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ABSTRACT: This paper describes the new guidelines that are proposed for selection and scaling of
ground motion time histories for linear or nonlinear dynamic response history analysis of structures
designed in accordance with the 2015 edition of National Building Code of Canada. Definitions are given
for the Design Spectrum, Period Range and Target Response Spectrum that must be considered in the
procedure. Use of seismic hazard deaggregation results to identify potential sources of earthquakes and
dominant magnitude-distance (M-R) scenarios of earthquakes for the site is discussed. Criteria are given
for the selection of appropriate ground motion time histories and minimum requirements for scaling are
described and explained. Consideration of vertical ground motions is presented. Acceptance criteria are
discussed. Two examples are presented to illustrate the application of the procedure.

1. Introduction

In the National Building Code of Canada (NBCC), two types of analysis are specified for seismic design of
building structures: equivalent static force procedure and dynamic analysis. The second method is the
preferred one as it more accurately takes into account the dynamic properties of the structure that may
affect its seismic response. Dynamic analysis can be either response spectrum analysis or response
history analysis. In the first method, peak deformation and force demand parameters used for design are
obtained by combining the contribution of the structure principal modes of vibrations. The method uses
the linear elastic properties of the structure and the seismic input is the design spectrum specified in the
NBCC. In the second method, equations of dynamic equilibrium are solved at every time step such that
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time histories of the seismic demand parameters are obtained for the duration of the ground motion.
Response history analysis can be performed using a linear elastic model of the structure or a more
comprehensive structural model where the nonlinear inelastic response under reversed cyclic loading of
the material or structural components is explicitly considered in the analysis. In either linear or nonlinear
response history analysis, the seismic input is a ground motion time history.

In practice, response spectrum analysis is widely used for structural design as it directly generates
maximum anticipated values of deformation and force response parameters. Although the analysis
method can provide accurate results for elastic structures, it has severe limitations for the design of
seismic force resisting systems that rely on ductile inelastic response to withstand earthquake effects. For
these structures, inelastic response can only be approximated from elastic analysis results, most often
using the equal displacement principle, and local inelastic demand on critical elements or global stability
of structures subjected to cyclic inelastic demand cannot be predicted from response spectrum analysis.
Additional manual calculations are also generally required to determine design forces for the capacity-
protected elements of ductile seismic force resisting systems. The same limitations apply when using
seismic protection systems exhibiting nonlinear response such as viscous dampers, energy dissipating
devices or base isolation. For these cases, nonlinear response history analysis (NLRHA) is used to obtain
the information required to complete the design. For some structures, such as buildings equipped with
base isolation, NLRHA is mandatory.

Proper assessment of the seismic response or demand from response history analysis requires an
ensemble of representative ground motion time histories for the site. An ensemble is needed to account
for the inherent variability and uncertainty of future earthquakes that can occur in a region and the
characteristics of the ground motions they will generate at the site. These characteristics include the
amplitude, frequency content and duration which, in turn, depend on the earthquake magnitude and
distance. The selected ground motions should be consistent with the seismic hazard probability level
considered for design. Interpretation of analysis results to assess the performance of the structure also
needs attention. Over the years, selection and scaling of ground motion time histories suitable for seismic
analysis has always represented a challenge. Several methods or procedures have been proposed for
Canadian application (e.g., Atkinson and Beresnev, 1998; Atkinson, 2009; Koboevic et al., 2011; Lin et
al.,, 2013; Michaud and Léger, 2014; Dehghani and Tremblay, 2015). Possible approaches and
recommendations for the United States are presented and discussed in NERHP (2011). As part of the
NSERC Canadian Seismic Research Network, guidelines have been developed to assist engineers
performing NLRHA of structures designed in accordance with the NBCC 2015. These guidelines, referred
to as the NBCC Guidelines, were developed based on the provisions proposed for Chapter 16 of ASCE
7-16 (Haselton et al., 2014). However, several differences were included to reflect the provisions of the
NBCC. This article introduces and comments on the NBCC Guidelines for the selection and scaling of
ground motion time histories. It also includes two illustrative examples, one for eastern Canada and one
for western Canada.

2. NBCC Guidelines

2.1. Period Range and Target Response Spectrum

Ground motion time histories are selected and scaled with reference to a target response spectrum based
on the design spectrum S(T) over a period range of interest. The design spectrum is prescribed based on
a probabilistic seismic hazard analysis that determines the Uniform Hazard Spectrum (UHS) for a
specified probability of exceedance.

2.1.1. Design Spectrum, S(T)

The reference design spectrum S(T) corresponds to the design spectrum specified in the NBCC. For the
2015 NBCC, it is proposed to determine S(T) from linear interpolation between the following values of
F(T)SA(T), where F(T) are site coefficients and S,(T) are the UHS ordinates for a probability of
exceedance of 2% in 50 years: (i) maximum of F(0.2)S,(0.2) and F(0.5)S,(0.5) for T = 0 and 0.2 s, and (ii)
F(0.5)S,(0.5), F(1.0)S4(1.0), F(2.0)S4(2.0), F(5.0)S4(5.0), and F(10)S4(10) for T = 0.5, 1.0, 2.0, 5.0 and 10
s, respectively. For periods longer than 10 s, S(T) = F(10)S,(10). Values S,(T) will be specified in the
NBCC along with the site factors F(T) that allow the local soil conditions to be considered. The plateau at
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short periods is aimed at preventing excessive ductility demand due to period elongation upon yielding of
the structure and does not reflect actual spectral acceleration demand at these periods. In the NBCC
Guidelines, it is therefore permitted to obtain S(T) for periods shorter than 0.5 s using linear interpolation
between F(PGA)PGA, F(0.05)S,(0.05), F(0.1)S,(0.1), F(0.2)S4(0.2), F(0.3)S4(0.3), and F(0.5)S4(0.5).
Values of PGA (peak ground acceleration) and F(PGA) will be specified in the NBCC. Values of F(0.05),
F(0.1), and F(0.3) will be given in Commentary J of the NBCC and S,(0.05), S;(0.1), and S,(0.3) will be
available from the Geological Survey of Canada (www.earthquakescanada.ca). Examples of S(T)
proposed for NBCC 2015 with modification for selection and scaling of ground motion time histories are
shown in Fig. 1 for two different site classes in Vancouver, British Columbia, and Montreal, Quebec.

----- NBCC S(T) - Site Class E
Modified S(T) - Site Class E
----- NBCC S(T) - Site Class C
Modified S(T) - Site Class C
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Fig. 1 — Examples of NBCC 2015 design spectra and modified design spectra S(T); values of S,(T)
from Halchuk et al. (2014) and F(T) from CCBFC (2014).

2.1.2. Period Range, Tr

Reference to S(T) for the definition of the target spectrum, or spectra, must be satisfied over a range of
periods, Tgr, that can significantly contribute to the inelastic seismic response of the structure in
translational directions and/or torsion. The lower limit of this period range, T, is therefore set equal to
the period of the highest vibration mode required to cumulate a minimum participating mass of 90% of the
structure mass (Tgp%). The period Tin must not exceed 0.2 times the period of the structure fundamental
mode, T,. To account for inelastic behaviour, the upper limit of the period range, Tnax, is equal to two
times the period T4 (2.0 T4). In addition, the period T.x must not be less than 1.5 s so that the ground
motion records for the analysis of stiff structures reflect the seismic demand over the period range where
a large portion of the energy of typical seismic motions lies. Thus, the period range for ground motion
selection and scaling purposes is defined as:

Toin = MIN[0.27T;, Tggy, |

1
Toax = Max[2.0T;,1.5s] (1)

The period range given by Eq. 1 is expected to be adequate for most building structures having periods
up to approximately 3 to 5 s. Engineering judgement must be exercised in case of buildings that have
longer fundamental periods, such as very tall or base isolated structures. For these situations, shorter
values of T, may be necessary to ensure that higher mode response to high frequency ground motions
is properly predicted. When tri-dimensional dynamic analysis is carried out using two simultaneous
orthogonal horizontal ground motion components, T, should be determined with T4 equal to the shorter
of the two periods associated to the first translational modes of the structure along its two principal
directions.

2.1.3. Target Response Spectrum, S+(T)

Two methods are proposed in the NBCC Guidelines to establish the target response spectrum, S+(T).
Both methods are illustrated in Fig. 2a. In Method A, S+(T) corresponds to the design spectrum S(T) over
the entire period range Tr. In Method B, the target response spectrum is composed of one or more target
spectra (St4, Stp, etc.) that are established for magnitude-distance (M-R) scenarios contributing
significantly to the seismic hazard at selected periods between T, and T, and each scenario (i = 1, 2,
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...) is assigned a portion or segment of the period range Tg, which is referred to as a scenario-specific
period range, Tgrsi. Scenario-specific period ranges typically span on either sides of the selected scenario-
specific periods, with the first and last period ranges Trs; being respectively bounded by the periods Tn
and T.x. For each scenario, the target spectrum may be obtained using site-specific ground motion
prediction equations (GMPE) for the magnitude, distance, and period of the scenario. In this case, mean
spectral ordinate predictions would be used to build the target spectra. Alternatively, a conditional mean
spectrum (CMS) or multiple CMSs computed at the selected scenario-specific periods may be used as
scenario-specific target spectra S+(T) (Baker, 2011; Goda and Atkinson, 2011; Daneshvar et al., 2014,
2015b). In the NBCC Guidelines, the individual target spectra St(T) in Method B must be linearly scaled
to match or exceed S(T) at the scenario periods and the envelope of all spectra must not fall below 75%
of S(T) over the period range Tg, as illustrated in Fig. 2a.
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Fig. 2 — a) Target spectra according to Methods A and B;
b) Selection and scaling of ground motion time histories using Methods A and B.

For Method B, the NBCC Guidelines do not provide specific requirements for the definition of the M-R
scenarios and period ranges Trs, nor for the development of the target spectra S+(T). Typically, the
scenarios are established from examination of the deaggregation of the seismic hazard contributions at
intermediate periods within Tg. For most sites, no more than three scenarios generally suffice to represent
the governing seismic demands. Scenarios should also reflect the input from various seismic sources
when multiple earthquake types or fault mechanisms contribute to the hazard at the site within the period
range Tr. This would be the case for locations in the south west part of British Columbia where seismic
hazard results from a combination of crustal, in-slab (or sub-crustal), and interface (or subduction)
earthquakes. As described below, marked differences between S¢(T) and S(T) after matching the target
spectra S+i(T) to S(T) may also reveal portions of Tr where an additional scenario is needed to
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adequately represent seismic hazard. It is noted that period ranges Trsi may overlap as would be the
case when seismic hazard at the same or closely spaced periods is due to more than one main
contributing M-R scenario.

For consistency with the methodology adopted for the development of S(T) in the NBCC (Atkinson and
Adams, 2013), GMPEs and CMS correlation coefficients used in the development of the target spectra
must be based on geometric mean spectral values or equivalent. Attention must be paid to local soil
conditions (site class); if they differ from those assumed in the GMPEs or CMS correlation coefficients,
the resulting target spectra will have to be modified to account for the local soil conditions. Information on
modification factors can be found in Atkinson (2009). In addition, GMPEs and CMS correlation
coefficients must be derived for the earthquake types or fault mechanisms considered in the scenarios.

Matching the target spectra with respect to S(T) is necessary in Method B as S+(T) will serve as target for
scaling the selected ground motion records. Individual target spectra typically have a convex shape with a
maximum value near the selected scenario periods, and the minimum 75% matching criteria typically
governs at boundaries of the scenario-specific period ranges Tgrs;. The upper and lower limits of the
period ranges Trsi may be adjusted to achieve more uniform matching when S+(T)/S(T) ratios at the two
ends of a Tgs; range are significantly different or when marked discontinuities exist between target spectra
at the boundary of two adjacent Tgrs; ranges. The situation where S+;(T) becomes significantly larger than
S(T) within a Tgrg; range, while satisfying the minimum 75% matching criteria elsewhere in the same
period range, may suggest that an additional M-R scenario is required at periods where St(T)/S(T) is
minimum.

In Method B, target spectra S+i(T) are deemed to represent the seismic demand from natural earthquakes
dominating the hazard at given periods, recognizing that a UHS spectrum such as S(T) does not
generally reflect actual acceleration demands from individual seismic ground motions over a large period
range. Therefore, the target spectrum from Method B is generally a better target for the selection and
scaling of ground motion time-histories compared to the unique St(T) used in Method A. However, the
simpler Method A still represents a valid option provided that the records are selected and scaled with
consideration of the dominant M-R scenarios for the site, as discussed in the next section.

When vertical ground motions must be included in the seismic analysis, the NBCC Guidelines
recommend using the vertical components of the ground motion records that are selected based on the
horizontal target spectrum. Hence, a vertical target spectrum is generally not required in the process, as
will be described later. However, when needed, the vertical target spectrum can be defined as a period-
dependent fraction of the horizontal target spectrum S+(T).

2.2. Selection and Scaling of Ground Motion Records

2.2.1. Selection of Ground Motions

Appropriate ground motions should be selected considering the tectonic regime, magnitudes and
distances that control the seismic hazard at a given site. When Method B is adopted to establish S+(T),
ground motion selection is performed for each of the M-R scenarios identified for the definition of the
target spectrum. If St(T) from Method A is used, the dominating M-R seismic scenarios for the site must
be selected first, as described for Method B in the previous section, and ground motion records are then
selected for each individual scenario. For each M-R scenario, acceptable magnitude and distance ranges
(or bins) should be established to ease the selection. For instance, for an M6.7-R25 km scenario, ground
motion time-histories could be selected among those produced by earthquakes having a magnitude
between 6.5 and 7.0 and recorded at distances between 20 and 30 km. Magnitude and distance
definitions must be the same as those used in seismic hazard calculations; otherwise, adjustments may
be needed. UHS values for the NBCC are obtained using moment magnitudes M,, and hypocentral
distances (Halchuck et al., 2014). One should also consider in particular earthquake records that are
compatible with the earthquake type or fault mechanism of the M-R scenario (e.g., crustal or subduction
earthquakes) and that are compatible with the site class considered. The average shear-wave velocity as
defined in the NBCC is generally used to characterize local ground conditions at recording stations.

According to the NBCC Guidelines, records from historical earthquakes are preferred, although ground
motions simulated using a seismological model are acceptable if suitable historical records are not
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available. When possible, no more than two ground motion records from the same event should be
retained to include minimum variability in ground motion characteristics. For western Canada, engineers
can access the Pacific Earthquake Engineering Research (PEER) Center NGA-West2 database of three-
component ground motions recorded in past shallow crustal earthquakes from worldwide active tectonic
regions (Ancheta et al., 2013). A complementary NGA-East database of three-component ground motions
will be available from the stable continental regions of eastern North America (Goulet et al. 2014, PEER
2015). These databases have tools that select and linearly scale records to achieve the best average fit
to the target spectrum for a number of records selected. Simulated time histories for site classes A, C, D,
and E representative of crustal and sub-crustal earthquakes in eastern and western Canada can be
downloaded from the Engineering Seismology Toolbox website (www.seismotoolbox.ca) (Atkinson,
2009), which may be suitable for some applications. Ground motions representative of the Cascadia
subduction earthquakes can also be obtained from this website.

In the NBCC Guidelines, an ensemble containing at least eleven ground motion time histories is required
for dynamic analysis. When two or more seismic M-R scenarios are considered, a minimum of five
ground motions must be selected for each scenario. Those are referred to as suites. For instance, a suite
of five ground motions and a suite of six ground motions would be needed for the case where two M-R
scenarios are considered. These recommended minimum numbers of motions represent a compromise to
achieve statistically reliable estimates of mean structural responses while keeping the computational
effort within practical limits (Haselton et al., 2004). Eleven records is also sufficiently large to allow
discarding the results from one ground motion when deemed unacceptable, as discussed below. It is
noted that these numbers are deemed suitable to obtain the demand corresponding to the design
spectrum, but not its dispersion. A much larger number of records (at least 30 for the entire ensemble)
would be needed if the dispersion were to be characterized.

When analysis of the structure is performed independently in one horizontal direction, ground motions
should consist of appropriate single horizontal ground-motion components. When the analysis is
performed under orthogonal horizontal ground motion time-histories being applied simultaneously, ground
motions should consist of pairs of appropriate horizontal ground-motion components. When available,
pairs of horizontal ground motion components recorded during the same event at a given site are typically
used for this purpose. A set of two statistically independent simulated ground motions generated for the
same M-R and fault conditions may also be used for this purpose for some applications (Atkinson, 2009).
If vertical ground motions also need to be included in the analysis, sets comprising a vertical and two
horizontal ground motion components recorded during the same event at a given site are generally used.
Alternatively, a set of three consistent simulated records may be used to represent two orthogonal
horizontal components plus a vertical component. When two orthogonal horizontal time histories are
applied simultaneously in three-dimensional analysis, the analysis is typically repeated by rotating the
records by 90 degrees; however, the two analysis cases count as one ground motion.

The response spectrum of each ground motion, Sy(T), is used for selection and scaling purposes. For
consistency with the NBCC spectrum S(T), the response spectrum Sy4(T) should be taken as the 5%
damped pseudo-acceleration spectrum. When pairs of horizontal ground motions are used in the
analysis, S¢(T) should be the geometric mean of the 5% damped spectra of the two horizontal ground
motion components. When single horizontal ground-motion components are used, Sy4(T) is the response
spectrum of the individual ground-motion component considered. As a minimum, spectral accelerations
S4(T) must be calculated at 20 period points equally spaced on a frequency scale (f = 1/T) over the period
range Tr.

Among the acceptable ground motion candidates available for a given M-R scenario, selection refinement
may be needed to retain the most appropriate ones. Final selection may be performed by keeping the
motions with spectral shapes that are closer to that of the target response spectrum over the
corresponding period range Tgrs;. For this purpose, one can rank the ground motions based on the
standard deviation of the St(T)/Sq¢(T) ratio calculated at each period point over the period range Tgs.
Alternatively, the selection can be refined by using techniques that will result in ground motions having
key duration or frequency content characteristics that are anticipated for the hazard level (e.g., Bradley,
2010, 2012; Dehghani and Tremblay, 2015). As discussed in the next section, the selection may need to
be revised after scaling the ground motions.
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2.2.2. Scaling of Ground Motions

According to the NBCC Guidelines, each ground motion must be scaled such that its response spectrum
Sq(T) generally equals or exceeds the target spectrum St(T) over the appropriate period range. When
Method B is used to generate St(T), scaling is performed for each period range Tgrs; of the M-R scenario
considered for the selection of the ground motion. The same approach must be used if S(T) is
established from Method A, which means that a scenario-specific period range Trs must be defined for
each of the M-R scenarios considered in the ground motion selection process. Specific scaling
requirements are not given in the NBCC Guidelines to achieve proper scaling. Methods where the scaling
factor is established by minimizing the standard deviation of S4(T)/S+(T) ratios of the sum of the squared
errors between Sy4(T) and S+(T) or by equalling the area under Sy(T) to that under S(T) may be used.
However, the NBCC Guidelines require that the mean response spectrum of each scenario-specific suite
of time histories does not fall more than 10% below S+1(T) over the corresponding period range. This
criteria is illustrated in Fig. 2b. The NBCC Guidelines do not specify means to satisfy this second criteria.
When needed, the user may apply a second, unique, scaling factor to all motions of the suite, or increase
the scaling factor of individual ground motions of the suite contributing most to the low mean value.
Scaling is expected to be less pronounced when S+(T) is determined from Method B rather than Method
A because Sy(T) are matched to a target spectrum that more closely reflects the demand from natural
earthquakes.

The NBCC Guidelines suggest using the simple linear scaling of ground motions so that the original
signature and frequency distribution of energy of the ground motions are maintained. Frequency-domain
and time-domain spectral matching techniques intended to closely match the target spectrum are not
recommended for nonlinear structural analysis. These techniques may be used with caution, carefully
evaluating the behaviour of the acceleration, velocity and displacement traces, including the presence of
acceleration pulses, before and after spectral matching.

When performing analysis with pairs of orthogonal simulated or recorded horizontal ground motion time
histories, the spectrum Sy(T) used for scaling should be the geometric mean of the spectra of the two
orthogonal horizontal components, as described in the selection phase. A single scaling factor therefore
applies to both horizontal components. Similarly, when the vertical component of recorded ground
motions is applied in the analysis, it should be scaled by the same factor determined and used for the
corresponding horizontal component(s). When simulated ground motion components are used in the
analysis, the vertical component should be scaled with respect to the vertical target spectrum (defined in
Section 2.1.3.) using the criteria applicable to the horizontal ground motion components.

The selection of the ground motions may need to be revisited when scaling previously selected records.
For instance, excessively low or high scaling factors may indicate that a record is not appropriate for the
site or hazard level being considered. However, recognizing that high variability exists in ground motion
properties and that ground motions producing spectral accelerations comparable to design spectrum
S+(T) with small probability of exceedance (2% in 50 years) are rare, scaling factors comprised between
0.2 and 5.0 can be considered as acceptable and should not be the cause of rejecting previously selected
records. Another example where scaling may reveal non-appropriate motions is when, after scaling, a
ground motion exhibits Sy4(T) values much higher than S(T) at periods outside of its period range Tgs;.
Although the ground motion has been produced by an earthquake with compatible M-R properties for the
period range, its effects likely considerably differ from those assumed in seismic hazard calculations.
Such a record should be carefully examined before it is kept in the suite or ensemble of selected ground
motions.

2.3. Acceptance criteria

The NBCC Guidelines include guidance for the acceptance criteria to be used when assessing the
seismic performance of structures from dynamic response history analysis. For compatibility with seismic
hazard calculations in NBCC, the mean value of structural response parameters (drifts, member forces,
etc.) from all ground motions should be used to assess the seismic performance of structures.

When two or more M-R scenario-specific suites of ground motions are used to form the ground motion
ensemble used in the analysis, a fraction of the ground motions may impose limited demand and lower
the average response, especially when selected and scaled at periods away from the periods that
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significantly influence the actual nonlinear response of the structure. For multi-suite ground motion
ensembles, it is therefore recommended that the structural parameters be established using a higher
percentile of the responses, such as the mean plus one standard deviation value or the 84" or 90"
percentile values. Alternatively, the mean value from the critical subgroup of ground motions inducing the
highest demand of the structural response parameter could be selected. For instance, the mean value of
the largest 5 response values of an ensemble of 15 records composed of 3 suites of 5 records could
represent a possible choice. When the response is largely dominated by one scenario-specific suite of
motions, another option consists in expanding that critical suite of motions to include a minimum of eleven
ground motion time histories and then use the mean value of the structural response parameter from that
expanded suite of motions. It is noted that the acceptance criteria for multi-suite ground motion
ensembles still remains open for research work and the recommendations of the NBCC Guidelines are
expected to evolve as more experience and knowledge is gained in the future.

Ground motions may produce an unacceptable response such as a dynamic instability, a non-convergent
analysis or a response that significantly exceeds the valid range of modelling assumptions. According to
the NBCC Guidelines, a single unacceptable response should be permitted only if additional evaluations
indicate that the predicted response is not indicative of unacceptable performance. In such case, the
results of the analysis producing the unacceptable response may be discarded and performance
evaluation should utilize the results of the remaining motions.

3. Application Examples

Two examples are used herein to illustrate the application of the NBCC guidelines for selection and
scaling of ground motion time histories. In the first example, the structure is located on a class C site in
Montreal, Quebec, representative of eastern Canada. A site class D in Vancouver, British Columbia, is
chosen to represent western Canada in the second example. In both cases, Method A is used to
establish the target spectrum S+(T) and single horizontal ground-motion components are selected and
scaled for two-dimensional seismic analysis of building structures.

3.1. Eastern Canada

Step 1: Determination of the period range and target spectrum

The building studied has a fundamental period T, = 1.0 s. From Eq. 1, the period range of interest Ty is
therefore between 0.2 s and 2.0 s. According to Method A, the target spectrum S+(T), shown in Fig. 3a, is
the NBCC design spectrum S(T) with modifications in the short-period range as indicated in Section 2.1.1.

Step 2: Selection of the ground motions

Eastern Canada is a region of moderate seismic activity and there is a lack of recorded ground motions
from earthquake events compatible with those dominating the hazard level adopted in the NBCC. For this
reason, simulated ground motions from the Engineering Seismology Toolbox website are used as
alternatives to historical records. The simulated ground motions in that database have been generated for
M-R scenarios that govern the seismic demand in Canada. For areas of higher seismicity in eastern
Canada, such as the Montreal location considered herein, Atkinson (2009) identified the following two
scenarios from deaggregation results given in Halchuk et al. (2007): (1) M6 events having a fault distance
ranging between 10 and 30 km for the 0.2-1.0 s portion of Tg; and (2) M7 events occurring at larger
distances between 20 and 70 km which contribute to the hazard at periods between 0.5 and 2.0 s. The
corresponding period ranges Trss and Tgs; are illustrated in Fig. 3b.

For eastern Canada, the database contains four sets of 45 simulated ground motion time histories: M6.0
at 10 to 15 km, M6.0 at 20 to 30 km, M7.0 at 15 to 25 km and M7.0 at 50 to 100 km. For the first scenario,
a suite composed of five ground motions from M6 events was created using three ground motions at
shorter distances (10-15 km) and two ground motions at longer distances (20-30 km). A second suite
consisting of six simulated ground motions from M7 earthquakes comprises three ground motions in the
15-25 km range and three ground motions in the 50-70 km range. Among all simulated ground motions
that met the M-R combinations, selection refinement was performed as follows (Atkinson, 2009):
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1. For each candidate record, the ratio between the target spectral amplitude St(T) and the spectral
amplitude Sy4(T) was computed and the mean and standard deviation of the computed S+(T)/Sy(T)
ratios were determined over the corresponding scenario-specific period Tgs.

2. The records having the lowest standard deviation and a mean S+(T)/Sy(T) ratio between 0.5 and
2.0 were selected.

In this example, magnitude and distance measures in the deaggregation results from Halchuk et al.
(2007) were Nuttli (my) magnitudes and hypocentral distances whereas the simulated ground motions
database uses the moment magnitude (My) and distances that are expressed as minimum or closest
distance to fault plane. Hence, the two properties had to be converted to ensure consistency. The records
were selected from the set of motions generated for a site Class C; hence, no adjustment was needed for
local geotechnical conditions.

Step 3: Scaling of the ground motions

For each selected record, the mean S1(T)/S¢(T) ratio that was considered in the selection process was
used as the scaling factor Sg. The response spectra of the individual scaled ground motions are plotted in
Fig. 4a. In Fig. 4b, the mean response spectra of each suite of records are plotted over their
corresponding period ranges Trst and Trsz. The error between the mean values of Sg(T) of the selected
and scaled ground motions and S+(T) is illustrated for each scenario in Fig. 5. As shown, the error for
both scenarios slightly exceeds the 10% allowable limit and a second scaling factor had to be applied to
meet the minimum 90% matching requirement. These factors are equal to 1.03 and 1.01 for scenarios 1
and 2, respectively.
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Fig. 3 — Determination of: a) Period range Tr and target spectrum;
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Fig. 4 — a) Acceleration spectra of the selected and scaled individual ground motion time
histories; b) Mean acceleration spectra for Scenarios 1 and 2.
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Fig. 5 — Difference between the mean S4(T) of the scaled records and S¢(T)
within each scenario-specific period range.

3.2. Western Canada

Step 1: Determination of the period range and target spectrum

In this example, a building structure with a fundamental period T = 1.5 s is considered. For this building,
a period range Tgr spanning from 0.2 s to 3.0 s was selected, where the lower limit is governed by the
90% mass participation requirement for the structure studied. The design spectrum is illustrated in Fig.
6a.

Step 2: Selection of the ground motions

Seismic hazard deaggregations for a probability of 2% in 50 years in Vancouver, BC, are illustrated in Fig.
7 for periods of 0.2, 0.5, 1.0, 2.0, and 5.0 s. The calculations were performed for the UHS values
proposed for the upcoming NBCC 2015. The hazard in south western British Columbia essentially arises
from movements of tectonic plates along the Pacific Ocean plate, more specifically from: 1) shallow
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earthquakes in the North American plate, 2) deep sub-crustal or in-slab events within the down-going
Juan de Fuca plate, at a depth of 50 km or more, and 3) large magnitude (M9) interface or subduction
earthquakes occurring at the boundary of the two plates, away from the coast at a depth of approximately
20 km. In Fig. 7, seismic hazard at shorter periods is dominated by crustal earthquakes for distances less
than 50 km and from both crustal and in-slab events at distances greater than 50 km. As the period is
increased, UHS values are gradually dominated by the larger magnitude interface earthquakes. Mean
magnitude and distance values of the contributions to hazard from each type of event were obtained from
the seismic hazard model of western Canada by Goda and Atkinson (2011) and values are given in Table
1 for four periods within Tg (Daneshvar et al., 2015a). As shown, the dominant M-R scenarios for each
fault mechanism do not vary much with the periods. Based on these observations, an M-R scenario was
defined for each type of events and the scenario-specific period ranges are illustrated in Fig. 6b: 0.2-0.8 s
for crustal events, 0.3-1.5 s for in-slab events, and 1.0-3.0 s for interface earthquakes. Mean M-R
scenarios of Table 1 at periods of 0.5, 1.0, and 2.0 s, respectively, served as a basis for ground motion
selection.

—— S(T) (UHS 2015 for Vancouver, site class D) — ST
a) 1 | b) 1 |
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Fig. 6 — Determination of: a) Period range T and target spectrum;
and b) Scenario-specific period ranges Tgrs1, Trs2, and Tgs; for the Vancouver example.

The ground motions were selected from the databases of earthquakes described in Daneshvar et al.
(2015a): the PEER-NGA database for the shallow crustal events and the K-NET, KiK-net and SK-net
databases for the in-slab and interface events. Magnitude and distance definitions used in these
databases were the same as in the deaggregation results shown in Table 1 (moment magnitude and
closest distance to fault). Only the records at sites with shear wave velocity between 180 and 360 m/s
corresponding to site class D were retained. In addition, M-R trade-offs of 40 km, 60 km, and 60 km were
adopted for the crustal, in-slab and interface events, respectively. For example, a crustal record with a
magnitude of one unit lower than the mean magnitude from deaggregation could be selected as long as it
had a distance 40 km shorter than the mean distance in Table 1. The same applied for events with larger
magnitudes by selecting records at distances longer than those given in Table 1. This process led to a
pre-selection of 200 ground motion time histories for each ground motion type.

For each scenario, a suite of five ground motion time histories was needed and selection refinement was
performed as was done in the previous example, i.e., by ranking ground motions based on their spectral
shapes and scaling factors. However, the historical records selected in this example showed greater
variability in spectral shapes in comparison with the simulated ground motions used in the first example
and the upper limit on the mean St(T)/Sy(T) ratio over the period range Trs was relaxed to 5.0.

For the interface ground motions, an additional selection criterion was applied during the subsequent
scaling process: scaled records having a mean S+(T)/Sy(T) ratio larger than 1.2 computed for periods up
to 1.0 s were excluded from the final suites. This condition was added to avoid unrealistic excessive
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demands at short periods from subduction earthquakes resulting from the scaling process performed at
longer periods (Trsz = 1.0-3.0 s for this earthquake type).

a) b) c)
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H 0 Hy,
Mg, ni DOQBn 9 - 8.0 Agn:
DiSta”ceo(k 405 Mitygg tra) Dista"czo(im)%o 5.0 M Mitygg
Fig. 7 — Seismic hazard deaggregations for Vancouver, BC, at periods of: a) 0.2, b) 0.5, c¢) 1.0,
d) 2.0 s,and e) 5.0 s.
Table 1 — Mean magnitude and distances from deaggregation results for each event type
(scenarios with underlined M-R values were used for ground motion selection).
T=0.2s T=05s T=1.0s T=20s
Event Type M R (km) M R (km) M R (km) M R (km)
Crustal 6.5 14 6.7 14 6.8 18 7.0 15
In-slab 6.9 61 7.0 56 7.0 52 71 51
Interface 8.6 142 8.7 142 8.6 141 8.6 141

Step 3: Scaling of the ground motions

For each selected ground motion, the scaling factor was taken equal to the mean St(T)/Sy(T) computed
over the applicable period ranges Trs1, Trs2, and Trss. The spectra of the individual selected and scaled
ground motions for each earthquake type are shown in Figs. 8a to 8c, and the corresponding mean
spectra are plotted in Fig. 8d. Errors between mean and target spectra over each period range are plotted
in Fig. 9a. As shown, the 10% matching criteria is not satisfied for any of the suites of ground motions. A
second series of scaling factors equal to 1.03, 1.02, and 1.14 had to be applied to all motions of the suites
of crustal, in-slab and interface event motions, respectively. The errors between the final mean and target
spectra over each period range are illustrated in Fig. 9b.
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4. Conclusions

The paper described the guidelines that are proposed for the selection and scaling of seismic ground
motions for response history dynamic analysis of building structures in accordance with the upcoming
NBCC 2015. The NBCC Guidelines include the following main steps:

1. Definition of a design spectrum corresponding to the NBCC S(T) with modifications in the short-
period range.

Definition of a period range of interest, Tg, essentially based on the structure dynamic properties.

Definition of a target spectrum S1(T) over the period range Tg. Two methods are proposed: one
where St(T) is taken equal to S(T) and one where St(T) is formed of one or more scenario-
specific spectra reflecting the demand expected from the M-R scenarios and fault mechanisms
dominating the hazard at the site.

4. Selection of appropriate ground motion time histories for each of the dominant M-R scenarios and
fault mechanisms. The selected records must also be compatible with local soil conditions at the
site.

5. Scaling of the selected records with respect to the target spectrum St(T).

The NBCC Guidelines also provide information on acceptance criteria to be used for determining
structural response parameters. The application of the NBCC Guidelines for selection and scaling of
ground motions was illustrated by means of two examples.
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