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ABSTRACT: This paper investigates the main ingredients required topete Conditional Mean Spectra
(CMS) in Eastern Canada, and assesses their effects on thieeatbCMS. We particularly address the influ-
ence of ground motion prediction equations (GMPES) ancetations between spectral accelerations. CMS are
computed using two approximate methods and the resultdl@stated for three locations with different seis-
mic hazard and risk levels. It is found that selection of GMREnsiderably influences the CMS, patrticularly
at shorter periods. A database of historical records frostdfta Canada is studied to obtain correlation coeffi-
cients. The results suggest higher spectral correlatiuars predicted by a model based on ground motions from
Western North America (WNA). The sensitivity of correlatiooefficients to magnitude and epicentral distance
is also verified, revealing that magnitude has a more sigmtieffect on these coefficients than distance. We
also show that the effect of magnitude- or distance-baseelation coefficients on the CMS is: (i) generally
negligible at long periods, and (ii) significant at shorteripds particularly when the conditioning period is
less than approximately.5 s. This work is the first study addressing in detail the ingmet$ and construction

of CMS in Eastern Canada. The methodology and results disdusre expected to enhance the application of
CMS in this region.
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1 Introduction

Dynamic time-history analysis has become a popular metbodetermine structural response to
ground motions. For this purpose, ground motion records@anm@monly selected and often scaled to
match a Uniform Hazard Spectrum (UHS) with a given probghilf exceedance (or non exceedance),
e.g. 2% in 50 years. The spectral amplitudes provided by th8 &k all considered periods, are those
associated with the defined probability of (non)exceedaamue therefore the UHS does not represent
each individual spectrum. For this reason and the inhemmearvatism associated with the UHS, the
appropriateness of using this spectrum as a target for growtion selection has been criticized.
As an alternative, the Conditional Mean Spectrum (CMS) wap@sed (Baker and Cornell 2006,
Baker 2011). A CMS is a mean response spectrum computed bagké condition that the spectral
acceleration matches a target amplitude at a given periogl difference between the target spectral
acceleration and that predicted by a ground motion prexfictguation (GMPE) at the same period is
evaluated as a number of standard deviations associatednigtGMPE. This difference, denoted by
¢, plays a significant role in the construction of CMS. Deteration ofe values has been widely ad-
dressed in the literature (McGuire 1995; Harmsen 2001; Bakd Cornell 2005; Baker and Jayaram
2008; Burks and Baker 2012). Harmsen (2001) provided comb@yps of modal and mearvalues for
Central and Eastern United States (CEUS) and Western USttds (WUS) based on probabilistic
seismic hazard analysis (PSHA). Burks and Baker (2012)stiy&ted the occurrence of negative
values at short periods particularly in Eastern North Acee(ENA). The correlation betweervalues

at different periods shapes the CMS in the period range efast. A number of prediction equations
have been proposed to determine the inter-period comelatefficients based on the period on which
the CMS is conditioned (Inoue and Cornell 1990; Baker anth€lb2006; Baker and Jayaram 2008).
The concept of CMS is also gaining attention in ENA which iggion with low to moderate seismic
activity. However, the majority of the studies concernirand CMS have been conducted considering
the seismicity of Western North America (WNA). USGS (httpatthquake.usgs.gov/hazards/apps,
last accessed July 2014) provides PSHA-based CM$ &ordboth eastern and western regions of the
United States. These results are however based on groundnmmoddels adopted to define seismic
hazard in the United States. In the absence of correlatiatelaspecific to ENA, and Eastern Canada
in particular, those developed for regions with higher s&sactivity such as WNA have been used
instead (Daneshvar et al. 2014). However, the applicglaifisuch models to ENA and mainly Eastern
Canada has not been fully addressed.

This work focuses on the ingredients required to constrid80n Eastern Canada, and investigates
the effects of their variations on the constructed CMS. Tapep is organized as follows. First, a
review of the general steps to construct the CMS is presemtgéction 2. In Section 3, we investigate
the sensitivity of CMS and to six different GMPEs including a newly proposed GMPE tleioaunts
for up-to-date seismological characteristics of ENA. Icté® 4, correlation coefficients for spectral
accelerations specific to Eastern Canada are determined lbashistorical records, compared to a
commonly used WNA correlation model and then their effeatthe CMS evaluated. This section also
demonstrates the effects of magnitude and epicentralndistan correlation coefficients for Eastern



Canada and the resulting CMS. The findings are illustratethfee locations with low and moderate
seismic hazard and risk, i.e. Toronto, Montreal and Quebec.

2 Review of the General Steps to Construct CMS

A general step by step procedure for CMS computation wasgsexpby Baker (2011). To facilitate
appraisal of the different steps of this procedure and ibgm@mmming, we propose the flowchart il-
lustrated in Fig. 1. The procedure starts with the detertiunaf a target spectral acceleratidh at
the desired period@™. Provided that the target spectral amplitude is obtaineh & probabilistic seis-
mic hazard analysis (PSHA), the mean (or modal) values ofnmhade M/, epicentral distanc& and
epsilone(7*) can be taken from the corresponding seismic hazard deaggreg is defined as the
difference, measured as the number of standard deviabehseen the predicted and the target spec-
tral accelerations associated with a specific magnitudelistancelz and periodl’. Next, a GMPE
has to be selected. In the case where a PSHA is used, the safE @Gist produced the mean (modal)
values in the previous step can generally be adopted. Thatrappredictions of the GMPE are de-
termined for the selected magnitud£ and distancd? combination in the desired period range. The
reported sigma values for the GMPEs at each period are atsod=yed. If a PSHA is not available
or thee value is not provided in the deaggregation results cthialue at7™ can be calculated for a
specific magnitudé/, distanceR, and spectral acceleratidfy at this period as (Baker 2011)

In Sa(T*) — pms (M, R, T*)
O sa(T)

whereS,(7T™) is the spectral amplitude from the target spectrums, (M, R, T') represents the predic-
tions of the GMPE, andh,, s,(7™) is the standard deviation in logarithmic units providediiyy GMPE.
Suitable correlation coefficientg T, T*), such as the ones suggested by Baker and Jayaram (2008),
referred to as BJO8 hereafter, are then used to calculateathe ofe at other periodd” ase(7T") =
p(T,T*) e(T*). We note that determination of correlation coefficientsHastern Canada and also ap-
plicability of BJO8 to this region is discussed later in $eetd. The CMSy(; sy, and the associated

conditional standard deviatiarf 'y ) are obtained as

e(T") = 1)

/‘Egﬂjzf) - MlnSa(M7 Ru T) + G(T) alnSa(T) - ,LL]nsa(M, R? T) + p(T7 T*> E(T*> alnSa(T) (2)

and
Oty = Omsyr) /1 — p2 (T, T%) 3)

Lin et al. (2013) discussed four approaches, three appairiand one exact, to determine CMS. The
proposed methods vary based on the number of considered Nt corresponding weights in a
PSHA-related logic tree and deaggregation, as well as phellgarthquake scenarios contributing to
seismic hazard. “Method 1” uses the mean values of the redjparameters, e.g/ and R combina-
tions, from deaggregation, and substitutes them into desiBYIPE. Eq. (2) is then used to compute
CMS. “Method 2", a refined version of “Method 1", considersthe GMPESs used to conduct PSHA



and their logic tree weights. The same procedure as “Metfiasl dsed to compute CMS for each
GMPE. The final CMS is obtained by summing up the computed Chi&idering their logic tree
weights. “Method 3” considers GMPE deaggrgations, if ala#, to determine the mean value of the
required parameters to be used with each individual GMRE.M.and R combinations, and next,
similar to “Method 1”, the CMS corresponding to each GMPEamputed. “Method 3" also takes,
from GMPE deaggregation, the probability that each GMPHlipted exceedance (or occurence) of
Sa(T'). The final CMS is computed as the sum of the obtained CMS ceriagithe mentioned prob-
abilities. “Method 4", the exact method, follows the stefpsMethod 3” with the difference that the
individual CMS is computed for each set of parameters, ®.gand R combinations, obtained from
PSHA deaggregation results and not only for the mean valiussoh parameters. The contribution of
each of such parameter combinations to exceedance (orex@)rofS,(7') is considered in compu-
tation of the final CMS similar to “Method 3”. The reader isegtd to Lin et al. (2013) for a detailed
explanation of the considered parameters and approactds &aneshvar et al. (2014) for a step by
step construction of CMS to analyze an eight-storey bugjdinMontreal.

3 Construction of CMS for Eastern Canada

Fig. 1 and Section 2 clearly confirm that GMPEs are one of tineldmental ingredients needed to
calculate CMS. The effect of varying GMPEs on the resultingSCande values is studied in Section

3.2. Such a study requires adoption of “Method 1” in Lin e{2013). This method is indeed the only
of the four proposed by Lin et al. (2013) that considers alsi@MPE which is not necessarily the one
used for PSHA or construction of the target UHS. Accordinglgomparison of the effects of different
GMPEs on the resulting CMS considering the same UHS can beedaut. Section 3.1 introduces
the GMPEs used in this study.

3.1 Ground Motion Prediction Equations

A variety of GMPEs have been proposed in the literature tdiptespectral amplitudes in ENA. The
main parameters of some of the GMPEs selected for this sttedlguanmarized in Table 1 and are
briefly described next.

Silva et al. (2002) proposed a GMPE with different coeffitseaccounting for single and double

corner frequency models with constant and variable stnegssdind magnitude saturation. The single
corner frequency model with variable stress drop, refetoeds SGD02S hereafter, and the double
corner frequency model with magnitude saturation, refetoeas SGD02D hereafter, are selected for
this study. Regression analyses were performed on the aataf3500 simulations. The proposed

GMPE covers a Joyner-Boore distancelof R;, < 400km and a moment magnitudé/y) range

of My =4.5to My =28.5for CEUS and ENA hard rock sites.

Atkinson and Boore (2006) developed a set of relationshgierred to as ABO6 hereafter, to predict
ENA ground motions using a stochastic finite fault model (kiaand McGuire 1981, Boore 1983). A



data set 088400 simulated ground motions having magnitudes betwegp= 3.5 and M,y = 8 and
fault distances ranging frorhkm to 1000 km was compiled. Equations to predict the median ampli-
tudes of5%-damped pseudo-spectral accelerations (PSA) for ENA gronotions were developed
through regression analyses of the simulated records. fidations due to new seismographic data
were made to ABO6 equations as provided in Atkinson and B@0&1). The modified version of
ABO6 is used in this study.

To predict ENA ground motions, Atkinson (2008) adoptedsferenced empirical approach which
combines available data from ENA to that from an active teictand better-instrumented reference
region, in this case WNA. Based on the same database of gnmatidns used by Atkinson and
Boore (2006), Atkinson (2008) proposed a GMPE, referredst\@8 hereafter, corresponding to
ground motion characteristics in ENA while having an ovemagnitude scaling behavior of obser-
vations in WNA (Atkinson 2008). The database included ENgores with a magnitude range of
My = 4.3 to My = 7.6. The reference WNA GMPE used is the Boore and Atkinson (2062}
tions, modified later by Atkinson and Boore (2011) based om seismographic data. The Boore
and Atkinson (2008) relationships are one of the five setsqofigons developed under the Next
Generation Attenuation Relationships for Western US (NGést)Vprogram coordinated by Pacific
Earthquake Engineering Research Center (PEER). Thesinslaips were based on results from re-
gression analyses on records from shallow crustal grounttbn®in active tectonic regions compiled
in the PEER-NGA West dataset. The equations were develape ihagnitude range atf/yy, = 5.0

to My = 8.0, closest horizontal distance to the surface projectiorheffault plane £j,) of up to
200 km and a time-averaged shear-wave velocity in the3tom (Vs3g) of 180 < Vs30< 1300 m/s. The
A08 GMPE covers a Joyner-Boore distance range €fRj, < 1000 km. It is worth mentioning that
the main difference between this referenced empirical@pgr and the hybrid empirical method pro-
posed by Campbell (2003) is that it directly employs obs#oual ENA ground motion data instead
of using a stochastic model. The modified version of AO8 (Askin and Boore 2011) is used in this
study.

Pezeshk et al. (2011) proposed a new GMPE for ENA, referreabtBZT11 hereafter, based on a
hybrid empirical method adopting five WNA GMPEs provided isER. The GMPEs were developed
by Abrahamson and Silva (2008), Boore and Atkinson (2008jn@abell and Bozorgnia (2008), Chiou
and Youngs (2008) and Idriss (2008). The new GMPE covers aitalp range of\/yy =5 to My =8
and closest distances to the fault ruptuRgp) of 1 < Rrup< 1000 km and is used to generate median
5%-damped pseudo-accelerations in ENA for given magnituadedistance considering hard rock
sites, i.e.Vs30> 2000 m/s.

The above-mentioned GMPEs use different distance meatupesdict ground motions. To compare
the predictions on a uniform distance basis, the equatioggested by Atkinson and Adams (2013)
were adopted to convert all distance measures to hypoteigtance, which is the measure used by
the Geological Survey of Canada (GSC) for deaggregatiartses



3.2 Sensitivity of CMS-shape and ¢ to GMPEs

“Method 1” was introduced by Lin et al. (2013) as one of theragpnate methods to compute CMS. It
assumes that the target spectrum can be used with a GMPElwthets original underlying GMPE(s).
The “Method 1" procedure is similar to that illustrated irgFL. Hence, the UHS prescribed by the
National Building Code of Canada (NBCC 2010) consideringtam period of 2% in 50 years for
three major Eastern Canadian cities: Toronto, Montreal@unebec, are used as the target spectra in
this section. For each location, the underlying deaggregaésults provided by GSC, upon request,
are consulted to extract thid and R combination corresponding 1(7) taken from the UHS. These
M andR sets are presented in Table 2. Considering structures witheimental periods af*=0.2's,
T*=0.5s,T*=1s, andT* =2s, Egs. (1), (2) and (3) are used to obta(t*), ¢(7'), and the CMS
corresponding to each GMPE afid. It is noted that the GSC deaggregation is provided for NBCC
2010 site class C and thus the GMPE predictions are modified tise coefficients given in Atkinson
and Boore (2011) to correspond to this site class. Furthexnaeaggregation results provided by
GSC do not include meas{T’) values and thus, as mentioned in Section 2, Eq. (1) is usebt&ino
e(T*) ande(T). Figs. 2 to 4 illustrate the CMS computed using each of theedbGMPESs and UHS.
The level of conservatism included in the UHS in comparism€MS, as mentioned in Section 1,
is clearly observed. We can see that in the cases where thei€t®hored to the UHS at a short
period, i.e.T™ = 0.2 s, the accelerations corresponding to the resulting CMSg&aeed those of the
UHS depending on which GMPE is used. Such an observatiorpsotad as the NBCC 2010 UHS
are capped al’ = 0.2, i.e. the spectral accelerations at periods shorter Thar 0.2 s are equal
to that at7™ = 0.2s whereas originally the UHS has a peak at the period rangeestibanT =
0.2s. Figs. 2 to4 also show the variation in CMS amplitudes asaltref changes in the underlying
GMPE. The dispersion of CMS amplitudes is more dramatic esstiorter period range where there
is larger difference between the predictions of the GMPHE® Broadness of this range depends on
the selected™. We note that the amplifications observed in the CMS cornedipg to Silva et al.
(2002) at shorter periods root from the particular spedcnalpe predicted by SGD02 combined with
the correlation coefficients. The epsilon values reponteligs. 2 to 4 shed more light on the reason
behind the variation in CMS amplitudes. It is shown in Eq$afid (2), that the standard deviation and
consequently the epsilon corresponding to each GMPE graff¢ict CMS amplitudes. The difference
between CMS amplitudes and those from the UHS at longer ¢epartly depends on how far the
GMPE predictions are from the UHS. As can be seen in Figs. 2ttee4ACMS computed using SGD02S
can result in overconservative amplitudes when anchordtettdHS at longer periods. This is mainly
due to the fact that SGD02S produces conservative spectlitades in comparison to the other
GMPEs studied (Atkinson and Adams 2013). As the correlatioefficients for all the illustrated
CMS are calculated using BJ08, the only influential factoesthe predicted spectral amplitudes and
thee(7T™). The presented results reiterate the approximative nafutdethod 1” and confirm that a
certain bias can be introduced when GMPEs other than thespuaeflerlying a given UHS are used
to generate the CMS. This emphasizes the importance of ppately selecting GMPESs to construct
CMS, especially for structures with relatively short fundental periods and also those for which
higher mode effects are significant.



3.3 Consideration of Multiple GMPEs

Lin et al. (2013) suggest “Method 2" as another approximpfg@ach to compute CMS. “Method 2~
is a refined version of “Method 1” in the sense that all the GMREed in the PSHA are considered
and their corresponding weights in the PSHA logic tree aceacted for. Following Egs. (4) and (5)
are suggested to obtain the CMS and the conditional stamgardtions

CMS CMS
fn Sa(f)T Z P /’Lgn Sa %“) % (4)

and

oA = JZP {[otesn, T+ [0, — S50 ©)

wherei is the number of GMPEs ang, is the weight assigned to thith GMPE in the PSHA logic
tree. To investigate the application of “Method 2” to geei@MS in Eastern Canada, the prescribed
NBCC 2010 UHS with 2% in 50 years return period for Toronto,n#teal and Quebec are selected
as the target spectra and the ENA GMPE model proposed by gikiand Adams (2013) is used
to construct CMS. This GMPE, referred to as AA13 hereaftenscsts of a representative or central
GMPE and upper and lower GMPESs to account for epistemic teiogy about the central one. The
central GMPE is determined by calculating the geometricmuddive peer reviewed GMPEs. The
geometric meat: its standard deviation is considered as the upper/lower EMRe five GMPEs are
SGDO02S, SGD02D, AB06, A08 and PZT11. The final predictiomspaovided in terms of moment
magnitudes and epicentral distances for B/C Visep= 760 m/s site condition. The reader is referred to
Atkinson and Adams (2013) for more details about the deteaition of the central, upper and lower
GMPEs, the distance metric conversions, and also the caiovgactors used to modify the predictions
corresponding to different site conditions to represeos&of B/C site condition. The CMS computed
using the AA13 central GMPE is also included in Figs. 2 to 4domparison purposes. The weights
assigned to the central, upper and lower GMPEs in PSHA aredbbased and are given, respectively,
as follows:0.5, 0.25 and0.25 for 7" > 1s; 0.4, 0.4 and0.2 for 7' < 0.2 s; and a transition of weights
is considered betwe€fi > 0.2s and7 < 1.0, e.g.0.4, 0.35 and0.25 for 7' = 0.5 s (Atkinson and
Adams 2013). The spectral amplitudes corresponding to BéCVs3p = 760 m/s site condition are
not provided by GSC for the NBCC 2010 UHS while the GMPEs pie\spectral accelerations for
B/C site condition. Thus, in order to maintain consistem®riod-dependent factors (Atkinson and
Boore 2011) are applied to the predictions of the GMPEs toessmt NBCC 2010 site class C. The
three GMPEs and their corresponding weights are used alathgBgs. (4) and (5) to compute the
CMS using “Method 2”. Figs.5 to 7 show the obtained CMS caodid on spectral accelerations
at7T* = 0.2s, 7" = 0.5s,7T* = 1s, andT* = 2s. Figs.5 to7 also compare the CMS computed
using “Method 2" to those computed considering “Method lihgghe AA13 central GMPE and the
upper and lower GMPEs, individually. It can be seen that tMS@omputed considering the central
GMPE using “Method 1” and “Method 2” are very similar. In fattis similarity is expected as both
methods are supposed to produce approximate spectraltadgdifor a particular exact CMS. Slight
differences between the CMS obtained from the two methoel®bserved for short periods. This



roots from the weighting scheme of AA13 at this period rarigeeneral, as the outcome of the two
methods are fairly similar, “Method 1”, due to its simpligits suggested to be used with AA13 central
GMPEs to compute CMS for Eastern Canada. Neverthelesdrfctsres with very short fundamental
periods, using “Method 2” results in more refined CMS as thgcltree weights are also considered
in the computations. Indeed, relatively larger differexyd¢arough the entire period range considered,
could be observed if the upper and lower GMPEs are replactdthose that are not related to the
central GMPE. However, the UHS prescribed by NBCC 2010 fat&a Canada are determined based
on the same approach adopted in this study, i.e. centragrgom lower GMPES.

4 Correlation Model for Spectral Accelerations

4.1 Correlation Coefficients in Eastern Canada

The CMS calculated and presented in Section 3 require thicappn of a correlation model, as
pointed out in Section 2. One of the most commonly used arogl models is the one proposed by
Baker and Jayaram (2008) which is developed using fourreifitNGA West GMPEs and considering
shallow crustal ground motion records from NGA West grouradiiam library (http://peer.berkeley.edu/nga,
last accessed July 2014). The applicability of BJO8 to megmther than WNA was confirmed by Ja-
yaram et al. (2011) who studied Japanese records from a stitmadaone and concluded that the BJO8
model, which was developed using shallow crustal earthegiadan represent the correlations in this
region up to an acceptable extent. Lin et al. (2013), althqaainting out the lack of data to confirm or
reject the applicability of BJO8 model to stable continéstaurces, conclude that ground motion pre-
diction equations, earthquake magnitude, distance artdneimechanisms have almost insignificant
effects on the correlation models. Lin et al. (2013) als@rethat the online tool provided by USGS
to construct CMS for locations within the United States UB&38 model for the Eastern part which is
a stable continental seismic zone that can be assumed simiEastern Canada. Based on the above
discussion, we decided to use BJO8 model to construct the foM®ronto, Montreal and Quebec in
Section 3.

To the authors’ knowledge, there is no available study ometation coefficients specific to East-
ern Canada and their agreement with the proposed BJO8 mddrhjor obstacle against the full
assessment efvalues and the derivation of prediction equations for dati@n coefficients in East-
ern Canada is the very limited number of records of inter@stte engineering community in terms
of magnitude and distance. For this reason, model BJO8 |aj@@ using WNA records, has been
commonly used in the absence of ENA-specific correlationetsod he applicability of this model is
investigated further herein by comparing its predictianavailable observations from Eastern Canada.
For this purpose, we compiled a databasé @f horizontal accelerograms fromearthquakes with
magnitudes\/,y from 4.5 to 6.9 and epicentral distancésfrom 6.8 km to 640 km. All selected ground
motions were recorded on hard rock sites, i.e. NBCC 2010citss A:Vs3g > 1500 m/s. A list of
the corresponding earthquake events is provided in Tabl@8.ground motion accelerograms are



obtained from publications of the Geological Survey of GaEnéWNeichert et al. 1986, Munro and
Weichert 1989, GSC 2006, Lin and Adams 2010) and the dataifassae-series from Southeastern
Canada earthquakes available at http://www.seismotaatbdlast accessed July 2014). The AA13
central GMPE is selected as the reference GMPE to deternaimelation coefficients in Eastern
Canada. The difference between the 5%-damped accelesgigmtra of the accelerograms considered
and those predicted by AA13, i.€.is then calculated at periods of betwées 0.01 sandl’=5s. This
definition of epsilon results in the same correlation coedfits as those obtained from theefined

in Eq. (1) as also pointed out by Baker and Jayaram (2008% ddifinition will also introduce less
bias in the results caused by the type of 5%-damped acdelesggectrum considered, e.g. geometric
mean, individual component, or rotation independent géooyaean. The mean amplitudes for each
type of 5%-damped acceleration spectrum are indeed vernlasiwhereas this is not necessarily the
case for corresponding standard deviations.

As suggested by Baker and Jayaram (2008), the Pearson produtent correlation coefficient is
used to estimate the correlation coefficient betwe&h) ande(75), i.e. p(11, T5):

> () — (T ] [l T2) — ()]
p(TbT?) = —

\/i (T — T |

=1 7

(6)

[ei(T) — ()|

=1
wheren is the number of observations, i.e record$7;) ande;(T3) are theith observations of(7;)
ande(T;), respectively, and(7} ) ande(75) are their means, respectively. Figs. 8 (a) and (b) show ex-
amples of calculated(7;) ande(73) values and the resulting 7', 1), i.e. the slope of the illustrated
lines. It can be seen that théT7, T,) values, i.e. the slopes, for Eastern Canada are larger loae t
given by BJ08. This is confirmed through contour graphs fer Y}, 7>) values corresponding to
the majority of the period pairs obtained from Eg. (6) assiltated in Figs. 9 (a) and (b). Although
similar trends are observed in the obtaingd;, 7,) from Eastern Canadian records and predictions
of BJO8 model, the values are not identical. It seems thaetisea higher correlation between spec-
tral accelerations at different periods in Eastern Canhda predicted by BJO8 model. Carlton and
Abrahamson (2014) suggest that correlation coefficiemsansitive to the high frequency content of
ground motion records, e.g. those recorded on hard rock Sikerefore, the application of correlation
models such as BJO8 needs consideration of this charact@figround motions. Accordingly, Carl-
ton and Abrahamson (2014) propd&g.p1.5 the shortest period at whichy(7) reached .5 times the
PGA, as a measure to determine the period at which the highdrey content influence the response
spectrum. Carlton and Abrahamson (2014) report that trebdae of ground motions used to develop
BJO8 has & ymp150f 0.1s. They report thap(7},7) values obtained from other data sets contain-
ing records from high seismicity regions and havifig,, s close to that of BJO8 are very similar to
predictions of BJOS.

Carlton and Abrahamson (2014) also propose that when BJG8laton coefficients are used to
compute CMS from a controlling scenario (eMd.and R scenarios) representing a response spectrum



that has al3mp1 5value different from0.1's, the following modifications be applied to obtain suitable
BJO8 results: (i) determin@* = 0.1 % T*/Tump1.5 (ii) determinep(T*,T') using BJO8 model; and
(iii) calculateThew="T" * Tamp1.5/0.1. To investigate the applicability of the modified BJO8 ctatien
coefficients to Eastern Canada, first g1 s0f the records in the database of this study is calculated
and found to b&4mp1.5=0.045s. ThisTamp1.5=0.045 s reveals the very high frequency characteristic
of the Eastern Canadian records in comparison to those ask=l/elop BJO8 model. The correlation
coefficients from the database are then compared to those giv BJO8 model at differefftympi s
values. Both sets of coefficients, from Eastern Canada ami BJO8, are modified according to the
procedure suggested by Carlton and Abrahamson (2014) wkeessary. Figs. 10 and 11 illustrate the
modified correlation coefficients, i.e. “Eastern Canada ifled’ and “BJ08 Modified”, forl™*=0.2s,
T*=0.5s,T*=1s,andl™ =2s. It can be seen that even after considering the effect bffregjuency
content of ground motions, the correlation coefficientsaot#d for Eastern Canada are higher than
those predicted by BJO8 model. The observed shifts in thegeanges for the modified correlation
coefficients result from conversion of their correspondiegodsT to T, Which are not identical. It
should be noted that th€7}, 73) values obtained from the historical records in Eastern Gacauld

be affected by the limitations associated with record sielean the region. We also note that the
accelerograms included in the database compiled in thily stere not used to develop AA13 GMPE,
which is contrary to the approach adopted to develop BJO&im&adsed on the results presented in
Figs. 10 and 11, there appears to be a need to further ingésstige spectral correlations in this region
in light of data recorded in the future.

4.2 Magnitude and distance dependence of correlation coeffi cients

Correlation coefficients from BJO8 model and those spedfitastern Canada determined in this study
both considep to be independent from magnitude and distance of the growtidns. This is mainly
based on the observations reported by Baker and Cornelb§200 investigate the applicability of
this assumption to ground motions in Eastern Canada, tledexograms in the database are classified
once based on the corresponding magnitude and then basgucenteal distance. Ground motions
of magnitudesiVl,y < 5, which are more frequent in Eastern Canada (www.seismobaata), are
generally of lower importance for structural engineeringgmses. Thus, records with magnitudes
My =5 and My < 5 are grouped together into bins M1 and M2, respectively, dsated in Table 4.

In addition, the accelerograms in the original databaselarded into four bins based on epicentral
distanceR: (R1) R < 100 km, (R2)100 km < R <200 km, (R3)200 km < R <400 km, and (R4)R >

400 km. Ground motions with epicentral distances shorter tttdrkm are generally more interesting
for structural engineering applications. Therefore, rdsawith distances in this range are grouped
together in one bin, i.e. R1. Events with0 km < R < 200 km can still have considerable effect on
structures. As a result, the distance interval is keppakm for the next bin, i.e. R2. This interval is
increased t@00 km to form a bin from accelerograms recorded at longer degtsitess thad00 km,

i.e. R3. As a number of GMPEs extend predictions to epickdistances ovet00 km (e.g. Atkinson
and Adams 2011), ground motions recorded at such distaneedsa included and grouped together,
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I.e. R4. The proposed distance-based classification otdeerograms studied is presented in Table 5.

The correlation coefficients for each bin were next computgidg AA13 central GMPE taking the
same approach as in Section 4.1. The high frequency confte¢hé secords was also addressed by
considering thé,yp1.5corresponding to each bin and following the procedure sstggeby Carlton
and Abrahamson (2014). The values Q1.5 corresponding to Bins M1 and M2 and Bins R1 to
R4 were found to b®.040s,0.047s,0.028 s, 0.042 s, 0.053 s and0.063 s, respectively. Figs. 12 and
13 compare the obtained correlation coefficients to thoseriakned regardless of magnitude and
distance effects in Section 4.1t =0.2s,7*=0.5s,7*=1s, andl™* =2s. Figs. 12 and 13 clearly
show that the period range through which the magnitudestgrecy of correlation coefficients is
pronounced, moves from longer periods to shorter periods‘ascreases. It is also illustrated that,
in general, there is a higher correlation among the lowermtade records in Eastern Canada, i.e.
Bin M1. The correlation coefficients associated with therds from higher magnitudes, i.e. Bin M2,
show a close agreement with those obtained from the enttedbdse although the two sets tend to
deviate at period ranges with high magnitude-dependeritg.agreement can partly be related to the
number of records in Bin M2 which contains approximat&l$ of the records in the entire database.
Figs. 14 and 15 reveal the distance-dependency of the abomlcoefficients in Eastern Canada. It
can be seen that the obtained distance-based correlatdiicmnts for Eastern Canada do not vary
dramatically with epicentral distances upit®) km, i.e. Bins R1, R2 and R3. Nevertheless, correlation
coefficients of ground motions at very long distances, iia.B4, demonstrate poor correlation in the
entire period range considered for almost all the valués*olin general, the difference between the
coefficients from Bins R1, R2 and R3 and those from the enatalthse is mainly due to very low
coefficients from Bin R4 which are considered in the deteatiam of correlation coefficients for the
entire database.

We next investigate whether the magnitude- and distanseebelassifications of correlation coeffi-
cients computed for Eastern Canada will considerably &ffecresulting CMS. To this end, the AA13
central GMPE is selected as the underlying model. The NBCID 2(HS for Toronto, Montreal and
Quebec corresponding to NBCC 2010 site class A are adopterk darget spectra as all the ground
motions studied were recorded on hard rock sites. The pgredscof AA13 are modified to represent
ground motions for site class A as already mentioned in 8&e8ti3. Modified correlation coefficients
including the effects of high frequencies, i'Bmp15 are taken from the appropriate bins which are
based on mean/ and R from deaggregation, and are used to compute CMS. Figs. 16 present
the computed CMS using the magnitude- and distance-baseslatmn coefficients along with the
CMS computed using BJO8 correlation coefficients and thasa the entire database of this study. It
can be seen that, for all the three locations, magnitudeebesefficients do not have a considerable
effect on the CMS when anchored at longer periodsyi .1 s andl'=2s. However, when the CMS
is anchored at shorter periods, 2= 0.2s and7T = 0.5 s, higher spectral amplitudes are obtained
using the magnitude-dependent coefficients.

As expected from the correlation coefficients illustratefigs. 10 and 11, adopting BJO8 model yields
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to lower CMS in comparison to those using correlation coeeffits obtained from the studied database
of Eastern Canada records. Similar observations are madbddCMS constructed using distance-
based coefficients. However, in this case the effect of Wcgtas more pronounced when the CMS
is anchored at longer periods. Generally, in comparisoheécQMS computed using BJO8 model, it
is seen that the obtained correlation coefficients resuligher spectral amplitudes at shorter period
ranges. We also observe that, due to the modification madthéohigh frequency content of the
records (Carlton and Abrahamson 2014), the period rangesgh which the correlation coefficients
are determined are modified based onthe, sassociated with each database of records. Hence, as
can be seen in Figs. 16 to 21, the CMS obtained using BJO8 naodetonsidering th&y,1 sfor the
controlling event, from deaggregation results, extendg ap to 7' = 1.7s. This is clearly seen in
Figs.10 and 11 when the coefficients are calculated forréiffevalues of/;mp1.5 This observation
reiterates the necessity of further research to deternamelation models specific to Eastern Canada
and underlines the possible underestimation when using Buftlel to compute CMS in this region.

5 Conclusions

This work assessed the main ingredients required to catsiiMS in Eastern Canada, and inves-
tigated the effect of their variations on the obtained CMBe Tonstruction of CMS was reviewed
and adapted to take account of the seismic hazard in thriesahf Eastern Canadian cities: Toronto,
Montreal and Quebec. The effect of variatione{T™*) on the computed CMS as a function of the
underlying GMPE was investigated. It was shown that thecseteGMPE can considerably affect the
spectral amplitudes of the CMS mainly at shorter periodss Tiight have an impact on the seis-
mic analysis or evaluation of structures with relativelpdfundamental periods and also those for
which higher mode effects are significant. The CMS compugdgutwo approximate methods, i.e.
“Methods 1 and 2” were found to be moderately different ortlgleort period ranges. This is mainly
due to the weights associated with the GMPEs for Easterndaanghile “Method 1” could be used
to compute CMS in Eastern Canada due to its simplicity, rdfic@mputations including logic tree
weights are recommended for short-period structures setemnificantly influenced by higher mode
effects. We also investigated the applicability to Eas@anada of spectral correlation models devel-
oped based on WNA ground motions. To this end, a databas@ohdmotions recorded in Eastern
Canada was compiled and correlation coefficients were m@ted using an up-to-date GMPE devel-
oped for ENA. The effects of higher frequency content of gisbmotions on correlation coefficients
were also considered. The results suggest higher spectralations than predicted by a WNA-based
model. We note however that this trend is based on curremdiladle ground motions recorded in
Eastern Canada and that it needs to be validated in lighttafdwbservations. Finally, we studied
the dependency of correlation coefficients in Eastern Camsdmagnitude and epicentral distance,
two of the key characteristics of ground motions and theadmtions. Records of lower magnitude
demonstrated higher correlations at short periods fordorgnditioning periodd™. We found that
the dependency of obtained correlation coefficienits , 7>) on magnitude is generally pronounced
as one of the two periods, or 7T; is shifted towards the longer period range. Distance-ddpacy
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was found to be less significant for distances of interestrimctural engineering applications. We
also showed that the effects of magnitude- or distanceebes@elation coefficients on the CMS de-
veloped for the three cities are: (i) generally negligiktiéoag periods, and (ii) significant at shorter
periods particularly when the conditioning peri@d is less than approximately.5s. This work is
the first study addressing in detail the ingredients andtcectson of CMS in Eastern Canada. The
methodology and results discussed are expected to enti@application of CMS in this region.
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Table 1: Characteristics of the ground motion predictionagipns used in this study.

GMPEs Mag. scale/Range  Dist. metric/Range  Period range pdRes variables Damping values
Silva et al. (2002) - SGD02 My /4.5 — 8.5 Rjp/ 1— 400km 0 — 10s PSA 5%
Atkinson and Boore (2006) - AB0O6  Myy/3.5 — 8.0 Rgrup/ 1 —1000km 0 — 5s PSA 5%
Atkinson (2008) - A08 Mwy/4.3 — 7.6 Rjp/ 1 —1000km 0 — 5s PSA 5%
Pezeshk et al. (2011) - PZT11 Mwy/5.0 — 8.0 Rgrup/ 1 —1000km 0 —10s PSA 5%

Atkinson and Adams (2013) - AA13 My /4.5 — 8.0 Rep/ 1— 800km 0 — 10s PSA 5%




Table 2
Mean magnitude and distance scenarios for Toronto, MdrarehQuebec at different periods extracted from

deaggregation results (GSC 2010).
Location T (s) My R (km)

Toronto 0.2 5.6 99
0.5 6.4 217
1.0 6.7 234
2.0 6.8 282
Montreal 0.2 6.1 36
0.5 6.6 51
1.0 6.8 64
2.0 6.9 79
Quebec 0.2 6.0 41
0.5 6.6 68
1.0 6.8 81

2.0 6.8 95




Table 3
Historical ENA ground motions studied.

Event My Number of Records Site Class
Nahanni (11/1985) 4.6 2 A
Nahanni (12/1985) 6.9 4 A
Saguenay (1988) 5.8 18 A
Cap-Rouge (1997) 4.7 16 A
Pymatuning (1998) 5.0 2 A
Cote-Nord (1999) 4.7 18 A
Au-Sable-Forks (2002) 5.1 26 A
Riviére-du-Loup (2005) 5.0 16 A
Val-des-Bois (2010) 5.0 6 A




Table 4
Magnitude-based classification of the records in the studéabase of ground motions.

Bin Event My Number of Records

M1 Nahanni (12/1985) 6.9 4
Saguenay (1988) 5.8 18
Pymatuning (1998) 5.0 2
Au-Sable-Forks (2002) 5.1 26
Riviere-du-Loup (2005) 5.0 16
Val-des-Bois (2010) 5.0 6

M2  Nahanni (11/1985) 4.6 2
Cap-Rouge (1997) 4.7 16

Cote-Nord (1999) 4.7 18




Table 5
Distance-based classification of the records in the stuttéabase of ground motions.

Event My R1 R2 R3 R4
Nahanni (11/1985) 4.6 2 - - -
Nahanni (12/1985) 6.9 4 - - -
Saguenay (1988) 5.8 8 10 - -
Cap-Rouge (1997) 4.7 - 12 2 2
Pymatuning (1998) 5.0 - - 2 -
Cote-Nord (1999) 4.7 - - 14 4
Au-Sable-Forks (2002) 51 - 4 2 20
Riviere-du-Loup (2005) 5.0 14 - 2 -

Val-des-Bois (2010) 5.0 6 - - -
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Figure 4. GMPE-based variation of CMS computed by matchorigBCC 2010 prescribed UHS for Quebec at:

(@T*=0.2s, (b)T*=0.5s, (c)T*=1s,and (dJ[*=2s.
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Figure 5. CMS computed using Method 2 (Lin et al. 2013) and hyciting to NBCC 2010 prescribed UHS for
Toronto at: (aJi*=0.2s, (b)T*=0.5s, (c)T*=1s, and (dJI"* =2 s compared to CMS computed using single
GMPE.



—— NBCC 2010 UHS for Montreal (Site Class C)
—— CMS using AA13 Central GMPE —— CMS using AA13 and Method 2
——— CMS using AA13 Upper GMPE —— CMS using AA13 Lower GMPE
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Figure 6. CMS computed using Method 2 (Lin et al. 2013) and laycimng to NBCC 2010 prescribed UHS
for Montreal at: (&) =0.2s, (b)T*=0.5s, (c)T*=1s, and (d)I"* =2s compared to CMS computed using
single GMPE.
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Figure 7. CMS computed using Method 2 (Lin et al. 2013) and byciting to NBCC 2010 prescribed UHS for
Quebec at: (a)*=0.2s, (b)T*=0.5s, (c)T*=1s, and (d)JI"* =2 s compared to CMS computed using single
GMPE.
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Figure 8. Observed(7") and the corresponding correlation coefficients defined eslibpe of each line: (a)

betweerl’=0.5s and7’=1s, and (b) betweei'=1s and7"=2s.
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Figure 9. Correlation coefficients obtained from: (a) gmumotions in Eastern Canada, and (b) Baker and
Jayaram (2008). The numbers over the contour lines reprétsenorresponding correlation coefficients.
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—— Eastern Canada Modified —— BJ08 Modified
1 ( ') T LA | T T
a
081 : — _
0.6 | . .
P :
041 I . |
|
021 : . |
Tamp15=10.02 s |
Ol—— bl il
jep— X
a
0.8 | N | -
0.6 | . | .
P : :
041 | - ! _
0.2 ! . ! .
' TampLS =0.034 s | Tampl.S =0.034s I
a
0.8 | N - | -
0.6 | . - | .
P : :
0.4 | . - | .
021 : - - | A
) Tamp1.5 = 0.0446 s | Tamp1.5 = 0.0446 s |
a
0.8_ | - I
0.6 | - |
P : :
0.4 | - |
| |
0.2 : - : .
TampLS:IO-1 S | I | Tampl.S =I0.1 S | | |
0 1 1111 1 1111 I 1111 1 (R RN 1 1111 1 1111 1 111 1 1111
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Period (s) Period (s)

Figure 10. Comparison between obtained correlation casfis for Eastern Canada and those from BJO8 model
at differentTamp1 svalues for: (aJl™*=0.2s, and (b)I™* =0.5s.
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Figure 11. Comparison between obtained correlation casffis for Eastern Canada and those from BJO8 model
at differentTamp1.svalues for: (@)l =1s, and (b)I™* =2s.
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Figure 12. Comparison between obtained correlation casffis for Eastern Canada from magnitude-based bins
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and those from the entire records database at diffdiggy1 svalues for: (ajl*=0.2's, and (b)I™*=0.5s.
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Figure 13. Comparison between obtained correlation casffi for Eastern Canada from magnitude-based bins
and those from the entire records database at diffdiggg1 svalues for: (a)l*=1s, and (b)[™ =2s.
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Figure 14. Comparison between obtained correlation caesffis for Eastern Canada from distance-based bins
and those from the entire records database at difféiggy1 svalues for: (ajl*=0.2s, and (b)I™*=0.5s.
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Figure 15. Comparison between obtained correlation caesffis for Eastern Canada from distance-based bins
and those from the entire records database at difféiggy1 svalues for: (ajl*=0.2s, and (b)I™*=0.5s.



—— NBCC 2010 UHS for Toronto (Site Class A) — CMS, p (BJO8 Modified)
—— CMS, p (Eastern Canada Modified) —— CMS, p (Bin M2 Modified)
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Figure 16. CMS computed using magnitude-bagedfor Eastern Canada and by matching to NBCC 2010
prescribed UHS for Toronto at: (d)*=0.2s, (b)7T*=0.5s, (c)T*=1s, and (dJI"*=2s.



—— NBCC 2010 UHS for Montreal (Site Class A) — CMS, p (BJ08 Modified)
—— CMS, p (Eastern Canada Modified) —— CMS, p (Bin M2 Modified)
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Figure 17. CMS computed using magnitude-bagedfor Eastern Canada and by matching to NBCC 2010
prescribed UHS for Montreal at: (8)*=0.2s, (b)T*=0.5s, (c)T*=1s,and (d)[*=2s.



—— NBCC 2010 UHS for Quebec (Site Class A) — CMS, p (BJO8 Modified)
—— CMS, p (Eastern Canada Modified) —— CMS, p (Bin M2 Modified)
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Figure 18. CMS computed using magnitude-bagedfor Eastern Canada and by matching to NBCC 2010
prescribed UHS for Quebec at: (&) =0.2s, (b)7*=0.5s, (c)T*=1s, and (dJI"*=2s.
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Figure 19. CMS computed using distance-bassdor Eastern Canada and by matching to NBCC 2010 pre-
scribed UHS for Toronto at: (&8)*=0.2s, (b)T*=0.5s, (c)1T*=1s, and (d)[™*=2s.



—— NBCC 2010 UHS for Montreal (Site Class A) — CMS, p (BJ08 Modified)
—— CMS, p (Eastern Canada Modified) —— CMS, p (Bin R1 Modified)
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Figure 20. CMS computed using distance-bagsdor Eastern Canada and by matching to NBCC 2010 pre-
scribed UHS for Montreal at: (&)*=0.2s, (b)7T*=0.5s, (c)T*=1s, and (dJI"*=2s.



—— NBCC 2010 UHS for Quebec (Site Class A) — CMS, p (BJO8 Modified)
—— CMS, p (Eastern Canada Modified) —— CMS, p (Bin R1 Modified)
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Figure 21. CMS computed using distance-bagsdor Eastern Canada and by matching to NBCC 2010 pre-
scribed UHS for Quebec at: (&) =0.2s, (b)T*=0.5s, (c)T*=1s,and (d)[*=2s.



