
ORIGINAL RESEARCH
published: 24 October 2017

doi: 10.3389/fbuil.2017.00061

Edited by:
Katsuichiro Goda,

University of Bristol, United Kingdom

Reviewed by:
Shinichi Matsushima,

Kyoto University, Japan
Alkis Daskaloudis,

Mott MacDonald, United Kingdom

*Correspondence:
Taojun Liu

liutaojun@hotmail.com

Specialty section:
This article was submitted to

Earthquake Engineering,
a section of the journal

Frontiers in Built Environment

Received: 07 June 2017
Accepted: 02 October 2017
Published: 24 October 2017

Citation:
Liu T and Hong H (2017) Estimation

of Seismic Loss for a Portfolio of
Buildings under Bidirectional

Horizontal Ground Motions due to a
Scenario Cascadia Event.
Front. Built Environ. 3:61.

doi: 10.3389/fbuil.2017.00061

Estimation of Seismic Loss for
a Portfolio of Buildings under
Bidirectional Horizontal Ground
Motions due to a Scenario
Cascadia Event
Taojun Liu1,2* and Hanping Hong3

1Department of Civil, Environmental and Architectural Engineering, University of Colorado Boulder, Boulder, CO,
United States, 2United States Geological Survey, Golden, CO, United States, 3Department of Civil and Environmental
Engineering, University of Western Ontario, London, ON, Canada

Earthquake ground motions induced by a scenario event are spatially (partially) correlated
and (partially) coherent. Simulated ground motion records can be used to carry out
nonlinear inelastic time history analysis for a portfolio of buildings to estimate the seismic
loss, which is advantageous as there is no need to develop and apply empirical ground
motion prediction equations and the ductility demand rules, or to search the scenario-
compatible recorded records at selected sites that may not exist. Further, if the structures
being considered are sensitive to the orientation of the excitation, multiple-component
ground motion records are needed. For the simulation of such ground motion records,
previous studies have shown that correlation and coherency between any pair of ground
motion components need to be incorporated. In this study, the seismic loss of a portfolio
of hypothetical buildings in downtown Vancouver under bidirectional horizontal ground
motions due to a scenario Cascadia event is estimated by using simulated bidirectional
ground motion records that include realistic correlation and coherency characteristics.
The hysteretic behaviors of the buildings are described by bidirectional Bouc–Wen model.
The results show that the use of unidirectional ground motions and single-degree-
of-freedom system structural model may underestimate the aggregated seismic loss.

Keywords: seismic risk, groundmotion simulation, bidirectional excitation, 2-degree-of-freedom hysteretic model,
Cascadia earthquake

INTRODUCTION

Seismic loss estimation for a portfolio of buildings under scenario events generally requires three
sets of information. The first one is the scenario event and its associated multiple component
ground motions at the spatially distributed sites of the buildings. The second set is associated
with non-linear inelastic dynamic characteristics of the buildings and their responses or degree
of damage under seismic excitations. The third set contains the damage loss functions for dif-
ferent structure types and degree of damage. For simplicity, seismic loss estimation for a port-
folio of buildings is often carried out by using the ground motion measures such as the peak
ground acceleration (PGA) and spectral acceleration (SA) for random orientation. The structural
responses and damage are then represented using predetermined fragility curves based on experi-
ence, expert opinion, or numerical analysis and experimental investigation [HAZUS-Earthquake,
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Federal Emergency Management Agency (FEMA) and the
National Institute of Building Sciences (NIBS), 2003; Whitman
et al., 1997]. The seismic risk of a portfolio of buildings is
then estimated by incorporating the (uncertainty in the) ground
motion measures of the scenario event, the fragility curves, and
the damage cost functions. Therefore, significant computing task
in this approach, in terms of structural responses, is to establish
the fragility curves for generic structures of different structural
types. Instead of using fragility curves, Goda and Hong (2008a,b)
considered that each building can be approximated as a non-
linear inelastic single-degree-of-freedom (SDOF) system, and the
spatially distributed buildings are subjected to spatially correlated
ground motion measures. To assess the degree of damage, use of
the ductility demand rules for bilinear systems developed based on
selected groundmotions (Hong andHong, 2007)were considered.
It was shown that the consideration of realistic spatial correlation
is crucial in assessing the tail of the probability distribution of
seismic loss of a portfolio of buildings. The approach avoids
the need for predetermining the fragility curve of the degree of
damage conditioned on the ground motion measure such as SA,
and approximately takes into account dynamic and inelastic char-
acteristics of each of the buildings. However, the ductility demand
rules could be affected by records from different earthquake types
(Hong et al., 2010).

To avoid the need to develop empirical ductility demand rules
for structures having different hysterical behavior and different
ground motion characteristics, Liu and Hong (2015a) considered
that the structural responses and damage levels can be estimated
directly through the time history analysis under spatially corre-
lated and coherent ground motion excitations. Their study, again,
showed the importance of considering realistic spatial correlation
in assessing the tail of the probability distribution of seismic loss of
a portfolio of buildings. The approach of using time history anal-
ysis is also advantageous as there is no need to develop and apply
empirical ground motion prediction equations. Furthermore, the
use of the simulated ground motion records avoids the search for
the scenario compatible actual records at the considered building
sites that are unlikely to be available in the existing database of
ground motion records.

For the simulation of the ground motion records, both the
spatial correlation (Goda and Hong, 2008a; Jayaram and Baker,
2009; Liu et al., 2012) and spatial coherency (Abrahamson et al.,
1991; Zerva, 2009) need to be taken into account. The coherency
between two groundmotion record components can be estimated
from the power spectral density functions of the records; it rep-
resents the correlation between the random phase variations. The
spatial correlation is used to measure the correlation of ground
motion measures such as the PGA or SA at two sites. Fur-
thermore, seismic events cause multidirectional ground motions.
Methodology for the simulation of ground motion records that
considers both spatial correlation and coherency for multidirec-
tional excitations at multiple sites was presented in Hong and
Liu (2014), Liu and Hong (2015a,b) based on stochastic simula-
tions (e.g., point source model and finite-fault model) (Motaze-
dian and Atkinson, 2005; Atkinson et al., 2009). These methods
apply partially (and directional-dependent) coherent white noises
generated using spectral representation method as the input for

stochastic simulation techniques and incorporates spatially corre-
lated Fourier amplitude spectra (FAS).

It must be emphasized that although multidirectional synthetic
ground motion record components at multiple sites can be sim-
ulated, the estimation of seismic loss by considering multidirec-
tional excitations for a portfolio of buildings for a scenario event
has not been investigated. This can be important as the seismic
response of buildings could be sensitive to multidirectional exci-
tations (Clough and Penzien, 2003; Zerva, 2009), and a building
could be modeled approximately by using a non-linear inelastic
2-degree-of-freedom (2DOF) system in lieu of a SDOF system,
where each degree of freedom is associated with one of the two
orthogonal horizontal directions. The hysteretic behavior of the
2DOF system could be modeled by the Bouc–Wen model (Wen,
1976; Lee and Hong, 2010), which can be used to reproduce
sophisticated inelastic behavior of structural components/systems
under cyclic loadings.

The main objectives of this study are to provide an over-
all framework to estimate seismic loss of a group of buildings
under multidirectional excitations, and to investigate the effect
of bidirectional ground motions on the aggregate seismic loss of
buildings for a scenario event. The tasks include (a) simulating
ground motion record components in two horizontal orthogonal
directions at multiple sites for a scenario event such as that from
the Cascadia subduction zone considering spatial (and direc-
tional) correlation and coherency models derived from historical
records; (b) applying the simulated records in estimating seis-
mic responses, and aggregate losses of a portfolio of buildings
for the scenario event. In the following, first, the framework to
estimate the aggregate seismic loss for a portfolio of buildings
under multidirectional ground motions is described. The overall
framework is then illustrated by a numerical example focused on
the estimation of the seismic loss of a portfolio of buildings located
in downtown Vancouver under a scenario Cascadia event, though
we expect the conclusions of this study are independent of the
study area.

FRAMEWORK FOR ESTIMATING SEISMIC
LOSS OF A PORTFOLIO OF BUILDINGS
CONSIDERING BIDIRECTIONAL
HORIZONTAL GROUND MOTIONS

In this section, the proposed framework to estimate the aggregate
seismic loss of a group of buildings is presented. The procedure
consists of three major components: the simulation of ground
motion records (or field); the approximation of structural mod-
eling and nonlinear inelastic analysis, and the estimation and
characterization of aggregate seismic loss using the damage cost
functions. For the simulation of groundmotion records, approach
and empirical correlation and coherency models among ground
motion components given in the literature (Hong and Liu, 2014;
Liu and Hong, 2015b) are considered, except that the reference
FAS and time modulation function of the records are defined
using the stochastic finite-faultmethod (Atkinson et al., 2009). For
efficiency, the bidirectional Bouc–Wen model is used to calculate
the non-linear inelastic response of the 2DOF system and the
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damage factor; the aggregated seismic loss for the portfolio of
buildings is estimated by adopting cost functions in the literature.

Simulation of Bidirectional Ground Motion
Records at Multiple Sites
For the simulation of ground motion record components in two
horizontal orthogonal directions at multiple sites, it is considered
that the reference FAS and the time modulating functions for a
random horizontal component can be defined based on the finite-
fault model (Motazedian and Atkinson, 2005; Atkinson et al.,
2009). As the two horizontal orthogonal ground motion compo-
nents at a site are considered to be random with respect to the
source-to-site orientation, both the reference FAS and the time
modulating function for one direction that is perpendicular to the
other orientation is considered to be the identical.

To obtain the reference FAS and time modulating function at
the j-th site, simulation by using the finite-fault model is car-
ried out nG times for a considered scenario event with moment
magnitude M. For each simulated record component, the FAS
is evaluated and the time window profile (i.e., time modulating
function) is estimated using the Hilbert transform. The reference
FAS denoted as yj(M, Rj, f ), and the time modulating function are
then calculated by averaging over nG simulations, where f is the

frequency in Hz and Rj is the distance from the j-th site to finite-
fault source (i.e., closest distance to the fault plane). Based on the
obtained reference yj(M, Rj, f ), and the timemodulating function,
the simulation of the ground motion record components in two
horizontal orthogonal directions are carried out as illustrated in
Figure 1 and outlined below (Hong and Liu, 2014):

(a) Generate two band-limited noises with 0 mean and unit
variance at each considered site that are compatible with a
specified target spatial coherency;

(b) Apply the corresponding time modulating function to the
sampled noises at each site;

(c) Calculate and normalize the FAS of each time-modulated
time series of the noises by its square-root of themean squared
amplitude spectrum;

(d) Multiply the normalized spectrum by its corresponding refer-
ence FAS and by the sampled spatial correlated scaling factor;
and,

(e) Apply the inverse Fourier transform to the spectra obtained
in step (d) to compute the acceleration ground motion time
history.

The target coherency functions needed in Step (a) by consid-
ering the j-th and k-th sites is denoted by γ̄pq,jk(Δ, f ), where j,
k= 1, . . ., nR represents the sites, p, q= 1 or 2 represents the first

FIGURE 1 | Illustration of simulating spatially correlated and coherent record using the extended finite-fault model.
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and second horizontal groundmotion component (for a common
coordinate system) and Δ (kilometers) is the distance between
the j-th and k-th sites. By taking into account the symmetry
and the fact that γ̄pp,jj (0, f ) = 1 by definition, there are six
remaining coherency functions need to be considered: γ̄12,jj(0, f ),
γ̄11,jk(Δ, f ), γ̄12,jk(Δ, f ), γ̄21,jk(Δ, f ), γ̄22,jk(Δ, f ), and γ̄12,kk(0, f ).
The coherency function for two ground motion components
along the same orientation (i.e., γ̄11,jk(Δ, f ) or γ̄22,jk(Δ, f )), can be
expressed as (Harichandran and VanMarcke, 1986),

γ̄pp,jk(Δ, f ) =
∣∣γ̄pp,jk(Δ, f )

∣∣ exp(−i2πfΔP/vap), for j ̸= k (1)

where ΔP is the projection of the separation distance Δ in the
direction of wave propagation; vap (kilometer per second) rep-
resents the apparent velocity; 2πf ΔP/vap represents phase angle
of the wave passage effect (Der Kiureghian, 1996); the lagged
coherency

∣∣γ̄pp,jk(Δ, f )
∣∣ is given by (Harichandran and VanMar-

cke, 1986),

∣∣γ̄pp,jk(Δ, f )
∣∣ = A exp

(
− 2000Δ

α0θ( f ) (1 − A + α0A)
)

+ (1 − A) exp
(

−2000Δ
θ( f ) (1 − A + α0A)

)
, (2)

in which θ( f ) = k
(
1 + ( f/f0)B

)−1/2, and A, α0, k, f 0, and B are
model parameters.

According to Hong and Liu (2014) and Liu and Hong (2015b),
the lagged coherency for two horizontal orthogonal components
can be considered to be independent of Δ, and can be approxi-
mated by ∣∣γ̄pq,jk(Δ, f )

∣∣ = c0 − c1f, for p ̸= q (3)

where c0 and c1 are model parameters. A set of typical parameters
for the model shown in Eqs 1–3 are listed in Table 1. Note
that these parameters are developed based on data from Taiwan.
However, previous studies did not showdependency on geograph-
ical locations (Harichandran and VanMarcke, 1986; Hong and
Liu, 2014; Liu and Hong, 2015a). Furthermore, to the authors
knowledge, there is no literature discussed the impact of different
geological and seismic settings on (spatial) coherency.

The generation of band-limited noises for given γ̄pq,jk(Δ, f ) can
be carried out by applying the spectral representation method
(Shinozuka and Jan, 1972) and using Eigen decomposition
(Shinozuka et al., 1990) or square root decomposition.

Using the sampled time series of the noises, the analyses for
Steps (b) and (c) are straight forward. To incorporate the spatial

TABLE 1 | Typical model parameters for spatial correlation and coherency models
based on Hong and Liu (2014).

Model parameter Parameter value and notes

Lagged coherency
model

[A, α0, k, f0, B]= [0.46, 6.6×10−4, 5×107, 3.5, 5.7] and
vap =2.5 km/s for Eqs 1 and 2, [c0, c1]= [0.61,4.8×10−3]
for Eq. 3

Correlation model [a1, b1]= [0.17, 0.5] for Eq. 4 [r0, a2, b2]= [0.8, 0.036,
0.88] for Eq. 5, ln(rAp,j ) is a normal variate with zero mean
and SD of 0.523

correlation structure of the FAS for two horizontal orthogonal
directions, it is considered that the FAS of the p-th direction at the
j-th site equals rAp ,j × yj(M, Rj, f ), where rAp ,j (p= 1, 2) denotes
the correlated random (scaling) disturbance of yj(M,Rj, f ). Similar
to the case of the spatial coherency, the (intraevent) correlation
coefficient between ln(rAp ,j) and ln(rAq ,k) for j and k= 1,. . ., nR,
p and q= 1 or 2, denoted as ρmn,jk(Δ) is defined by six elements.
The results of statistical analysis (Liu and Hong, 2013; Hong and
Liu, 2014) suggested that ln(rAp ,j) could be modeled as a normal
variate with the SD equals 0.523 and ρmm,jk(Δ) can be modeled
using,

ρmm,jk(Δ) = exp
(
−a1Δb1

)
, (4)

for the record components along the same direction and

ρmn,jk(Δ) = r0 exp
(
−a2Δb2

)
, (5)

for the record components along the orthogonal direction, where
a1, b2, r0, a2, and b2 are model parameters. Typical values of r0, a2,
and b2 are listed inTable 1. The suggested values shown inTable 1
are developed based on records obtained from stations with sep-
aration greater than 100m, which are considered to be adequate
for the present study, although parameters for a closely separation
(i.e., Δ < 100m) can be found in Liu and Hong (2015b).

Samples of rAp ,j can be simulated based on the above specified
probabilistic model and the values of rAp ,j × yj(M, Rj, f ) (i.e.,
reference FAS) can be calculated. Using the obtained reference
FAS for the p-th direction at the j-th site, scaling of the FAS is
carried out in Step (d), and the application of inverse Fourier
transformation in Step (e) results in a set of record components
for a considered scenario event. Multiple simulation cycles for the
same scenario events can be carried out by repeating Steps (a)–(e).

Scenario Earthquake
It must be noted that although the selection of a scenario event
is not a trivial task, it can be carried out based on seismic hazard
deaggregation for a specified probability of exceedance (Bazzurro
and Cornell, 1999; Hong and Goda, 2006). It can also be assigned
based on engineering judgment and emergency preparedness
planning requirements. Alternatively, it can be identified based
on geological and seismological investigation of seismic source
zones if results of such investigation are available. In this study,
a scenario earthquake event described in Atkinson and Macias
(2009) was adopted. The scenario is an interface event with a
moment magnitudeM8.5 and a rupture plane of 380 km× 90 km,
placed symmetrically about a perpendicular line from the Juan
de Fuca trench to the city of Vancouver. The top corner of the
fault plane is placed at [47.1°N, 124.5°W], and 10 km deep from
the sea level. The strike and dip angle are equal to 310° and
10°, respectively. A map showing the surface projection of the
rupture plane is produced in Figure 9 in Atkinson and Macias
(2009). The parameters used in the finite-fault model for this
event and the site amplification factors are shown in Tables 1
and 2 in Liu and Hong (2015a). These model parameters differ
from those used by Atkinson and Macias (2009) because a newer
version of the program for the finite-fault model that included
several changes (Atkinson et al., 2009; Boore, 2009)was employed.
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FIGURE 2 | Comparison of the average response spectrum given by Atkinson
and Macias (2009) and finite-fault simulations using parameters shown in
Tables 1 and 2.

The local site condition in downtown Vancouver is considered
to be site class C according to NEHRP (National Earthquake
Hazards Reduction Program) (Cassidy and Rogers, 2004), where
VS30 (average shear wave velocity for the top 30m soil) ranges
between 360 and 760m/s (NRCC, 2005). Therefore, it is assumed
that VS30 = 414m/s is adequate for sites located in downtown
Vancouver, which is consistent with the amplification parameters
considered in Liu and Hong (2015a).

Figure 2 shows the comparison between response spectra based
on 100 simulation cycles of the simulation in this study with
that estimated by Atkinson and Macias (2009) for (49.25°N,
123.13°W). The median spectrum for the 100 simulation cycles
and the spectra corresponding to 84th and 16th percentile are also
included in Figure 2 to illustrate the dispersion due to simulation.
The comparison indicates an adequate match that justifies the
simulation method at a single site.

Non-Linear Inelastic 2DOF Systems As
Proxy to Buildings and Damage Index
If a building is approximated by a non-linear inelastic SDOF
system with Bouc–Wen hysteretic model under unidirectional
excitations as was done in Liu and Hong (2015a), the govern-
ing equation is expressed in the following using the normalized
displacement:

μ̈x + 2ξxωnxμ̇x + αω2
nxμx + (1 − α)ω2

nxμzx = −ügx(t)/ΔYx

μ̇zx =
1

1 + δηεnx
[μ̇x − (1 + δvεnx) μzxIx]

εnx = (1 − α)
∫ T

0
μ̇xμzxdt, (6)

where Ix =
∣∣μ̇x

∣∣∣∣μzx
∣∣n−1 (β + γ sgn(μ̇xμzx)), μ and μz are the

displacement and hysteretic displacement normalized by the yield
displacement capacity of the inelastic SDOF system, ΔY (i.e.,
μ = u/ΔY and μz = z/ΔY, in which u and z are the displacement

and hysteretic displacement of the SDOF system, respectively);
ωn = (k/m)0.5 is the natural vibration frequency, in which k and
m are the stiffness and mass of the system; üg(t) is the ground
acceleration time history; εn is the normalized dissipated energy
through hysteresis; α, β, γ, and n are shape parameters in which
β + γ = 1, α controls the post-yield stiffness, and n controls the
smoothness of the transition from linear elastic to non-linear
inelastic responses; δη and δv are stiffness and strength degra-
dation parameters, respectively. The defined symbols with addi-
tional subscript x are used to denote that they represent the
quantities associated with X-axis; and an overdot on a variable
denotes its temporal derivative.

The yield displacement ΔY of the non-linear inelastic model
could be approximately related to the seismic design requirements
(NRCC, 2005), where the minimum required design base shear
force Vd is given by Vd =CsW, W is the total weight of the
structure and Cs is the design base shear coefficient given in
Table 2 for different building types. It can be shown that ΔY is

ΔY = RNCSW/k (7)

where RN is the coefficient taking into account that the actual
yield strength of a designed structure is greater than Vd. μR and
RN are considered to be lognormally distributed with mean values
shown in Table 2 and coefficient of variation (cov) of 0.3 and 0.15
(Ellingwood et al., 1980; Ibarra, 2003), respectively. μR and RN are
assumed to be independent for each building.

As mentioned in the Section “Introduction,” the use of the
non-linear inelastic 2DOF system to represent a building is more
realistic than the use of SDOF system, especially if bidirectional
horizontal ground motions are considered. In such a case, the
governing equation in terms of normalized displacements can be
represented by Park et al. (1986), Yeh and Wen (1990), Lee and
Hong (2010):

μ̈x + 2ξxωnxμ̇x + αω2
nxμx + (1 − α)ω2

nxμzx = −ügx/ΔYx

μ̈y + 2ξyωnyμ̇y + αω2
nxμx + (1 − α)ω2

nyμzy = −ügy/ΔYy

μ̇zx =
1

1 + δηεn
[μ̇x − (1 + δvεn) μzxI]

μ̇zy =
1

1 + δηεn
[μ̇y − (1 + δvεn) μzyI]

εn = (1 − α)

t∫
0

(
μzxμ̇x + μzyμ̇y

)(∣∣cosnθ
∣∣ +

∣∣sinnθ
∣∣)2/n

dt

(8)

where I =
∣∣μ̇x

∣∣∣∣μzx
∣∣n−1 [β + γ sgn(μ̇xμzx)] +

∣∣μ̇y
∣∣∣∣μzy

∣∣n−1[β+
γ sgn(μ̇yμzy)], θ = tan−1(μy/μx), and the symbols defined pre-
viously but with an additional subscript y instead of x represents
the quantities associated with theY-axis. The solution of Eq. 8 can
be used to evaluate the “normalized” displacement at time t,

μD(t) =
(∣∣μx(t)

∣∣n +
∣∣μy(t)

∣∣n)1/n
(9)

At the incipient yield, max(μD(t)) equals to 1.0; max(μD (t))
represents the peak ductility demand if it is greater than 1.0. By
considering that the ductility capacity equals μcap, collapse occurs
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TABLE 2 | Damage cost information (Goda and Hong, 2008b) and considered portfolio of buildings for downtown Vancouver.

IBTa LBL(1), LCO(1), LBI(1) (CAD/ft
2) βββBL, βββCO, βββBI #B, #S, Sizeb (m) Mean Tn (s) Mean RN Mean μμR Target CS

c

1 87.6, 21.9, 19.9 0.75, 0.68, 0.57 4, 2, 10×12 0.4 2 6 0.12
2 87.6, 21.9, 19.9 0.75, 0.68, 0.57 4, 1, 8×12 0.4 2 6 0.12
3 111.4, 27.9, 26.3 0.81, 0.68, 0.62 8, 2, 15×30 0.4 2 6 0.12
4 47.8, 26.5, 23.9 0.81, 0.68, 0.43 6, 2, 15×30 0.4 2 6 0.12
5 111.4, 27.9, 26.3 0.69, 0.58, 0.53 1, 5, 18×36 0.7 2.25 4 0.1
6 103.5, 51.7, 163.9 0.70, 0.58, 0.57 1, 5, 18×36 0.7 2.25 4 0.1
7 111.4, 27.9, 26.3 0.69, 0.59, 0.53 1, 13, 18×36 1.4 2.25 3 0.075
8 103.5, 51.7, 163.9 0.70, 0.59, 0.57 1, 13, 18×36 1.4 2.25 3 0.075
9 111.4, 27.9, 26.3 0.76, 0.64, 0.58 3, 2, 15×30 0.4 2.5 6 0.12
10 47.8, 26.5, 23.9 0.75, 0.64, 0.41 5, 2, 15×30 0.4 2.5 6 0.12
11 111.4, 27.9, 26.3 0.75, 0.64, 0.58 9, 5, 18×36 0.6 2.5 5 0.12
12 103.5, 51.7, 163.9 0.77, 0.64, 0.62 13, 5, 18×36 0.6 2.5 5 0.12
13 111.4, 27.9, 26.3 0.76, 0.64, 0.58 6, 15, 18×36 1.65 3 3 0.05
14 103.5, 51.7, 163.9 0.77, 0.64, 0.62 13, 15, 18×36 1.65 3 3 0.05
15 111.4, 27.9, 26.3 0.81, 0.69, 0.62 2, 2, 15×30 0.35 2 5 0.08
16 47.8, 26.5, 23.9 0.81, 0.69, 0.43 17, 2, 15×30 0.35 2 5 0.08
17 111.4, 27.9, 26.3 0.81, 0.69, 0.63 2, 3, 20×40 0.5 2 3.3 0.08
18 61.0, 33.4, 19.5 0.80, 0.69, 0.49 4, 3, 20×40 0.5 2 3.3 0.08

a IBT is the building index. Building index is related to the structural and occupancy types defined in HAZUS-Earthquake [Federal Emergency Management Agency (FEMA) and
the National Institute of Building Sciences (NIBS), 2003] (1=W1-RES1, 2=W1-RES1, 3=W2-RES3, 4=W2-COM1, 5=S4M-RES3, 6=S4M-COM4, 7=S4H-RES3, 8=S4H-
COM4, 9=C2L-RES3, 10=C2L-COM1, 11=C2M-RES3, 12=C2M-COM4, 13=C2H-RES3, 14=C2H-COM4, 15=URMLR-RES3, 16=URMLR-COM1, 17=URMMR-RES3,
18=URMMR-COM2).
b#B= the number of buildings and #S= number of stories.
cThe target CS is used to represent the seismic design level for existing buildings.

if max(μD (t)) is greater than μcap. Based on these consideration,
for simplicity and being similar to the case of nonlinear inelastic
SDOF system (Goda andHong, 2008b), a damage factor is defined
by using,

δDF = max(min(δShift, 1), 0) (10)

where δShift =
[
max

((∣∣μx
∣∣n +

∣∣μy
∣∣n)1/n

)
− 1

]/[
μcap − 1

]
. If

δDF equals 0, it implies the responses is within elastic range (or
at most at incipient yield). Collapse is observed if δDF = 1.0, and
partial damage occurs for δDF within (0, 1).

Aggregate Seismic Loss for a Portfolio of
Buildings
One of the most difficult and important task in estimating seismic
loss is to establish the damage cost function in terms of the damage
level (e.g., in terms of damage factor defined in the previous
section). This can be carried out if sufficient damage survey data
from historical earthquakes are available. However, as the data
are always scarce, the damage cost function is often established
based on structural component testing results and expert opinion
or judgment. A significant set of cost functions is available in
HAZUS [Federal Emergency Management Agency (FEMA) and
the National Institute of Building Sciences (NIBS), 2003]. These
functions for several structural types and in terms of Canadian
dollars are given in Goda and Hong (2008b). More specifically,
it is considered that seismic losses associated with a building
are categorized into three types: building-related loss LBL (δ),
contents-related loss LCO(δ), and business-interruption related
loss LBI(δ), where δ = δDF. These damage-loss functions can be
expressed as,

LBL(δ) = δβBLLBL(1), LCO(δ) = δβCOLCO(1), and

LBI(δ) = δβBILBL(1) (11)

where the values of losses for the complete damage LBL(1),
LCO(1), and LBI(1), as well as the model parameters βBL, βCO,
and βBI are shown in Table 2 for each building type. By using
the damage-loss functions, the aggregate seismic loss L for nR
buildings subjected to the scenario earthquake is calculated
using:

L =
nR∑
j=1

(LBL(δj) + LCO(δj) + LBI(δj)) (12)

where δj denotes the damage factor δDF for the j-th building.
Themaximumpossible aggregate loss, Lmax, equals that calculated
from Eq. 12 for δj = 1.

NUMERICAL EXAMPLE APPLICATION IN
SEISMIC LOSS ESTIMATION

In this section, an example application of the framework shown
in the previous section is presented for a scenario seismic event
and a portfolio of buildings. For the numerical analysis, the
scenario seismic event of moment magnitude M8.5 elaborated
previously is considered. The selection of hypothetical portfolio
of 100 buildings as well as the analysis results are discussed in
the following. Comparison of the aggregate seismic loss of the
portfolio of buildings obtained under bidirectional excitations
are compared with that obtained by considering unidirectional
excitation.

Considered Portfolio of 100 Buildings
A portfolio of 100 hypothetical buildings located in downtown
Vancouver is considered for the numerical example. The sites of
the buildings are randomly selected over a square area of 2.5 km
by 2.5 km centered at (49.2°N, 123.2°W), which contains 4,000
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property lots, each with an area of 25m× 50m. The selected
locations are illustrated in Figure 3. Similar to Liu and Hong
(2015a), the set of 100 buildings consists of 18 building types
shown in Table 2. The buildings are of different structural types
and occupancies (40 residential buildings and 60 commercial
buildings). They are sampled based on the statistical information
describing the existing building stocks in downtown Vancouver
(Munich Reinsurance Company of Canada, 1992; Onur, 2001). As
explained previously, the ductility capacity μcap is considered to be
lognormally distributed with cov of 0.3. The mean of the ductility
capacity for different building types are shown in Table 2. How-
ever, unlike the case in Liu and Hong (2015a), in this study, the
capacities of a building in two orthogonal horizontal orientations
(i.e., along X-axis and Y-axis) rather than in a single orientation
are considered. The yield displacements ΔYx and ΔYx of each
building are defined according to Eq. 7, which can be written
as ΔY = RNCSgT2

n/(2π)2 with Tn denote the natural vibration
period. For each structure, Tn in two orthogonal directions are
considered to be independent identically uniformly distributed
withmean shown inTable 2 and lower and upper bounds equal to
minus and plus 10% of themean value. This is to represent the fact
that the Tn along two horizontal orthogonal direction may differ.
RN is considered to be independently lognormally distributed

with mean shown in Table 2, and cov equal to 0.15 as discussed
previously. Only a single set of structural characteristics of the
buildings are sampled and considered in the following numerical
analysis.

Illustration of Simulated Ground Motion
Components, Calculated Structural
Responses, and Damage Cost
For the 100 building sites marked on Figure 3, samples of sim-
ulated time histories for two building sites obtained by applying
the procedure outlined in the previous section are presented in
Figure 4. Note that since the adequacy of the adopted simula-
tion procedure for ground motion records to match the target
spatial correlation and coherency and FAS are already discussed
extensively elsewhere (Hong and Liu, 2014; Liu andHong, 2015a),
they are not repeated in here. By applying these time histories to
the buildings modeled as nonlinear inelastic 2DOF systems, the
responses from the time history analysis is shown in Figure 5 in
terms of the normalized displacements μx, μy, and μD. The peak
values for the normalized displacement and their corresponding
time are also shown in the figure. The figure illustrates that the
occurrence of peak demand along different component could

FIGURE 3 | Sites for the portfolio of 100 hypothetical buildings.

FIGURE 4 | Illustration of simulated spatially correlated and coherent records for two selected sites.
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FIGURE 5 | Nonlinear inelastic response of the buildings modeled as 2-degree-of-freedom systems, in terms of normalized displacement response μx, μy, and μD,
under the bidirectional ground motions shown in Figure 4. The peak normalized displacement and its corresponding time is also shown.

differ. The total displacement demand μD is greater than a single
component.

Based on the non-linear inelastic response, the damage factor
of the 2DOF system can be evaluated using Eq. 10. For the two
examples given in Figure 5, Building 1 is a 2-story wood frame
residential building (Tnx = 0.366 s; Tny = 0.432 s); Building 2 is a
15-story reinforced concrete commercial building (Tnx = 1.664 s;
Tny = 1.552 s). The calculated damage factor, δDF = 0.0475 for
Building 1 and δDF = 0.554 for Building 2.

Estimation of the Aggregate Loss
The numerical calculation carried out in the previous section is
repeated for all 100 considered building. Using the calculated
damage cost for each of the 100 buildings, LBL(δ), LCO(δ), and
LBI(δ), and summing them up according to Eq. 10, the value of
the aggregate loss of the portfolio of buildings L is obtained. This
obtained value represents a sample of the aggregate loss for the
considered scenario seismic event because of the uncertainty in
the groundmotions even for the same scenario event. By repeating
the above analysis 100 times for the same set of buildings, samples
of L are obtained and shown in Figure 6.

The figure shows that the aggregated seismic loss for the 2DOF
system is generally following a straight line on the Gumbel prob-
ability paper, with median equal to 0.26.

Effect of Approximating Building As SDOF
Systems versus 2DOF Systems
Now, reconsider the ground motions and the structures shown
in Figure 3 but only considering the excitations along the X-axis
and the buildingsmodeled as SDOFwith the structural properties
along the X-axis as well. The calculated responses, the damage
factors, and the damage cost for the two buildings are shown in
Figure 7. Comparison of the results with those shown in Figure 5
indicate that the profile of the response time history of a SDOF
system is generally similar with that of a 2DOF system along the
same direction. However, the maximum response could differ
significantly because of the consideration of interactions between
the two orthogonal directions.

FIGURE 6 | Aggregated seismic loss for the 100 buildings under the scenario
earthquake plotted on Gumbel probability paper.

By repeating the analysis for the building modeled as SDOF
systems and subjected to the same set of excitations along the X-
axis used in 2DOF system case, samples of L are obtained and also
presented in Figure 6. The results followGumbel distribution well
with a median value of 0.18. Similar analysis is also carried out for
Y-axis; the results are also plotted in Figure 6.

Comparison of the results for SDOF systems under unidirec-
tional excitations versus 2DOF systems subjected to bidirectional
excitations indicate that the simplification of using unidirectional
excitations and SDOF models can underestimate the aggregated
seismic loss in a scenario earthquake event. Such underestima-
tion is somewhat more significant at upper tail where the prob-
ability of exceedance is small. This observation emphasizes that
the importance of using properly simulated bidirectional ground
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FIGURE 7 | Non-linear inelastic response of the buildings modeled as single-degree-of-freedom systems, in terms of normalized displacement response μx and μy,
under the unidirectional ground motions shown in Figure 4. The peak normalized displacement and its corresponding time is also shown.

motion excitations and realistic 2DOF structural models in the
seismic risk assessment of structures that are sensitive to the
orientation of the excitations.

CONCLUSION

In this study, we first simulate bidirectional spatially (partially)
correlated and (partially) coherent ground motion records for
a scenario Cascadia earthquake using a simulation procedure
based on stochastic finite-fault model. The seismic loss of a port-
folio of hypothetical buildings in downtown Vancouver under
the simulated bidirectional horizontal ground motions is then
estimated. Each building is modeled as a 2DOF system with
different dynamic characteristics in two orthogonal horizontal
directions. The hysteretic behaviors of the 2DOF systems are
described by bidirectional Bouc–Wen model. The results indi-
cate that if unidirectional ground motions and SDOF structural
models are considered, the aggregated seismic loss could be

underestimated, emphasizing the importance of using realistic
bidirectional ground motions that includes spatial coherency and
correlation structure and modeling buildings as 2DOF systems
with different characteristics in two horizontal directions. If the
computation power is not limited, the framework presented in this
study can be expanded to investigate the effect of tri-directional
ground motions and more complicated structural models.
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