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Abstract: In this paper, ground motions recorded on rock sites in saglanada are studied in order to char-
acterize their vertical acceleration components. Emghagplaced on the sensitivity of vertical-to-horizontal
spectral ratios to: (i) inter-component intensity cortielas, and (ii) the use of geometric mean horizontal com-
ponents at each site instead of considering them indiMigd=dur different definitions of horizontal components
are investigated. Vertical-to-horizontal spectral rat@we compared with the findings of other researchers. We
illustrate how the results can be used to evaluate vertazadlaration demands on rock sites in eastern Canada.

Key words: Earthquakes; Vertical accelerations; Eastern Canadandnmwtions; Vertical-to-Horizontal
spectral ratios; Intraplate earthquakes; Ground motioretadions; Principal directions.

I Graduate Research Assistant, Department of Civil, Gecddgind Mining Engineering,
Polytechnique Montréal, Montréal, QC H3C 3A7, Canada.

2 Professor, Department of Civil, Geological and Mining Hregring,

Polytechnique Montréal, Montréal, QC H3C 3A7, Canada.

Corresponding author. E-mail: najib.bouaanani@ polyatl.



1 Introduction

The question of whether or not to explicitly include the et component in seismic design and
safety evaluation of structures is one that has recentlyegbienewed interest. This is mainly due
to the availability and increasing popularity of advanced a&fficient modeling and computational
tools, combined with the emergence and requirements obpeance-based approaches. The char-
acterization of vertical ground motions in a given regioa ifirst crucial step to ensure the appropri-
ate selection of seismic input for multidirectional timistbry or modal response spectrum analyses.
Ambraseys and Simpson [1996] studied historical recomis fEuropean, Western US (WUS), New
Zealand, and Nicaragua events. They observed high vettidabrizontal spectral ratios in excess
of 1.5 for near-field events in short period ranges. Bozorgnia ef18198] investigated the depen-
dence of vertical-to-horizontal spectral ratios of the 49®rthridge earthquake records on period
and source-to-site distance. They mainly found that nesa-fow period ratios exceeded They
proposed an approximate vertical spectrum obtained btirslithe horizontal acceleration response
spectrum to shorter periods by a period shift factor of alkoamd reducing it by applying distance-
dependent vertical-to-horizontal spectral ratios. Gbpsulos et al. [2003] studied the vertical com-
ponents from a database of 45 historical ground motionsrdecoon rock and stiff soil sites from
Western North America (WNA), Eastern Europe and Japan. Tbagluded that the/3 value com-
monly recommended by codes worldwide [Shrestha, 2009]negdly a good approximation of the
ratio of vertical-to-horizontal PGAs, but is inadequat@é&scribe the relationship between horizontal
and vertical spectral accelerations because of diffeseicdrequency content between both com-
ponents. Christopoulos et al. [2003] recommended shitiimg) reducing the horizontal spectrum to
obtain vertical accelerations, and suggested a shiftfaétom 1.55 to 1.60 towards shorter periods
and reduction factors froi.55 to 0.8 depending on the ratio of peak ground acceleration to vgloci
The coefficients proposed by Christopoulos et al. [2003]ewesed later by Wanitkorkul and Fili-
atrault [2005] to simulate vertical ground motions for sais fragility evaluation of nonstructural
components in hospitals in Eastern North America (ENA).iMé&la [2006] studied the smooth spec-
tra of horizontal and vertical ground motions based on treyais of63 records from33 rock and

30 soil sites. He confirmed that the vertical-to-horizonta¢epal ratio is frequency-dependent and
found that this dependence is more pronounced for soil $itesfor rock sites. Malhotra [2006] also
showed that the short-period vertical-to-horizontalagtare roughly).55 and0.75 for rock and soil
sites, respectively, and that they decrease to approxXiynateand0.3 at a period ofl s, respectively.
Lopez et al. [2006] investigated the response spectra clegistics of the principal components ©f
near- and far-fault ground motions recorded on rock andsges durin@®5 historical earthquakes that
occurred in California, Chile, Japan, and Taiwan. In patég they determined the principal response
spectra and their ratios and studied the influence of soorséd distance on the obtained principal
response spectra. They found that principal vertical @agbns could be either greater than or less
than major principal horizontal accelerations, but thatainfault sites, vertical acceleration spectra
were below both major and minor principal horizontal acien spectra, with ratios varying be-
tween0.34 and0.69. In the short period range of near-fault sites, they replord¢ios between vertical



and major principal horizontal acceleration spectra betvoe3 and1.33.

Itis common practice to obtain vertical acceleration detisdyy scaling code-prescribed design or uni-
form hazard spectra for horizontal accelerations. Thisrsgaan be based on frequency-independent
or frequency-dependent spectral ratios as mentionedquslyi In the former case, the conventional
averagel//H =2/3 is usually adopted. It is important however to relate theedility of the applied
spectral ratio to the type of measure used to determine thedmbal accelerations of the particu-
lar code-prescribed design or uniform hazard spectrumideresl. In previous studies characterizing
vertical-to-horizontal spectral ratidg/ H, the effect of horizontal components recorded along each
horizontal direction taken separately were generally icimmed. The effect of intensity correlations
between three ground motion components recorded at a gieeorsthe assessment of vertical seis-
mic hazard did not receive much attention in the literatite influence of considering the geometric
mean of horizontal components instead of individual congmd® has not been investigated either.
Such information is however important since geometric maaasure is commonly used to define
horizontal spectral demands in GMPEs [Boore et al. 2006;#keethand Bozorgnia 2007] and code
prescribed UHS [Stewart et al. 2011]. We note thatl” Fourier spectra ratios arld/H response
spectra ratios are also usually studied to determine siporese. For example, Nakamura/gV' tech-
nique can be used to determine site amplification, reson@gquiéncy, and empirical transfer functions
[Lermo and Chavez-Garcia, 1993; Zhao et al., 2006; Nakan2@@8; Ghofrani et al., 2013]. These
ratios are strongly dependent on site conditions and vaity sdil type and depth to bedrock. In this
work however, we focus on the characterizatio/gf{ ratios on rock sites due to the limited num-
ber of available recordings within magnitude and distaacges of interest to structural engineering
applications in eastern Canada.

2 Scope and objectives

Although eastern Canada is situated in a stable intra tegpbete region, it has been shaken by several
moderate to strong historical earthquakes [Mitchell e1880 ; Adams et al. 1995 ; Lamontagne et al.
2008]. The investigation of these events has revealed timgipal trends: (i) a higher frequency con-
tent than in WNA, and (ii) a slower attenuation of ground rans. Most of the studies characterizing
or modeling ENA seismic hazard focused on horizontal coreptsof ground motions [Atkinson and
Boore 1995 ;Campbell 2003 ;Atkinson 2008 ;Pezeshk et aL1pMcGuire et al. [2001] proposed a
predictive model of vertical-to-horizontal spectral ostias part of a process to develop seismic design
ground motions for nuclear facilities in the US. This modelluded several assumptions to account
for seismological regional differences between rock site@gestern US (WUS) and central and eastern
US (CEUS). Their study revealed that CEW3H spectral ratios could be estimated by: (i) shifting
the WUSV/H ratios towards higher frequencies, and (ii) scaling up tve frequency WUS//H
ratios. Siddiggi and Atkinson [2002] compiled mean horiadto-vertical, i.e.H/V, Fourier spectra
computed using digital three-component seismograms aftevad magnitude < M < 5, recorded
between 1993 and 1998 on rock sites in Canada. Their studglexithat average spectral ratidsl”



for rock sites do not vary significantly across Canada, aatttiey are weakly frequency-dependent,
globally decreasing from a value in the rangd @fto 1.6 at0.1 s to near unity a? s.

Previous research clearly shows that there is still a neealdditional results to reduce the uncertainty
associated with vertical ground accelerations in Easteana@a, namely by considering new data
recorded recently during stronger events such as Rivieseedip (2005) and Val-des-Bois (2010)
earthquakes. This work aims to characterize near- andefiar¥ertical ground motions recorded on
rock sites during thé/,, 4.9 Miramichi (1982), M, 6.8 Nahanni (1985) M, 5.9 Saguenay (1988),
My 4.3 La Malbaie (1997) My 4.9 Cap Rouge (1997))/ 3.3 La Malbaie (2003) M 3.7 Thurso
(2006), M,y 3.8 Baie-Saint-Paul (2006))/\ 4.7 Riviére-du-Loup (2005))My 3.6 Riviere-du-Loup
(2008), andViy 5.2 Val-des-Bois (2010) events. A particular attention willdeoted to investigating
the sensitivity of vertical-to-horizontal spectral ratitm: (i) inter-component intensity correlations of
the studied ground motions, and (ii) the use of geometricnmeaizontal components at each site in-
stead of considering them individually. More specificalhe effects of using four different definitions
of horizontal components are investigated herein: (i)Zwrial recorded components taken indepen-
dently; (ii) geometric mean of recorded components at eaobrding station; (iii) principal horizontal
components taken independently; and (iv) geometric meganmdipal horizontal components at each
recoding station. The relationship to code-prescribedzbatal seismic demands in Eastern Canada
is also illustrated.

3 Ground motions studied
3.1 Recorded data

For each of the eleven earthquakes described above, weigatesthe time histories of ground ac-
celerationsix, ay andaz recorded at different sites along instrument horizontakax andY’, and
vertical axisZ, respectively. The studied accelerograms were obtaired dlifferent sources [LDEO
2007, GSC 2011, Atkinson 2011]. Table 1 contains the maimadteristics of the selected ground
motions, including the name of the recording site, the datktane of the event, the moment magni-
tude My, the station coordinates, the type of subsoil, the epiakdistanceg, the hypocentral depth
he, and the Peak Ground Accelerations (PGAS) ay- anda, along the orthogonal components

Y and Z, respectively. The distribution of magnitudes fravfy, 3.3 to M,y 6.8 as a function of epi-
central distances ranging frob8 to 150 km is illustrated in Fig. 1 for the seismic data studied herei
We note that moment magnitude scale was used for all theqeedles studied for consistency and
comparison purposes. The moment magnitudes reported le Talere obtained from Bent [2009]
and USGS [2012] when available, or using conversion expmes$roposed by Macias-Carrasco et
al. [2010] otherwise.

3.2 Uncorrelated data

The accelerations recorded along the three orthogonal aoemts of an earthquake are naturally cor-
related, considering that they result from the same grouatiom source and same seismic waves



traveling through the same medium from source to site. Theladion between the three ground mo-
tion components recorded at each station can be invesliggtexamining the individual contributions
of each component to the total energy released during theghdenzien and Watabe [1975] showed
that the three-component accelerations recorded at a giteeran be stochastically uncorrelated to ob-
tain three principal components corresponding to maximuotaymediate and minor directions along
which maximum, intermediate and minor earthquake enermglesised, respectively. These directions
and corresponding accelerations can be obtained as theveers and eigenvalues of the tensoif
earthquake intensities defined by Arias [1970] as

= [faa0d  ij=xv2 ®
29 J+

where g is the acceleration due to gravityjs the acceleration along directiopandt, and¢; denote

the first and last times of the interval of interest of the shglduration, respectively. In this work,

we use a Trifunac-Brady duration [Trifunac and Brady 19%5esponding to a time intervadlttg =

ts — to during which the earthquake releases betwgerand95% of its Arias intensity [Arias 1970].

In what follows, the results related to the principal comgais will be referred to asncorrelated

while those corresponding to the original data will be nefdito agecorded

4 Ratios of vertical-to-horizontal PGAs of the studied grou nd motions

One way to estimate the amplitude of the vertical componéinocearthquake consists of relating
it to that of the horizontal component through the rajioof vertical-to-horizontal PGAs. This ratio
has been investigated by several researchers, such as Mejt®a3], Lew [1992], Perea and Esteva
[2004], and Kalkan and Gilkan [2004], Collier and Elnasi2&iJ1] and Bommer et al. [2011], using
data from different regions. It was generally found thas tfaitio decreases gradually with increasing
rupture distance, suggesting the higher severity of thigcaécomponent of near fault ground motions.

Fig. 2 (a) presents the variation of the vertical-to-hanizb PGA ratios), of the ground motions stud-
ied, obtained as,/ay anda,/ay at each recording site. As expected, large vertical-tazbatal
PGA ratios characterize near field ground motions, suchasetbf Miramichi and Nahanni at epicen-
tral distances less thal) km. However;, ratios larger thar are also observed for ground motions
at higher epicentral distances arouficto 60 km, i.e. some recording stations of Val-des-Bois (2010)
and Riviere-du-Loup (2005). A linear trend is obtained fataddecreasing from aroumg = 0.95 at
the very near field tgy = 0.5 atre = 160 km. 7, ratios less thai.5 are obtained for some ground
motions at epicentral distances from the near to the far.fiélyl 2 (a) also reveals that the meampf
ratios are).82, higher than the commonly adopted assumption,ef2/3.

Vertical-to-horizontal PGA ratios, of the uncorrelated ground motions are computed, g%, and
ay,/ay, at each site, wher€, , a;;, anda;, denote the PGAs along principal directiafis, H, andV/,
respectively. Fig. 2 (b) illustrates the effect of corredatof ground motions on vertical-to-horizontal



PGA ratios. We observe that thg ratios of uncorrelated ground motions are generally diydtigher
than the recorded ones in both the near and far field. This easidarly seen from the linear trend,
now decreasing from aroung = 0.98 at the very near field to aroung = 0.6 at epicentral distance
re=160 km. As previously, the mean af, ratios are larger tha?y/3, and are equal t0.86, practically
the same values as for recorded data.

Geometric mean is commonly used to define horizontal sged#raands in GMPEs [Boore et al.
2006; Campbell and Bozorgnia 2007] and code prescribed (B#wart et al. 2011]. It is therefore
important to evaluate the effect of using geometric meanasizbntal components on vertical-to-
horizontal PGA ratios. For this purpose, vertical-to-kontal PGA ratiosj, are determined at each
site asa,/\/ax ay anday /y/ay, ay, for recorded and uncorrelated ground motions, respegtivel
Figs. 2 (c) and (d) illustrates the obtained results. It engat the mean af, ratios for recorded data
Is 0.81. This value increases 82 for uncorrelated data. We note that the meanatios are slightly
closer to2/3 thann, ratios. The slope of the linear slightly decreasing trengaf also similar to
that of 7, with a linear variation from aroungl, = 0.93 (respectivelyi, = 0.90) at the very near field
to aroundy, =0.5 (resp.n,=0.6) atrg =160 km for recorded data (resp. uncorrelated data).

To better illustrate the differences between the trendemes in Figs. 2 (a) to (d), they are plotted
in Figs.3 (a) and (b), along with theits% confidence limits. We remark that the slight variations
observed between, ratios corresponding to recorded and uncorrelated PGAgs;ator both three
component and two component geometric mean analyses, gligible when compared with their
95% confidence limits. This suggests that decorrelation hde tid no influence omy, ratios of the
rock site ground motions studied herein. Figs. 3 (a) andI@o eearly illustrate tha, ratios corre-
sponding to recorded and uncorrelated accelerogramsieatslightly decreasing trend as epicentral
distance increases. As previously discussed, this behaamalso observed by other researchers such
as Collier and Elnashai [2001] and Bommer et al. [2011].

The V/H ratios are generally variable over the frequency specttbhe;%-damped horizontal and
vertical acceleration response spectra of the previowesdgribed recorded and uncorrelated accelero-
grams are computed and investigated hereafter.

5 Frequency-dependent vertical-to-horizontal ratios of t he studied ground motions

To further characterize the frequency-dependence of tagarship between horizontal and vertical
spectral accelerations, we consider the following ratefineéd at each periodl as

[ AZ(T) Ax(T)) o Ay(T)
77(T)_{Ax(T)’Ay(T)}’ (T Ax(T) Ay (T) @)



for recorded accelerograms, and
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for uncorrelated accelerograms.

These ratios are studied next for periddsip to2 s. A larger period range is considered for compre-
hensive identification of global trends, although spectatbs for periodd” > 1 s should be interpreted
with care because of the generally vanishing spectral act@ns at these periods as well as possible
long-period noise due to analog-to-digital conversions.

Fig.4 presents recorded and uncorrelated frequency-depéen and 7 ratios obtained for all the
studied records. Figs. 4 (a) and (b) show that the mean vafugspectral ratios are bracketed between
2/3 and1 approximately for recorded and uncorrelated data. The melues of; slightly exceed!
over a period range betweént s andl.3 s. The same remarks can be maderfas can be seen from
Figs. 4 (c) and (d).

Fig. 5 presents the mean values)aind7 spectral ratios with thei5% confidence limits. The results
confirm that) and7 spectral ratios are practically similar for recorded andarrelated data, with only
minor variations visible, which suggests that uncorraaaccelerograms does not have a significant
effect on the vertical-to-horizontal characterizatiortlod studied ENA ground motions. Comparing
Fig.5 (a) to Fig.5 (b) reveals that frequency-dependentachearization of vertical-to-horizontal ac-
celeration spectral ratios is practically insensitive $ing two horizontal components separately or
a single geometric mean horizontal component, when eitearded or uncorrelated data are used.
Finally, the previous analyses confirm that the studied EN#&ugd motions obey the common ob-
servation that maximum vertical spectral acceleratioegg@nerally lower than maximum horizontal
ones.

The obtained mean values of vertical-to-horizontal spécttios are compared next to results from
other researchers. Fig. 6 (a) compares the frequency-depenertical-to-horizontal spectral ratios
proposed by McGuire et al. [2001] for CEUS rock sites to theamealues of; ratios. McGuire et al.
[2001] recommend three series of frequency-depend@ht spectral ratios for three ground motion
categories differing by expected maximum horizontal PGASA < 0.29, 0.2g < PGA<0.5g and
PGA > 0.5g. We note that although most of the ground motions studietienpresent work have
PGAs less than.2 g, the ratios corresponding to the two other categorieslacesaown in Fig. 6 (a)
for comparison purposes. It is seen that the obtained meatos: (i) agree with the increasing and
then decreasing trend of the predictive model of McGuirel.ef2801] over the short period range
from 0 to about0.1s, (ii) is generally higher or equal to those proposed by Mo&at al. [2001]
for PGA < 0.2 g over the same short period range, and (iii) vary diffesefittm the constant ratios
predicted by McGuire et al. [2001] far > 0.1 s, i.e.2/3 for ground motions with PGA 0.2 g. Most of



the predictions however fall within thi5 % confidence limit, with only a small section falling slightly
outside it. We note that the model suggested by McGuire @01] to predict’/ H ratios for CEUS
ground motions was developed based on a point-source catigndl predictive model for WUS
records. The original WUS model was validated against raekrecords from thé989 M6.9 Loma
Prieta earthquake. This model was then extended usingigeDielUS crustal conditions to account
for differences between WUS and CEUS seismic hazard cleaistots. The results mainly showed
that CEUSV/ H spectral ratios could be estimated by: (i) shifting the WIJST ratios towards higher
frequencies, and (ii) scaling up the low frequency WJST ratios by aboub0%, i.e. a factor ofl.5.
Although such a simple point-source model provides a basisdmparison of the impact of different
generic crustal conditions ovi/ H spectral ratios, it is associated with a fair amount of utadety
as it includes several assumptions and was not validatadstgdaher models [McGuire et al., 2001,
Silva and Costantino, 2002]. Because of this, and also Bwtmal purposes, the recommended CEUS
V/H spectral ratios were smoothed in the low frequency rangessithed by McGuire et al. [2001],
thus yielding the flattened curves aftet s in Fig. 6 (a).

The mean values of the horizontal-to-vertical, i&/V/, Fourier spectra ratios obtained by Siddiqqi
and Atkinson [2002] are first inverted and then compared éntiean, ratios in Fig. 6 (a). Spec-
tral ratios corresponding to all rock sites from all over &da considered by Siddiggi and Atkinson
[2002] as well as those only from eastern Canada are depifedbserve a very good agreement
between mean ratios and Fourier spectral ratios corresponding to ea§tanada rock sites for peri-
0ds0.05s < T < 0.2 s. After this period range, increasing trends are obseweadth types of results
until 0.4 s, but higher; mean values are observed. This is followed by a continuanshgasing trend
of mean Fourier spectral ratios, whifemean values decrease until they join up at a valueaif2 s.
We remark that thé’/ H Fourier spectra ratios corresponding to eastern Canadanfiéely within
the95% confidence limits of the obtained meamatios.

To characterize vertical-to-horizontal principal accat®ns, Lopez et al. [2006] studied the spectral
ratio

Ay(T)

M) = 2 ()

(4)

and proposed predictive equations based on the resulespomding to near fault and far fault ground
motions recorded frord5 earthquakes that occurred in California, Chile, Japan,Tangdan. Fig. 6 (b)
compares the predictions of these equations tojthatio mean values obtained in this work. It is
clearly seen that the predictions do not match the speetiiakrof the eastern Canada records studied,
except for very short periods where a good agreement is fdangharticular, the; mean values do
not exhibit the pronounced bell-shaped variations betvie@hs and0.3 s nor the troughs after this
period, but rather only slight variations betwe@n2 s and0.3 s followed by an increase after this
period. These particular trends are in line with those dised above fon spectral ratios. It is im-
portant to remind that the records studied by Lopez et aD§2Q(i) originate from other regions than



ENA, (i) have PGA's much higher, on average, than those ofErbund motions considered in the
present work, and (iii) were recorded on rock and soil speactically in a proportion of 50%/50%.

The equations proposed by Lopez et al. (2006) were calidbragang results from the analysis of the
whole set of selected ground motions regardless of thessifleation in terms of PGA's or rock and
soil sites. These factors contribute to the differencegnies! in Fig. 6 (b).

6 Relationship to code-prescribed horizontal seismic acce leration demands

In this section, we estimate vertical seismic demands basewbde-prescribed horizontal seismic ac-
celerations, such as those given in NBCC 2010 UHS [NRCC 2010% UHS is generated based on
the geometric mean of horizontal spectral accelerationpomantsd y and Ay recorded along orthog-
onal axesX andY [NRCC 2010]. Vertical spectral demands can then be estimated by scaling the
UHS by the spectral ratig defined by Eq. (3). For this purpose, theatios for recorded ground mo-
tions are reevaluated as a function of period ranges thaactesize the response of typical structures,
from very stiff to very flexible. The following period rangese considereds—0.15/; [0.1s—0.49];
[0.45—0.65]; [0.6s—19 and[1 s—2 9. The obtained meamratios are given in Table 2 and illustrated
in Fig. 7 (a). The eight stacks of bars represent the eighogantervals described previously. Each
bar corresponds to a triplet of two horizontal and one vakt@cceleration components at each site,
organized by ascending epicentral distances, the shpedsd corresponding to the leftmost stack of
bars. We note that no clear trend concerning the effect aeepial distance could be identified from
Fig. 7 (a). Fig. 8 shows the UHS for a rock site (type A) in Mealraccording to NBCC 2010 as well
as the resulting rock vertical spectrum envelope corredipgrnio the mear ratios in Table 2. It is
clearly seen that the resulting vertical acceleration defaare higher than the commonly adopted
V/H =2/3 vertical spectrum.

It is also possible to define principal spectral verticalede@tions using the rati® given by Eq. (4)
provided that major principal horizontal acceleration deasA,;, are available. For example, Hong
and Goda [2010] developed GMPEs along the principal axegadrds from intraplate California
earthquakes, and concluded that scaling factors to obtajarmrincipal acceleration demands from
a standard UHS range froin13 to 1.17. The obtained meaf ratios reevaluated per period range,
are given in Table 2 and shown in Fig. 7 (b). For illustratiamgoses, Fig. 8 shows the envelope of
principal vertical spectral acceleratiorts, determined assuming a scaling factorlof5 to obtain
major principal accelerations from the NBCC 2010 UHS. Weas#athat vertical spectrd, and A,
obtained using andy are practically similar.

Another interesting approach is to estimate principaligakspectral acceleratiois when the geo-
metric mean of recorded horizontal spectral accelerabomponentsi y and Ay are provided. For this
purpose, the following frequency-dependent spectra rats introduced

A1) = —Av@) (5)

v Ax(T) Ay (T)




The~ spectral ratios are computed per period range and theseselgiven in Table 2 and illustrated
in Fig. 7 (c). Comparison with the results of spectral ratji@ndn in Figs. 7 (a) and (b), respectively,
shows only small differences in the shape, although the ealres are different, witly, n, and~
mean ratios being the highest, the lowest and intermediegpgectively. They ratios can be applied
directly to scale the code-prescribed spectrum to obtassimation of the principal vertical spectral
accelerationsAy, as illustrated in Fig. 8. It can be seen that these principattsal vertical acceler-
ations are slightly lower than the vertical spectta and A,, defined previously using the vertical
spectral ratiog ands, however they are still larger thax3.

7 Summary and conclusions

In this paper, we investigated the characteristics of thieoat components of historical ground mo-
tions recorded on rock sites in Eastern Canada. Three astegriment-recorded componentssofnear
and far-field records were studied as well as the correspgnghcorrelated principal accelerograms
to investigate the influence of inter-component intensatyelations. Vertical-to-horizontal PGA and
spectral acceleration ratios were studied. The resultscingfirmed that the studied records obey the
common observation that maximum vertical spectral acagters are generally lower than horizontal
ones. We investigated the sensitivity of vertical-to-hontal spectral ratios to four different definitions
of horizontal components, namely: (i) horizontal recordethponents taken independently; (i) geo-
metric mean of recorded components at each recording stiiip principal horizontal components
taken independently; and (iv) geometric mean of princifalzontal components at each recording
station. We mainly showed that frequency-dependent cteraation of vertical-to-horizontal acceler-
ation spectral ratios is practically insensitive to usiwg horizontal components separately or a single
geometric mean horizontal component when either recordechcorrelated data are used. We also
found that uncorrelating ground motions, and relating thiegpal vertical acceleration component
to only the major horizontal acceleration component presid more constrained characterization
of vertical seismic demands. Obtained frequency-depéngatical-to-horizontal spectral accelera-
tion ratios were compared against results from other rebess when available and the particular
trends exhibited by the studied ENA ground motions wereliggted. An illustration of the obtained
vertical-to-horizontal spectral acceleration ratiosgbreate vertical spectral acceleration demands on
rock sites from code-prescribed horizontal seismic demmandcastern Canada was also presented.
Overall, these results are believed to contribute to redoeeincertainty associated with the evalua-
tion of vertical seismic demands on rock sites in easterra@anThe methodology presented can also
be used to evaluate the effect of horizontal component defnon the characterization of vertical
ground motions considering other site conditions or regjion
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List of symbols
Abbreviations
CEUS
ENA
GMPE
GSC
LDEO
NBCC
NRCC
PGA
UHS
USGS
WNA
WUS

Symbols
Q;

ax, ay, az

aH,, AH,, Ay

* * *
aH1’ aHQ’ aV
* * *

Ay, Ay, Ay

AH1! A‘H2l AV

Central and Eastern United States
Eastern North America

Ground motion prediction equation
Geological survey of Canada
Lamont-Doherty Earth Observatory
National Building Code of Canada
National Research Council of Canada
Peak ground acceleration

Uniform hazard spectra

United States Geological Survey
Western North America

Western United States

Ground acceleration along direction

Ground accelerations recorded along instrument a&&e¥ and 7, re-
spectively

Ground accelerations along principal axés H, andV, respectively

Peak ground accelerations along principal directiéhs H, and V/,
respectively

Peak ground accelerations recorded along instrument@x&sand 7,
respectively

Acceleration response spectra along principal directiénsH, andV/,
respectively
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Symbols cont'd
AX’ AY’ AZ

tO! tf

Atrg

Mo

S [ 3

Acknowledgements

Acceleration response spectra along principal directisny” and 7,
respectively

Acceleration due to gravity

Hypocentral depth

Tensor of earthquake intensities

Magnitude

Moment magnitude

Epicentral distance

First and last times of the interval of interest of the shgldaration
Period

Vertical-to-horizontal spectral ratio defined by Eq. (5)
Trifunac-Brady duration

Ratio of vertical-to-horizontal PGAs calculated considgrthe two
horizontal components separately

Ratio of vertical-to-horizontal PGAs calculated considgithe geomet-
ric mean of the two horizontal components

Vertical-to-horizontal spectral ratio defined by Egs. (B3
Vertical-to-horizontal spectral ratio defined by Egs. (Bf3)

Vertical-to-horizontal spectral ratio defined by Eq. (4)
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Table 1

Recorded ground motions analyzed.

Event name Lat./ TE he PGA
Site, date and time  Mag. Long. Subsoil  (km) (km) Comp. (9)
Miramichi
Mitchell Lake Rd. My 4.9 47.03N/ Bedrock 4.8 5 X 0.152
31/03/1982 66.61W Y 0.236
21 h:02 min Z 0.582
Nahanni
Iverson Mwy6.8 62.20N/ Bedrock 6.8 6 X 1.101
23/12/1985 124.37W Y 1.345
05h:16 min Z 2.367
Iverson Mwy4.9 62.20N/ Bedrock 6.8 10 X 0.228
23/12/1985 124.37W Y 0.089
05h: 48 min Z 0.112
Slide Mountain Mw4.3 62.23N/ Bedrock 5.6 10 X 0.382
09/11/1985 124.17W Y 0.460
04 h: 46 min Z 0.254
Battlement Creek My 6.8 62.13N/ Bedrock 22.2 6 X 0.194
23/12/1985 123.83W Y 0.186
05h:16 min Z 0.181
Battlement Creek My 5.2 62.13N/ Bedrock 19.7 10 X 0.105
25/12/1985 123.83W Y 0.089
15h:42min Z 0.074
Saguenay
Saint-Ferréol Mw59 47.12N/ Bedrock 113.1 28 X 0.121
25/11/1988 70.83W Y 0.097
23 h:46 min Z 0.062
Québec Mw5.9 46.78N/ Bedrock 1499 28 X 0.051
25/11/1988 71.27TW Y 0.051
23 h:46 min Z 0.020




Table 1

Recorded ground motions analyzed (Continued).

Event name Lat./ TE he PGA
Site, date and time Mag. Long. Subsoil  (km) (km) Comp. (9)

Saguenay
La Malbaie Mw59 47.65N/ Bedrock 928 28 X 0.124
25/11/1988 70.15W Y 0.060
23 h:46 min Z 0.068
St-Pascal Mw59 4752N/ Bedrock 1225 28 X 0.046
25/11/1988 69.80 W Y 0.056
23 h:46 min Z 0.037
Riviere-Ouelle Mw5.9 47.47N/ Bedrock 113.7 28 X 0.040
25/11/1988 69.99W Y 0.057
23 h:46 min Z 0.023
Chicoutimi-Nord Mw5.9 48.49N/ Bedrock 43.7 28 X 0.107
25/11/1988 71.01W Y 0.131
23 h:46 min Z 0.102
St-André-du-Lac Mw5.9 48.32N/ Bedrock 645 28 X 0.156
25/11/1988 71.99W Y 0.091
23 h:46 min Z 0.045

La Malbaie
St-Roch-des-Aulnaies My 4.3 47.24/ Hardrock 52.3 11.3 X 0.0012
28/10/1997 -70.19 Y 0.0011
11 h: 44 min Z 0.0006
Riviere-Ouelle Mw4.3 47.47]/ Hardrock 234 113 X 0.0177
28/10/1997 -70.00 Y 0.0181
11 h: 44 min Z 0.0126
St-André Mw4.3 47.47/ Hardrock 169 113 X 0.0273
28/10/1997 -69.69 Y 0.0183
11 h: 44 min Z 0.0247




Table 1
Recorded ground motions analyzed (Continued).

Event name Lat./ TE he PGA
Site, date and time Mag. Long. Subsoil  (km) (km) Comp. (9)
La Malbaie
Misere My 4.3 47.45/ Hardrock 446 11.3 X 0.0012
28/10/1997 -70.41 Y 0.0011
11 h: 44 min Z 0.0016
Sainte-Mathilde Mw4.3 47.69/ Hardrock 13.7 11.3 X 0.0594
28/10/1997 -70.09 Y 0.0623
11 h: 44 min Z 0.0154
Saint-Siméon Mw4.3 47.82/ Hardrock 175 113 X 0.0111
28/10/1997 -69.89 Y 0.0292
11 h: 44 min Z 0.0165
Cap Rouge
St-Roch-des-Aulnaies My 4.9 47.24N/ Hardrock 1050 22 X 0.00167
06/11/1997 70.19W Y 0.00207
2h:34min Z 0.00117
Riviere-Ouelle Mw49 47.47N/ Hardrock 1305 22 X 0.00259
06/11/1997 70.00W Y 0.00296
2h:34min Z 0.00240
La Malbaie
Riviere-Ouelle Mwy3.3 47.47/ Hardrock 26.3 11.1 X 0.0086
13/06/2003 -70.00 Y 0.0071
11 h: 34 min Z 0.005
St-André Mw3.3 47.47] Hardrock 30.0 11.1 X 0.0027
13/06/2003 -69.69 Y 0.0029
11 h: 34 min Z 0.002
Misére My 3.3 47.45/ Hardrock 36.3 11.1 X 0.0015
13/06/2003 -70.41 Y 0.0014
11 h: 34 min Z 0.0019




Table 1
Recorded ground motions analyzed (Continued).

Event name Lat./ TE he PGA
Site, date and time  Mag. Long. Subsall (km) (km) Comp. (9)

La Malbaie
Sainte-Mathilde My 3.3 47.69/ Hardrock 0.8 11.1 X 0.0243
13/06/2003 -70.09 Y 0.0286
11 h: 34 min Z 0.0178
Saint-Siméon My 3.3 47.82/ Hardrock 204 111 X 0.0116
13/06/2003 -69.89 Y 0.0149
11 h: 34 min 7 0.0083
La Malbaie My 3.3 47.54/ Hardrock 245 111 X 0.0045
13/06/2003 -70.32 Y 0.0039
11 h: 34 min Z 0.0055

Riviére du Loup
St-André Mw4.7 47.70N/ Hard Rock 6.0 13 X 0.0775
06/03/2005 69.69W Y 0.0711
6 h:17 min 7 0.0839
Saint-Siméon Mw4.7 47.82N/ HardRock 148 13 X 0.0355
06/03/2005 69.89W Y 0.0353
6 h:17 min Z 0.0184
Sainte-Mathilde  Mw4.7 47.69N/ Hard Rock 27.7 13 X 0.0648
06/03/2005 70.09W Y 0.0524
6 h:17 min Z 0.0293
Riviere-Ouelle Mw4.7 47.47N/ HardRock 374 13 X 0.0307
06/03/2005 70.00W Y 0.0187
6 h:17 min Z 0.0125
La Malbaie Mw4.7 4754N/ HardRock 50.1 13 X 0.0262
06/03/2005 70.32W Y 0.0170
6 h: 17 min Z 0.0114




Table 1
Recorded ground motions analyzed (Continued).
Event name Lat./ TE he PGA
Site, date and time Mag. Long. Subsall (km) (km) Comp. (9)

Riviére du Loup

Misere Mw4.7 47.45N/ Hard Rock 60.7 13 X 0.0162
06/03/2005 70.41W Y 0.0100
6h:17 min Z 0.0201
St-Roch-des-Aulnaies My 4.7 47.24N/ Hard Rock 66.6 13 X 0.0081
06/03/2005 70.19W Y 0.0084
6h:17 min Z 0.0057
Thurso
Alfred My 3.7 45.62/ Rock 27.0 20 X 0.00860
25/02/2006 -74.88 Y 0.00700
01 h: 39 min 7 0.00530
Glen Almond My 3.7 45.70/ Hard rock 20.2 20 X 0.01470
25/02/2006 -75.48 Y 0.00670
01 h: 39 min Z 0.00360
Ottawa My 3.7 45.39/ Hard rock 47.4 20 X 0.00410
25/02/2006 -75.72 Y 0.00400
01 h: 39 min Z 0.00200
Baie-Saint-Paul
St-Roch-des-Aulnaies My 3.8  47.24/ Hardrock 25.0 245 X 0.00230
07/04/2006 -70.19 Y 0.00380
08 h: 31 min Z 0.00230
St-André My 3.8 47.47] Hardrock 68.2 245 X 0.00210
07/04/2006 -69.69 Y 0.00160
08 h: 31 min Z 0.00058
Misére My 3.8 47.45/ Hardrock 9.3 245 X 0.00900
07/04/2006 -70.41 Y 0.00800
08 h: 31 min Z 0.00920




Table 1
Recorded ground motions analyzed (Continued).
Event name Lat./ TE he PGA
Site, date and time  Mag. Long. Subsoil  (km) (km) Comp. (9)

Baie-Saint-Paul

Sainte-Mathilde My 3.8 47.69/ Hardrock 44.6 245 X 0.00370
07/04/2006 -70.09 Y 0.00220
08 h: 31 min Z 0.00220
Saint-Siméon Mwy3.8 47.82/ Hardrock 655 245 X 0.00210
07/04/2006 -69.89 Y 0.00160
08 h: 31 min Z 0.00150
La Malbaie My3.8 4754/ Hardrock 21.3 245 X 0.01410
07/04/2006 -70.32 Y 0.00990
08 h: 31 min Z 0.00570
Riviére du Loup
Riviere-Ouelle Mw3.6 47.47/ Hardrock 36.0 13.3 X 0.0020
15/11/2008 -70.00 Y 0.0018
10 h: 52 min 7 0.0016
St-André Mw3.6 47.47/ Hardrock 55 133 X 0.0530
15/11/2008 -69.69 Y 0.0716
10 h: 52 min Z 0.0212
Misere Mwy3.6 47.45/ Hardrock 595 133 X 0.0016
15/11/2008 -70.41 Y 0.0012
10 h: 52 min Z 0.0023
Saint-Siméon Mwy3.6 47.82/ Hardrock 149 133 X 0.0191
15/11/2008 -69.89 Y 0.0201
10 h: 52 min Z 0.0056




Table 1
Recorded ground motions analyzed (Continued).
Event name Lat./ TE he PGA
Site, date and time  Mag. Long. Subsoil (km) (km) Comp. (Q)

Val des Bois
Ottawa Mw5.2 45.39/ Bedrock 58.7 22 X 0.0426
23/06/2010 -75.71 Y 0.0391
13 h:41min Z 0.0303
Ottawa Mwy5.2 45.40/ Thinsoil 575 22 X 0.0468
23/06/2010 -75.69 Y 0.0632
13 h:41min Z 0.0299
Ottawa Mw5.2 45.39/ Bedrock 587 22 X 0.0333
23/06/2010 -75.71 Y 0.0315
13 h:41min Z 0.0262




Table 2

Mean values and corresponding stand deviationg dtios (recorded accelerogramg)ratios, andy ratios
considering different period ranges.

Period ranges (s)

Ratios <01 01-04 04-06 06-1 1-2
7l Mean 0.80 0.89 1.02 1.02 0.95
Sd.dev. 0.35 0.34 0.41 0.44 0.39
7 Mean 0.64 0.75 0.93 094 0.88
Sd.dev. 0.34 0.42 0.49 0.49 0.47
y Mean 0.74 0.82 0.99 0.98 0.92

Sd. dev. 0.36 0.31 0.42 0.39 0.37
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Figure 2. Variation of vertical-to-horizontal PGA ratieg and 77, as a function of epicentral distance: (a)
Recorded component data; (b) Uncorrelatdeomponent data; (c) Recorded geometric mean data; (d) Uncor
related geometric mean data.



= [ inear trend
of recorded

data
10

= [ inear trend
of uncorrelated
data

--- 95% confidence
limit on linear trend

of recorded data

-------- 95% confidence
limit on linear trend

of uncorrelated data

0
0 20 40 60 80 100 120 140 160
Epicentral distance

Figure 3. Variation of vertical-to-horizontal PGA ratieetrdsn, andry as a function of epicentral distance: (a)
Recorded and uncorrelat8tcomponent data; (b) Recorded and uncorrelated geometea oega.



—— Recorded data —— Uncorrelated data

= Mean of recorded data = Mean of uncorrelated data
— 1 =2/3 —7=2/3
10 T T T TTTTT T T TTTTT T T T TTTTT T T T TTTTT
n
0'1 1 |||||| Lol
10 T T IIIIIII T T IIIIIII(
i 1.0

0.1 Ll L1 | Lol
0.01 0.1 1.0 2.0 0.01 0.1 1.0 2.0

Period (s) Period (s)

Figure 4. Variation of frequency dependent vertical-toiruntal response spectra ratipgnds;: (a2) Recorded
3 component data; (b) Uncorrelat&dcomponent data; (c) Recorded geometric mean data; (d) taiated
geometric mean data.



1.5 T T T TTTT II T T Il}.ll,&it‘kk\\

a A
T T [ e
10F A | /"\’ of recorded
data
n ANy
_s R ‘. ¥ 5 bl g
0.5F™ i s A 1 | == Mean
of uncorrelated
O 1 1 111111 I 1 1 1 1 1111 I data
15 (b)l T T T T /I ly\uu* \-J o 95% Conﬁdence
Lol ,M Py 7’ - limit on mean
1.0 of recorded data
77 A- \w,g.m
-------- 95% confidence
0.5 Pt “NN‘"" ot "V‘,& | limit on mean
| | of uncorrelated data
O 1 1 111111 1 1 111111
0.01 0.1 1.0 2.0
Period (s)

Figure 5. Variation of mean frequency dependent verticdidrizontal response spectra ratipsand 77: (a)
Recorded and uncorrelat8@tcomponent data; (b) Recorded and uncorrelated geometea ohega.



1.6 —

. /,-..\ @) || =——= n=2/3 0or 7=2/3
T ‘\‘ s 1 | Recorded data
124 K —— Mean
=~ = 95% confidence limit
n 1.0 b
4 | Uncorrelated data
0.8 ; = Mean
n LN ..
g - o e v B 95% confidence limit
0.6 ﬂMU\UWU \M‘w U H MM JJ,LP .
v / McGuire et al (2001)
0.4 -=-+ PGA> 0.5
1.4 —= 0.2g<PGA<0.5¢g
—— PGA <0.2g
Siddiqqi and Atkinson (2002)
- Hastern Canada
A — - = Canada
| HHMV' Lopez et al. (2006)
HJ JM\ * Near fault
R HU e All motions
Far fault
0.2 1 1 1 1 L1 11 I 1 1 1 1 L1 11 I
0.01 0.1 1.0 20

Periods (s)

Figure 6. Mean values of and7 spectral ratios wit5% confidence limit error bars: (a) Recordgdatios,
mean PGA<0.2 g, comparison to McGuire et al. (2001) preditteH ratios and Siddiqgi and Atkinson (2002)
observed Fourier vertical-to-horizontal spectral rat{@3 ;7 ratios, comparison to Lopez et al. (2006) observed
7 ratios.



33
—_

I
—» Increasing epicentral
distance

77,77 = 2/ 3
Mean per
period range

Tkt

r |l|' T-l )’ =
Wll 1

Period (s)

Figure 7. Variation of spectral ratios as a function of tgbjgeriod ranges: (&) ratios corresponding to recorded
accelerograms; (b) ratios corresponding to uncorrelated accelerogramsy, &bios relating recorded to uncor-
related accelerograms.



0.5 | |
= UHS (NBCC 2010)

0.4 Site class A (Hard rock)
' — 2/3 x UHS (NBCC 2010)
@ Site class A (Hard rock)
g 0.3 —— A using spectral ratio 7 —
g —— Ay, using spectral ratio 7
Td 0.2+ —— Ay, using spectral ratioy _
3}
<
0.1+
0 |
0 0.5 1 1.5 2

Period (s)

Figure 8. UHS for class A (Hard rock) in Montreal according\i8CC 2010 and corresponding vertical spectral
acceleration demands.



