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Summary

Seismic damage simulation of buildings on a regional scale is important for loss

estimation and disaster mitigation of cities. However, the interaction among

densely distributed buildings in a city and the site, ie, the “site‐city interaction

(SCI) effects,” is often neglected in most regional simulations. Yet, many stud-

ies have found that the SCI effects are very important in regional simulations

containing a large number of tall buildings and underground structures. There-

fore, this work proposed a numerical coupling scheme for nonlinear time his-

tory analysis of buildings on a regional scale considering the SCI effects. In this

study, multiple‐degree‐of‐freedom models are used to represent different build-

ings above the ground, while an open source spectral element program,

SPEED, is used for simulating wave propagation in underlying soil layers.

The proposed numerical scheme is firstly validated through a shaking table

test. Then, a detailed discussion on the SCI effects in a 3D basin is performed.

Finally, a nonlinear time history analysis of buildings on a regional scale is per-

formed using the Tsinghua University campus in Beijing as a case study. The

Tsinghua University campus case results show that the SCI effects will reduce

the seismic responses of most buildings. However, some buildings will suffer

much more severe damage when the SCI effects are considered, which may

depend on the input motions, site characteristics, and building configurations.
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1 | INTRODUCTION

Earthquakeswill cause a large amount of economic losses and casualties,1-3 while amajor part of seismic losses are contributed
by building damages under earthquakes. Therefore, an accurate prediction of the seismic damage to buildings on a regional
scale is important for city planning and postearthquake rescue, which will help mitigate direct/indirect seismic losses.4-7

Existing approaches for seismic damage evaluation of buildings on a regional scale mainly include the damage prob-
ability matrix method,8,9 the capacity spectrum method,5 and methods based on time history analysis (THA).4,10 The
damage probability matrix method relies greatly on historical damage data, which are not easily adopted for areas
without sufficient statistical data. The capacity spectrum method can, to some extent, consider the seismic resistance
Earthquake Engng Struct Dyn. 2018;47:2708–2725.wileyonlinelibrary.com/journal/eqe
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of individual buildings and the spectral characteristics of different ground motions. However, the effects of duration and
pulse‐like ground motions, or high‐order vibration modes of buildings, cannot be fully considered by this method. Now-
adays, the THA‐based method has been widely used in regional seismic simulation with advancement in computer tech-
nology.10,11 The THA‐based method can take full consideration of the nonlinear dynamic characteristics of buildings as
well as intensity, frequency content, and duration characteristics of ground motions, so it is particularly suitable for seis-
mic damage simulation of buildings.6,12 To balance the accuracy and efficiency of the THA‐based regional scale simu-
lation containing a large number of buildings, Lu et al10 proposed a nonlinear multiple‐degree‐of‐freedom (MDOF)
shear model and a nonlinear multiple‐degree‐of‐freedom flexural‐shear model for different types of buildings. The accu-
racy and the efficiency of these nonlinear MDOF models have been systematically validated by comparing the simula-
tion results with a number of experimental results using actual earthquake records.13,14

It is worth noting that, to date, the THA of buildings on a regional scale contains the following 2 steps: (1) the free‐field
groundmotion is predicted by wave propagationmodeling,15 stochastic simulation,16,17 or by using groundmotion predic-
tion equations and (2) the THA of buildings is performed to predict the seismic damage under the predicted free‐field
groundmotions. In this way, the site effects might be well considered, but the soil‐structure interaction (SSI) and the struc-
ture‐soil‐structure interaction (SSSI) would be neglected. Note that SSI and SSSI would change the motions around build-
ings (the so‐called “Contamination of ground motions by buildings”). Particularly, for densely populated cities, a large
amount of multistory and tall buildings are constructed closely to each other, whichmay greatly change the characteristics
of sites. Such overall effects and the “global” interaction between all the buildings in a city and its subsoil are usually called
“site‐city interaction (SCI) effects.”18 Bard et al18 found that “if SCI effects turn out to be significant, one immediate conse-
quence is that erecting or destroying a building, or a group of buildings, could modify seismic hazard for the neighbourhood,
which in turn could lead to significant conceptual changes, especially concerningmicrozoning studies, land‐use planning, and
insurance policies.” Recently, many theoretical, experimental, and numerical studies have been performed on the SCI
effects.11,18-34 For example, Schwan et al31 reported a series of shaking table tests, and found that densely located buildings
can greatly change the characteristics of the site and the dynamic responses of buildings; Semblat et al32 performed the seis-
mic wave propagation in an actual 2D shallow alluvial basin in Nice using boundary element method, and analyzed the
influence of SCI effects; Isbiliroglu et al24 analyzed the SCI effects of theNorthridge Earthquake by using domain reduction
method based on the Hercules system proposed by Tu et al.35 Mazzieri et al28 developed an open source program SPEED
(SPectral Elements in Elastodynamics with Discontinuous Galerkin) using spectral element method, and performed the
seismic simulation considering SCI effects for Christchurch, New Zealand.36 The program is also used in a recent case
study of SCI effects for an urban transportation hub in Hong Kong.25

Many existing studies proved that the ground motions can be affected by the existence of buildings, which may lead
to a significant difference in the dynamic responses of buildings. For example, Isbiliroglu et al24 found that the vibration
of large‐scale structures will greatly affect the nearby buildings; Guidotti et al36 found that the SCI effects will change
the ground motions by more than one‐third compared with the free‐field motions. Thus, the SCI effects should be well
considered when conducting the seismic simulation of buildings on a regional scale.

Existing researches on SCI effects mainly focused on the wave propagation simulation. Instead, only very simple build-
ing models are adopted, such as elastic blocks, which are inaccurate and cannot consider the nonlinear behavior of real
structures, and will lead to quite different simulation results from real structures. Therefore, based on existing studies, this
work proposed a numerical coupling scheme for nonlinear THA of buildings on a regional scale considering the SCI
effects. Multiple‐degree‐of‐freedommodels, which can accurately simulate the nonlinear dynamic behaviors of buildings,
are used to represent the key features of different buildings above the ground. An open source spectral element program,
SPEED, is used to compute the wave propagation in underlying soil layers. The proposed numerical scheme is firstly
validated through a shaking table test. Then, a detailed discussion on the SCI effects in a 3D basin is performed. Finally,
a nonlinear THA of buildings on a regional scale is performed using the Tsinghua University campus in Beijing as a case
study. The SCI effects to the seismic damage of buildings and the feasibility of the proposed method are discussed.
2 | REGIONAL SCALE NONLINEAR THA OF BUILDINGS CONSIDERING SCI
EFFECTS

2.1 | Nonlinear MDOF model for buildings above the ground

Lu et al10 proposed that the nonlinear MDOF models can simulate the dynamic behavior of buildings with satisfactory
accuracy and efficiency for regional seismic damage simulation. Therefore, the nonlinear MDOF models for buildings
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(including MDOF shear models and MDOF flexural‐shear models as shown in Figure 1A, B) and the corresponding
parameter determination method proposed by Lu et al10 and Xiong et al13,14 are adopted in this work to perform the
nonlinear THA of buildings on a regional scale.

In general, low‐story and multistory buildings often exhibit shear deformation modes under earthquakes, while tall
buildings will deform in flexure‐shear modes. So the MDOF shear model will be used for the low‐story and multistory
buildings, and the MDOF flexural‐shear model will be adopted to tall buildings. The masses of the buildings are concen-
trated on their corresponding stories, and the nonlinear behavior of the structure is represented by the nonlinear
interstory force‐displacement relationships. Thus, the parameter determination of the interstory force‐displacement
relationships will be very important for the rationality and accuracy of the simulation results, considering the limited
available information for buildings on a regional scale.

Xiong et al13,14 proposed a parameter determination and damage state determination method for the MDOF shear
and flexural‐shear models. In their work, trilinear backbone curves are adopted for the interstory force‐displacement
relationships (shown in Figure 1C), and a single parameter pinching model proposed by Steelman et al37 is adopted.
Firstly, based on building inventory data (including height, area, story number and so forth), a simulated design proce-
dure is conducted according to the corresponding design codes, and the fundamental period and the design point on the
backbone curve can be obtained. Then, according to related statistics of extensive experimental and analytical results,
the yield point, peak point and softening point on the backbone curve can be further obtained, which in turn will deter-
mine the shape of the backbone curve. Five damage states, ranging from none, slight, moderate, to extensive, and com-
plete damage, are considered in their work. The reliability of the proposed method is further validated by comparing
simulation results with actual seismic response.
2.2 | SPEED for simulating the wave propagation in 3D site models

To conveniently simulate the SCI effects, an open source program, SPEED,28 is adopted in this work. The program can
simulate seismic wave propagation in 3‐dimensional viscoelastic heterogeneous media on both local and regional scales.
Based on the discontinuous Galerkin spectral approximation, SPEED can handle nonmatching grids in an efficient and
versatile way, and has been successfully applied in many cases, such as Christchurch in New Zealand, Thessaloniki in
Greece and so forth.19,28,38,39

The governing equation adopted in SPEED has the following expression to describe the wave propagation in the soil
domain28:

ρ€u þ 2ρξ _uþ ρξ2u−∇⋅σ uð Þ ¼ f (1)

where ρ is the density of the soil; u, _u, and €u represent the displacement, velocity, and acceleration filed of the soil
respectively; ξ is the decay factor; σ (u) is the Cauchy stress tensor; and f is the density of body forces. The explicit
Newmark method (β = 0, γ = 0.5) is adopted for time integration in the dynamic simulation.
2.3 | Numerical coupling scheme for simulating SCI effects

Figure 2 illustrates the numerical coupling scheme for simulating SCI effects. The numerical scheme consists of 2 main
parts. In the first part, wave propagation in the soil domain is solved by using SPEED via Equation (1). In the second
FIGURE 1 A, MDOF shear model. B, MDOF flexural‐shear model. C, Trilinear backbone curve adopted in MDOF model13,14 [Colour

figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Numerical coupling scheme for SCI effects [Colour figure can be viewed at wileyonlinelibrary.com]
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part, each building is modeled using the nonlinear MDOF model. To couple these 2 parts, in each time step, the base
reaction forces from buildings are imposed to the soil domain, and the acceleration computed from the soil domain
are set as base acceleration to buildings. The detailed computation procedure is illustrated in Figure 2 and shown as
follows.

a. Given the soil response and boundary condition at tn, the soil response at tn+1,u
nþ1ð Þ
soil , can be solved via Equation (1)

by using explicit Newmark integration scheme (β = 0, γ = 0.5). The equation can be written in a matrix form for the
whole soil domain as follows:

1
Δt2

þ ξ
Δt

� �
Msoilu

nþ1ð Þ
soil ¼ F nð Þ

ext;soil−F
nð Þ
int;soil−ξ

2Msoilu
nð Þ
soil þ

ξ
Δt
Msoilu

n−1ð Þ
soil þ 1

Δt2
Msoil 2u nð Þ

soil−u
n−1ð Þ
soil

� �

¼ F nð Þ
boundary þ F nð Þ

interaction−F
nð Þ
int;soil−ξ

2Msoilu
nð Þ
soil þ

ξ
Δt
Msoilu

n−1ð Þ
soil þ 1

Δt2
Msoil 2u nð Þ

soil−u
n−1ð Þ
soil

� � (2)

where the superscript represents the time step; the external load F nð Þ
ext;soil applied to the soil domain at tn consists of 2

different sources: F nð Þ
boundary represents boundary forces for seismic wave input at the bottom and wave absorption at the

sides of truncated soil domain, and F nð Þ
interaction is the interaction force imposed to the soil domain at each building loca-

tion, which can be easily calculated as the base reaction force of the building from dynamic structural analysis; F nð Þ
int;soil

denotes the internal load obtained from the soil response at tn; Msoil is the mass matrix for the soil domain. Note that
Equation (2) has considered not only the soil‐structure interaction at the building location but also propagation and
interaction of wave field because of inconsistency of soil motions at various locations, such that wave interaction among
different building locations and wave interaction between the near field and the free field can be naturally captured. It is
also worth mentioning that heterogeneous soil layers and complex 3D topography can also be modeled using the
spectral element simulation.15

b. After obtaining the soil displacement field at tn+1, the soil acceleration €u nð Þ
soil at each building location (eg, A and B in

Figure 2) at tn can be assigned as base acceleration to each building using explicit Newmark method as shown in
Equation (3).

http://wileyonlinelibrary.com
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€u nð Þ
soil ¼ u nþ1ð Þ

soil ‐2u nð Þ
soil þ u n−1ð Þ

soil

Δt2
(3)

c. In this work, dynamic response analysis is performed individually for each building using the nonlinear MDOF

model shown in Figure 1. The nonlinear structural responses of each building at tn+1, u
nþ1ð Þ
bldg , can be obtained by

solving Equation (4):

1
Δt2

Mbldg þ 1
2Δt

Cbldg

� �
u nþ1ð Þ
bldg ¼ −Mbldg 1f g€u nð Þ

soil−F
nð Þ
int;bldg þ

1
2Δt

Cbldgu
n−1ð Þ
bldg þ 1

Δt2
Mbldg 2u nð Þ

bldg−u
n−1ð Þ
bldg

� �
(4)

where {1} stands for a vector of ones {1, 1, …, 1}T,Mbldg denotes the mass matrix of each building, Cbldg represents matrix
for Rayleigh damping, and Fint,bldg denotes the internal force obtained from the nonlinear building analysis. It is noted
that in solving the nonlinear structural responses, the base of each building (eg, A and B in Figure 2) is assumed to be

fixed, and the base acceleration €u nð Þ
soil is imposed as inertia force to each story. Hence, the term ubldg in Figure 2 and

Equation (4) represents the building's displacement relative to its base. As a result, the displacement compatibility at
the building location is implicitly satisfied.

d. Taking the base reaction force from each building at tn+1 as the updated interaction force, the updated F nþ1ð Þ
interaction is

then applied to the soil domain at the building location for the next iteration.
e. Loop over steps (a) to (d) until the last time step.

To implement the above procedure, first of all, the building inventory data are necessary. The building inventory
data include the height, story number, structural type, year built, location of the building, and other design information.
The vibration period of the building is optional. If this information is not provided, the vibration period of the building
will be estimated based on empirical equations and the building inventory data. Second, to update the interaction force
Finteraction to the soil domain, the corresponding Neumann boundary conditions should be assigned according to the
location of each building. A new function type for boundary conditions has been developed in SPEED, so that the
boundary force can be updated at each time step by using the value of Finteraction calculated from the MDOF models.

Compared with existing models that simulate the SCI effects, the numerical coupling scheme proposed in this work
requires only the building inventory data and the updated force boundary as additional input. The backbone curves of
the buildings can be calculated automatically within the program according to Xiong et al's work,13,14 which signifi-
cantly reduces the workload of numerical modeling. The MDOF model can capture the nonlinear seismic response of
buildings, which cannot be achieved if an elastic block model is used.25 Owing to the reduced DOFs, the adoption of
MDOF models for buildings is highly cost‐effective for the simulation. The proposed method can not only consider
the SSI at the building locations because of the coupling scheme but also the SSSI and SCI effects, because they have
been naturally captured during the dynamic soil response simulation in SPEED.
3 | SHAKING TABLE TEST VALIDATION

A shaking table test31 is simulated to validate the proposed numerical coupling scheme. The prototype of the shaking
table test is shown in Figure 3A. A cellular polyurethane foam, with a size of 2.13 m × 1.76 m × 0.76 m (X × Y × Z),
is used to simulate the underlying foundation. The polyurethane foam has a density of 49 kg/m3, damping ratio of
4.9%, shear velocity of 33 m/s, and Poisson ratio of 0.06. The fundamental frequency of the site in the X‐direction is
approximately 9.36 Hz according to the experimental measurement. Aluminum sheets with a height of 0.184 m and
thickness of 0.5 mm are used to simulate multiple rows of buildings. The fundamental frequency of the aluminum
sheets in the X‐direction is approximately 8.45 Hz, with a damping ratio of approximately 4% according to the experi-
mental results. The Ricker wavelet with spectral acceleration peak around 8 Hz is adopted as input signal to the bottom
of the site. Two configurations, one having a single building, and the other having 37 buildings, are considered in the
shaking table tests, as shown in Figure 3B.

To simulate this test, the site and the buildings are modeled separately. During the modeling procedure, the
abovementioned parameters are adopted. The MDOF model with the same fundamental frequency, height, and mass



FIGURE 3 A, The prototype of the shaking table test. B, The configuration of buildings
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is established, while the 3D solid model is adopted to simulate the site. The mesh used for the site model in the X‐Z
plane is shown in Figure 4. A mesh size of 93.75 mm is adopted along the Z‐direction, and the mesh along the X‐direc-
tion is determined according to the locations of the buildings. The first layer is established with a depth of 10 mm, so
that the red part in Figure 4 can take the mass of the aluminum “foundations” (the aluminum angles at the bottom
of the sheets) into consideration. The mesh size along the Y‐direction is 0.05 m. A polynomial degree of 2 is adopted
for the site model. Considering the shear velocity of the site (33 m/s) and the frequency range considered in this
simulation (5‐20 Hz), the average number of points per minimum wavelength is greater than 5; this shows that the
mesh size adopted in this work can be considered to be reasonable.40 Based on the established model, the Ricker
wavelet is adopted as the Dirichlet boundary condition at the bottom surface of the site model. During computation,
the ground motions recorded at point 1 and the corresponding transfer functions with respect to the input motion at
the bottom of the site are compared, as shown in Figures 5 and 6.

Figures 5 and 6 show that the SCI effects will become more significant when the density of buildings is larger. The
characteristics of the site can hardly be changed by only 1 building. But when the number of buildings is large enough,
the SCI effects will lead to a smaller fundamental frequency of the site. In addition, 2 modes appear in the transfer
function with smaller amplitudes (Figure 6B) instead of only 1 large peak (Figure 6A). The comparison between the
FIGURE 4 Meshing scheme of the site model [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Comparison of the ground motions at point 1 under Configuration 1 A, and Configuration 2 B [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 6 Comparison of the transfer function |uΓ/ub| under Configuration 1 A, and Configuration 2 B [Colour figure can be viewed at

wileyonlinelibrary.com]
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simulation and test results demonstrate that the numerical coupling scheme proposed in this study can rather
accurately simulate the influence of the SCI effects.
4 | CASE STUDY OF SCI EFFECTS IN A 3D BASIN

4.1 | The model setup

Because of focusing effects, earthquake ground motions are often greatly amplified within a basin. In addition, double
resonance may occur if the fundamental period of a basin is close to that of the structure. Under double resonance con-
ditions, the SCI effects will be very significant according to previous studies.26,32 In this section, the method proposed in
Section 2 will be adopted to perform a case study on the SCI effects in a 3D basin. To make full use of existing research
outcomes, the trapezoidal (TRP) basin model analyzed by Sahar et al30 is adopted in this study. The buildings are con-
sidered to be elastic, and the Ricker wavelet is used in the simulation. Note that, when detailed building inventory data
are available, the numerical coupling scheme proposed in this study can simulate the nonlinear dynamic behavior of
buildings, which will be shown in Section 5.

In this case, the size of the site considered is 3 km × 3 km with a depth of 600 m. A TRP basin with a maximum
depth of 150 m is located at the center of the site. The slope of the inclined base of the TRP basin is 30°, and the detailed
dimensions can be found in Figure 7. The rest of the site is made of rock, while the bottom layer with a depth of 100 m is
used for plane wave input. The parameter of the site media is shown in Table 1. On the center of the basin surface, 9
building groups (denoted as B1 to B9) are arranged as 3 × 3, while the centers of each building group on the surface
are denoted as P1 to P9 as shown in Figure 8. The distance between neighboring building groups is 52 m. Each building
group contains 9 buildings arranged as 3 × 3 with a distance of 28 m. The width and length of each building is 56 m,
while the story height of each building is 3 m. The number of stories for these buildings varies in this case study.

The fundamental frequency of the basin is approximately 0.6 Hz according to the soil parameters of the basin. Thus,
the Ricker wavelet with a dominant frequency of 0.6 Hz is adopted as the input motion along the X‐axis. To achieve the
double resonance condition, 16‐story buildings (with a fundamental frequency of 0.625 Hz) are placed on the ground
FIGURE 7 The dimension of the TRP Basin model [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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TABLE 1 Parameters of the basin and rock30

Material Density (kg/m3) VS (m/s) VP (m/s) QS
a QP

Basin 1800 360 612 36 61

Rock 2650 1800 3060 180 300

aThe Q factor determines the qualitative behavior of damped oscillators. It equals 1/(2ζ), where ζ is the damping ratio.41

FIGURE 8 The building configuration [Colour figure can be viewed at wileyonlinelibrary.com]
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surface of the basin. For comparison, buildings in several building groups are replaced by 8‐story buildings, while the
building locations are still the same, so that the influence of the height/frequency of the buildings on the SCI effect
can be well simulated.

Three cases are simulated and discussed in this study:

Case 1: The seismic wave propagation in the site is simulated under free‐field condition. And the building responses
are simulated based on the free‐field motions.

Case 2: The SCI effects are considered during the computation, while all the buildings are 16‐story buildings (denoted
as Configuration A). This case is also a double resonance condition.

Case 3: The SCI effects are also considered during the computation, while the buildings in the B2, B4, B6, and B8
groups are replaced by 8‐story buildings (denoted as Configuration B).

The motions on the basin surface are recorded, and the ground motions at P1 to P9 will be analyzed in detail.
4.2 | Case 1: building response under free‐field motion without SCI effects

The peak ground acceleration and velocity (PGA and PGV) on the surface of the basin under Ricker wavelet are shown
in Figures 9 and 10. Case 1 simulated the free‐field situation, in which no building is on the surface of the basin. How-
ever, the locations of buildings are also marked by white lines for the convenience of discussions in the following sec-
tions. Figures 9 and 10 show that, under the free‐field condition, although the Ricker wavelet is input along the X‐axis,
there are also ground motions along the Y‐axis because of the reflection at the basin boundaries. At the same time,
because of the symmetry of the site, the distribution of PGA and PGV is also symmetrical. In general, the center of
the basin has the highest level of PGA and PGV. In addition, there are 3 peaks of the intensity (PGA and PGV)

http://wileyonlinelibrary.com


FIGURE 9 Distribution of PGA under

the free‐field condition (Case 1) along the

X‐axis A, and Y‐axis B [Colour figure can

be viewed at wileyonlinelibrary.com]

FIGURE 10 Distribution of PGV under

the free‐field condition (Case 1) along the

X‐axis A, and Y‐axis B [Colour figure can

be viewed at wileyonlinelibrary.com]
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distribution along the Y‐axis, with a distance of approximately 192 m. Because of the similar pattern of PGA and PGV,
the following sections will only discuss the differences of PGA distribution among the 3 cases in detail.

The transfer functions of the ground motions at P1 to P9 with respect to the input motion can be further obtained
from the simulation. Because of the symmetry of the results, the transfer functions at (P1, P3, P7, and P9), (P2 and P8),
and (P4 and P6) are also the same (results of Case 2 and Case 3 in the following section also have the same conclusions).
Therefore, only the transfer functions at P1, P2, P4, and P5 will be discussed. The transfer functions and response spec-
trum of ground motions at P1, P2, P4, and P5 are shown in Figure 11. According to Figure 11, the fundamental period of
the basin is approximately 0.66 Hz, but different ground motions at different locations show different characteristics. In
general, peak transfer functions are located in 4 frequency bands around 0.66 Hz, 0.78 to 0.80 Hz, 1.00 to 1.07 Hz, and
1.29 to 1.39 Hz.

Existing THA of buildings on a regional scale directly input the free‐field motions to the buildings for THA. Thus,
both of the buildings in configurations A and B are analyzed by inputting the free‐field motions obtained at their loca-
tions. The maximum roof drift ratio (RDR) of each building can be obtained as shown in Figure 12. For Configuration
A, all of the 81 buildings have the same properties, so their responses are approximately proportional to the intensity
(PGA) of the input motions. By contrast, for Configuration B, buildings in B2, B4, B6, and B8 are replaced by 8‐story
buildings, which in turn show smaller responses.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 11 Transfer function A, and response spectrum B, results at P1, P2, P4, and P5 in Case 1 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 12 The maximum RDR along

the X‐axis of buildings in Configuration A

A, and B B, under free‐field ground

motions (Case 1) [Colour figure can be

viewed at wileyonlinelibrary.com]
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4.3 | Case 2 and Case 3: building response considering SCI effects

Based on the numerical coupling scheme proposed in Section 2, the SCI effects are simulated in Case 2 and Case 3. Note
that the PGV results have a very similar pattern with PGA results, so only PGA results will be discussed. The distribu-
tion of PGA on the surface of TRP basin under Ricker wavelet (with a dominant frequency of 0.6 Hz) is shown in
Figure 13. The same legends are adopted as those in Figure 9, so that the influence caused by SCI effects can be
FIGURE 13 PGA distribution in Case 2

A, and Case 3 B, along the X‐axis

considering SCI effects [Colour figure can

be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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illustrated easily. Because the ground motions are mainly along the X‐axis, the results along the Y‐axis will not be
discussed. Compared with the results under free‐field condition, the SCI effects will greatly reduce the surface motion
intensity under the double resonance condition, which agrees with previous studies.29,32

The increase ratios of PGA with respect to the results in Case 1 (free‐field condition) can be obtained, and are
further shown in Figure 14 (Negative values mean reduction). The intensity of ground motions on the surface of
the basin is generally reduced by the SCI effects with a maximum reduction of 24.98%. Further study shows that
the SCI effects can be very complex. For Case 2, all of 81 buildings on the surface of the basin are 16‐story buildings.
The reduction region of PGA has an elliptical shape, and the maximum reduction is located at the center of the
ellipse, while some fluctuation exists in local areas. In addition, because of the reflection from the boundary of the
basin and the wave radiated from buildings, the regions near building blocks along the Y‐axis (denoted as R1 and
R2 in Figure 14A) also have some intensity reductions. In Case 3, buildings in B2, B4, B6, and B8 are replaced by
8‐story buildings, which results in more complex results. The locations of B1 to B9 have been illustrated in
Figure 14A. The PGA in B2 and B8 are hardly influenced by the SCI effects, with a reduction ratio of less than
10%. But in B4 and B6, more reductions in ground motion intensity are caused than those of Case 2. Similar to
the results in Case 2, there are also some regions near the building blocks along the Y‐axis where the intensity is
greatly reduced. But Case 3 has more reductions than Case 2. Comparing results between Case 2 and Case 3, it
can be found that the ground motions can also be influenced by the height/frequency of buildings, though the build-
ing density is the same.

Figure 15 shows the increase ratio of maximum RDR of buildings in Case 2 and Case 3 considering SCI effects com-
pared with Case 1. Compared with the results in Figure 14, it can be found that the building responses are influenced by
the SCI effects in a similar way with the intensity of ground motions (PGA). In Case 2, the maximum reduction of RDR
can be larger than 25% (25.91%); while in Case 3, the maximum reduction of RDR is less than 20% (18.82%). In general,
the responses of buildings located at the middle row along X‐axis will be influenced most significantly by the SCI effects
because of the shape of the TRP basin.

In addition, the characteristics of the TRP basin can be studied from the outputs at P1 to P9. Considering the sym-
metry of results, only the results of P1, P2, P4, and P5 will be discussed. The comparison of the response spectrum of the
ground motions at these points and the comparison of their transfer functions with respect to the input motion are
shown in Figures 16 and 17. Note that the fundamental frequencies of the 16‐story and 8‐story buildings are 0.625
and 1.25 Hz respectively. For Case 2, the transfer function values near the fundamental frequency of buildings
(0.625 Hz) are greatly reduced, with a reduction of peak frequency as well (because of the inertia effect of buildings
on the surface of the basin). The transfer function values in higher frequency range will also be reduced a bit. For Case 3,
because the buildings located at P2 and P4 are 8‐story buildings, the corresponding transfer function values will be
further reduced around the frequency of 1.25 Hz. In addition, the fundamental frequency of the basin is also reduced
because of the inertia effect, with a smaller amplitude as well. But the reduction of transfer function values is less than
those in Case 2.
FIGURE 14 Increase ratio of PGA on

the surface of the basin in Case 2 A, and

Case 3 B, compared with Case 1 (negative

value means reduction) [Colour figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 16 Comparison of the transfer function results at P1 A, P2 B, P4 C, and P5 D, with/without SCI effects [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 15 Increase ratio of maximum

RDR along the X‐axis of buildings in Case

2 A, and Case 3 B, when considering SCI

effects (negative value means reduction)

[Colour figure can be viewed at

wileyonlinelibrary.com]
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Figure 17 shows that the response spectrum of ground motions on the surface of the basin is generally reduced by
the SCI effects. But it is also worth noting that the response spectrum value of P2 in Case 3 at the period of 1.2 s is
larger than that in Case 1 (free‐field condition), which also reminds us that the response of buildings can also become
larger because of SCI effects considering the complicated dynamic features of buildings and sites in real world.

According to above discussion, it can be found that for the 3D TRP basin studied in this section:

(1) Under the double resonance condition (Case 2), the responses of buildings and the site will be reduced, which has
been found in previous studies.29,32 The method proposed in this work can fully represent this phenomenon caused
by SCI effects. As a result, traditional seismic damage simulation of buildings on a regional scale (the free‐field
motions are inputted directly to buildings) is conservative. However, it should be noted that, different from
conventional design procedures (a conservative design is acceptable), a conservative prediction will overestimate
the damage of buildings, which may in turn influence the distribution of relief supplies, and further restrict the

http://wileyonlinelibrary.com
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FIGURE 17 Comparison of the spectral acceleration results at P1 A, P2 B, P4 C, and P5 D, with/without SCI effects [Colour figure can be

viewed at wileyonlinelibrary.com]
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efficiency of postearthquake rescue work. Thus, it is of great value to take consideration of SCI effects in the
seismic damage simulation of buildings.

(2) The existence of buildings will reduce the fundamental frequency of the site, and the transfer function amplitudes
at the fundamental frequencies of both the buildings and the site will be reduced.

(3) Wave propagation in a basin can be quite complicated, and the reflection at the boundary of the basin will greatly
influence the ground motions at the ground surface. Even if the building density on the surface of the basin keeps
the same, the change of the building height/frequency will also significantly influence the SCI effects. Thus, the
building density alone is not sufficient for measurement of SCI effects.
5 | CASE STUDY OF TSINGHUA UNIVERSITY CAMPUS

5.1 | Introduction of the campus model

The Tsinghua University campus at Beijing is used to study the influence of SCI effects on the seismic damage simula-
tion of buildings on a regional scale. The size of the region considered is 3 km × 3 km × 350 m (length × width × depth).
Based on geological investigations and literature, the soil condition of the site is defined as follows:

(1) The thickness of the Quaternary deposits is 100 m,42 where the soil density is 2000 kg/m3.
(2) The thickness of the Tertiary deposits is 100 m,43 with a density of 2350 kg/m3.
(3) The shear velocity, VS, varies linearly from 200 m/s on the ground surface to 300 m/s in the depth of 30 m,44 and

1000 and 1800 m/s at the bottom of the Quaternary and Tertiary deposits respectively.43 The shear velocity profile
is shown in Figure 18A;

(4) The bottom layer of the site is made of rock with a density of 2700 kg/m3 and a shear velocity of 3400 m/s.43

In the simulation, the bedrock is truncated at 150 m in thickness.

By inputting the Ricker wavelet (with a dominant frequency of 2 Hz) to the bottom of the site model, the transfer
function of the site (free filed motions with respect to input motions at the bedrock) is shown in Figure 18B, where
the wave amplification peaks up at 1.2, 2.5, and 4.0 Hz.
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FIGURE 18 A, The distribution of the shear velocity. B, The transfer function of the site [Colour figure can be viewed at

wileyonlinelibrary.com]
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5.2 | Seismic simulation of buildings considering SCI effects

Based on previous building survey data,3 619 buildings in Tsinghua University campus are considered. Corresponding
MDOF models of buildings can be obtained according to the work by Xiong et al.13,14

In this study, the Sanhe‐Pinggu Earthquake (M8.0) scenario is considered, where Tsinghua University campus is
located approximately 50 km to the earthquake epicenter. The target free‐field ground motion is simulated and provided
by the China Earthquake Administration43 according to the scenario, as shown in Figure 19A. The SHAKE program45 is
used to perform the deconvolution of the ground motion to the bottom of the site, as shown in Figure 19B.

Based on the site model and the input motion mentioned above, 2 cases are performed:

Case T1 The free filed motion is used directly as the input motion of the buildings, without considering the SCI effects.
Case T2 The proposed numerical coupling scheme is adopted to simulate wave propagation and interaction between
the buildings and the site.

As demonstrated in Section 4, although Case T1 is usually adopted in seismic simulation of buildings on a regional
scale, it does not consider the SCI effects, which may lead to different responses of buildings. So Case T2 is performed to
study the influence of the SCI effects on the responses of buildings. Figure 20 shows the increase ratio of maximum RDR
of buildings considering SCI effects and corresponding decomposition.

Further study shows that the consideration of the SCI effects will generally reduce the roof drift of buildings by
6.59% on average, while the maximum reduction can reach 45.72% and the maximum increase can be more than
50%. For most buildings, the increase/reduction ratio is no more than 25% (as shown in Figure 20B). However, 10 build-
ings, which are all unreinforced masonry buildings, suffer a large increase of roof drift for more than 50% because of low
seismic resistances and ductility of these buildings, as small increase in ground motion will induce large increase in roof
displacement responses. For example, Building No. 559 is a 3‐story unreinforced building. The backbone curve for the
first floor of the building is shown in Figure 21A. The response spectrum comparison of the motions at the structure
location in the 2 cases is shown in Figure 21B. The interstory drift ratio (IDR) responses of the first floor of Building
No. 559 in Cases T1 and T2 are shown in Figure 21C. The difference between the motions in Figure 21B is far smaller
than the responses in Figure 21C. This is because the interstory shear‐drift relationship of the building has reached the
FIGURE 19 A, The free‐field ground

motion. B, The deconvoluted motion at

the bottom of the site [Colour figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 20 A, The distribution of

increase ratio of maximum RDR. B, The

composition of increase ratio of maximum

RDR [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 21 A, The backbone curve of the first floor in Building No. 559. B, Comparison of response spectrum. C, Comparison of IDR

responses of the 1st floor in Building No. 559 [Colour figure can be viewed at wileyonlinelibrary.com]

2722 LU ET AL.
descending part of the backbone curve at approximately 10 s (the peak IDR of the backbone curve is 0.0013). At
this moment, a small fluctuation of the input motion will collapse the first floor, and further lead to a much larger
roof drift response.

From the distributions provided in Figure 20A, the mechanism of SCI effects can be very complex, because of the
building distribution, the characteristics of the site, and the input motions. From this case, the SCI effects will reduce
the responses of most buildings. However, more severe damage occurs to several buildings. Such severe damage may
lead to significant casualties. Therefore, the SCI effects should be well considered when performing nonlinear THA
of buildings on a regional scale.

http://wileyonlinelibrary.com
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6 | CONCLUSIONS

A numerical coupling scheme based on the MDOF models and the SPEED program is proposed in this work to simulate
the SCI effect. The proposed method has been validated and successfully applied to the 3D basin site and Tsinghua
University campus case study. Several conclusions can be drawn as follows:

(1) The validation of the shaking table test shows that the proposed numerical scheme can simulate the influence of
the SCI effects with a satisfactory accuracy.

(2) Under the double resonance condition, the responses of buildings and the site will be greatly reduced, which has
been found in previous studies. The method proposed in this work can fully represent this characteristics caused by
SCI effects.

(3) From the case study of the 3D basin, the building density alone is not sufficient for measuring the SCI effects. Some
other factors, such as the building height and input motions, need to be considered together as well.

(4) In the case study of Tsinghua University campus, the SCI effects will generally reduce the structural responses. But
some buildings may suffer more severe damage because of the SCI effects and the nonlinear behavior of buildings.
Thus, the SCI effects should be well considered during the nonlinear THA of buildings on a regional scale.

(5) The mechanism of SCI effects can be very complex, which will be greatly influenced by the building configuration,
site characteristics, input motions, and so forth. The numerical scheme proposed in this work can provide a useful
simulation tool to researches on SCI effects, and more generalized conclusions will be discussed in the future.
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