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Abstract

An investigation has been done to update key input parameters in the recent seismic-risk-screening tools developed by the
National Research Council Canada for the six seismic categories. In this study, the seismic categorization system in the recent
seismicrisk-screening tools of the National Research Council Canada is extended to include Canadian buildings abroad by in-
cluding threshold peak ground acceleration values, a more global set of modified Mercalli intensity, peak ground acceleration,
and spectral response acceleration and peak ground acceleration relationships. The relationships among spectral response
acceleration, peak ground acceleration, and peak ground velocity values have been derived using least-squares regression
analyses to obtain the threshold values of both peak values associated with various modified Mercalli intensity values for each
seismic category. Based on the updated relationships, the seismic categorization system is applied to 679 locations in Canada
and 226 locations outside Canada.
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Introduction

There is a large inventory of existing buildings in Canada
and abroad that could potentially suffer severe damage or col-
lapse in the event of strong ground shaking. Assessing and
mitigating seismic risk in large portfolios of existing build-
ings present technical and economic challenges to building
owners. To address these challenges, the National Research
Council Canada (NRC) developed a series of manuals and tech-
nical guidelines for seismic screening (NRC 1993a), evalua-
tion (NRC 1993b), and upgrading (NRC 1995) of existing build-
ings based on the 1990 edition of the National Building Code
of Canada (NBC) (NRC 1990).

The 1993 NRC screening manual divided Canada into seven
seismic zones (0, 1, 2, 3, 4, 5, and 6) based on calculated peak
ground motion accelerations and velocities (i.e., PGAs and
PGVs) with a probability of exceedance of 10% in 50 years
(equivalent return period of 475 years).

Effective seismic zones of 0 and 1 were considered as zones
with low seismicity, and buildings located in these zones
were not required to be screened for seismic risks.

Although the seismic zones are no longer used to design
new buildings, they are still used to exempt buildings in the
low-seismic-risk category (NIST RP-8, 2011; ASCE/SEI 2016)
and conduct rapid visual screening of existing buildings in
the United States (US) (FEMA P-154; FEMA 2015). Previous
NRC screening manuals used “seismic zones” for categorizing
PGA and PGV values. However, all current related articles use
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seismic “categories” instead of seismic “zones” because seis-
mic zones are usually referred to as seismotectonic regions.
In this paper, to be consistent with current related articles,
we also use seismic “categories” instead of seismic “zones”.

In 2018, NRC developed multi-level seismic-risk-screening
tools (SRSTs) to assist building owners in efficiently assessing
the seismic risk of existing Canadian buildings within their
portfolios (Motazedian 2017; Fathi-Fazl et al. 2018, 2020a,
2020b, 2020c, 2020d, 2021b). The NRC SRSTs associated six
seismic categories (very low, low, moderate, moderately high,
high, and very high) with various modified Mercalli inten-
sity (MMI) values. Specifically, the very low and low seismic
categories correspond to MMI V (no real building damage)
and MMI VI (none to slight damage to non-structural com-
ponents). Existing buildings in very low and low seismic cat-
egories are therefore eligible to be exempt from further seis-
mic risk assessment as their 475-year return period shaking is
considered too low to cause appreciable damage depending
on the consequences of their failure (Fathi-Fazl and Lounis
2017; Fathi-Fazl et al. 2021a).

The seismic categorization system in the NRC SRSTs (Fathi-
Fazl et al. 2018) was based on the seismic hazard values of
679 locations in Canada listed in Appendix C of NBC 2015
(NRC 2015), which included PGVs and spectral response ac-
celeration (S, (T)) values for assuming site class C. In NRC
SRSTs (Fathi-Fazl et al. 2018), the Worden et al. (2012) MMI-
PGV relationship and the PGV threshold values proposed by
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Table 1. MMI damage levels associated with PGV and S, thresholds (Fathi-Fazl et al. 2018).

Spectral response accelerations

PGV (m/s) (Halchuk 2017) max [Sq (0.2), Sq (0.5)] Sa (1.0)
MMI scale > < > < > =
MMIV 0.050 0.098 0.041
MMI VI 0.050 0.100 0.098 0.194 0.041 0.081
MMI VII 0.100 0.200 0.194 0.384 0.081 0.161
MMI VIII 0.200 0.450 0.384 0.840 0.161 0.356
MMI IX+ 0.450 0.900 0.840 0.356
Table 2. Threshold values of various seismic categories across Canada (Fathi-Fazl et al. 2018).
Seismic category thresholds
F(0.2)S4(0.2)
max F(1.0) Sq (1.0)

F(0.5)S84(0.5)
Seismic categories (SCs) > < > < MMI damage level
] Very low 0.10g 0.05g MMIV
| Low 0.10g 0.20g 0.05g 0.10g MMI VI
] Moderate 0.20g 0.35g 0.10g 0.15g MMI VI-VII

Moderately high 0.35g 0.75g 0.15g 0.30g MMI VII-VIII

] High 0.75¢g 1.15g 0.30g 0.50g MMI VIII+
[ ] Very high 1.15¢g Max 0.50g Max

Halchuk (2017) were adopted after analyzing different MMI,
PGV, and S, (T) relationships (Wald et al. 1999; Atkinson and
Kaka 2007; Worden et al. 2012; Caprio et al. 2015; Halchuk
2017). In addition, a set of PGV-S, relationships was deter-
mined by applying regression analysis to a seismic database
of over 200 000 grid points provided by Halchuk et al. (2015)
for Natural Resources Canada (NRcan). Having obtained MMI-
PGV and PGV-S, relationships, equivalent MMI-S, relation-
ships were established by combining them. Table 1 presents
MMI values associated with PGV and S, thresholds.

To maintain consistency with NBC 2015 and to the ben-
efit of practising engineers, the S, thresholds in Table1
(Fathi-Fazl et al. 2018) were adjusted to be consistent with
the thresholds of spectral response accelerations during the
short periods provided in Table 4.1.8.9 in Part 4 of NBC 2015.
It is noted that NBC 2015 provided only a single threshold
of 0.3g for spectral response accelerations over long periods.
Site coefficients were incorporated into the thresholds for
defining seismic categories (see Table 2) to address soil condi-
tions. Figure 1 presents an earthquake hazard map based on
seismic categories assuming site class C following threshold
values given in Table 1 (Fathi-Fazl et al. 2018).

Adams et al. (2020) provided new design PGA and S, (T) val-
ues at 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0s for existing Canadian
buildings abroad. Adams et al. (2020) started with the latest
Global Earthquake Model (GEM) and information from many
other sources and applied necessary modifications to GEM to
obtain a new set of PGA and S, (T) values that were equiva-
lent to NBC 2015 for Canadian buildings abroad. Adams et al.
(2020) applied the following main modifications:

e Move the estimated seismic design values from
10%/50 years probability of exceedance (Adams et al. 2008)
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to 2%[50years probability of exceedance (following NBC
2015) by applying a set of suitable shape and magnification
factors.
* Harmonize M.y (maximum magnitude in the seismic haz-
ard calculation) for different global seismotectonic regions
using the Mp,,x recommended by NBC 2015.
Increase the cut-off distance to 600 km, which is used in
seismic hazard calculations for Canada.
* Modify the site amplification to follow the site classification
system adopted by NBC 2015.

The abovementioned modifications to the PGA and S, (T)
values permit the use of NBC guidelines to calculate seismic
hazard values for existing Canadian buildings abroad.

Therefore, there is a need to update the seismic categories
for seismic risk assessments of existing Canadian buildings
based on the seismic hazard values in the 2015 edition of the
NBC (NRC 2015) and Adams et al. (2020).

Objective

This study presents an update on Motazedian (2017)
and seismic categories in the NRC SRSTs (Fathi-Fazl et
al. 2018, 2020a, 2020b, 2020c, 2020d, 2021a, 2021b)
to develop the seismic categorization system for exist-
ing Canadian buildings in Canada and abroad with cer-
tain modifications. These modifications are needed be-
cause the NRC SRSTs determined S, thresholds for vari-
ous seismic categories based on equivalent MMI-S, rela-
tionships using a set of MMI-PGV and PGV-§, relationships
that are suitable only for Canada. In addition, PGV values
are not available for existing Canadian buildings abroad.
Therefore, the seismic categories in the NRC SRSTs are
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Fig. 1. Earthquake hazard map based on seismic categories assuming site class C following thresholds values given in Table 1

(Fathi-Fazl et al. 2018).

Very Low Low

updated in this paper to include PGA values (instead of PGV
values) and a set of MMI-PGA and PGA-S, relationships suit-
able for seismic risk assessment of existing Canadian build-
ings abroad.

To update the seismic categorization system, the authors
investigated the following topics: (1) a set of MMI-PGV
and MMI-PGA relationships for globally distributed existing
Canadian buildings, (2) the correlation of PGV and PGA val-
ues with the S, values at 0.2, 0.5, and 1.0s given in the NRC
SRSTs, (3) the application of the developed relationships for
the seismic categorization of 679 locations in Canada and 226
Canadian buildings abroad, and (4) the calculation of median,
mean, and standard deviation of MMI values for each seismic
category.

Empirical MMI-PGA and MMI-PGV
relationships

The MMI scale (Wood and Neumann 1931; Stover and Coff-
man 1993) has been widely used to define the level of build-
ing damage and has been correlated to various ground mo-
tion parameters (e.g., PGA and PGV) based on the records of
historical earthquakes. PGV is generally considered to be a su-
perior indicator of potential damage than PGA (Kappos 2002).
The NRC SRSTs provide spectral response accelerations S, (T)
at 0.2, 0.5, and 1.0s, correlated with the PGV and MMI values
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Moderate  Moderately High High

Very High

given in Table 2 for different site classes. However, due to a
lack of PGV values for existing Canadian buildings abroad, it
is important to relate the PGV threshold values to the PGA
values through empirical MMI-PGV and MMI-PGA relation-
ships.

There are many empirical correlations between MMI and
various ground motion parameters such as PGA, PGV, and S,
(T) values (Wald et al. 1999; Atkinson and Kaka 2007; Worden
etal. 2012; Caprio et al. 2015). Wald et al. (1999) characterized
the relationships among MMI, PGA (cm/s?), and PGV (cm/s)
values, which are used for the USGS ShakeMap (ShakeMap
Manual, http://usgs.github.io/shakemap/manual4_0/tg_par
ameters.html). They suggested MMI=3.66 log(PGA)— 1.66
for an MMI range of V-VII and MMI = 3.47 log (PGV) — 2.35
for MMI>VIL. The Wald et al. (1999) relationships have
been updated and modified, and two of the most recent and
popular ones are discussed in this paper.

Worden et al. (2012) provided the probabilistic relation-
ships between ground motion parameters and MMI for Cali-
fornia, based on about 200 000 MMI observations and record-
ings of earthquakes that had magnitudes ranging from 3.0
to 7.3 and distances of up to about 400 km from the source.
For intensities of MMI > 5, the results closely agreed with the
relations of Wald et al. (1999).

(1) MMI = ¢; +clog(Y) forlog(Y) <ty
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(2)  MMI = ¢3+ c4log(Y) forlog(Y) >ty
where Y is the ground motion amplitude of the selected type,
¢; through c,4 are the fitted parameters, and t; is the intersec-
tion of the two lines given by eqs. 1 and 2, which is the log(Y)
condition (Worden et al. 2012). See Worden et al. (2012) for
the coefficients of the above equations and the standard de-
viations of the residuals (PGV is in cm/s, and PGA is in cm/s?).
Using the above equations provided by Worden et al. (2012),
PGV can be directly calculated from PGA, and vice versa, us-
ing the following equations and coefficients:

(3) log (PGV (cm/s)) = c1,pca — €1.pGv + C2.pGA
log (PGA (cm/s?)) /capev  forlog(Y) <t

4) log (PGV (cm/s)) = ¢3pca — €3,pGv + Ca,pGA
log (PGA (cm/s®)) /capgy  forlog(Y) > t;

(5)  log(PGA (cm/s?)) = c1pev — C1.pca + C2pav
log (PGV (cm/s)) /capca forlog(Y) <ty

(6) log (PGA (cm/s®)) = ¢z pev — C3.p6A + CapGv
log (PGV (cm/s)) /capca forlog(Y) > t;

It should be noted that the log (PGA) <t; values belong to
very low MMIs (1L, III, and IV).

Caprio et al. (2015) provided a more generic and global
set of equations by merging several databases from Califor-
nia, Italy, Greece, and central-eastern US for earthquakes that
had magnitudes between 2.5 and 7.3 and distances of up to
200km from the epicenter. The regional and global set of
equations agree, within one standard deviation, with the sets
of equations in Worden et al. (2012) for California, Faenza
and Michelini (2010) for Italy, Tselentis and Danciu (2008)
for Greece, and Atkinson and Kaka (2007) for central-eastern
US.

(7) INT = o1 + B1 10g (PGM) if log (PGM) < tpgMm

(8) INT = ap + ,32 lOg (PGM) if log (PGM) > tpgMm

where PGM is the peak ground motion (PGV or PGA) and MMI
is represented by INT. See Caprio et al. (2015) for the coeffi-
cients of the above equations.

Caprio et al. (2015) does not provide any direct PGA-PGV
relationships. However, one of our main concerns for Cana-
dian buildings abroad is the use of PGA, instead of PGV, due
to lack of PGV values for those buildings. Thus, using eqs. 7
and 8 and following the same approach mentioned above,
PGV can be directly calculated from PGA, and vice versa, us-
ing the following equations:

9) log (PGV (cm/s)) = a1.pca — @1.p6v + B1.pGA
log (PGA (cm/s?)) /Brpcv,  if log (PGM) < tpom
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Fig. 2. (a) Halchuk et al. (2015) database, Worden et al. (2012)
(egs. 3 and 4), Caprio et al. (2015) (eqs.9 and 10), and eq. 13.
The flat horizontal gray line is the lowest PGV threshold value
(0.05m/s) considered in Fathi-Fazl et al. (2018). (b) PGV-PGA
data distribution and fitted curve and eq.15 based on the
Halchuk et al. (2015) database.

a)
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(10) log (PGV (cm/s)) = a2 pea — @2.pav + Pa.pca

log (PGA (cm/s®)) /B2pcv,  if log (PGM) > tpam

(11) log(PGA (em/s?)) = a1 pov — @1,pcA + Br.pGv

log (PGV (cm/s)) /B1pca, if log(PGM) < tpgm

(12) log (PGA (cm/s®)) = oz pev — @2.pa + Ba.pGv

log (PGV (cm/s)) /B2.pca,  if log (PGM) > tpem

Similar to Worden et al. (2012), the log(PGM) < tpgm values
belong to very low MMISs (IL, III, and IV).

In Canada, Halchuk et al. (2015) provided both PGA and
PGV values for 206 360 grid points across Canada (database
given in Figs. 2a and 2b). In this study, we obtained the PGV-
PGA relationships using their databases using a least square
regression analysis. For consistency, first, we tested the math-
ematical model of log(PGV) as a function of log(PGA(cmy/s)).

(13) log(PGV (m/s)) = —0.016 + 1.003

x log (PGA (cm/s®))  R* =0.898
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(14) log(PGA (cm/s*)) = —0.098 + 0.895
xlog (PGV (m/s))  R* = 0.895

Figure 2a shows the Halchuk et al. (2015) database, Worden
et al. (2012) (egs.3 and 4), Caprio et al. (2015) (eqs.9 and
10), and eq.13. The flat horizontal gray line is the lowest
PGV threshold value (0.05 m/s) considered in Fathi-Fazl et al.
(2018). These relationships can be used to calculate the MMI
values as discussed in the following sections.

In addition, other mathematical models were tested, and
the Y=c¢y + ¢1; x X+ ¢, x X2 model provided a higher R? to fit
the Halchuk et al. (2015) database. Therefore, this model was
used to establish the relationship between the PGV and PGA
for Canada.

(15) PGV (m/s), Halchuk (2015) = 0.803 x PGA' + 0.463

x PGA?, for PGA < 1.7g, R* =0.962

(16) PGA(g), Halchuk(2015) = 1.032 x PGV' — 0.183
x PGV2, for PGV < 2.8m/s, R?=0.960

It is noted that the NRC SRSTs were designed to exempt
buildings in low-seismicity categories from detailed seismic
risk assessment. MMI V and MMI VI are the thresholds for
no building damage and for light non-structural damage, re-
spectively (Fathi-Fazl et al. 2018, 2021b). Consequently, based
on Table 1, PGV values for building exemptions are limited
to equal or slower than 0.1 m/s. As shown in Fig. 2b, based on
the PGV and PGA relationships (eqgs. 15 and 16), a PGV value
of 0.1 m/s corresponds to a PGA value of ~0.1g.

Sa—-PGA and S,-PGV relationships

To update Table1 (Fathi-Fazl et al. 2018), which relates
the S, threshold values to the PGV values for existing Cana-
dian buildings, the relationships between S, and PGA (S,-
PGA relationships) need to be developed. A new set of
equations was developed using all 206360 points in the
Halchuk et al. (2015) database. The same mathematical model
(Y=co +c1 x X+ ¢, x X?) provided the best fit to the Halchuk
et al. (2015) database. Figure 3a shows the distributions of
Sa (for 0.2, 0.5, and 1.0s) versus the PGA values. The regres-
sion parameters are presented in Table 3. The developed S,—
PGA relationships are used to calculate the MMI values as dis-
cussed in the following sections. For comparison purposes,
the S, (T) — PGV regression parameters and corresponding
curves are also presented in Table 3 and Fig. 3b, respectively.

PGA ranges

Although the seismic categorization system in Table 2 is
based on the spectral response accelerations S, at 0.2, 0.5,
and 1.0, it is important to relate MMI threshold values to PGA
values because there are no PGV values for existing Cana-
dian buildings abroad. Using the abovementioned relation-
ships among PGA-PGV, PGA-MMI, and PGV-MMI, as shown
in Table 4, Caprio et al. (2015) provided the highest thresh-
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old PGA values for low MMI damage levels, which are of high
interest in this study. Further, the Caprio et al. (2015) val-
ues are based on a global database obtained by merging sev-
eral databases from CA, Italy, Greece, and central-eastern US.
Therefore, Caprio et al. (2015) is the most suitable database
for the seismic categorization that covers existing buildings
inside and outside Canada.

The NRC SRSTs defined six seismic categories based on
empirical MMI-PGV and S,-PGV relationships (see Table 1).
Adding the abovementioned Caprio et al. (2015) PGA thresh-
old values to Table 1 results in threshold values that are con-
sidered in this study (see Table 5). The site coefficient F (T) is
the same as that in Fathi-Fazl et al. (2018) and NBC 2015 (NRC
2015). It is noted that the thresholds of the spectral response
accelerations for the six seismic categories in this study are
the same as those in the NRC SRSTs.

Application and discussion

Validation of existing buildings in Canada

Similar to the NRC SRSTs (Fathi-Fazl et al. 2018, 2020c,
2020d), the equation for the design spectral response accel-
eration values of S (T) as per section 4.1.8.4 of NBC 2015 is as
follows:

(17)  S(T) = F(T)Sa(T)

where S (T) is the design spectral response acceleration for
any desired site class (A, B, C, D, and E), F (T) is the site co-
efficient for the spectral acceleration as defined in sentence
4.1.8.4.(5) of NBC 2015 for a given site class, and S, (T) is the
5% damped spectral response acceleration for site class C for
a period T. The design spectral response accelerations, S (T),
for the spectral parameters (0.2, 0.5, and 1.0 s periods) and for
all site classes are as follows:

(18) S(T)=F(0.2)S,(0.2) orF(0.5)S,(0.5),
which everislargerforT < 0.2s
=F(0.5)S,(0.5) forT =0.5s
=F(1.0)S,(1.0) forT =1.0s

As previously mentioned, Fathi-Fazl et al. (2018) used the
Worden et al. (2012) MMI-PGV relationship and the PGV
threshold values proposed by the Halchuk (2017) and Cana-
dian seismic database (Halchuk et al. 2015) to determine the
thresholds of the spectral accelerations for various seismic
categories. However, in this study, the Caprio et al. (2015)’s
MMI-PGA and MMI-PGV relationships are more suitable for
all Canadian buildings because these relationships are based
on a global database.

All 679 locations listed in Appendix C of NBC 2015, as-
suming all locations are site class C, are investigated us-
ing the Caprio et al. (2015) MMI-PGA and MMI-PGV rela-
tionships. Appendix A (provided as an electronic supple-
ment) shows the detailed differences of the MMI values us-
ing Caprio et al. (2015)’s PGA and PGV minus those using
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Fig. 3. (a) Relationships between PGA and S, (T) at T=0.2, 0.5, and 1.0's for PGA <1.7g. (b) Relationships between PGV and S,

(T)at T=0.2, 0.5, and 1.0 s for PGV <2.4m/s.

a) SAvs PGA

SA0.25(g)
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[y ]

0 05 1 15 2
PGA(g)

Worden et al. (2012) for all 679 locations grouped into dif-
ferent seismic categories.

The mean (or median) spectral values of each seismic cat-
egory are generally used to estimate the seismic hazard
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b) SAvs PGV
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of a site within a seismic category. Any deviation from
the corresponding mean (or median) spectral value can po-
tentially affect the accuracy of the seismic hazard estima-
tion if it occurs at any location other than at the site

275



Can. J. Civ. Eng. Downloaded from cdnsciencepub.com by National Research Council of Canada on 09/27/23

‘Canadian Science Publishing

Table 3. S, (T)-PGA and PGV relationships based on the Halchuk et al. (2015) database.

PGA* PGV
Sq (0.25) Sa (0.55) Sq (1.0) Sa (0.25) Sa (0.55) Sa (1.0)
Co 0.000 0.000 0.000 0.000 0.000 0.000
c1 1.757 1.144 0.658 1.961 1.385 0.816
C2 0.388 0.457 0.275 —0.210 —0.092 —0.055
R? 0.990 0.970 0.950 0.970 0.990 0.990
*Sq (T) =co +¢1 x PGA+ ¢, x PGA? for PGA<1.7g.
8y (T) = Co + €1 X PGV + ¢; x PGVZ.
Table 4. MMI damage levels corresponding to PGV and PGA thresholds.
PGV (m/s) PGA (g)

Fathi-Fazl et al. (2018) Worden et al. (2012) Caprio et al. (2015) Halchuk et al. (2015)
MMI Scale > < > > < > <
MMIV 0.05 0.07 0.08 0.05
MMI VI 0.05 0.10 0.07 0.12 0.08 0.13 0.05 0.09
MMI VII 0.10 0.20 0.12 0.22 0.13 0.21 0.09 0.18
MMI VIII 0.20 0.45 0.22 0.43 0.21 0.37 0.18 0.39
MMI IX+ 0.45 0.90 0.43 0.78 0.37 0.60 0.39 0.75

Table 5. MMI damage levels correlated with threshold values of PGA, PGV, and S, at 0.2, 0.5, and 1.0s.

PGA (g) PGV (m/s) S (g)
F(0.2)S4(0.2)
This study Fathi-Fazl et al. (2018) max F(1.0)S, (1.0)
F(0.5)S4(0.5)
MMI Scale > < > > < > <
MMI V 0.08 0.05 0.098 0.041
MMI VI 0.08 0.13 0.05 0.10 0.098 0.194 0.041 0.081
MMI VII 0.13 0.21 0.10 0.20 0.194 0.384 0.081 0.161
MMI VIII 0.21 0.37 0.20 0.45 0.384 0.840 0.161 0.356
MMI IX+ 0.37 0.60 0.45 0.90 0.840 0.356

Note: PGA (g) =F (PGA) x PGA (g)site.class.c- NO PGV values are available for Canadian buildings abroad.

corresponding to the mean spectral values of each seismic
category. Therefore, knowing how to optimize the thresh-
olds of different seismic categories such that their stan-
dard deviations are within each category is reasonably im-
portant. Table 6 is a summary of Appendix A, which shows
Amin,» Amax> Amedian> Ameans and Astp (See APPendiX A)-
The number of sites in each seismic category remains the
same as in Fathi-Fazl et al. (2018) because the thresholds of
the spectral response accelerations (S, at 0.2, 0.5, and 1.0 s) for
each seismic category are the same as those in Fathi-Fazl et al.
(2018).

It should be noted that the differences in Table 6 are due to
the statistically sparse database of only 679 locations, which
cannot justify the real differences between these two rela-
tionships. This discrepancy is the most evident in the Apean
value for moderate to high seismicity levels. Nonetheless, if
the Caprio et al. (2015) relations are used, the MMI values for
various seismic categories are in good agreement with those
in Fathi-Fazl et al. (2018) using Worden et al. (2012), as shown
in Table 7.
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It is noted that the comparisons made above assume site
class C (i.e., the reference site class as per NBC 2015). NBC
2015 includes site coefficients for rock and soil sites as
one component of the specifications for earthquake design.
Seismic site effects can dramatically affect earthquake
ground motions and, therefore, the seismic categorization of
Canadian buildings. The importance of seismic site responses
using comprehensive geophysical and geotechnical methods
for seismic categorization of Canadian buildings abroad is
discussed in Appendix C of this study (provided as an elec-
tronic supplement).

It should be mentioned that the relationships provided by
Worden et al. (2012) and Caprio et al. (2015) are based on
earthquakes that had magnitudes up to 7.3. However, seis-
micity in southern BC, including major cities such as Van-
couver and Victoria, is influenced by the subduction inter-
face seismic source, which can produce long-duration earth-
quakes with magnitudes of 8.5 to 9.2.

Usually, it is assumed that the seismotectonic dependency
of PGA, PGV, and S,, provided by seismic hazard analysis,
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Table 6. Differences in MMI values between Caprio et al. (2015) and Worden at al. (2012) for all 679 locations listed in Appendix

C of NBC 2015.

Seismic category Amin Amax Amedian Amean AstD
Very low (179*) 0.0 1.0 0.0 0.3 0.4
Low (229%) 0.0 0.0 0.0 0.3 0.0
Moderate (98*) 0.0 0.0 0.0 0.4 0.2
Moderately high (109*) 1.0 0.0 1.0 0.6 0.2
High (34%) 0.0 1.0 1.0 0.6 0.0
Very high (30%) 1.0 1.0 1.0 0.7 0.2
All categories (679%) 0.0 1.0 0.0 0.4 0.2

Note: A is the MMI based on Caprio et al. (2015)’s PGA values minus the MMI based on Worden et al. (2012)’s PGV values. “Number of buildings abroad in each category.

Table 7. Comparison between threshold MMI values for seismic categorizations using different MMI relationships.

Seismicity category thresholds

F(0.2)S4(0.2)
max F(05)5, (05 F(1.0)S, ( 1.0) “MMI damage
level, Fathi-Fazl  **MMI damage
Seismic categories (SCs) > = > = et al. (2018) level, this study
] Very low 0.10g 0.05g \% MMI<V
| Low 0.16g 0.20g 0.05g 0.10g VI V<MMI <VI
[ Moderate 0.20g 0.35g 0.10g 0.15g VI-VII VI<MMI < VII
Moderately high 0.35g 0.75g 0.15g 0.30g VII-VIII VII < MMI < VIII
] High 0.75g 1.15¢ 0.30g 0.50g VIII+ VIII<MMI <IX
[ ] Very high 1.15g Max 0.50g Max IX<MMI

*MMI damage level, Fathi-Fazl et al. (2018) (using Worden et al. 2012).
**MMI damage level, this study (Caprio et al. 2015).

is captured in GMPEs and seismic hazard analysis. Thus, it
is expected that the influences of the Cascadia subduction
zone, which can produce long duration earthquakes, have
been already included in the calculations of PGA, PGV, and
S, values. However, there are not enough studies on MMI re-
lationships in subduction zones to investigate further on this
issue.

Existing Canadian buildings abroad

As previously mentioned, PGV values are not available for
Canadian buildings abroad; thus, the PGA threshold values,
given in Table 5 and based on Caprio et al. (2015)’s MMI-PGA
relationships, are used to define seismic categories for Cana-
dian buildings abroad.

Similar to NRC SRSTs (see Table2), the thresholds of
spectral response accelerations in Table5 are aligned with
the seismic-force-resisting system restrictions in NBC 2015.
Therefore, Table 2 also applies to existing Canadian buildings
abroad.

Thus, the thresholds of S, (T=0.25s), S, (T=0.5s), and S,
(T=1.05) are applied to 238 Canadian buildings (226 abroad
and 12 in Canada) in Adams et al. (2020). The seismic cat-
egory based on S, (T=0.2s) and S, (T=0.5s) may be differ-
ent from that based on S, (T=1.0s). If that is the case, the
higher value should be selected as the seismic category of the
building. Appendix B (provided as an electronic supplement)
provides statistical properties, including the number of
buildings abroad out of 238 in Adams et al. (2020) that are in
each seismic category, and the mean, median, and standard

Can. J. Civ. Eng. 50: 270-281 (2023) | dx.doi.org/10.1139/cjce-2021-0499

deviation values. Figure 4 provides the seismic categories for
all 238 Canadian buildings. The site class of each site has been
incorporated in determining seismic categories.

Conclusions

The MMI scale is of high interest for defining low seis-
micity because it can be used as one of the key criteria to
exempt existing buildings from further seismic risk assess-
ment. According to the MMI scale, MMI V and MMI VI cor-
respond to no real damage to structural and non-structural
components (including displacement sensitive and accelera-
tion sensitive components) and none to light damage to non-
structural components, respectively. Therefore, lower MMI
damage levels are used to define low seismicity in the seismic-
risk-screening tools recently developed by NRC. In addition,
higher MMI damage levels are used to define seismic cate-
gories in higher seismicity zones.

Including PGA threshold values in the seismic categoriza-
tion system (see Table5) also extends the applicability of
the system in the NRC SRSTs to existing Canadian build-
ings abroad. The obtained PGA threshold values in this pa-
per are based on a more global set of MMI-PGA and MMI-
PGV relationships. In addition, a set of relationships be-
tween S,;, PGA, and PGV has been studied to obtain the
threshold values of PGA, PGV, and S, for each seismic
category.

The PGA threshold values for seismic categorization are ap-
plied to the 679 locations provided in Appendix C of NBC
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Fig. 4. Earthquake hazard map of 238 Canadian buildings (226 abroad and 12 in Canada) in Adams et al. (2020) based on the

proposed seismic categorization system.
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2015. The number of locations in each seismic category re-
mains the same as in the NRC SRSTs because the thresh-
olds of the spectral response accelerations (S, at 0.2, 0.5, and
1.0s) corresponding to different MMI damage levels are the
same (see Tables2 and 5). The deviations of the mean (or
median) values of MMI damage levels are compared with
those given in Fathi-Fazl et al. (2018) using the proposed PGA
threshold values for each seismic category. The Apean value
is 0.3 for very low and low seismic categories, which are
the focus of this study, and increases to 0.7 for higher seis-
mic categories. Nonetheless, the MMI ranges for each seis-
mic category remain the same as those in the NRC SRSTs
(see Table 7). These findings demonstrate the applicability of
extending the seismic categorization system developed for
existing buildings in Canada to existing Canadian buildings
abroad.
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Appendix A. Statistical properties of 238
Canadian buildings (226 abroad and 12
in Canada) in Adams et al. (2020) in each

seismic category (site classes are

included).
Seismic
category™* Stats  PGA™  S,(0.2) S,(0.5) Sq(1.0)
Very low Min 0.014 0.014 0.021 0.010 0.005
(75%)
Max 0.061 0.061 0.098 0.073 0.045
Median 0.032 0.032 0.054 0.032 0.016
Mean 0.031 0.031 0.057 0.032 0.017
SD 0.011 0.011 0.022 0.014 0.009
Low Min 0.049 0.049 0.102 0.042 0.016
(30%)
Max 0.113 0.113 0.200 0.125 0.090
Median 0.080 0.080 0.139 0.069 0.035
Mean  0.081 0.081 0.142 0.076 0.041
SD 0.015 0.015 0.029 0.024 0.019
Min 0.107 0.107 0.208 0.098 0.045
Moderate
(22%)
Max 0.206 0.206 0.335 0.226 0.144
Median 0.149 0.149 0.275 0.148 0.071
Mean 0.150 0.150 0.275 0.146 0.076
SD 0.025 0.025 0.042 0.034 0.026
Min 0.118 0.118 0.263 0.141 0.055
Moderately
high
(417)
Max 0.395 0.395 0.697 0.462 0.281
Median 0.254 0.254 0.461 0.267 0.148
Mean 0.255 0.255 0.491 0.275 0.148
SD 0.060 0.060 0.109 0.075 0.055
High Min 0.324 0.324 0.639 0.362 0.144
(217)
Max 0.612 0.612 1.143 0.802 0.449
Median  0.423 0.423 0.914 0.547 0.278
Mean 0.421 0.421 0.913 0.561 0.304
SD 0.068 0.068 0.131 0.102 0.070
Very Min 0.509 0.509 1.041 0.730 0.365
high
(49%)
Max 2.135 2.135 5.018 3.008 1.418
Median 0.880 0.880 2.110 1.382 0.753
Mean  0.931 0.931 2.290 1.438 0.807
SD 0.368 0.368 0.954 0.555 0.307
All Min 0.014 0.014 0.021 0.010 0.005
(238%)
Max 2.135 2.135 5.018 3.008 1.418
Median 0.154 0.154 0.289 0.154 0.074
Mean 0.307 0.307 0.698 0.426 0.236
SD 0.379 0.379 0.954 0.595 0.334

*Number of buildings abroad in each zone.
**PGA values are from Adams et al. (2020).
***Seismic categories are based on Table 5.
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Appendix B. Statistical properties of all
679 locations in Appendix C of NBCC
(2015) in each seismic zone, site class C.

Caprio et al. (2015), Caprio et al. (2015),

PGA PGV
Zone Stats MMI A MMI A
0(179%) Min 4 0 0
Max 1 5 1
Median 4 0 4 0
Mean 4.3 0.3 4.3 0.3
STD 0.4 0.4 0.4 0.4
1(229%) Min 4 0 4
Max 6 0
Median 5 0 5 0
Mean 5.3 0.3 5.3 0.3
STD 0.5 0 0.5 0
2 (98%) Min 5 0 0
Max 7 0 7 0
Median 0 6 0
Mean 6.2 0.4 6.3 0.5
STD 0.6 0.2 0.6 0.2
3(109%) Min 6 1 6 1
Max 8 0 8 0
Median 8 1 8 1
Mean 7.5 0.6 7.5 0.6
STD 0.6 0.2 0.6 0.2
4 (34 Min 7 0 7 0
Max 9 1 9 1
Median 8 1 8 1
Mean 7.9 0.6 7.9 0.6
STD 0.4 -0.1 0.4 -0.1
5 (30%) Min 8 1 8
Max 10 1 10 1
Median 9 1 9 1
Mean 8.8 0.7 8.8 0.7
STD 0.6 0.2 0.6 0.2
All (679%) Min 4 0 4 0
Max 10 1 10 1
Median 5 0 5 0
Mean 5.8 0.4 5.8 0.4
STD 14 0.1 1.4 0.1

*Number of Canadian buildings within Canada in each seismic category.
A =MMI based on Caprio et al. (2015) PGA and PGV values minus MMI based on
Worden et al. (2012) PGV values.

Appendix C

The importance of seismic site response is well known,
and seismologists and engineers have recognized that seis-
mic waves are amplified, sometimes by large factors, because
of the variations in the properties of near surface materials.
Past earthquakes have demonstrated the dramatic effects of
soil response on damage to property and public safety. The
foundation factor was added to the NBC since 1965, but the
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Table C1. Number of locations in each seismic category considering all 238 locations in Adams et al. 2020.

Considering all

Considering all

Considering all

Considering all

Considering all class

Assigned site class class A class B class C class D E
Seismic category # # # # #
Very low 75 56 54 46 36 25
Low 30 37 34 29 24 21
Moderate 22 33 34 26 27 16
Moderately high 41 37 36 41 55 61
High 21 31 31 26 25 32
Very high 49 44 49 70 71 83
All 238 238 238 238 238 238

Note: Seismic categories are based on this study.

more comprehensive seismic soil amplification factors were
included in building design for the first time in the 2005
edition of the NBC (NRC 2005). The current edition of the
NBC (NRC 2015) includes seismic soil amplification as one
component of the specifications for earthquake design loads
in engineering practices. NBC 2015 specifies amplification
factors for rock and soil sites, which are classified accord-
ing to the measured shear wave velocity of a site from sur-
face to a depth of 30 m and (or) based on other geotechnical
parameters. Considering the dramatic effects of site condi-
tions on earthquake ground shaking, we expect that site clas-
sification will be obtained using comprehensive geophysical
and geotechnical methods. Thus, it is important to analyze
the effects of site classes on the seismic zonation results in
this study.

In the SRSTs, for very low and low seismic categories,
NRC required the worst-case scenario to exempt existing
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buildings. In this study, the seismic categorization of Cana-
dian buildings abroad was performed following different case
scenarios: accepting the assigned site classes in Adams et
al. (2020) and moving from the best- to worst-case scenarios
(from site class A to E; site class F is not discussed in this
study) for all Canadian buildings abroad. Table C1 summa-
rizes the number of buildings abroad in each seismic cat-
egory considering all scenarios. As shown in Table C1, the
total number of exempted buildings abroad has been re-
duced from 93 buildings abroad in very low and low seis-
mic categories (56 + 37 =93) in the best site-class scenario
(class A) to 36 buildings abroad (25 + 21 = 36) in the worst
site-class scenario (class E). The reduction from 93 to 36
clearly emphasizes that using comprehensive geophysical
and geotechnical methods for site classification consider-
ably affects the seismic categorization of Canadian buildings
abroad.
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