however on average 
only 25% (0.5 m/s2) for A. The implications of increased MSA are mostly on the serviceability 
of buildings, possible damage to non-structural components, and building content loss.

In the following, we calculate the destructive kinetic energy injected into each building 
during excitation using Eqs. (11) and (12). Only velocity relative to the velocity at the base 
of a structure can be considered destructive, as translational motion will not increase the 
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demand on structural elements. Hence, destructive kinetic energy is calculated using the rela-
tive velocity.

where ρ is the material density, vbase, i(t) and vi(x, y, z, t) are the velocities in the i direction 
at time t at the building base and structural points (x, y, z), respectively. The squared dif-
ference of these velocities is integrated over the duration of the signal to get the point-wise 
energy density in the i direction, ekd,i . Ekd,i is the total destructive kinetic energy in the i 
direction calculated by integrating ekd,i over the volume, V, of the superstructure.

We take the ratio of the calculated energy between the SCI and the SSI models to 
quantify the effect of SCI on our four test structures. Thereby, we result in a ratio that is 
larger or smaller than one when the SCI effect is adverse or beneficial, respectively. Fig-
ure 16 describes the distribution of energy density ratio EDRx = ekd,x

SCI/ekd,x
SSI along the 

height of structures E, D, B, and A, based on the ‘x’ directional velocity. EDRx remains 
below 1.2 for E, D, and A, but it gets as high as 1.6 for B. Increased energy bands recur 
about every 30 m in a rather consistent pattern on E, D, and B. These bands cover about 
3–6 floors (10–20 m) where the buildings would suffer significantly increased vibration 
from the effect of SCI. Such increased demand might raise concerns about increased 
local damage potential of columns and nonstructural components. Once more, we refer 
to Fig.  9 to explain these patterns. Due to SCI, the acceleration spectra at points 1–6 
exhibit increased spectral ordinates up to 0.3 s, which corresponds to a 30 m wavelength 
in the superstructures. This wavelength might be associated with a high-mode vibration 
that contributes to the local increase of ‘x’ directional energy. However, this contribu-
tion becomes insignificant when examining the total energy ratio ERtotal=

∑

E
SCI

kd,i
/
∑

E
SSI

kd,i
 

indicated in red in Fig. 16. SCI effects do not change the ERtotal significantly except for 
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Fig. 16  Distribution map of energy ratios (ER) based on ‘x’ directional velocity signals and total  energy 
ratios for structure E, D, B, and A
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tower B (ERtotal = 1.18). The notable increase in ERtotal in tower B is mainly due to its 
location. Based on Fig. 11, the open space (75 m) between B and C seems like an appro-
priate dimension to channelize perturbed waves generated via interactions between 
underground structures in the center plaza. Due to this channelization we observe that 
tower B is surrounded by a zone of high-energy amplification. On the other hand, SCI 
does not affect the ‘x’ kinetic energy contained in the overwhelming portion of the tall-
est building A (shaded light purple). The ‘x’ kinetic energy only increases at its base 
and top which results in a slight increase in its ERtotal. Due to its height, building A 
does not respond to high-frequency perturbations thus, we cannot observe the recurring 
increased energy bands.

Figure 17 breaks down the total kinetic energy in three orthogonal directions and indi-
cates the energy ratio between the SCI and the SSI models for each building. The values 
are normalized by 1/2ρV to get the destructive signal energy for a more convenient display. 
The energy in the shaking direction is reduced by 3% for structure E, D, and A. Conversely, 
B shows 108% increased energy in this direction, which can be expected as only this struc-
ture has a notable increase in ERtotal. SCI affects building responses orthogonal to the shak-
ing direction more notably. The reason for this is that the trapped waves and reflections 
from misaligned foundations generate significant excess motion in this direction. Despite 
the reduced ‘x’ directional energy in both E and A, their ERtotal is slightly increased due to 
the contribution of excess ‘y’ and ‘z’ energy.

4  Discussion and conclusion

The conventional seismic design assumes that buildings are standalone structures, or it 
occasionally considers interaction with their immediate neighbors using equivalent static 
approaches. However, complex interactions due to the 3D layout of structures cannot be 
captured unless the entirety of a building cluster is considered during design. The goal 
of this study was to assess the combined effects of underground structures and super-tall 
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aboveground structures in a realistic 3D setting. The results presented in this case study 
call for the consideration of the built environment when designing earthquake-resilient 
structures at congested urban sites. The fully integrated 3D simulation revealed that surface 
waves get trapped in the soil enclosed by underground structures due to the 3D interaction 
between them. Radiation damping is significantly hindered by the presence of neighboring 
buildings, which act as obstacles and reflect the radiating wave field. Hence, conventional 
spring and dashpot SSI models may overestimate high-frequency soil damping for a struc-
ture in an aggregate with a center plaza layout. To account for the dynamic effect of SCI, it 
may be necessary to revisit the choice of dynamic impedances used in convectional dash-
pot and spring SSI models for the design of buildings in an aggregate.

The analysis of SCI effects showed that closely built high-rise buildings can increase 
each other’s seismic demand by interacting via the soil. In terms of structural design, 
the implications of SCI effects are mostly on serviceability, building content loss, and 
increased local damage potential. Inter-story drift ratios and maximum relative story 
displacements of super-tall buildings are not affected notably. On the other hand, closely 
built super-tall buildings can considerably increase each other’s maximum relative story 
accelerations (MSA). We found that, on average, MSA will increase by 25% in the ana-
lyzed structures. Hence, we suggest increasing the MSA calculated from a stand-alone 
building model by a 1.25 factor to account for SCI effects in congested urban environ-
ments. Please note that the heights of the buildings modeled in this study ranged from 
50 to 110 stories.

SCI of super-tall buildings severely affects the ground motion in the short period range 
(0.01–0.3 s). This study shows that PGA increases by up to 20% as far as 300 m outside the 
building cluster, while wave trapping inside the plaza increases PGA by up to 50%. There-
fore, for 3-story and shorter buildings constructed in the vicinity of super-tall building 
clusters, such as auxiliary buildings, storage facilities, shopping booths, footbridges, etc., 
we suggest increasing the design PGA by 50% (in a center plaza) or 20% (in the outskirt) 
to account for the SCI effect. The testbed is located at the water front (Victoria Harbor), 
hence there is a potential risk for liquefaction in the top fill layers under strong earthquake 
shaking. The SCI effects may influence the buildup of pore water pressure, thus studies 
based on a free-field response may underestimate the liquefaction potential. We would like 
to note that the guidelines discussed herein are based on the case study of some specific 
high-rise buildings in Hong Kong. This study is intended for moderate to low seismicity 
area, and a linear behavior of the soil is used in the analysis with adjustment of soil stiff-
ness and damping. For large seismic events, soil nonlinearity needs to be simulated. For a 
globally applicable guideline, additional and parameterized models need to be considered 
to validate or alter the suggestions outlined in this paper for different scenarios.

Regarding the effects of SCI on site response the following conclusions are drawn from 
our study:

• The SCI simulation revealed a significant interaction between underground structures, 
where surface waves get trapped in the soil enclosed by underground structures. This 
can lead to constructive wave interference and significant ground motion amplification. 
In the center plaza and the close outskirts, PGA amplification factors range between 1.2 
and 1.5.

• In the case of buildings modeled in isolation (SSI models) energy dissipation mainly 
happens through radiation damping. However, in the case of an aggregate of buildings 
(SCI models) radiation damping can be significantly hindered by the presence of neigh-
boring buildings.
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• There is a significant passive SCI effect in play, which is a primary cause for notable 
perturbations in the outskirts of the hub. Super-tall buildings cause the pinning of their 
surrounding soil via their deep foundations due to their tremendous inertia.

• The building layout was proven to be a defining factor in wave trapping between under-
ground structures and in generating up to 3.5 m/s2 excess demand orthogonal to the 
shaking direction due to foundations misaligned with the shaking direction.

• SCI drastically decreases ground motion coherency at the site.
• The amplification effects (up to 150-200%) of SCI were only detected in the short 

period range (0.01-0.3 s) of the acceleration spectra, these periods are further reflected 
in PGA amplification patterns and the structural responses as well.

By contrasting the standalone reaction of buildings to their reaction in a building clus-
ter, SCI effects were isolated and quantified. We made the following observations regard-
ing the effects of SCI on structural responses:

• As SCI mainly affects the short-period structural responses, while the flexible behavior 
of tall buildings is mainly controlled by long-period motion, the flexural responses are 
not altered substantially due to SCI.

• The short period waves amplified through SCI have a significantly adverse effect on the 
maximum relative story accelerations (MSA). Nearly all floors suffer 1–2 m/s2 excess 
MSA in ‘y’ direction, while numerous floors suffer 1 m/s2 additional excitation in ‘x’.

• Increased kinetic energy bands repeat in about every 30 m. These bands cover 3–6 floors 
where the buildings would suffer a 10–20% increase in destructive energy. The repeat-
ing pattern can be associated with the high-mode structural response due to increased 
high-frequency spectral accelerations from the SCI effect. The maximum increase in 
total kinetic energy (118%) is observed in structure B, which is surrounded by a soil 
zone with high-energy amplification.

In conclusion, the most alarming consequence of SCI on the high-rise is the signifi-
cant increase in MSA. Furthermore, in the neighborhood of high-rise buildings, SCI effects 
may significantly increase the demand on short structures ( ≤ 3 stories). At developments 
built with a special layout, such as buildings surrounding a center plaza, wave trapping can 
adversely affect secondary and interim structures in the plaza. Therefore, we suggest using 
multiplying factors for PGA and MSA to account for SCI effects during dynamic structural 
analysis. We would like to note that the current analysis is a case study and uses a single, 
unidirectional ground motion. Multi-directional shaking and more ground motions will be 
used in our future studies to provide more robust and generalized findings. Further case 
studies should also be conducted to help large cities located in seismic zones enhance strat-
egies in financial and insurance policies as well as urban planning.
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