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Quantitative seismic risk assessments involve hazard characterization, exposure

database, vulnerability assessment, and uncertainty modeling, and promote consistent

risk management actions, when conducted systematically across a country. This study

implements a performance-based earthquake engineering methodology to develop a

nationwide earthquake risk model for Canadian wood-frame houses by integrating

probabilistic seismic hazard analysis results provided by the Geological Survey of Canada

and seismic fragility functions derived from incremental dynamic analysis. To facilitate

the implementation of the seismic risk analysis method, an in-house probabilistic seismic

hazard analysis tool for Canada is developed and used to verify the accuracy of the

adopted approach of approximating the upper tail of the seismic intensity measure

distribution and to generate detailed seismic disaggregation results for ground motion

record selection and seismic fragility modeling purposes. By integrating the preceding

two elements via Monte Carlo methods, a full seismic risk curve can be obtained in

a computationally efficient manner. The approach is applied to 1,620 representative

locations used for the 2016 Canadian Census and thus facilitates the development

of seismic risk maps of key risk metrics that are derived from exceedance probability

curves in terms of earthquake damage/loss ratio. The developed seismic risk maps serve

as valuable decision-support tools to implement risk-based management strategies

consistently across Canada.

Keywords: seismic risk analysis, probabilistic seismic hazard analysis (PSHA), seismic fragility analysis, ground

motion record selection, wood structure building

INTRODUCTION

Quantitative risk assessments are essential tools for disaster risk management and reduction
and play critical roles in disaster risk financing (Mitchell-Wallace et al., 2017). A general risk
analysis involves hazard characterization, exposure database, and vulnerability assessment, and
requires incorporation of uncertainties associated with key model components. State-of-the-art
methods for quantifying earthquake risk impact (i.e., earthquake catastrophe models) are based
on a performance-based earthquake engineering (PBEE) framework (e.g., Goulet et al., 2007;
Tesfamariam and Goda, 2015). In the context of seismic risk, the hazard module is typically based
on probabilistic seismic hazard analysis (PSHA), the exposure module is based on building stock
and population information (e.g., census), whereas vulnerability assessment is mainly concerned
with seismic fragility of buildings and infrastructure. Risk assessment results are usually expressed
as exceedance probability curves and risk metrics (e.g., annual expected loss and maximum
probable loss) and can be used formaking riskmanagement decisions (Yoshikawa andGoda, 2014).
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Canada is a large country with diverse seismic hazards—
active crustal and subduction earthquakes in the west vs. stable
continental intraplate earthquakes in the east. About 40% of
the population in Canada live in active seismic regions, and
in Quebec, 70% of its population is concentrated in a major
rift region along St. Lawrence River. Historically, different
types of earthquakes contributed to earthquake disasters in
Canada (Cassidy et al., 2010). In western Canada, historical
records/experiences of major seismicity are limited due to a short
history of human settlements. Major earthquakes include the
1918 (M6.9) and 1946 (M7.3) earthquakes in Vancouver Island,
and the 2001 (M6.8) Nisqually earthquake in Washington. One
of the major concerns is the Cascadia subduction event in Pacific
Northwest (Hyndman and Rogers, 2010), which can result in a
moment magnitude (Mw) exceeding 9. In eastern Canada, several
major events are observed in the St. Lawrence rift region and
the Western Quebec region. Major damaging events between M6
and M7 occurred in the Charlevoix seismic zone of Quebec (in
1663, 1860, 1870, 1925, and 1971), while more recent moderate
events caused non-negligible losses (e.g., M5.9 1988 Saguenay
earthquake; Mitchell et al., 1990).

A uniform nationwide seismic risk assessment promotes
consistent risk management actions. For Canada, national
seismic hazard maps are developed by the Geological Survey
of Canada (GSC). Halchuk et al. (2014, 2015) provide site-
specific values of uniform hazard spectra (UHS) for eight return
period levels between 50 and 2,475 years at circa 10 km grids
across Canada, although seismic disaggregation results are not
available. The latter is valuable for selecting ground motion
records in developing seismic fragility functions (Baker, 2011;
Goda and Atkinson, 2011), especially for a country with diverse
seismic hazard characteristics. The national seismic hazard maps
reflect the current scientific understanding of seismicity and
ground motions in Canada and form the basis of seismic
design provisions for the National Building Code of Canada
(NBCC; Mitchell et al., 2010; Humar, 2015). However, such risk
assessments for general building typologies (e.g., wooden houses
and masonry buildings) are not available across Canada [note:
regional seismic risk assessments were conducted, e.g., Onur et al.
(2006)]. In other words, nationwide seismic hazard information
has not yet been integrated with exposure and vulnerability to
derive comprehensive earthquake risk assessments.

Wooden frames are common constructions for residential
houses in Canada. Seismic performances of wood-frame houses
may not be uniform, because different construction practices
have been adopted, depending on built years and relevant
seismic design codes which have evolved over years. For
instance, according to Ventura et al. (2005), 56% of buildings
in British Columbia are wood-frame houses, 40% of which
were built before 1970, indicating that the majority of old
residential houses can be considered as “not seismically
engineered” since seismic provisions of the NBCC were
adopted and enforced in British Columbia after 1973. In
evaluating seismic performances of Canadian wooden houses
via seismic fragility analysis, the UBC-SAWS models, which
were developed and validated through an extensive experimental
program at the University of British Columbia (White and

Ventura, 2006), can be considered as most applicable structural
models. Moreover, consideration of exposure information, such
as the 2016 Canadian Census (https://www12.statcan.gc.ca/
census-recensement/2016/dp-pd/index-eng.cfm), is useful to put
hazard-vulnerability assessments of Canadian residential wooden
constructions in perspectives of nationwide earthquake risk
management. For example, the annual expected loss can be
evaluated for representative census locations (i.e., Forward
Sortation Areas, FSA) and displayed as nationwide seismic
risk maps.

This study implements a PBEE-based seismic risk
methodology to develop a nationwide earthquake risk model
for wood-frame houses in Canada. It integrates PSHA results
provided by the GSC (Halchuk et al., 2015) and seismic fragility
functions that are derived from incremental dynamic analysis
(IDA; Vamvatsikos and Cornell, 2002). More specifically, two
practical outputs related to hazard modeling and vulnerability
modeling are generated: (1) surrogate statistical seismic
hazard models for the GSC’s PSHA results as the best fitting
model among the lognormal, Gumbel, Frechet, and Weibull
distributions, and (2) seismic fragility models of typical wood-
frame houses, having four different configurations of wooden
shear-walls, subjected to different sets of ground motion records
that reflect local seismic hazard characteristics. The accuracy of
the former is examined by comparing with an in-house PSHA
tool beyond the return period levels that are considered by the
GSC (i.e., 2,475 years and longer). By utilizing the in-house
PSHA tool, seismic disaggregation results at specific locations
can also be obtained, thus facilitating a ground motion record
selection based on multiple-event conditional mean spectra
(CMS; Baker, 2011; Goda and Atkinson, 2011). To capture a
broad range of seismicity in Canada, detailed PSHA calculations
are carried out at 64 sites (eight major city locations, namely,
Victoria, Vancouver, Calgary, Toronto, Ottawa, Montreal,
Quebec City, and La Malbaie, and 56 locations that correspond
to centroids of seismic sources zones as defined by the GSC), and
site-specific seismic fragility functions are derived from IDA of
the four UBC-SAWS models subjected to up to 50 record pairs,
selected from a ground motion database containing 721 record
pairs. For a given location, a site-specific UHS is used to assign
the most suitable seismic fragility model based on the results at
the 64 locations. By integrating the preceding two elements via
Monte Carlo methods, one can obtain a full seismic risk curve in
a computationally efficient manner. This nationwide earthquake
catastrophe model for wood-frame houses in Canada facilitates
the development of site-specific exceedance probability curves
in terms of earthquake damage/loss ratio as well as seismic risk
maps that display annual expected damage/loss and probability
of experiencing seismic damage exceeding a certain extent.
Although the implemented seismic hazard approximation and
the seismic fragility modeling are not new from methodological
viewpoints, this study presents, for the first time, a workable
approach of generating nationwide seismic risk maps to cover a
whole geography of Canada. It also produces a comprehensive
list of model parameters of the approximated seismic hazard
distribution and the assigned seismic fragility functions for
wooden houses at 1,620 FSA locations of the 2016 Canadian
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Census (see Supplementary Materials). The significance of this
study is the outputs from the developed nationwide earthquake
risk model for wood-frame houses in Canada, which are
currently unavailable and is needed for consistent earthquake
risk management actions.

METHODOLOGY

Quantitative Seismic Risk Assessment
An adopted approach for quantitative seismic risk assessments
of typical wooden houses in Canada is a generic risk equation:
i.e., risk = hazard × exposure × vulnerability. The framework of
the seismic risk analysis implemented in this study is illustrated
in Figure 1.

The seismic hazard module is primarily based on the GSC’s
PSHA results that are available for more than 200,000 locations
across Canada (at about 10 km grids). The GSC’s PSHA results,
which are listed as UHS at eight return period levels between 50
and 2,475 years, are insufficient to capture more extreme ground
motions that could cause building damage and disruption, and
are not accompanied by seismic disaggregation results. The latter
is essential to conduct detailed ground motion record selection
in developing seismic fragility functions. In other words, with
the GSC’s results alone one cannot evaluate a full probabilistic
seismic risk curve reliably. To overcome these deficiencies, an
in-house Monte Carlo simulation-based PSHA tool for Canada
is developed, and its accuracy is verified against the GSC’s
PSHA values. Subsequently, a surrogate statistical distribution
is fitted based on eight seismic hazard estimates of a given
intensity parameter by considering four candidate distributions
(i.e., lognormal, Gumbel, Frechet, and Weibull) and by choosing
a distribution with the highest correlation coefficient with the
GSC’s seismic hazard values. The chosen distribution should
approximate the site-specific seismic hazard curve beyond the
return period of 2,475 years (i.e., upper tail) well; this proximity is
examined by comparing the fitted statistical model and the results
from the in-house PSHA tool. Moreover, the in-house PSHA tool
generates seismic disaggregation results (Hong and Goda, 2006);
these outputs can be used for ground motion record selection
purposes. The procedures of the upper-tail approximation of the
GSC’s PSHA results and its accuracy are described in section
Upper-Tail Approximation of Geological Survey of Canada’s
Hazard Results.

For vulnerability assessments, seismic fragility functions of
four wood-frame house types in Canada, each represented by
the UBC-SAWS model, are developed. Descriptions of the four
UBC-SAWS models are given in section Structural Models of
Canadian Wooden Houses. IDA of the UBC-SAWS models
is implemented by considering a large set of 721 ground
motion records (each consisting of two horizontal components)
that were observed from shallow crustal earthquakes as well
as subduction earthquakes (both interface and inslab). The
consideration of different earthquake types in developing seismic
fragility functions is important to capture realistic seismic
hazard characteristics (e.g., long duration and frequency content)
beyond the seismic intensity parameters (Koduru and Haukaas,
2010; Pan et al., 2018). Non-linear dynamic analyses of the

four UBC-SAWS models are conducted for all ground motion
records, followed by the CMS-based record selection to develop
seismic fragility functions for a site of interest (Baker, 2011).
For sites in southwestern British Columbia, the multiple-event
CMS procedure (Goda and Atkinson, 2011) is implemented to
capture different earthquake types. More specifically, 64 locations
(i.e., eight major cities and 56 locations that encompass different
seismicity across Canada) are considered for seismic fragility
modeling. The seismic fragility functions for four damage states
(slight, moderate, extensive, and collapse) derived for the 64
locations are assigned to the 1,620 FSA locations by examining
the similarity of UHS amplitudes and shapes. The procedure
for developing seismic fragility functions via IDA is described
in section Development of Seismic Fragility Functions, whereas
the main results of the seismic fragility analysis are presented in
section Seismic Fragility Analysis of Canadian Wooden Houses.

For the exposure component, the most recent census data
for Canada are considered. To focus on locations where
Canadian populations reside, centroids of 1,620 FSA locations,
which typically correspond to the first three letters/numbers of
Canadian postal codes, are considered. At the FSA locations, the
approximate statistical models of the seismic hazard intensity
measure and the applicable seismic fragility functions of the four
UBC-SAWS models are obtained to facilitate the development
of nationwide seismic risk mapping of residential wood-frame
houses in Canada.

Finally, for each FSA location, seismic hazard-vulnerability
integration is carried out via Monte Carlo simulations, and
exceedance probability curves for the four house types are
obtained. Subsequently, quantitative seismic risk metrics, such
as annual expected damage ratio and probability of experiencing
seismic damage exceeding a certain extent, are derived and are
shown on maps to display the spatial distribution of earthquake
risk to typical residential building stock across Canada. The
results of the quantitative seismic risk assessments for wood-
frame houses are discussed in section Seismic Risk Assessments
of Canadian Wooden Houses.

Upper-tail Approximation of Geological
Survey of Canada’s Hazard Results
This section describes a procedure to approximate the GSC’s
seismic hazard estimates (Halchuk et al., 2015) by a suitable
probability distribution, and evaluates the accuracy of the
approximation. Because the GSC’s hazard values are available at
eight return period levels only and the longest return period level
of 2,475 years is not sufficiently extreme to cause severe damage
to buildings in Canada, one needs to be equipped with a PSHA
tool that can reproduce the GSC’s results closely and use this tool
for verification purposes.

The in-house PSHA tool is based on Monte Carlo simulations
(Atkinson and Goda, 2013), and implements all major
components of the GSC’s national seismic hazard model as
described in Halchuk et al. (2014). MATLAB is used as a
computational platform. Differences of calculated seismic hazard
values between the GSC and this work can result from differences
in how numerical evaluations are performed—the in-house tool
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FIGURE 1 | Quantitative seismic risk analysis framework.

evaluates seismic hazard integration via Monte Carlo simulations
by utilizing a synthetic earthquake catalog, whereas the GSC
seismic hazard tool uses numerical integration by discretizing
main variables of seismic hazard analysis (e.g., earthquake
magnitude, spatial source zone, and ground motion variability).
Evaluations of distance measures for fault sources could lead to
discrepancy in the calculated hazard values, depending on how
finite fault sources are represented and how uncertainties of the
fault source parameters are accounted for.

Figure 2A shows a map of Canada, where 64 locations (i.e.,
eight major cities and 56 source-zone-based sites) are indicated,
whereas Figures 2B,C show zoom-up panels for western and
eastern Canada, respectively. In Figures 2B,C, regional seismic
source zones that are considered by the GSC are included. It
is noted that in the in-house PSHA tool, multiple source zone
models with proper logic-tree weights, as specified by Halchuk
et al. (2014), are taken into account. The seismicity of the
source zones is based on a Gutenberg-Richter relationship and its
parameters (i.e., a-value, b-value, and lower and upper truncation
magnitudes as well as their logic-tree weights) are set identical to
those described in Halchuk et al. (2014). Seismic events occurring

in areal sources (i.e., solid-line polygons in Figure 2) are treated
as point sources, whereas those from specific large-scale faults
and subduction zones (i.e., broken-line polygons in Figure 2)
are represented as finite-fault sources. Ground motion models
are based on the tabulated version, as provided by Halchuk
et al. (2014), with specified logic-tree weights. The ground
motions for unspecified values of magnitude and distance are
obtained by interpolation, and the effects of aleatory variability of
ground motion parameters are taken into account by simulating
normally distributed error terms. Different sets of groundmotion
models are implemented for different types of earthquakes (e.g.,
shallow crustal earthquakes in west vs. east as well as crustal
versus inslab versus interface earthquakes) to capture epistemic
uncertainty for a given earthquake type (Atkinson and Adams,
2013). In the simulation procedure, for finite-fault sources,
a hypothetical rupture plane is generated by accounting for
uncertainty of the overall fault geometry (as implemented in the
GSC’s logic-treemodel), and is used to calculate the source-to-site
distance based on the finite-fault representation of the rupture.

In the simulation-based PSHA, a synthetic earthquake catalog
is first generated by sampling occurrence times, locations, and
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FIGURE 2 | (A) Map of Canada, (B) seismic source zones for western Canada, and (C) seismic source zones for eastern Canada.

magnitudes of earthquakes according to the source models and
by taking into account logic-tree weights for epistemic random
variables, and then a set of 10 ground motion parameters, which
is the same as in the 2015 GSC seismic hazard model, i.e.,
peak ground acceleration and spectral accelerations (SA) at the
vibration period of 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5, and 10 s, is evaluated
for all events in the synthetic earthquake catalog. Subsequently,
the annual maximum ground motion values are identified from
the simulated ground motion intensities, and annual frequency
of exceedance is assigned, after sorting them in an ascending
order. A plot of ground motion intensity values at the same
return period level (i.e., reciprocal of annual frequency) is a
UHS, whereas a plot of the annual maximum ground motion
intensity and the annual frequency of exceedance is a seismic
hazard curve. A seismic disaggregation plot can also be obtained
by gathering information of seismic events that contribute
to a specified return period level (Hong and Goda, 2006).
Overall, the agreement between the GSC’s hazard estimates and
those obtained from the in-house PSHA tool is satisfactory.
For the 64 locations indicated in Figure 2A, the differences

of the UHS values for the 10 ground motion parameters are
typically <3% (note: detailed comparisons can be found in
Supplementary Materials).

To show the comparisons of the seismic hazard values based
on the GSC and the in-house tool, UHS at the 2,475-year return
period and seismic hazard curves for SA at 0.3 s are presented
in Figure 3 for Victoria, Vancouver, Montreal, and La Malbaie
(note: these four locations are used for illustration hereafter;
see Figure 2). Figure 3 also includes seismic disaggregation plots
for SA at 0.3 s at the 2,475-year return period; for Victoria and
Vancouver, seismic hazard contributions from crustal, interface,
and inslab events are distinguished by colors. For the seismic
hazard curve and disaggregation plot, SA at 0.3 s is focused upon
because the fundamental vibration periods of the UBC-SAWS
models (see section Structural Models of Canadian Wooden
Houses) are in the range between 0.25 and 0.4 s and the anchor
vibration period for deriving the CMS for record selection is set
to 0.3 s. The comparisons shown in Figures 3A,B demonstrate
the seismic hazard values based on the in-house tool match well
with those by the GSC.
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FIGURE 3 | Uniform hazard spectrum at the 2,475-year return period, seismic hazard curve for spectral acceleration at 0.3 s, and seismic disaggregation plot for

spectral acceleration at 0.3 s at the 2,475-year return period: (A) Victoria, (B) Vancouver, (C) Montreal, and (D) La Malbaie.

Building upon the good agreement between the GSC’s results
and the in-house tool, the upper-tail approximation of the GSC’s
PSHA results (i.e., eight hazard values at different return period

levels) is carried out. This is implemented by utilizing probability
paper plots of the GSC’s hazard estimates and by fitting a
probability distribution based on the least squares method. Four
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candidate models, i.e., lognormal, Gumbel, Frechet, andWeibull,
are considered. The horizontal and vertical plotting positions
(x and y, respectively) of the lognormal, Gumbel, Frechet, and
Weibull distributions are:

x = ln (SA) and y = 8−1(P) for the lognormal distribution (1)

x = SA and y = − ln (− ln (P)) for the Gumbel distribution (2)

x = ln (SA) and y = − ln
(

− ln (P)
)

for the Frechet distribution (3)

x = ln (SA) and y = ln (− ln (1− P)) for the Weibull distribution (4)

where ln represents the natural logarithm, P represents the
cumulative probability, and 8−1(•) represents the inverse
standard normal distribution function. To select the most
suitable model among the four candidates, the linear correlation
coefficient between the GSC’s values and the fitted model
is used.

By denoting the intercept and slope of the fitted linear line
by c1 and c2, respectively, on a probability paper (i.e., y = c1
+ c2 × x), simulation formula for the four distributions are
given by:

SA = exp
(

−c1/c2 + (1/c2)× N(0, 1)
)

for the lognormal distribution (5)

SA = −c1/c2 − ln(− ln (U (0, 1)))/c2

for the Gumbeldistribution (6)

SA = exp
(

−c1/c2 − ln(− ln (U (0, 1)))/c2
)

for the Frechet distribution (7)

SA = exp
(

−c1/c2 + ln(− ln (1− U (0, 1)))/c2
)

for the Weibull distribution (8)

where N(0,1) is a standard normal random number, and U(0,1)
is a standard uniform random number.

Figure 4 shows an example of the above-mentioned upper-
tail approximation of the GSC’s estimates of SA at 0.3 s
for Victoria, and the results from the in-house PSHA tool
are also included for reference. For the case considered, the
Weibull distribution outperforms other distributions based on
the linear correlation coefficients indicated in the figure panels.
Importantly, the comparisons between the tail-approximated
statistical model of SA at 0.3 s and the in-house PSHA
results show good match for very high probability levels,
indicating that the fitted statistical model can be extrapolated
to more extreme ground motion levels. This conclusion is
applicable to 63 other cases where detailed PSHA calculations
are carried out; the middle figure panels of Figure 3 show
such comparisons in the seismic hazard curve space (rather
than probability paper) for Victoria, Vancouver, Montreal, and
La Malbaie.

In Supplementary Materials, the intercept and slope
parameters of the best fitting probability distribution for
the 1,620 FSA locations are provided; therefore, interested
readers can reproduce the results presented in this paper
by implementing Equations (4)–(8) and can simulate the
annual maximum values of SA at 0.3 s at all population centers
across Canada.

Structural Models of Canadian Wooden
Houses
The UBC-SAWS model is a structural model of typical wood-
frame houses in British Columbia, Canada (White and Ventura,
2006), and is based on the SAWS model (Folz and Filiatrault,
2004) with modifications of model parameters for Canadian
wooden house construction. The basic assumptions of the UBC-
SAWS model are: (1) floor and roof diaphragms are rigid, (2)
shear walls are represented by non-linear springs, hysteresis
of which is characterized by the Cyclic Analysis SHEar Walls
(CASHEW) model (Folz and Filiatrault, 2001), and (3) bi-
directional horizontal seismic excitations are considered but
ignoring vertical excitations. The parameters of the UBC-SAWS
model are calibrated from static and dynamic tests of wall panels
with different configurations and full-scale shake-table tests that
were conducted at the University of British Columbia (White and
Ventura, 2006). The sheathing materials of the shear wall include
horizontal board (shiplap), gypsum wallboard (GWB), plywood,
oriented strand board (OSB), and stucco. The analytical results
from the UBC-SAWS model showed a good agreement with
experimental results for the maximum inter-story drift ratios up
to 0.04 (White and Ventura, 2006).

Based on different shear-wall configurations, four types of
two-story wood-frame houses are defined in the UBC-SAWS
model: (1) House 1 with stucco/engineeredOSB/GWB, (2) House
2 with engineered OSB/GWB, (3) House 3 with non-engineered
OSB/GWB, and (4) House 4 with horizontal boards/GWB. The
term “engineered” for Houses 1 and 2 indicates that hold-downs
and blocking of the wall panel are used to increase its seismic
resistance and to meet the seismic code requirements. Due to
the layout of the house model (Figure 5A), the stiffness along X-
axis is smaller than that along Y-axis, and the expected failure
mode of the house models is the soft-story collapse of the ground
floor level due to larger openings. The fundamental vibration
periods along X-axis of Houses 1 to 4 are 0.25, 0.3, 0.35, and 0.4 s,
respectively, whereas those along Y-axis are about 0.22 s for all
houses (White and Ventura, 2006). In total, sixteen walls, which
are represented by springs, are present along X-axis and Y-axis
on the ground and first floors. The pushover analysis results of
Houses 1 to 4 by using the inverse triangle load distribution are
shown in Figure 5B. The base shear ratio is the ratio of the base
shear force and the total weight of the house. In terms of pushover
curves, House 1 has the highest seismic capacity; Houses 2 and
3 have similar seismic resistance; and House 4 has the lowest
seismic capacity. House 1 may be considered to be of upgraded
constructions from seismic viewpoints, whereas Houses 2 and 3
may be considered to be typical seismically engineered houses in
Canada. On the other hand, House 4 is not applicable to high
seismic regions (Pan et al., 2018) and thus may be regarded as not
seismically engineered. By considering a range of wood-frame
houses having different seismic capacities in seismic fragility and
risk analyses, the effects of superior, standard, and poor seismic
resistance can be investigated.

Development of Seismic Fragility Functions
Developing seismic fragility functions based on numerical
simulations of non-linear dynamic responses of structural
models involves various steps. Themain steps are: (1) preparation
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FIGURE 4 | Probability paper plot of PSHA results: (A) lognormal distribution, (B) Gumbel distribution, (C) Frechet distribution, and (D) Weibull distribution.

of strong ground motion record databases that are applicable to
the seismic environments, (2) ground motion record selection
for a given location by reflecting dominant characteristics of
local seismic hazard, (3) non-linear dynamic analysis of the
structural model using the selected records, and (4) seismic
fragility analysis and modeling by comparing induced seismic
demands with specified damage state thresholds and by fitting
fragility functions (e.g., Baker, 2015). It is noteworthy that with
the aim of developing seismic fragility functions for various sites
in Canada, the order of the steps 3 and 4 can be exchanged; i.e.,
numerous runs of non-linear dynamic analysis of a structural
model can be performed for all ground motion records to
establish a pooled database of engineering demand parameters,
such as maximum inter-story drift ratio, and then a ground
motion record selection can be conducted to develop site-specific
seismic fragility functions. This is the approach that has been
implemented in this study, and is illustrated in Figure 6.

The step 1 is important and requires a special attention
for Canada because of its diverse seismic environments; in
southwestern British Columbia, three types of earthquakes,
i.e., shallow crustal, megathrust interface, and deep inslab,
contributed significantly to the hazard values (see Figures 3A,B).
To establish a large pool of ground motion records that are
originated from different earthquake types, a database for real

mainshock-aftershock record sequences that was considered
by Tesfamariam and Goda (2015) has been expanded (note:
the focus on mainshock-aftershock record sequences is for
future investigations and is beyond the scope of the current
study). The expanded database of the real mainshock-aftershock
records contains: 172 sequences from the PEER-NGA database
(Goda and Taylor, 2012), 521 sequences from the Japanese
K-NET, KiK-net, and SK-net databases (Goda et al., 2015), and
28 sequences for the 2016 Kumamoto earthquakes from the
Japanese K-NET and KiK-net databases (Goda et al., 2016)—in
total, there are 721 sequences, in comparison with the 606
sequences as previously considered in Tesfamariam and Goda
(2015). The Ground Motion Database panel of Figure 6 shows
the magnitude-distance distribution of the newly compiled
database by distinguishing earthquake types. Among the
721 sequences, 275, 330, and 116 sequences are classified as
shallow crustal, megathrust interface, and deep inslab events,
respectively. The interface records that are contained in the
database are based on the two major subduction earthquakes
in Japan, i.e., Mw8.3 2003 Tokachi earthquake and Mw9.0 2011
Tohoku earthquake. It is also noteworthy that all deep inslab
records are from Japan. The issue related to dominant influence
of ground motion records from Japan may be mitigated when
actual record selection is conducted using the multiple-event
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FIGURE 5 | (A) Generic representation of the UBC-SAWS model and (B) pushover curves of the four house models.

FIGURE 6 | Seismic fragility analysis procedure.
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CMS method (see below). This is because the target CMS for
different earthquake types are derived from the detailed PSHA
results and their amplitudes as well as frequency content are
indeed based on the current knowledge of regional seismicity and
ground motion characteristics that are deemed to be applicable
to southwestern British Columbia. Nonetheless, it is important
to be cautious about the potential bias due to the fact that
ground motion databases are not directly based on those for
southwestern British Columbia or Canada.

The step 2 is to carry out numerous runs of non-linear
dynamic analysis of the four UBC-SAWS models subjected
to all 721 ground motion records (note: although each record
sequence contains aftershock ground motions, these are not
included in the analyses). To account for the orientation
effects of seismic excitations (note: the vibration periods of
the UBC-SAWS models along X-axis and Y-axis are different),
orientations of two horizontal components of a ground motion
record are alternated (i.e., 1,442 simulations, instead of 721). For
characterizing the seismic fragility of the wooden houses, IDA is
performed (Vamvatsikos and Cornell, 2002; Christovasilis et al.,
2009). The anchor vibration period, at which record scaling of
input ground motions is carried out, is set to 0.3 s based on
the fundamental vibration periods of the UBC-SAWS models
(section Structural Models of Canadian Wooden Houses). Main
reasons for adopting SA at 0.3 s as seismic intensity measure
for IDA include that it is considered in the current and past
national seismic hazard maps and that a common measure for
the four structural models facilitates the direct comparisons of
the developed seismic fragility models. In IDA, input ground
motions are scaled from SA at 0.3 s = 0.1 g to 8.0 g (in total,
109 values within the range). In total, 157,178 (= 721 × 2 ×

109) runs of non-linear dynamic analysis are conducted for
each of the four UBC-SAWS models. The engineering demand
parameter that is adopted for quantifying the seismic demand
effect is the maximum inter-story drift ratio at the ground floor
level; the choice of the ground-floor response can be justified
because of soft-story behavior of the structural models. The
Incremental Dynamic Analysis panel of Figure 6 shows IDA
results for House 3, demonstrating significant variability of the
structural responses due to input ground motion records.

The step 3 is to perform the record selection using the
multiple-event CMS method on site-specific basis. This requires
the detailed information from PSHA. To reflect different scenario
characteristics due to crustal, interface, and inslab earthquakes in
southwestern British Columbia, three target CMS are developed
using the ground motion models used for PSHA (Atkinson
and Adams, 2013), dominant earthquake scenarios from seismic
disaggregation analysis, and the inter-period correlation model
(Baker and Cornell, 2006). For sites where seismic hazard
contributions due to subduction events are negligible (i.e.,
locations in western Canada far from the coast and locations
in central and eastern Canada), a target CMS for shallow
crustal events alone is considered. The return period for the
target CMS is set to 2,475 years. Subsequently, N record pairs,
selected from the developed ground motion database in the
step 1, are selected by matching response spectra of the scaled
records with the target CMS, permitting the record amplitude

scaling at the anchor vibration period up to a factor of 5 (i.e.,
excessive record scaling is prohibited). The goodness of fit of
candidate ground motion records is evaluated by computing
the sum of differences of the response spectral ordinates and
the target response spectrum over the vibration period range
between 0.1 and 5.0 s in logarithmic scale, and records that
have the smaller total logarithmic differences are selected. For
sites with significant seismic hazard contributions from the
subduction events, N is set to 50, otherwise N is set to 30.
When the multiple target CMS for different earthquake types
are considered, the numbers of record pairs to be selected from
different earthquake types are determined in proportion to the
relative seismic hazard contributions.

The above-mentioned procedure is illustrated in theMultiple-
event Conditional Mean Spectrum-based Record Selection panel
of Figure 6 for Victoria. As seen in Figure 3A, three earthquake
types have significant contributions to the overall seismic hazard;
thus, multiple target CMS need to be developed. An important
observation is that response spectral shapes of the three CMS
are different, particularly for interface events having richer long-
period spectral content, compared with the other two. The
numbers of record pairs to be selected from respective earthquake
types are determined based on the seismic disaggregation results
as 10, 14, and 26 for crustal, interface, and inslab events,
respectively (they sum to N = 50). The selected ground motions
have similar response spectra (when scaled) with the target CMS.

Finally, in the step 4, seismic fragility functions are developed.
The IDA results for the selected record pairs in the step 3
are used to capture record-to-record variability of non-linear
responses of the structural models. To evaluate the extent of
seismic damage for a given seismic response level, four damage
states are considered: slight, moderate, extensive, and collapse.
The damage thresholds for slight and moderate damage states
(DS1 and DS2, respectively) for the four UBC-SAWS models are
set to be identical: 0.005 and 0.01 in terms of the maximum inter-
story drift ratio. On the other hand, the damage thresholds for
extensive and collapse damage states (DS3 and DS4, respectively)
are varied, depending on the UBC-SAWS models: for House 1,
the maximum inter-story drift ratio thresholds for DS3 and DS4
are set to 0.035 and 0.07, respectively; for Houses 2 and 3, the DS3
and DS4 thresholds are set to 0.03 and 0.06, respectively; and for
House 4, the DS3 and DS4 thresholds are set to 0.025 and 0.05,
respectively. The damage thresholds for DS4 are chosen based on
White and Ventura (2006), Christovasilis et al. (2009), and Pan
et al. (2018) and reflect the pushover curves obtained for the four
UBC-SAWS models (see Figure 5B), whereas those for DS3 are
set to 50% of DS4. By counting the number of cases where seismic
demand exceeds a certain damage threshold for different seismic
intensity levels and repeating this procedure for different damage
states, seismic fragility data points can be obtained. Subsequently,
a lognormal model is fitted to the seismic fragility data points
based on the maximum likelihood method (Baker, 2015):

P(DS ≥ ds|SA) = 8
(

(ln (SA)− α)/β
)

(9)

where P(DS ≥ ds|SA) is the probability of DS exceeding
a particular damage state ds, 8(•) is the standard normal
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distribution function, and α and β are the model parameters of
the seismic fragility function.

In the Seismic Fragility Analysis panel of Figure 6, the
preceding analysis is illustrated. The left-hand-side figure shows
the IDA results of the selected ground motion records together
with the damage thresholds for DS1 to DS4. In the right-hand-
side figure, seismic fragility data points and fitted lognormal
fragility models for the four damage states are illustrated.
By taking the differences of the exceedance probabilities for
the adjacent damage states, the probability of experiencing
a particular damage state can be calculated. Moreover, by
considering that the damage/loss ratio for a given damage state
is uncertain and by assigning representative damage ratios and
associated variability, one can simulate the damage/loss ratio for
each seismic event. In this study, the damage/loss ratio for a
given damage state is assumed to be lognormally distributed.
The central damage/loss ratios for DS1 to DS4 are assigned

as 0.05, 0.2, 0.5, and 1.0, respectively, with respect to the full
replacement of the building, whereas the coefficient of variations
of the damage/loss ratios for DS1 to DS4 are assigned as 0.3, 0.3,
0.3, and 0.5, respectively.

Seismic Risk Integration
The seismic risk evaluation involves integration of seismic
hazard and fragility for a house type at a given location. This
is performed based on Monte Carlo methods as follows. The
total simulation number NR is selected (e.g., NR = 5,000,000).
The NR samples of the annual maximum SA at 0.3 s are
simulated from the suitable statistical distribution (section
Upper-Tail Approximation of Geological Survey of Canada’s
Hazard Results). To account for situations where different site
conditions from the site class C in the 2015 NBCC, which is
represented by the average shear-wave velocity in the upper 30m
(Vs30) of 450 m/s, site amplification factors as specified in the

FIGURE 7 | Conditional mean spectrum-based record selection: (A) Victoria, (B) Vancouver, (C) Montreal, and (D) La Malbaie.
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2015 NBCC (Humar, 2015) are applied to the simulated values
of SA at 0.3 s. For given values of SA at 0.3 s, probabilities of
experiencing particular damage states are evaluated using seismic
fragility functions (section Development of Seismic Fragility
Functions); by sampling a standard uniform random number
and comparing it with the calculated damage state probabilities,
the corresponding damage state can be determined for each of
the NR samples. Subsequently, the extent of structural damage
can be sampled from the assumed lognormal distribution for the
damage/loss ratio. The preceding simulation procedure generates
NR samples of the damage/loss ratio, each corresponding to the
annual maximum seismic event, and thus they can be used to
develop exceedance probability curves and also to calculate the
related risk metrics, such as annual expected damage/loss. It is
important to highlight that the above simulation is very fast, for

instance, less than a minute per location for NR = 5,000,000.
Therefore, the simulations can be repeated for numerous
locations to produce nationwide seismic risk maps, displaying
different risk metrics for seismic risk management purposes.

SEISMIC FRAGILITY ANALYSIS OF
CANADIAN WOODEN HOUSES

This section presents the main results of the seismic fragility
analysis for wooden houses in Canada, represented by the
four UBC-SAWS models, following the procedures described
in section Development of Seismic Fragility Functions. Four
locations, namely, Victoria, Vancouver, Montreal, and La
Malbaie, are focused upon. The detailed PSHA results for the

FIGURE 8 | Incremental dynamic analysis results for House 3: (A) Victoria, (B) Vancouver, (C) Montreal, and (D) La Malbaie.
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four locations are presented in Figure 3. Note that Victoria
and Vancouver are located in active subduction regions of
southwestern Canada; hence, influenced by different earthquake
types. On the other hand, Montreal is located in the Western
Quebec region, while La Malbaie is near the very active
Charlevoix region at the river mouth of St. Lawrence.

The CMS-based record selection method requires the
determination of the target CMS; for Victoria and Vancouver,
three target CMS are defined, while for Montreal and LaMalbaie,
a single CMS is obtained. The CMS for the four locations are
shown in Figure 7. In the figure, the median as well as 16th/84th
percentile CMS are overlaid over response spectra of the selected
ground motion records. The matching of the response spectra
of the selected records with the target is satisfactory. The
results shown in Figure 7 demonstrate that the consideration
of different earthquake types is indeed important, allowing to

capture realistic response spectral shapes and record-to-record
variability with respect to the target.

Using the selected ground motion records, IDA results for
a house model can be analyzed to obtain seismic fragility data
points for developing seismic fragility functions corresponding
to DS1 to DS4. Taking House 3 as an example, IDA plots
and the corresponding seismic fragility functions for Victoria,
Vancouver, Montreal, and La Malbaie are shown in Figures 8, 9,
respectively. From Figure 8, it can be observed that the median
curves for Victoria, Vancouver, and La Malbaie are positioned
lower (i.e., greater fragility) than that for Montreal. This can
be explained by the dominant earthquake scenarios, particularly
from large magnitude earthquakes, shown in Figure 3 and by
the response spectral shapes of the selected records shown in
Figure 7, in interaction with elongated vibration periods of the
structural models due to their non-linear behavior. The hazard

FIGURE 9 | Seismic fragility functions for House 3: (A) Victoria, (B) Vancouver, (C) Montreal, and (D) La Malbaie.
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for Victoria is strongly influenced by megathrust subduction
earthquakes of Mw8 to Mw9; the hazard for Vancouver is more
influenced by deep inslab events (thus less long-period spectral
content compared with megathrust interface events); the hazard
for La Malbaie is dominated by Mw7-class events at short
distances (originating from the Charlevoix seismic zone), and
in contrast, the hazard for Montreal is dominated by Mw6-
class local events from the Western Quebec seismic zone. The
comparisons of the developed seismic fragility functions for the
four locations indicate that the differences that are revealed
in the IDA results can be translated into the differences in
the seismic fragility functions for DS3 and DS4, and hence,
seismic fragility functions for Victoria, Vancouver, and La
Malbaie are positioned on the left-hand-side of those for
Montreal. Note that seismic fragility functions for DS1 and
DS2 are almost identical for the four locations because at

these damage levels, the structural model behaves in a nearly
linear-elastic manner.

To examine the influences of local seismicity and selected
records on the seismic vulnerability assessments, collapse seismic
fragility functions for the eight major cities (Figure 2) are
compared in Figure 10 for the four UBC-SAWS models. From
House 4 to House 1 (i.e., increasing seismic resistance), groups of
seismic fragility functions shift toward left (i.e., greater fragility).
For a given house type, seismic fragility functions for Victoria
are positioned leftmost (highest seismic hazard among the eight
locations), while those for Toronto are positioned rightmost
(second lowest hazard among the eight locations after Calgary).
The reversed order of the fragility functions for Toronto and
Calgary, although their differences are relatively small, is related
to the response spectral shapes of the target CMS, which are
in turn affected by the ground motion models used for western

FIGURE 10 | Seismic fragility functions for the damage state 4 (collapse) for eight major cities: (A) House 1, (B) House 2, (C) House 3, and (D) House 4.
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and eastern Canada (note: for the same earthquake scenario,
ground motion models for eastern Canada show more rapid
decay of response spectra than those for western Canada).
Although detailed results for 56 other locations where PSHA
results are available are not presented in this section due to
space limitations, the observations that are made for the eight
major cities are generally applicable. The parameters α and β for
these locations for all four UBC-SAWS models are available in
Supplementary Materials.

SEISMIC RISK ASSESSMENTS OF
CANADIAN WOODEN HOUSES

Themain aim of this section is to present quantitative seismic risk
analysis results for the typical wood-frame houses in Canada by

adopting the Monte Carlo methods described in section Seismic
Risk Integration. In section Exceedance Probability Curves and
Seismic Risk Metrics for Single Locations, results for single
locations, focusing upon the eight major cities, are presented,
whereas in section Seismic Risk Maps for Western and Eastern
Canada, the analyses are applied to the 1,620 FSA locations and
various seismic risk maps are produced to discuss their use in the
context of earthquake risk management.

Exceedance Probability Curves and
Seismic Risk Metrics for Single Locations
An exceedance probability curve, expressed in terms of seismic
damage ratio, provides rich information of the resulting seismic
loss due to anticipated seismicity surrounding a building of
interest. The benefit of performing probabilistic seismic risk
analysis, in addition to conventional PSHA, is that the main

FIGURE 11 | Exceedance probability curves in terms of damage ratio for Houses 1 to 4: (A) Victoria, (B) Vancouver, (C) Montreal, and (D) La Malbaie.
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variable is expressed in terms of more practical variable, such
as damage/loss ratio, and hence the result is more relevant to
seismic risk management. One of the most fundamental metrics
that can be computed from the exceedance probability curve
is the annual expected damage ratio. This quantity forms the
basis for earthquake insurance pure premium as full insurance
case (note: when an earthquake insurance policy is specified, the
damage ratio needs to be adjusted for deductible, con-insurance
factor, and limit; Yoshikawa and Goda, 2014). Other common
metrics that can be derived from the exceedance probability curve
are value at risk, which is identical to a fractile of the damage
ratio corresponding to a chosen probability level, and probability
of exceeding a particular damage ratio level. The two kinds of
metrics view a seismic risk distribution from a fixed probability
or a fixed consequence level, and both are useful for seismic
risk management.

Figure 11 shows damage-ratio exceedance probability curves
for the four house models for Victoria, Vancouver, Montreal, and
La Malbaie. The site condition is the GSC’s reference of Vs30 =

450 m/s. The number of simulations is set to NR = 108. The
results clearly show the effects of seismic resistance (i.e., Houses
1 to 4) as well as seismic characteristics (i.e., locations). For a
given location, the exceedance probability curve for House 4
precedes, followed by those for House 3, House 2, and House 1
in this order; this is consistent with the pushover curves shown in
Figure 5B and the seismic fragility functions shown in Figure 10.
Regarding the locations, the exceedance probability curves (for
the same analysis set-up) can be ordered based on seismic hazard
levels (see Figure 3).

To inspect the key risk metrics for the eight major cities
under different site conditions, the annual expected damage
ratio and damage occurrence probability for the four houses
are computed by considering Vs30 = 450 m/s (site class C) and

Vs30 = 250 m/s (site class D), and the results are summarized
in Table 1. The results shown in Table 1 confirm that the
previous observations made for Figure 11 are applicable to all
eight locations. The considerations of the soft site conditions
generally lead to increases in annual expected damage ratio and
damage occurrence probability. The effects of the site conditions
depend on seismic characteristics at a location of interest, and
are influenced by the ground motion models used for different
regions and site amplification factors adopted in this study (i.e.,
those indicated in Humar, 2015, which incorporate the site
response de-amplification for soft soils of site class D when peak
ground acceleration is >0.5 g). The results are also affected by
the slope of the seismic hazard curve; the hazard curves for
eastern sites are generally flatter than those for western sites (see
Figure 3). The complex interplay of various factors determine the
effects of site conditions on the seismic risk analysis results.

To put the calculated annual expected damage ratios into
practical context, it is useful to compare them with typical
earthquake insurance rates around the world (NLIRO, 2008;
OECD, 2008). It is noteworthy that since insurance premiums
usually include not only pure premiums (which is equivalent to
the annual expected damage ratio when full insurance contract
is considered) but also risk premium (i.e., overcharges) and
transaction fees, the direct comparison is not possible. For
instance, in California, the premium rates range from 0.00036
to 0.0090, depending on zip code, structural type, built year, and
number of stories, while in Japan, the rates range from 0.0005 to
0.00313, depending on structural type and geographical region.
The calculated annual damage ratios for the eight Canadian
cities range approximately from 10−6 to 10−3 (Table 1). Broadly
speaking, the calculated annual damage ratios are compatible
with (but certainly less than) the earthquake insurance rates in
active seismic regions around the world.

TABLE 1 | Annual expected damage ratio and damage occurrence probability for the four house models located at two site conditions corresponding to Vs30 = 450 m/s

and Vs30 = 250 m/s.

Vs30 = 450 m/s Vs30 = 250 m/s

House 1 House 2 House 3 House 4 House 1 House 2 House 3 House 4

Victoria Annual expected damage ratio 1.56E-04 2.90E-04 4.13E-04 7.47E-04 1.62E-04 3.20E-04 4.90E-04 9.19E-04

Damage occurrence prob. 0.001526 0.002472 0.003660 0.005387 0.001774 0.003192 0.005076 0.007812

Vancouver Annual expected damage ratio 4.98E-05 9.48E-05 1.35E-04 2.72E-04 5.48E-05 1.13E-04 1.75E-04 3.68E-04

Damage occurrence prob. 0.000536 0.000929 0.001498 0.002352 0.000663 0.001291 0.002244 0.003661

Calgary Annual expected damage ratio 7.64E-07 1.27E-06 1.74E-06 3.57E-06 8.14E-07 1.49E-06 2.22E-06 4.80E-06

Damage occurrence prob. 0.000009 0.000014 0.000022 0.000037 0.000011 0.000018 0.000031 0.000058

Toronto Annual expected damage ratio 3.86E-06 5.94E-06 7.26E-06 1.18E-05 3.64E-06 5.72E-06 7.11E-06 1.23E-05

Damage occurrence prob. 0.000030 0.000041 0.000048 0.000080 0.000029 0.000041 0.000051 0.000095

Ottawa Annual expected damage ratio 9.20E-06 1.38E-05 1.79E-05 3.29E-05 8.68E-06 1.34E-05 1.79E-05 3.56E-05

Damage occurrence prob. 0.000077 0.000103 0.000143 0.000256 0.000074 0.000107 0.000158 0.000326

Montreal Annual expected damage ratio 2.05E-05 3.00E-05 3.40E-05 5.90E-05 1.94E-05 2.89E-05 3.34E-05 6.05E-05

Damage occurrence prob. 0.000148 0.000192 0.000226 0.000359 0.000143 0.000196 0.000239 0.000423

Quebec City Annual expected damage ratio 1.01E-05 1.58E-05 1.96E-05 3.58E-05 9.40E-06 1.52E-05 1.96E-05 3.72E-05

Damage occurrence prob. 0.000089 0.000122 0.000173 0.000255 0.000085 0.000124 0.000191 0.000307

La Malbaie Annual expected damage ratio 1.42E-04 2.15E-04 2.55E-04 4.56E-04 1.33E-04 2.06E-04 2.49E-04 4.65E-04

Damage occurrence prob. 0.001095 0.001427 0.001861 0.002947 0.001052 0.001431 0.001956 0.003397
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Seismic Risk Maps for Western and
Eastern Canada
The seismic risk assessments that are carried out for the
eight major cities in section Exceedance Probability Curves
and Seismic Risk Metrics for Single Locations are expanded
to the 1,620 FSA locations. To reflect site conditions of
the FSA locations, Vs30 values for these locations are
obtained from the USGS’s Vs30 database (Wald and Allen,

2007) and are applied to individual locations. In this
section, two kinds of nationwide seismic risk maps are
considered: one for the annual expected damage ratio,
while the other for the 50-year probability of experiencing
a damage ratio of 0.1, 0.3, or 0.5. A 50-year period is
a suitable duration for seismic risk concerns by house
owners. The results are shown by focusing upon British
Columbia and Ontario-Quebec. The computed values of these

FIGURE 12 | Seismic risk maps in terms of annual expected damage ratio for western and eastern Canada: (A) House 1, (B) House 2, (C) House 3, and (D) House 4.
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seismic risk metrics for the FSA locations are provided in
Supplementary Materials.

Figure 12 shows annual expected damage ratio maps for
western and eastern Canada for the four house models. The
annual expected damage ratio is color-coded (see the legend
shown at the top of the maps). The risk maps indicate the effects
of seismic resistance clearly; more reddish colors appear as the

seismic capacities of the houses are decreased. In western Canada,
higher risks are concentrated near Puget Sound, where Victoria
and Vancouver are located, and as the locations become far
from the Pacific coast, seismic risk levels decrease significantly.
In eastern Canada, risk levels around Toronto-Niagara Falls are
elevated (light blue to green) compared to the surrounding areas
(blue), and the Western Quebec region (which contains Ottawa

FIGURE 13 | Seismic risk maps in terms of 50-year probability of experiencing 0.1 damage ratio or greater for western and eastern Canada: (A) House 1, (B) House

2, (C) House 3, and (D) House 4.
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and Montreal) shows elevated risk levels (light blue to green).
Near the river mouth of St. Lawrence, high risk levels (orange)
are observed due to the proximity to the Charlevoix seismic zone,
and are comparable to those seen near Vancouver. Inspecting
the seismic risk maps that are generated consistently for the
national scale is particularly valuable in prioritizing disaster risk
reduction actions, and informing consistent risk-based policy
across Canada.

To provide different perspectives on existing seismic risks on
Canadian households, the 50-year probability of experiencing
a damage ratio of 0.1 is calculated for the FSA locations and
is mapped in Figure 13. Although risk metrics are different
for Figures 12, 13, the observations that can be drawn from
these two figures are similar with regard to relative seismic
risks levels for different house types and different locations.
The maps identify the Puget Sound region and the Charlevoix
region as hot spots for seismic risk. To further inspect how the
risk levels change with increase of the damage ratio threshold

level, seismic risk maps that display the 50-year probability of
experiencing a damage ratio of 0.1, 0.3, or 0.5 for House 3
are shown in Figure 14. With the increase in the damage ratio
threshold, the 50-year probability of experiencing earthquake
damage decreases. For the considered thresholds and the house
model, chances of sustaining extensive damage in southwestern
British Columbia are significantly higher than the majority of
locations in Ontario and Quebec. Such risk maps with different
damage thresholds can be used to capture the upper-tail behavior
of the exceedance probability curves.

CONCLUSIONS

This study developed a nationwide earthquake risk model for
wood-frame houses in Canada by utilizing national seismic
hazard information provided by the GSC and by developing
seismic fragility functions that are applicable to a broad range

FIGURE 14 | Seismic risk maps in terms of 50-year probability of experiencing certain damage thresholds for House 3 in western and eastern Canada: (A) 0.1

damage ratio or greater, (B) 0.3 damage ratio or greater, and (C) 0.5 damage ratio or greater.
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of wooden houses having different seismic capacities and seismic
environments, and applied it to generate exceedance probability
curves of seismic damage ratio and seismic risk maps of
key risk metrics. To enable such investigations, the in-house
PSHA tool for Canada was developed and used to verify
the accuracy of the upper-tail approximation of the annual
maximum seismic intensity measure. In addition, the in-house
PSHA tool served to generate detailed seismic disaggregation
results, which facilitated the implementation of the multiple-
event CMS-based record selection for developing seismic fragility
functions via IDA. The significance of this study is that such
a nationwide earthquake risk model for wood-frame houses
in Canada has been created for the first time and it offers a
transparent method for quantitative seismic risk assessments
across Canada. To allow interested readers to reproduce the
results presented in this study, model parameters for the
tail-approximated seismic hazard model and assigned seismic
fragility functions for the 1,620 FSA locations are provided in
Supplementary Materials.

The seismic fragility analysis results for the four house models
demonstrated that the structural responses, as represented
by IDA curves, and the resulting seismic fragility functions
are influenced by the seismic environments of the locations.
Generally speaking, seismic fragility at sites where large
magnitude events are dominant is severer than sites where
small-to-moderate magnitude events are dominant. The non-
linear behavior of the structural models is more affected by
the rich spectral content in the long vibration period range,
which is associated with larger magnitudes. Therefore, it is
important to reflect key seismic characteristics of influential
scenarios contributing to the overall seismic hazard in seismic
vulnerability assessments.

The seismic risk analysis results for specific locations and for
numerous locations across Canada showed that the nationwide
earthquake risk model calculates the annual expected damage
ratios (in the range of 10−6 to 10−3) that are generally
compatible with the earthquake insurance rates in active seismic
regions around the world. Importantly, inspecting the seismic
risk maps that are generated systematically at the national
scale is valuable in prioritizing disaster risk reduction actions
and informing consistent risk-based management strategies
across Canada.

As final remarks, it is important to mention the limitations
of the developed earthquake risk model. Since the surrogate
statistical model for the seismic hazard parameter is based on
tail approximation, it may not be accurate for the very rare
cases. In such cases, a full detailed PSHA result needs to be
generated and used for seismic risk integration. The residential
house models considered in this study do not capture all possible

details of the existing wood-frame building stock in Canada.
There are numerous variants in the house layout/geometry,
material characteristics, and structural details, such as wall-to-
frame connections and opening configurations, and ideally the
structural parameters should be treated as random variables.
Consequently, the results of this study with regard to possible
variations of seismic resistance of Canadian houses should be
interpreted as rough indications of such effects.
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Table S1 | The “PSHA-64sites” sheet contains results related to the 64 sites

where detailed PSHA calculations are carried out. The table includes: (i)

2,475-year seismic hazard values (10 seismic hazard parameters) calculated using

the in-house tool (columns F to O) and obtained from the GSC (columns P to Y),

and (ii) seismic fragility function parameters for the four damage states (DS1 to

DS4) for House 1 (columns Z to AG), House 2 (columns AH to AO), House 3

(columns AP to AW), and House 4 (columns AX to BE). For the lognormal fragility

equation [see Equation (9) in the main text]. The “FSA-1620sites” sheet contains

results related to the 1,620 FSA sites where quantitative seismic risk assessments

are conducted. The table includes: (i) information of the FSA (province name, first

three postal code, geographical coordinates, population, area, etc.), (ii) 2,475-year

seismic hazard values (10 seismic hazard parameters) obtained from the GSC

(columns K to T), (iii) the PSHA location index assigned to the FSA location (out of

64) (column U), (iv) tail approximation results of the GSC’s seismic hazard value for

SA at 0.3 s (columns V to Y), (v) USGS’s Vs30 estimate (column Z), and (vi) seismic

risk metrics (annual expected damage ratio and annul probabilities of experiencing

0.1, 0.3, and 0.5 damage ratios or greater) for House 1 (columns AA to AD),

House 2 (columns AE to AH), House 3 (columns AI to AL), and House 4 (columns

AM to AP). For the tail approximation equation, c1 and c2 in Equations (5)–(8) can

be obtained by solving: p1 = –c1/c2 and p2 = 1/c2 for the lognormal distribution,

p1 = –c1/c2 and p2 = c2 for the Gumbel distribution, and p1 = exp(–c1/c2) and p2
= c2 for the Frechet and Weibull distributions.
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