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Disclaimers

This report includes seismic hazard calculation and ground motion selection for any

location in Canada. The calculations are based on the seismic source modeling

developed by NRCan. Assessment methods with different assumptions and inputs

for seismic hazard models are possible. Such methods and procedures may result

in different estimates of seismic hazards. The report is attempted to closely

represent the sixth seismic hazard model presented in NBC 2020. The report has

no intention of promoting or endorsing any particular proprietary software. The

authors have taken reasonable actions and due diligence to ensure the accuracy of

the information provided in this report; however, THE AUTHORS, UNIVERSITY

OF BRITISH COLUMBIA, OR OTHER CONTRIBUTORS ASSUME NO LIABILITY

FOR ANY DIRECT OR INDIRECT DAMAGE, INJURY, LOSS OR EXPENSE THAT

MAY BE INCURRED OR SUFFERED AS A RESULT OF THE USE OF THIS REPORT

INCLUDING WITHOUT LIMITATION PRODUCTS, BUILDING TECHNIQUES OR

PRACTICES. The authors do not guarantee the completeness of the information

published in this report. Users of this report agree to use the information in this

report (analysis suggestions, design procedures, detailing, etc.) at their own risk. We

will not be liable for any errors, inaccuracies, omissions or damages arising from the

use of the information presented in this report, nor any action taken in reliance to

the presented information. Seismic hazard estimates, underlying assumptions, and

models are subject to change based on new data, information, or research. Rather

than relying on this report, it is advisable to: (a) regularly consult up-to-date technical

publications by NRCan and the Canadian Commission on Building and Fire Codes, (b)

seek specific information on the use of hazard models from the subject experts with

appropriate qualifications and experience, and (c) review and comply with the specific

requirements of the applicable building codes.
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Chapter 1

Introduction

Canada is a vast country with diverse seismic sources. While crustal and subduction

earthquakes contribute to the seismicity of western Canada, stable continental

intraplate earthquakes are significant contributors in the east. National Resources

Canada (NRCan) is entrusted with developing seismic hazard estimates. Beginning

with the first model in 1953, six national models have been created for this purpose.

NRCan developed the latest sixth seismic hazardmodel (SHM6) for the seismic hazard

estimates in the National Building Code of Canada (NBCC, Canadian Commission on

Building and Fire Codes, 2022).

The seismic hazard assessment and resulting estimates of ground shaking levels are

useful for structural engineers in designing buildings, bridges, dams, and several other

types of infrastructure. A detailed understanding of seismicity is often required for

research and development, and planning purposes. Development of design standards

and estimating losses in the aftermath of an earthquake are examples. As a part

of these detailed studies, seismic fragility is developed through nonlinear dynamic

analysis. It is crucial to select a set of ground motion records representative of the

location of interest (Tesfamariam and Goda, 2015; Goda, 2019; Tesfamariam et al.,

2021; Odikamnoro et al., 2022).

Through Forest Innovation Investment’s (FII) Wood First Program and NSERC

(Natural Science and Engineering Research Council of Canada) grants, a team of

researchers from The University of British Columbia (UBC) has built automated tools

for the rigorous groundmotion selection and further post-processing of groundmotion

records leveraging SHM6. This report presents the procedure and a summary of
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CHAPTER 1. INTRODUCTION

findings from the project.

IM- Intensity Measure; Vs30- average shear-wave velocity in the uppermost 30 m (in m/s); 

GMM- Ground Motion Model


1. Source modeling from NRCan using OpenQuake

2. Create the hazard job file (.ini) for the IM of interest
and Vs30 of the site

3. Create the disaggregation job file (.ini) for the IM and
the return period of interest

4. Post-process OpenQuake results to generate hazard
curve and disaggregation scenarios

5. Use hazard curve, disaggregation scenarios, GMM, and
correlation models to define target spectra

6. Execute algorithms for selection of the set of ground
motion records from database(s)

Figure 1.1: Flowchart showing different steps of the ground motion selection based on
NBCC 2020 (2022) adopted in the present study.

1.1 Problem Formulation

The following objectives are set for the present study:

• Implementation of the latest Canadian Seismic Hazard Model for site-specific

hazard assessment. The site characteristics, such as the average shear-wave

velocity in the uppermost 30 m (Vs30) are used as direct inputs.

• Assessment of uncertainties in the seismic hazard.

• Carry out disaggregation of the seismic hazard to ascertain the highest

contributing sources and scenarios for a specific return period.

• Selection of hazard-consistent ground motion selection targeting site-specific

seismic hazard. Prominent international strong-motion databases consisting of

2



CHAPTER 1. INTRODUCTION

shallow crustal and subduction zone earthquakes (Ancheta et al., 2014; NIED,

2019) are used for the selection.

• Parametric study on the effects of different inputs (such as targeted period range,

conditioning period, and the return period of interest) to the ground motion

selection.

• Effects of different parameters for the selection of site- and structure-specific

ground motion on the nonlinear structural performance of a single-degree-of-

freedom oscillator.

1.2 Organization of Report

Figure 1.1 shows the procedure adopted in the present report, organized as follows.

Chapter 2 presents the implementation of the latest Canadian seismic hazard model

(steps 1 to 3) and a background of the probabilistic seismic hazard analysis. Chapter 3

presents the hazard-consistent ground motion selection method (steps 4 to 6).

Chapter 4 presents parametric studies for groundmotion selection and shows different

examples of ground motion suites with changes in periods, target spectrum, and

scaling limits. Effects of ground motion suite on the nonlinear fragility assessment

of a widely used hysteretic model is also presented.

3



Chapter 2

Seismic Hazard Model based on

National Building Code of Canada

2020

A study of the large-scale motion of the Earth’s outermost layer called the Lithosphere

(extending 70–100 km from the surface), reveals the underlying cause behind the

earthquakes as differences in mechanical properties of the layer beneath. The

movement of the boundaries of adjacent plates makes the underground rock rupture

suddenly. The extent (length, width, and location) of the rupture and shaking caused

by this can be estimatedwith some confidence. However, the time andprecise nature of

the break and shaking remain unpredictable at present. The uncertainties in recorded

shaking are reflected in the scale of observed recording on ground motion shaking

parameters, such as peak ground acceleration (PGA). Even for a given event and

distance from the epicenter, two stations can have intensitymeasure recordings, which

are different by orders of magnitude. Thus, a probabilistic framework is adopted for

seismic hazard assessment.

Assessment of PGA and spectral acceleration due to a given earthquake in the form

of empirical equations is an important step for Seismic Hazard Analysis (SHA). This

process is often based on statistical regression of collected data over a certain period

in the areas subjected to similar kinds of plate movements. Such models are called

Ground Motion Models (GMM).

There are primarily two kinds of SHA—Deterministic SeismicHazardAnalysis (DSHA)

4



CHAPTER 2. SEISMIC HAZARD ASSESSMENT BASED ON NBCC 2020

and Probabilistic Seismic Hazard Analysis (PSHA). As the name suggests, DSHA

assumes the occurrence of a characteristic earthquake at a source-to-site distance.

PSHA, on the other hand, considers all sources capable of causing damage, with

a range of possible magnitudes (due to the varying magnitude and source-to-site

distance) caused by them. Since sufficient data pointing to something else (often by

the use of DSHA) are rarely available, PSHA offers a framework where the multitude

of uncertainties can be identified, quantified, and combined rationally to represent a

complete picture of the seismic hazard (Baker et al., 2021).

Seismic events are highly probabilistic in that even the same magnitude-distance pair

can produce widely varying effects on a given structure. In addition, the structural

behavior of buildings is complex depending on the distribution of random variables,

such as material strength, hysteretic properties, and section geometry. To understand

the seismic performance of buildings, earthquake engineering is best studied through

a probabilistic framework. First-generation seismic assessment guidelines (ATC 40,

1996; FEMA 273, 1997; FEMA 356, 2000) were limited in their capability of predicting

seismic responses probabilistically.

Natural Resources Canada (NRCan) is entrusted with mapping active faults and

developing reliable seismicity models in Canada. With approximately 10 million

square km of area, studying Canada’s seismicity is challenging. Over the last sixty

years, incrementally detailed seismic hazard models for Canada have been developed.

As a general trend, these advancements have resulted in increased seismic hazard

estimates. The Canadian seismic hazard in the National Building Code of Canada,

NBCC (2022) has undergone a comprehensive change. The 6th generation seismic

hazard model (SHM6) developed by NRCan for the NBCC 2022 update considers

newly-discovered potentially active faults, new GMMs, and precise source modeling

for the great subduction and deep in-slab earthquakes (Kolaj et al., 2020a). Figure 2.1

shows the trend of change in the seismic hazard for selected locations in Canada, from

East to West. A large increase (in the range of 20% to 100%) is observed in all regions

across Canada. This has a lasting impact on the design and prevalent performance

assessments of Canadian buildings.

In the present chapter, the latest open-source seismic hazard model has been used to

characterize the hazard of locations across Canada. A methodology for assessment

of the seismic hazard curve and disaggregation results (dominant earthquake

5
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characteristics on the site of interest) based on SHM6 (Kolaj et al., 2020b) is discussed

along with illustrations. Further, uncertainties in hazard are discussed, and its

quantification using the model is explained with examples. Finally, the chapter shows

examples of ground motion selection matching a site’s characteristics and structure.

To that end, two approaches for groundmotion selection are explored—(1) Conditional

Spectrum (CS) (Baker, 2011) and (2) generalized conditional intensitymeasure (GCIM)

(Bradley, 2010). Two extensive global strong-motion databases for the groundmotion

selection are considered in the present study–(1) NGA-west of USA (Ancheta et al.,

2014) and KiK-net of Japan (Okada et al., 2004).
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Figure 2.1: Change in seismic hazard from NBCC (2015) to NBCC 2020 (2022) for
selected locations in Canada, from east to west. Intensity measure- Sa(0.2); Return
Period- 2475 year; Site Class- C.

2.1 Seismic Hazard Models of Canada

NRCan has adopted the latest SHM6 for Canada for seismic hazard maps of NBCC

2020 (2022). The latest maps are an improvement over the 5th generation SHM of

NBCC (2015) as follows (Adams et al., 2019):
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• Updated activity rate of the Cascadiamegathrust earthquakes due to the addition

of four complete rupture earthquakes to the hazard model for NBCC (2015).

• Updating earthquake sources for the deep inslab earthquakes under the Strait

of Georgia. Improved modeling of the dip of the inslab source and the spatial

activity rate.

• Addition of the Leech River Valley - Devil Mountain’s faults near Victoria, BC

(Halchuk et al., 2019). Goda and Sharipov (2021) independently assessed the

effect of this addition on hazard and risk values in Victoria and found it to be in

the range of 10–30% for high return periods.

• Use of modern GMMs (Kolaj et al., 2020a).

• Direct consideration of site class using Vs30 in the hazard calculation compared

to the earlier method of calculating for reference class C and then modifying it

for different site classes.

• Use of open-source tool OpenQuake (GEM, 2022) for the hazard calculation.

Figure 2.2 shows the historical seismicity of Canada. The figure also shows the

regionalization of Canada into East and West due to different wave propagation

characteristics in the crust.

Four steps of PSHA are summarized below.

1. Source identification- Contrary to considering the fixed distance between the

site and the source in DSHA, PSHA identifies all potential seismic sources in the

study region. Next, each source is characterized by a distribution of its rupture

location. In the absence of sufficient information, a uniform rupture probability

is assumed for the entirety of fault geometry. The probability distribution of

source-to-site distance is then obtained by combining rupture location, source

geometry, and site location. Due to a large number of calculations, seismic

sources are discretized, and the source-to-site distance is calculated for the

discretized sources.

2. Recurrence relationship- The probability distribution of earthquake magnitude

for each source is given by a recurrence relationship. The Gutenberg-Richter

7
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Figure 2.2: Earthquakes in Canada. The division of regions into Eastern and Western
Canada for 6th generation SHM in NBCC (2022) are shown using dashed gray line
(Adams et al., 2019).

(GR) law is typically used to relate the number of earthquakes in a region:

log10(λm) = a− bm, (2.1)

whereλm is the rate of earthquakeswith amagnitude greater thanm. Coefficients

a and b are calculated from the statistical analysis of historic seismicity data for

the region (Gutenberg and Richter, 1944). The unbounded form of the GR law

in (2.1) assigns non-zero probabilities to large magnitudes of earthquakes, which

may not be physically possible. Similarly, earthquakes smaller than a certain

magnitude may not be of engineering importance. Thus, the GR law is modified

as follows:

FM(m) =
1− 10−b(m−mmin)

1− 10−b(mmax−mmin)
, (2.2)

where FM(m) is the cumulative distribution function (CDF), mmax is the

maximum possible magnitude (based on the historical and geological data),

and mmin is the minimum earthquake magnitude of interest (based on the

8
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engineering importance). Similar to source-to-site distance, the distribution of

the earthquake magnitude is discretized for hazard assessment.

3. Ground motion model- For a given pair of magnitude and distance for a specific

source (or source zone), the ground motion intensity can be predicted using

GMM, which are obtained using recorded intensities for past earthquakes in the

region under study or in the absence of sufficient data, similar seismic source.

The GMM quantifies the inherent uncertainty in the estimated intensity. The

mean and standard deviation of the log of intensity are often expressed by GMMs

along with various other parameters. Several modern GMMs use the site’s

detailed seismological and geotechnical features to predict the intensity. An

example of the modern GMM is Campbell and Bozorgnia (2008). The mean-log

ground motion intensity is given by:

ln Ŷ = fmag + fdis + fflt + fhng + fsite + fsed, (2.3)

magnitude term, fmag =


c0 + c1M forM ≤ 5.5

c0 + c1M + c2(M − 5.5) for 5.5 < M ≤ 6.5

c0 + c1M + c2(M − 5.5) + c3(M − 6.5) forM > 6.5,

distance term, fdis = (c4 + c5M)× ln

(»
RRUP

2 + c62
)
,

style of faulting term, fflt = c7 FRV fflt,ZM + c7 FNM ,

hanging wall term, fhng = c9 fhng,Rfhng,Mfflt,Zfhng,δ,

shallow site response term,

fsite =


c10 ln

(
Vs30

k1

)
+ k2

ß
ln[A1100 + c

(
Vs30

k1

)n
]− ln[A1100 + c]

™
for Vs30 ≤ k1

(c10 + k2n) ln
(

Vs30

k1

)
for k1 ≤ Vs30 ≤ 1100

(c10 + k2n) ln
(

1100
k1

)
for Vs30 > 1100,

and basin response term, fsed =


c11(Z2.5 − 1) for Z2.5 < 1

0 for 1 ≤ Z2.5 ≤ 3

c12k3e
−0.75

[
1− e−0.25(Z2.5−3)

]
for Z2.5 > 3.

The error in the intensity estimation is given in a table corresponding to different

intensity measures. Thus, the GMMs depend on both source and site conditions.

9
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The source parameters include rupture length, rupture width, rupture area

(Wells and Coppersmith, 1994), magnitude, dip angle, slip pattern, and the site-

specific parameters include shear wave velocity (Vs30) and soil type. Some of

the next-generation GMMs developed as part of NGA-West (Power et al., 2008)

are AS08 (Abrahamson and Silva, 2008), BA08 (Boore and Atkinson, 2008),

CB08 (Campbell and Bozorgnia, 2008), and CY08 (Chiou and Youngs, 2008).

With new data and tools, these GMMs have been updated as part of NGA-West2

(Bozorgnia et al., 2014). The updated GMMs are ASK14 (Abrahamson et al.,

2014), BSSA14 (Boore et al., 2014), CB14 (Campbell and Bozorgnia, 2014), and

CY14 (Chiou and Youngs, 2014), respectively. For SHM6 of NBCC (2022), these

four GMMs are used for Active Crust tectonic regimes with equal weight. On the

other hand, for the Subduction Inslab regime, Aea15 (Abrahamson et al., 2016),

Zea06 (Zhao et al., 2006), AB03 (Atkinson and Boore, 2003), and Gea05 (García

et al., 2005) are used with equal weight. For the Subduction Interface regime,

the used GMMs are Aea15 (Abrahamson et al., 2016), Zea06 (Zhao et al., 2006),

GA14 (Ghofrani and Atkinson, 2014), and AM09 (Atkinson and Macias, 2009).

4. Combination of the uncertainties- Probabilistic distributions of magnitude,

distance, and resulting intensities are combined using the total probability

theorem. This gives the probability of exceedance of specific intensity measure

values.

λ(IM > x) =
nsources∑

i=1

λi(mmin)

nM∑
j=1

nR∑
k=1

P(IM > x |mj, rk)P(Mi = mj)P(Ri = rk),

(2.4)

where nsources is the number of seismic sources; nM and nR are the number bins

formagnitude and distance, respectively; λi is the activity rate for i-th source; the

probability P(IM > x |mj, rk) is given by GMMs (Step 3); PDFs for distance and

magnitude of i-th source are discretized to calculate P(Mi = mj) and P(Ri = rk),

respectively (Step 1 and Step 2).

It is worth noting that while the abovemethod is based on numerical integration,

the PSHA calculations can be alternatively performed using stochastic event sets.

This approach estimates the likelihood of earthquake-induced ground motion

by simulating many potential earthquakes and calculating the resulting ground

motion. OpenQuake (2022) uses stochastic event-based modeling approach.

10
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2.1.1 Classification of Uncertainties

Probabilistic calculations involved in PSHA capture the large uncertainty associated

with the effects of earthquakes. Two broader classifications of uncertainties are

aleatory and epistemic. There are key differences in the way they are treated.

The inherent variability in the process (e.g., fault rupture) constitutes the aleatory

variability. These variations represent the uncertainties in the event itself. On the other

hand, epistemic uncertainties arise from the lack of sufficient data or understanding

(or mathematical representations thereof) of the process. These uncertainties can

be reduced with newer earthquake recordings, if available, or advancement in the

research. Examples of epistemic uncertainties are those in the recurrence relation and

the values of maximum earthquake magnitude,mmax.

2.1.2 Logic Tree

Logic trees are used for characterizing epistemic uncertainty in PSHA. Figure 2.3

shows An example logic tree. In this simplified example, two GMMs were considered

applicable for the region – Campbell-Bozorgnia (CB) and Abrahamson-Silva (AS).

The weights represent the level of relative applicability of different branches, e.g., 0.6

for CB and 0.4 for AS. Similarly, magnitude distribution and maximum magnitude

are considered to follow two branches. Each branch is associated with different

weights, which sum up to 1. Subsequently, calculations for each branch are carried out

independently and then the final hazard estimates are obtained by taking the weighted

average of each branch. The assignment of suitable weights to the logic tree branches

is critically studied in the literature (Bommer et al., 2005; Bommer and Scherbaum,

2008; Scherbaum and Kuehn, 2011; Runge and Scherbaum, 2012).

2.1.3 Uniform Hazard Spectrum

A site-specific seismic hazard curve for an intensity measure (e.g., PGA) is obtained by

plotting different values of the particular intensity measure against their probabilities

of exceedance as given by (2.4). Hazard curves corresponding to different spectral

accelerations are combined by fixing a probability of exceedance (or return period) in

order to obtain a uniform hazard spectrum.

11
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Figure 2.3: An example logic tree (based on Kramer, 1996)

2.1.4 Disaggregation

A single or a few representative earthquakes for a specific site corresponding to a return

period are often required for planning purposes (e.g., scenario studies) or analytical

assessment (e.g., spectral shape factor for ground motion selection, discussed later

in Section 3.2.1 in detail). Since PSHA includes all possible earthquake sources

and rupture-to-site distance combinations, the resulting hazard curve accumulates

contributions from all possibilities in one curve. the reverse process of ascertaining

a characteristic earthquake for a site condition on the return period (exceedance

probability) is called disaggregation. Using Bayes’ theorem, we have (Bazzurro and

Cornell, 1999; McGuire, 1995):

P(M = mj, R = rk | IM > x) =
λ(IM > x |M = mj, R = rk)

λ(IM > x)
, (2.5)

where λ(IM > x) is given by (2.4) and λ(IM > x |M = mj, R = rk) is defined as

follows:

12
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λ(IM > x |M = mj, R = rk) =
nsources∑

i=1

[
λ(Mi > mmin)P(IM > x |M = mj, R = rk)

P(Mi = mj)P(Ri = rk)
]

(2.6)

Differentmagnitude-distance pairs are plotted in a three-dimensional plot to ascertain

their contribution to the hazard. The magnitude-distance pair with the highest

contribution is used as the characteristic earthquake for the site and return period of

interest.

2.2 Implementation of Canadian Seismic Hazard

Model

In the present section, the execution of PSHA calculation steps for site-specific hazard

curves and disaggregation results are discussed. Procedures are explained through an

example site of Vancouver City Center, British Columbia.

2.2.1 Seismic Hazard Curve

The sample job for obtaining seismic hazard curves is as follows:

[ genera l ]

desc r ip t i on = Hazard Curves at Vancouver (SWCan 2020 NBCC

Hazard−450 mps COLLAPSED RATES, 10 km area src d i sc )

calculation_mode = c l a s s i c a l

random_seed = 23

[ geometry ]

s i t e s = −123.12 49.25

[ l og i c_ t r e e ]

13
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number_of_logic_tree_samples = 0

[ e r f ]

rupture_mesh_spacing = 5.0

width_of_mfd_bin = 0.1

area_source_d i sc re t i za t ion = 10.0

[ site_params ]

reference_vs30_type = measured

reference_vs30_value = 450.0

reference_depth_to_2pt5km_per_sec = 5.0

reference_depth_to_1pt0km_per_sec = 100.0

[ c a l cu l a t i on ]

source_model_logic_tree_f i le =

SW_CANADA_CIS_update_collapsed_source_model_logic_tree . xml

gs im_log i c_ t ree_f i l e = . . \ . . \ shared \hdf_NBCC2020−

W_reducedE_450mps_logic_tree . xml

intensity_measure_types_and_levels = {

”PGA” : l o g s c a l e (0 .01 , 4 .0 , 20) ,

”SA (0 . 1 ) ” : l o g s c a l e (0 .01 , 4 .0 , 20) ,

”SA(0 .2 ) ” : l o g s c a l e (0 .01 , 4 .0 , 20) ,

”SA(0 .3 ) ” : l o g s c a l e (0 .01 , 4 .0 , 20) ,

”SA(0 .5 ) ” : l o g s c a l e (0 .01 , 4 .0 , 20) ,

”SA ( 1 . 0 ) ” : l o g s c a l e (0 .01 , 4 .0 , 20) ,

”SA( 1 . 68 ) ” : l o g s c a l e (0 .01 , 4 .0 , 20) ,

”SA(2 .0 ) ” : l o g s c a l e (0 .01 , 4 .0 , 20) ,

”SA(5 .0 ) ” : l o g s c a l e (0 .01 , 4 .0 , 20) }

t runca t ion_ leve l = 5

inves t iga t ion_t ime = 50.0
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maximum_distance = {” Act ive Shallow Crust ” : 400.0 , ” Stab le

Shallow Crust ” : 600.0 , ” Subduction IntraSlab30 ” : 400, ”

Subduction IntraSlab55 ” : 400, ” Subduction In t e r f a c e ” :

1000.0} # from AU model

[ output ]

export_dir = . / r e s u l t s

mean_hazard_curves = true

quanti le_hazard_curves = 0.01 0.05 0.10 0.16 0.50 0.84 0.90

0.95 0.99

hazard_maps = f a l s e

uniform_hazard_spectra = true

poes = 0.02 0.1 0.20

�

Both rupture_mesh_spacing and area_source_discretization are in km. For area

sources, the area region is converted into point sources using the discretization size.

and When analyzing multiple sites, a comma-separated value (csv) file can be used to

input the longitude and latitude of all sites using the following command:

s i t e s_csv = . . \ . . \ shared \ sampleSiteCoordinates . csv

The .csv file named sampleSiteCoordinates.csv is saved in the sub-directory named

shared, which in turn is saved under the main repository. An example hazard

curve obtained from the execution of the above example program is shown in Figure

2.4.

2.2.2 Uncertainty in Hazard Curve

The job file (.ini) discussed above (Section 2.2.1) for the hazard assessment can be

tweaked to obtain different percentiles of the hazard assessment. In particular, the

following line is used to obtain the 16%ile and 84%ile hazard curves in addition to the

median hazard curve (represented by 0.50 quantile).

quanti le_hazard_curves = 0.16 0.50 0.84

15
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Figure 2.4: Hazard curve for Vancouver, BC for intensity measure Sa(1.5) at a site with
Vs30 = 450 m/s.

Figure 2.5 shows the hazard curve shown in the previous section with ±1σ

uncertainty.

2.2.3 Uniform Hazard Spectrum

Using the procedure described in the previous section, a series of hazard curves for a

given location can be obtained. The changes in the job file discussed in Section 2.2.1

can be incorporated as follows:

intensity_measure_types_and_levels = {”PGA” : l o g s c a l e

(0 .01 ,4 .0 , 20) ,

”SA (0 . 1 ) ” : l o g s c a l e (0 .01 ,4 .0 , 20) ,

”SA(0 .2 ) ” : l o g s c a l e (0 .01 ,4 .0 , 20) ,

”SA(0 .5 ) ” : l o g s c a l e (0 .01 ,4 .0 , 20) ,

”SA ( 1 . 0 ) ” : l o g s c a l e (0 .01 ,4 .0 , 20) ,

”SA(2 .0 ) ” : l o g s c a l e (0 .01 ,4 .0 , 20) ,

”SA(4 .0 ) ” : l o g s c a l e (0 .01 ,4 .0 , 20) ,

”SA(5 .0 ) ” : l o g s c a l e (0 .01 ,4 .0 , 20) }

Figure 2.6 shows the result of
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Figure 2.5: Median hazard curve along with 1 ± σ for Vancouver, BC for intensity
measure Sa(1.5) at a site with Vs30 = 450 m/s.

the intensity measures of PGA, Sa(0.1 s), Sa(0.2 s), Sa(0.5 s), Sa(1 s), Sa(2 s), Sa(4 s),

and Sa(5 s) for the example site of Vancouver City Center, BC.

Using a series of hazard curves for a particular location, a uniform hazard spectrum is

developed by taking a slice for a fixed value of the probability of exceedance,HIM . For

example, Figure 2.7 shows uniform hazard spectra for 2%, 5%, and 10% probability of

exceedance in 50 years (i.e., 2475, 975, and475 years of the returnperiod, respectively).

These spectra can also be generated by directly changing the job file discussed in

Section 2.2.1 under the output section of the program as follows:

uniform_hazard_spectra = true

poes = 0.02 0.05 0.1

It is worth noting that the program considers the probability of exceedance in 50 years,

and the inputs are given in terms of the fraction.

2.3 Disaggregation

PSHA includes all possible earthquake sources around the site. Thus, the hazard

curve for a location is an accumulation of contributions from all combinations of
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Figure 2.6: A series of hazard curves for Vancouver, BC corresponding to Sa(T ) for
periods ranging from 0 to 5 s (Vs30 = 450 m/s).

source, magnitude, and distance. It is of interest to structural engineers to ascertain

the relative values of these different contributions for a specified value of spectral

acceleration. This distribution of earthquakes, conditional on the event of spectral

acceleration exceeding a value, is obtainedusing disaggregation. A general formulation

for disaggregation was discussed in Section 2.1.4. A sample job in OpenQuake for

obtaining disaggregation of hazard is as follows:

[ genera l ]

desc r ip t i on = Disaggregat ion at Vancouver for Sa ( 1 . 5 ) . 2475

and 475 year of return period (SWCan 2020 NBCC Hazard−450

mps COLLAPSED RATES, 10 km area src d i sc )

calculation_mode = disaggrega t ion

random_seed = 23

[ geometry ]

s i t e s = −123.12 49.25
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Figure 2.7: Uniform hazard spectrum for Vancouver, BC at a site with Vs30 = 450 m/s
based on seismic hazard model of NBCC 2020 (2022).

[ l og i c_ t r e e ]

number_of_logic_tree_samples = 0

[ e r f ]

rupture_mesh_spacing = 5.0

width_of_mfd_bin = 0.1

area_source_d i sc re t i za t ion = 10.0

[ site_params ]

reference_vs30_type = measured

reference_vs30_value = 450.0

reference_depth_to_2pt5km_per_sec = 5.0

reference_depth_to_1pt0km_per_sec = 100.0

[ c a l cu l a t i on ]

19



CHAPTER 2. SEISMIC HAZARD ASSESSMENT BASED ON NBCC 2020

source_model_logic_tree_f i le =

SW_CANADA_CIS_update_collapsed_source_model_logic_tree . xml

gs im_log i c_ t ree_f i l e = . . \ . . \ shared \hdf_NBCC2020−

W_reducedE_450mps_logic_tree . xml

intensity_measure_types_and_levels =

{”SA ( 1 . 5 ) ” : l o g s c a l e (0 .01 , 4 .0 , 40) }

t runca t ion_ leve l = 3

inves t iga t ion_t ime = 50.0

maximum_distance = 400.0

# maximum_distance = {” Act ive Shallow Crust ” : 400.0 , ” Stab le

Shallow Crust ” : 600.0 , ” Subduction IntraSlab30 ” : 400, ”

Subduction IntraSlab55 ” : 400, ” Subduction In t e r f a c e ” :

1000.0} # from AU model

[ d i saggrega t ion ]

poes_disagg = 0.02 0.10

mag_bin_width = 0.10

distance_bin_width = 20.0

coordinate_bin_width = 2.0

num_epsilon_bins = 7

[ output ]

export_dir = . / r e s u l t s

�

OpenQuake determines the bins for ε on both sides of the

median cumulative distribution for GMMs using the parameters truncation_level

and num_epsilon_bins. Different return periods for disaggregation are assigned using

the following code under the disaggregation section of .ini file:

poes_disagg = 0.02 0.1 0.2

Bin widths for magnitude and distance can be specified as follows:
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Table 2.1: Disaggregation for earthquake types for Vancouver, BC at a site with Vs30 =
450 m/s. Sa(T ) with period, T in seconds.

Intensity

Measure

Tr = 2475 years Tr = 475 years

Crustal Interface Intraslab Crustal Interface Intraslab

PGA 15% 16% 69% 15% 17% 68%

SA(0.2) 16% 10% 74% 16% 13% 72%

SA(1.0) 40% 30% 30% 31% 29% 40%

SA(1.5) 43% 35% 22% 35% 32% 33%

SA(2.0) 43% 38% 19% 34% 34% 31%

SA(3.0) 44% 39% 17% 35% 36% 29%

SA(5.0) 38% 48% 13% 31% 42% 26%

mag_bin_width = 0.10

distance_bin_width = 20.0

Figure 2.8 shows the disaggregation results on the example site of Vancouver City

Center for 2475 and 475 years of the return period. To understand the relative

contributions of different types of tectonics, the following line under the output section

of the job file saves source-specific contributions to the hazard.

i nd i v i dua l_ r l z s = true
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Table 2.2: Disaggregation for earthquake types for Victoria, BC at a site with Vs30 = 450
m/s.

Intensity

Measure

Tr = 2475 years Tr = 475 years

Crustal Interface Intraslab Crustal Interface Intraslab

PGA 26% 4% 70% 25% 9% 66%

SA(0.2) 24% 4% 72% 24% 7% 69%

SA(1.0) 52% 41% 7% 38% 42% 21%

SA(1.5) 41% 57% 2% 34% 54% 12%

SA(2.0) 32% 68% 1% 31% 61% 8%

SA(3.0) 21% 78% 0% 26% 69% 5%

SA(5.0) 9% 91% 0% 20% 77% 3%
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Figure 2.8: Disaggregation for Vancouver, BC for intensitymeasure Sa(1.5) and return
period of (a) 2475 years and (b) 475 years (bin sizes for disaggregation- ∆M = 0.1,
∆R = 20 km).
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Chapter 3

Ground Motion Selection based on

National Building Code of Canada

2020

As a general requirement, the seismotectonic environment and geotechnical

conditions at the building location should be represented in the selected groundmotion

set. NBCC (2015) defines the methodology for selecting ground motion for rigorous

non-linear analysis of buildings. The structural commentary to design standard

recognizes that such special studies are primarily carried out in research environment

(paragraph 179b of NRCC, 2015) and are expected to be rigorous in implementing

the recommended approach. The structural commentary (NRCC, 2015) also lays out

the guidelines for groundmotion selection. The ground motion selection guidelines in

the structural commentary are investigated in greater detail by Tremblay et al. (2015),

which are in turn based on the corresponding guidelines set out by Haselton et al.

(2014) for ASCE 7 (2016).

Figure 3.1 (reproduced from Chapter 1) shows the steps followed in the present study

for the ground motion selection based on NBCC 2020 (2022). In the present chapter,

steps 4 to 6 are described. Recommendations by structural commentary to NBC

(NRCC, 2015) and a summary of conditional spectra are briefly discussed. Details of

the ground motion selection are provided in subsequent sections.
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IM- Intensity Measure; Vs30- average shear-wave velocity in the uppermost 30 m (in m/s); 

GMM- Ground Motion Model


1. Source modeling from NRCan using OpenQuake

2. Create the hazard job file (.ini) for the IM of interest
and Vs30 of the site

3. Create the disaggregation job file (.ini) for the IM and
the return period of interest

4. Post-process OpenQuake results to generate hazard
curve and disaggregation scenarios

5. Use hazard curve, disaggregation scenarios, GMM, and
correlation models to define target spectra

6. Execute algorithms for selection of the set of ground
motion records from database(s)

Figure 3.1: Flowchart showing different steps of the ground motion selection based on
NBCC 2020 (2022) adopted in the present study.

3.1 Guidelines for Ground Motion Selection based on

NBCC 2020

Based on the results of seismic hazard disaggregation, dominant magnitude-distance

scenarios and sources (different tectonic environments) must be covered in the

selected ground motion records. For example, Table 2.1 shows the contribution

of different source zones for Vancouver, BC, as per the seismic hazard of NBCC

2020 (2022). The procedure for selecting ground motion suite and their target are

summarized in the next few sections (NRCC, 2015).

3.1.1 Period Range of Interest

A suitable period range of interest [Tmin, Tmax] must be covered in the selected ground

motion records. This period range consists of the periods of vibration that contribute

to the dynamic response of the building including the torsional modes, if any. The
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upper bound of the period range, Tmax is defined as max(2T1, 1.5 s), where T1 is the

period of vibration in the first mode. The lower bound of the period range, Tmin is

defined as min(0.15T1, T90%), where T90% is the lowest period of vibration that achieves

a cumulative mass participation of 90%.

3.1.2 Target Response Spectrum

The target response spectrum (spectra) can be defined using one of the three methods

depending on hazard disaggregation:

1. Method A: If a single response spectrum is targeted based on the design

spectrum, the entire period range of interest can either be covered (a) by a

single scenario earthquake (magnitude-distance combination), if one dominant

earthquake exists or (b) by different period ranges for different dominating

scenario combinations, if multiple tectonic sources contribute significantly to the

location’s seismicity. In the latter case, the scenarios can overlap each other and

a minimum of one scenario-specific period range should be defined.

2. Method B: When the target spectrum is created by site-specific scenarios

considering multiple earthquake-distance combinations and tectonic sources,

the target can be obtained either by:

• Method B1: creating spectra for each dominant magnitude-distance

combination and/or tectonic source in the particular period range where

it has significant contributions, or

• Method B2: creating spectra for each period of vibration modes with

significant contribution to building’s dynamic response.

With the updated NBCC 2020 (2022), the need for site class factors is eliminated

and the response spectra for continuous values of Vs,30 can be obtained either from

the seismic hazard tool for NBCC 2020 (https://earthquakescanada.nrcan.gc.

ca/hazard-alea/interpolat/nbc2020-cnb2020-en.php). Alternatively, the seismic

hazard values can also be obtained by querying theNRCANweb-service in json format.

The address for the GraphQL Application Programming Interface (API) is: https:

//www.earthquakescanada.nrcan.gc.ca/api/canshm/graphql.

In the present study, a rigorous and fundamental approach of performing probabilistic

seismic hazard analysis from the source model using OpenQuake (GEM, 2022) is

26

https://earthquakescanada.nrcan.gc.ca/hazard-alea/interpolat/nbc2020-cnb2020-en.php
https://earthquakescanada.nrcan.gc.ca/hazard-alea/interpolat/nbc2020-cnb2020-en.php
https://www.earthquakescanada.nrcan.gc.ca/api/canshm/graphql
https://www.earthquakescanada.nrcan.gc.ca/api/canshm/graphql


CHAPTER 3. GROUNDMOTION SELECTION BASED ON NBCC 2020

adopted. This allows to obtain the seismic hazard curves for actual periods of interest

and eliminates the need to interpolate standard hazard curves provided for PGA,

Sa(0.05), Sa(0.1), Sa(0.2), Sa(0.3), Sa(0.5), Sa(1.0), Sa(2.0), Sa(5.0), and Sa(10.0).

In addition, the PSHA yields disaggregation results used later for the ground motion

selection (under Method B).

3.1.3 Number of Ground Motion Records

The minimum number of records for Method A is 5 for each scenario-specific period

range, with a minimum of 11 for all scenarios combined. For Method B, a suite of 11 or

more records should be used for each source. The recommended number of records is

intended for a median seismic demand of buildings and not the dispersion.

3.1.4 Scaling of Ground Motion

The scaling of ground motion is carried out in two stages. First, the ground motion

records are individually scaled such that their response spectra match or exceed the

target spectrum in the scenario-specific range of periods. The second stage scaling is

applied on the entire suite such that the mean response spectrum of the suite is not

less than the target spectrum by more than 10%. The limit on scaling is suggested to

be between 0.5 and 4.

3.2 Hazard-Consistent Ground Selection Targeting

Conditional Spectrum

Non-linear time-history analysis is considered to be the most rigorous numerical

method to assess the seismic performance of buildings. Due to the large levels

of uncertainty involved in earthquakes, a building is subjected to a series of time-

history records. Generic ground motion sets have been proposed and widely adopted

in the literature, for example, FEMA P695 (2009) lists a set of twenty-two pairs

of recorded orthogonal time-history, called far-field records. FEMA P695 (2009)

also defines a near-field ground motion set of twenty-eight pairs of ground motion

records. These generic ground motion sets are proposed to be applicable regardless

of the building characteristics and site hazard. However, the hazard spectra and

seismic characteristics of one site varies from another depending on the seismotectonic
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and geotechnical features. Thus, while generic ground motion sets are helpful

in a benchmark assessment of a building’s performance, it does not capture the

characteristics of seismic hazard of the site and the building. The selection of site-

specific ground motion set requires a target spectrum, a database of time-history

records, and an algorithm to select a set of ground motion records that match the

target spectrum. The issues of target spectrum and selection algorithms are discussed

next. Details of the databases considered in the present study are discussed later in the

chapter.

3.2.1 Conditional Mean Spectrum (CMS)

The UHS is used for the seismic design of buildings by design codes. Corresponding

to a return period (e.g., 2% in 50 years), a UHS for a particular site can be estimated

by using a series of hazard curves from the PSHA for different spectral acceleration

and picking the points from each curve corresponding to the return period of interest.

Each point on a UHS is independent of each other. In the force-based prescriptive

design, only one point of the UHS is used at a time. Thus, the lack of correlation

between spectral ordinates does not affect the design process. On the other hand,

for the performance-based seismic design, nonlinear behavior of damaged buildings

require simultaneous consideration of periods longer than the natural vibrationmode.

In addition, highermodes of vibration of a building are represented by shorter periods.

Thus, the effects of correlation between spectral ordinates become crucial. The UHS-

targeted ground motion selection is conservative due to the envelope of uncorrelated

spectral ordinates with equal deviation from the mean. This is particularly applicable

for (i) extreme events with higher spectral values and (ii) studies with objectives to

estimate the collapse capacity.

Different models for correlation between spectral ordinates have been proposed in the

literature (Inoue and Cornell, 1990; Baker and Jayaram, 2008; Baker, 2011). Figure

3.2 shows the values of correlation coefficient against the ratio of the vibration periods.

The consistency in different proposed models shows their relative maturity despite

availability of new data. A correlation coefficient of as high as 0.75 is observed for

a period softening ratio of ∼2. This indicates a strongly correlated spectral ordinates
even after a significant period softening.

The conditional mean spectrum (CMS) overcomes the limitations of UHS for the
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selection of site-specific ground motion records (Baker, 2011). The spectral ordinates

in a CMS is conditioned on the value of spectral acceleration at the conditioning period

T ∗. The fundamental period of vibration of the building is often used for T ∗. The

spectral value ε of a location is defined as the number of standard deviations that the

seismic hazard (Sa(T ∗), as obtained from PSHA) is away from the median predicted

spectral value for an earthquake, e.g., the disaggregated magnitude-distance pair,

(M,R).

ε(T ∗) =
lnSa(T ∗)− µlnSa(T ∗)

σlnSa(T ∗)
. (3.1)

where µlnSa(T ∗) and σlnSa(T ∗) are obtained from a suitable GMM for (M,R). Conditional

on the value of ε(T ∗), CMS is mathematically expressed as

ln[Sa(Ti)|Sa(T ∗)] = µlnSa(Ti) + ρε(Ti),ε(T ∗)σlnSa(Ti)ε(T
∗), (3.2)

where ρε(Ti),ε(T ∗) is the correlation coefficient between spectral ordinate at Ti and T ∗;

µlnSa(Ti) and σlnSa(Ti) are obtained from the GMM. In summary, while the UHS is

defined by Sa(Ti), the CMS is defined by Sa(Ti)|Sa(T ∗). Inoue and Cornell (1990)

proposed a simple expression for correlation coefficient of spectral ordinates ρε(Ti),ε(T ∗)

as follows:

ρlnSa(T1),lnSa(T2) = 1− 0.33| ln(T1)− ln(T2)|. (3.3)

Using the updated database of NGA-West, an updated correlationmodel was proposed

as follows (Baker and Jayaram, 2008):

if Tmax < 0.109, ρlnSa(T1),lnSa(T2) = C2

else if Tmin > 0.109, ρlnSa(T1),lnSa(T2) = C1

else if Tmax < 0.2, ρlnSa(T1),lnSa(T2) = min(C2, C4)

else ρlnSa(T1),lnSa(T2) = C4,

where the coefficients are given by:

C1 = 1− cos

(
π

2
− 0.366 ln

(
Tmax

max(Tmin, 0.109)

))
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C2 =

1− 0.105
(
1− 1

1+e100Tmax−5

)(
1− Tmax−Tmin

Tmax−0.0099

)
if Tmax < 0.2

0 otherwise

C3 =

C2 if Tmax < 0.109

C1 otherwise

C4 = C1 + 0.5
(√

C3 − C3

)(
1 + cos

(
πTmin
0.109

))
,

where Tmin and Tmax are the limits of the periods range. Figure 3.2 compares these

correlation coefficient models.
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Figure 3.2: Comparison of different correlation coefficient expressions between
spectral ordinates, ρlnSa(T1),lnSa(T2).

Figure 3.3 shows an example CMS with the conditioning period, T ∗ = 1.32 s. Using

GMM by Abrahamson and Silva (1997) and a characteristic earthquake of M = 7.30

and R = 23.6 km, ε was calculated as +1.26.
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Figure 3.3: Generation of conditional mean spectrum for the Landers (1992)
earthquake with conditioning period, T ∗ = 1.32 s. Abrahamson and Silva (1997) was
used as GMM (M = 7.30 and R = 23.6 km)

3.2.2 Algorithm for Hazard-Consistent Ground Motion

Selection

TargetingConditionalMeanSpectrum: For targeting aCMS, the error between

target SaCMS and the records’ response spectra is minimized. The time histories with

the smallest total deviation are selected based on the sum of squared error SSEk in the

logarithmic values (Buratti et al., 2010).

SSEk =
∑
i

(
lnSaCMS(Ti)− lnSak(Ti)

)2
, (3.4)

where subscript k denotes the earthquake record index, and i is the period index that

runs over the period range of interest. ASCE 7 (2010) recommends a range of 0.2T1 −
1.5T1, where T1 is the fundamental period of the structure. Recent research assessing

the collapse suggests that period elongation of structures makes them sensitive to a

longer range. Baker (2011) recommended considering the period range of 0.2T1 −
2T1.
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Targeting Conditional Spectrum (Conditional Mean Spectrum and its

Covariance): While targeting CMS is appropriate for capturing the central

tendency of the structural response, aleatory uncertainties in the ground shaking

must be reflected in the selected ground motion set to estimate the dispersion in

the structural response. An inappropriate consideration of the uncertainty in ground

motion records can lead to an underestimation of the record-to-record variability of

structural response and, in turn, to an underestimation of seismic risk. For an example

ground motion selection at Vancouver City Hall, Figure 3.4a shows the selection of 20

groundmotion records targeting CMS, whereas Figure 3.4b shows the selected ground

motion set targeting both, the CMS and conditional covariance of spectral ordinates.

For comparison purposes in this example, both ground motion suites are selected for

Shallow Crustal earthquakes. The conditioning period was considered as T ∗ = 1.17 s.

The disaggregated magnitude-distance for the Crustal earthquakes at the location is

M = 7.35, RJB = 15 km. Using CB14 (Campbell and Bozorgnia, 2014) as the GMM, the

spectral value ε = 0.777. All groundmotion recordswere selected from theNGA-West2

database (Ancheta et al., 2014).

Conditional spectrum (CS) is the combination of CMS with the conditional covariance

matrix. Jayaram and Baker (2008) showed that the logarithmic spectral acceleration

at various periods follows a multivariate normal random distribution. Thus, the

statistical parameters for CS can be obtained using the joint multivariate normal

distributions. To select the ground motion records targeting a CS, Jayaram et al.

(2011) proposed a matching algorithm. First, the target CMS is quantified using

(i) the uniform hazard spectrum and disaggregated magnitude-distance tuple (M,R)

from PSHA, and (ii) the spectral value ε(T ∗) for the example site for the conditioning

period T ∗ and a suitable GMM. Next, the conditional covariance matrix for the CS is

determined using ε(T ∗) for the location and the correlation model between spectral

ordinates (e.g., Baker and Jayaram, 2008). The algorithm begins by generating

random multivariate normal realizations of response spectra with the statistical

parameters (mean vector and covariance matrix) of the target CS. Each realization of

the response spectrum is then compared with the response spectrum of each ground

motion record in the available database. For each realization, the response spectrum

with minimum SSEk, as defined in (3.4), is selected. Correspondingly, a set of

time-history records from the database is obtained that represents the multivariate

lognormal random distribution given by CS. The selected ground motion set is fine-
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Figure 3.4: Selection of 20 groundmotion records targeting (a) only CMS and (b) CMS
with conditional covariance for an example site of Vancouver.
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tuned by employing a greedy algorithm where each record is individually attempted

to be replaced by one of the remaining unused records in the database so as to find a

better match with the target covariance (Baker, 2011).

For multivariate normal random distribution of X =

X1

X2

 with mean µ =

µ1

µ2


and unconditional covariance as Σ =

Σ11 Σ12

Σ21 Σ22

, covariance of X1 conditional on

X2 = x2 is given by (Johnson et al., 2002):

ΣX1|X2=x2 = Σ11 −Σ12Σ
−1
22Σ21. (3.5)

Following are the steps to find a CS-targeted ground motion set having N0 number of

time-history records:

Step 1: Using disaggregation of PSHA, find the characteristic tuple (M, R) for the

location of interest. Estimate the spectral value ε(T ∗) for a conditioning period

T ∗ using a representative GMM for the location.

Step 2: Discretize the period range of interest (say, 0.2T1 − 2T1) into (n − 1) equally-

spaced bins on the log-scale. Include T ∗ in the discretized set. Thus in (3.5),

the variableX1 ≡ lnSa(Ti), where i ∈ {1, 2, . . . , n}.

Step 3: Define the target mean conditioned on ε(T ∗) as follows:

µlnSa| lnSa(T ∗) =



µlnSaGMM (T1) + ρε(T1),ε(T ∗)σlnSaGMM (T1)ε(T
∗)

µlnSaGMM (T2) + ρε(T2),ε(T ∗)σlnSaGMM (T2)ε(T
∗)

.

.

µlnSaGMM (Tn) + ρε(Tn),ε(T ∗)σlnSaGMM (Tn)ε(T
∗)


, (3.6)

where µlnSaGMM (Ti) and σlnSaGMM (Ti) are mean and standard deviation of log of

SA(Ti)per theGMM, and ρε(Ti),ε(T ∗) is the correlationbetween spectral ordinate

at Ti and T ∗. In other words, (3.6) represents the CMS.

Step 4: Following (3.5), the multivariate random normal X1 ≡ lnSa(Ti) is

conditioned on the spectral acceleration at the conditioning periodX2. Thus,
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X2 ≡ lnSa(T ∗). Therefore, we have conditional covariance as:

ΣlnSa| lnSa(T ∗) = ΣlnSa − 1

σ2
lnSa(T ∗)

Σ12|n×1Σ21|1×n, (3.7)

whereΣlnSa is given by:

ΣlnSa =



σ2
lnSa(T1)

ρε(T1),ε(T2)σlnSa(T1)σlnSa(T2) … ρε(T1),ε(Tn)σlnSa(T1)σlnSa(Tn)

ρε(T2),ε(T1)σlnSa(T2)σlnSa(T1) σ2
lnSa(T2)

… ρε(T2),ε(Tn)σlnSa(T2)σlnSa(Tn)

. . … .

. . … .

ρε(Tn),ε(T1)σlnSa(Tn)σlnSa(T1) ρε(Tn),ε(T2)σlnSa(Tn)σlnSa(T2) … σ2
lnSa(Tn)


,

(3.8)

Σ12|n×1 is simply a vector of the correlation between ε(T ∗) and ε(Ti), and Σ21

is the transpose ofΣ12:

Σ12 =


ρε(T1),ε(T ∗)σlnSa(T1)σlnSa(T ∗)

ρε(T2),ε(T ∗)σlnSa(T2)σlnSa(T ∗)

…

ρε(Tn),ε(T ∗)σlnSa(Tn)σlnSa(T ∗)

 . (3.9)

The conditional variance of random variables lnSa(Ti) are the diagonal entries

of (3.7). Mathematically,

σ2
lnSa(Ti)| lnSa(T ∗) = σ2

lnSa(Ti)
− 1

σ2
lnSa(T ∗)

(
ρε(Ti),ε(T ∗)σlnSa(Ti)σlnSa(T ∗)

)2
= σ2

lnSa(Ti)

(
1− ρ2ε(Ti),ε(T ∗)

)
. (3.10)

Step 5: Simulate N0 sets of random arrays following the multivariate lognormal

distribution with mean µlnSa| lnSa(T ∗) and covarianceΣlnSa| lnSa(T ∗) given by

(3.6) and (3.7), respectively.

Step 6: Scale all records in the database to match the Sa(T ∗) value. The scaling factor
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for each record is:

scale =
Sa(T ∗)

SageoMean,k(T ∗)
,

where Sa(T ∗) is the target spectral acceleration and SageoMean,k(T
∗) is the

unscaled spectral acceleration at conditioning period, T ∗ of k-th record. Filter

down the database to contain the time histories thatmeet the faultmechanism,

geotechnical conditions, magnitude-bin, distance-bin, local site conditions,

scaling limits, etc.

Step 7: Each of the N0 simulated response spectra is compared with the every time-

history record in the pruned database to find the best match. The best match

is defined by theminimum SSEk value defined in (3.4). At the end of this step,

N0 records having optimal individual matches with the simulated multivariate

spectral ordinates are obtained.

Step 8: Since the error in time-history is minimized individually in the previous

step, the statistics of the selected records may accumulate errors resulting

in a mismatch between the sample statistics and the targeted statistics,

µlnSa| lnSa(T ∗), ΣlnSa| lnSa(T ∗). To fine-tune the selected ground motion set,

a greedy algorithm is employed (Baker, 2011). Each individually-optimal N0

record is attempted to replace one of the remaining ground motions such that

the revised sample is close to the target statistics. A penalty function using the

weighted sum of differences between sample and target statistics is defined for

optimization.

It is worth noting that the selected set of site- and structure-specific time histories is

suitable when used collectively and not individually.

3.2.3 Earthquake Databases for Ground Motion Selection

Characteristics of recorded earthquakes in the database are required to reflect the

tectonic features of the location of interest. The process of ground motion selection

involves filtering based on a range of earthquake characteristics, such as magnitude,

distance, geotechnical characteristics, and fault mechanism. Scaling a recorded time

history to match a target spectrum beyond a limit can result in biased estimates of

structural capacity. Excessively scaled smaller events fail to capture the frequency
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characteristics of large earthquakes. The available data for large Cascadia earthquakes

are scarce. The higher frequency of major earthquakes near Japan and a large network

of recording stations have resulted in a reliable strong-motion database (Goda and

Atkinson, 2009). The database based on the Kyoshin and Kiban-Kyoshin network

(K-NET and KiK-net) for Japanese earthquakes (NIED, 2019) is a useful resource for

ground motion selection, especially in southwestern Canada.

PEER NGA-West2 Database NGA-West project (Chiou et al., 2008) was

developed by PEER with contributions from several organizations. The dataset

contained 3,551 time-history records with multiple components during 173 Shallow

Crustal earthquakes of magnitude 4.2 to 7.9 at Joyner-Boore distance (RJB) from 0

to 472.6 km. The NGA-West database was extensively expanded in 2014 as NGA-

West2 (Ancheta et al., 2014). The updated database contains a total of 21,539 records

from 599 earthquakes, including several small and moderate earthquakes in addition

to large earthquakes, thus broadening the range of magnitudes from 3.0 to 7.9. NGA-

West2 database contains 10,792 recordings from events withM ∈ [3.0, 4.5]. Metadata

containing the spectral metadata is available for the database, thus facilitating the

ground motion selection. The metadata provides the elastic spectral ordinates for

different damping ratios in addition to various characteristics of the earthquake and

recording station, such as magnitude, Joyner-Boore distance, faultingmechanism, the

closest distance to the ruptured area, and shearwave velocity in the top 30m soil (Vs30).

Thus, the metadata allows the search for ground motion records without the need for

processing the complete time history for such a large database. In the NGA-West2

database, fault mechanism is denoted by 0 for Strike-Slip, 1 for Normal, 2 for Reverse,

3 for Reverse Oblique, 4 for Normal Oblique, and -999 for unknown mechanism. The

numbers of earthquakes with strike, normal, and reverse slip mechanisms are 327

(54%), 112 (19%), and 148 (25%), respectively.

Metadata for KiK-net databas In the aftermath of the 1995 Kobe earthquake,

the Kyoshin network (K-NET) and Kiban-Kyoshin network (KiK-net) database (2019)

were set up across Japan. The K-NET/KiK-net consists of a widespread network of

approximately 1,000 stations. Site classification for the database has been investigated

in the literature in great detail (Cabas et al., 2017; Bahrampouri et al., 2021; Pilz

and Cotton, 2019; Zhu et al., 2021). These databases witnessed an exponential

growth in the high-quality data from the 2011 M9 Tohoku earthquake when over 1000
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recordings were collected. Numerous aftershocks further consolidated the database

and uncovered an understanding of the spatial distribution of large seismic events.

The Tohoku earthquake database is used in the present study to select the Cascadian

earthquake due to their anticipated similarity between the subduction fault rupture

mechanism of two regions (Tesfamariam and Goda, 2015; Goda et al., 2015).

The KiK-net database is one of the most treasured strong ground motion databases

and is open to the public. However, the records are uploaded in a raw format, and

important metadata associated with the records is not provided. Hence, the metadata

and processing of records are necessary before they can be used for engineering

applications. In the present section, we discuss the details of metadata for KiK-net

records.

Each of the 650+ KiK-net sites has two seismographs, one at a borehole installed

typically at 100 to 250m of depth and another at the surface. Each KiK-net recordings

have six channels; the first three correspond to a borehole seismograph and have file

extension as NS1, EW1, and UD1, the next three correspond to a surface seismograph

and have file extensions of NS2, EW2, and UD2. NS and EW indicate horizontal records

of the seismographs whereas UD indicates the vertical direction. KiK-net recordings

have three channels with extensions NS, EW, and UD. The flat-file of response spectra

for the Japanese database was developed by Dawood et al. (2016) for the records

until 2015. This flat-file consisted of 56,473 strong ground motion records from 4021

earthquakes. Bahrampouri and Rodriguez-Marek (2019) updated that database to

contain all earthquakes with Mw > 3 and recorded between Oct 1997 and the end of

2017. The updated database has 222,688 records from 10,552 earthquakes. They also

compiled comprehensive metadata for each record. Earthquakes are classified based

on tectonics into Shallow Crustal or subduction zone (which is further subdivided

into Interface, intraslab, upper mantle, and outer subduction) earthquakes following

the criteria given by Garcia et al. (2012) and Zhao et al. (2015). They also classified

earthquakes based on the faulting mechanism into reverse, strike slip, normal,

and unknown type, following the algorithms by Frohlich (1992) and Kagan (2002).

Table 3.1 shows the statistics of the tectonic region and fault mechanism of recorded

earthquake events in the KiK-net database.

A new metadata file is generated for all recordings of KiK-net so as to make the

variable names and information consistent with NGA-West2 metadata. The variables
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Table 3.1: Distribution of events in KiK-net into different tectonic regime and fault
mechanism.

Tectonic Regime

Fault Mechanism

Sum
Reverse

(1)

Strike

(2)

Normal

(3)

Unknown

(–99)

Interface (1) 1,469 – – 121 1,590 (15%)

Shallow crustal (2) 920 396 565 665 2,546 (24%)

Intra-slab (3) 524 153 388 786 1,851 (18%)

Upper mantle (4) – – – – – (0%)

Outer subduction (5) 6 154 73 120 353 (3%)

Unknown (–99) – – – 4,212 4,212 (40%)

Total 10,552

Numbers in the parentheses followed by the tectonic regime or fault mechanism correspond to

the identifiers in the database.

contained in the developed metadata are explained below. Each recording is stored

hierarchically using keys based on the event, site, and component. Highlights of the

developed metadata are given below:

1. Event key denotes the unique event and is the outermost key. It consists of the

event timestamp, e.g., 19980112145100 for the event initiated at the timestamp

of 12 Jan 1998, 14:51:00.

2. Site key constitutes of station number as its first six bits (e.g., AICH05) followed by

the recording time (e.g., 9801121451 for the timestamp of 12 Jan 1998, 14:51). An

example site key is AICH059801121451. The site key is unique to each recording.

3. Component key refers to one of the six recorded components on each station.

The twohorizontal components recorded by the surface seismograph are denoted

by NS2 and EW2, whereas the horizontal component recordings on the borehole

seismograph are stored with keys NS1 and EW1.

4. Earthquake information: Variables are stored containing the information of

hypocenter and recording station location (latitude and longitude), magnitude,

Joyner-Boore distance, and Vs30 of soil.
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5. Tectonic regime and fault mechanism are stored per the definitions by Garcia

et al. (2012). In the KiK-net database, for the tectonic regime, an indicator

variable is assigned as follows: 1 for interface, 2 for shallow crustal, 3 for

intraslab, 4 for upper mantle (no records), 5 for outer subduction, and –99 for

unknown. Similarly, for the focalmechanism, the assignment is 1 for reverse slip,

2 for strike-slip, 3 for normal slip, and -99 for unknown.

3.3 Example Application of Ground Motion Selection

based on NBCC 2020

This section contains the example of ground motion selection for Vancouver City Hall

when a conditional spectrum is targetedwith a conditioning period of 1.5 s. As shown in

Tables 2.1, three distinct kinds of seismic events—crustal, interface, and instraslab—

can be critical depending on the intensity measure of interest. While the NGA-West

database comprises global Shallow Crustal earthquakes, the KiK-net database has

records from shallow crustal and subduction earthquakes. The range of magnitudes

is limited to ±1.5 from the disaggregated magnitudes. A distance of 20 km is set as a

minimum to exclude near-field records. To limit the bias in the estimated structural

response introduced by excessive scaling of the recorded ground motion, a limit of 5 is

imposed on the scalingWatson-Lamprey and Abrahamson (2006); Luco and Bazzurro

(2007). In the next chapter, the results of ground motion selection for this example

along with the effects of different parameters, are presented.
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Chapter 4

Parametric Study of Ground Motion

Selection

In the present chapter, parametric studies are carried out to investigate their effects on

ground motion selection. A total of 30 pairs of ground motion records are selected for

each case targeted at the hazard and disaggregation corresponding to Vancouver City

Hall. Table 4.1 summarizes the baseline values and variations for different parameters

considered in the study. Figure 4.1 shows the results of the baseline case. Each section

shows the selected GM suite corresponding to variation in the specific parameter. All

other parameters, unless specified, are kept the same as the baseline case. Further,

each figure in the present chapter has three subfigures similar to Figure 4.1.

Table 4.1: Parametric study on ground motion selection based on NBC 2020.

Parameter Baseline Variation

Conditioning Period (s) 1.5 1, 3

Period Range [0.2, 3.0] [0.5, 3.0], [0.2, 4.5]

Target Mean∗ CMS UHS

Target Return Period 2475 475, 4975

Near-Field Records drup ≥ 20 km drup ≥ 5 km

Scaling Permitted Yes No

Scaling Limits 5 10, 2

∗ Only means are targeted for this variation.
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Figure 4.1: Baseline case. (a) Pseudo-response spectra of individual records, while
thick broken lines mark the 97.5%ile and 2.5%ile values, (b) target and achieved
conditional mean for the three tectonic regimes, and (c) target and achieved log-
standard deviation for the conditional spectra. See Table 4.1 for details of ground
motion selection parameters.

4.1 Effects of Conditioning Period on Ground Motion

Selection

Figures 4.2 and 4.3 show the selected ground motion suite when the conditioning

period is changed to 1.0 s and 3.0 s instead of the baseline value of 1.5 s. In case of

T ∗ = 3.0 s, 2T ∗ exceeds the maximum period of some GMM (e.g., Zhao et al. (2006) is

defined for periods up to 5 s), extrapolation using the ratio of corresponding spectral

acceleration in AB03 Atkinson and Boore (2003) is employed as suggested by Kolaj

et al. (2019).
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Figure 4.2: Effect of the conditioning period T ∗ = 1.0 s. Accordingly, the target period
range is [0.15 s, 2.0 s]. All other parameters are kept the same as baseline (Table 4.1).
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Figure 4.3: Effect of the conditioning period T ∗ = 3.0 s. Accordingly, the target period
range is [0.2 s, 6.0 s]. All other parameters are kept the same as baseline (Table 4.1).

4.2 Effects of Period Range

Figure 4.4 shows the selected ground motion records when the lower bound of the

target period range is increased to 0.5 s from 0.2 s of the basline. Whereas, Figure 4.5

shows the case when the upper limit is increased fro 4.5 s from 3.0 s.

0.5 1 1.5 2 2.5 3
10-2

10-1

100

Target CMS Crustal

Target CMS Subduction

Target CMS In-slab

Selected records Crustal

Selected records Subduction

Selected records In-slab

(a)

0.5 1 1.5 2 2.5 3
10-2

10-1

100

Target Mean Crustal

Target Mean Subduction

Target Mean In-slab

Achieved Mean Crustal

Achieved Mean Subduction

Achieved Mean In-slab

(b)

0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

Target cov Crustal

Target cov Subduction

Target cov In-slab

Achieved cov Crustal

Achieved cov Subduction

Achieved cov In-slab

(c)

Figure 4.4: Effect of the lower bound in the target period range with a target of [0.5 s,
3.0 s]. All other parameters are kept the same as baseline (Table 4.1).
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Figure 4.5: Effect of the upper bound in the target period range with a target of [0.2 s,
4.5 s]. All other parameters are kept the same as baseline (Table 4.1).
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4.3 Effect of Target Spectrum

Figures 4.6 and 4.7 show the selected ground motion records when only CMS and

only UHS are targeted, respectively. It is worth noting that the covariances of spectral

accelerations are not targeted in these cases. Therefore, the target vector of σlnSa(T ) in

both figures are zero for all periods.
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Figure 4.6: Effect of the targeting CMS only. All other parameters are kept the same
as baseline (Table 4.1).
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Figure 4.7: Effect of the targeting UHS only. All other parameters are kept the same
as baseline (Table 4.1).

4.4 Effect of Return Period

Figure 4.8 and 4.9 show the selected groundmotion records when the return period for

target spectra are considered as 475 and 4975 years, respectively. It is noted that the

target hazard and disaggregation are both considered corresponding to those return

periods.
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Figure 4.8: Effect of the return period of 475 years for target spectrum. All other
parameters are kept the same as baseline (Table 4.1).
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Figure 4.9: Effect of the return period of 4975 years for target spectrum. All other
parameters are kept the same as baseline (Table 4.1).

4.5 Near-Fault Ground Motion Selection

Figure 4.10 shows the selected groun motion records when the near-field ground

motions are allowed and a distance drup ≥ 5 km is imposed comapred to drup ≥ 20

km for the baseline.
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Figure 4.10: Effect of allowing near-field records (drup ≥ 5 km). All other parameters
are kept the same as baseline (Table 4.1).
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4.6 Effect of not Allowing Scaled Ground Motion

Records

Figure 4.11 shows the effect of not allowing the scaling of ground motion records. A

band near the conditioning period rather than a constant value, as in all other cases, is

observed. Similarly, the values of σlnSa(T ∗) is not zero.
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Figure 4.11: Effect of not allowing the scaling of records in the databases. All other
parameters are kept the same as baseline (Table 4.1).

4.7 Effect of Limits on Scaling of Ground Motion

Records

Figures 4.12 and 4.13 show the selected groundmotion records when the scaling factor

is limited to 10 and 2, respectively. A better match for bothmedian, as well as standard

deviation is observed when higher scaling is permitted.
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Figure 4.12: Effect of the maximum permissible scaling of records of 10 in the
databases. All other parameters are kept the same as baseline (Table 4.1).
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Figure 4.13: Effect of themaximumpermissible scaling of records of 2 in the databases.
All other parameters are kept the same as baseline (Table 4.1).

4.8 SDOF Response with Peak-Oriented IMK

Hysteresis

In the present section, we investigate the effects of different ground motion suites

developed in the previous sections on an idealized single-degree-of-freedom (SDOF)

system with peak-oriented Ibarra-Medina-Krawinkler (IMK, Ibarra et al., 2005)

hysteresis response. This model has been widely used for modeling different types

of structural systems (Liel et al., 2009; Haselton et al., 2011; Lignos and Krawinkler,

2011; Noh et al., 2017). The IMK model has been shown to capture strength and

stiffness degradation along with in-cycle and cyclic deterioration. The model has

a characteristic negative slope helpful in capturing the collapse. The present study

adopts the reference case from Baltzopoulos et al. (2018). These parameters are listed

in Table 4.2. ModIMKPeakOriented uniaxial material in OpenSees was used in the

present study. A Rayleigh damping of 5% is considered for the model.

Incremental Dynamic Analysis (IDA, Vamvatsikos andCornell, 2002) is carried out on

the selected SDOF system using each ground motion suite. Figures 4.14 to 4.26 show

IDA curves and collapse fragility for the SDOF hysteretic system corresponding to each

groundmotion suite. Table 4.3 shows the collapse fragility parameters for differentGM

suites. Among all considered variations, the effects of the conditioning period (T ∗) and

the restriction on scaling are most pronounced. They both reduce the assessedmedian

collapse capacity.
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Table 4.2: Peak-oriented modified IMK hysteresis model parameters adopted in the
present study.

Parameter Description Value

Ke Elastic stiffness 3142.9 kN/m

δp,+ Pre-capping deformation in positive loading direction 0.49 m

δpc,+ Post-capping deformation in positive loading direction 0.19 m

δu,+ Ultimate deformation in positive loading direction 0.75 m

Fy,+ Yield strength in positive loading direction 2200 kN

Fmax,+/Fy,+ Maximum-to-yield strength ratio in positive loading
direction

1.084

Fres,−/Fy,+ Residual-to-yield strength ratio in positive loading
direction

0

δp,− Pre-capping deformation in negative loading direction 0.35 m

δpc,− Post-capping deformation in negative loading direction 0.19 m

δu,− Ultimate deformation in negative loading direction -0.61 m

Fy,− Yield strength in negative loading direction 1900 kN

Fmax,−/Fy,− Maximum-to-yield strength ratio in negative loading
direction

1.072

Fres,−/Fy,− Residual-to-yield strength ratio in negative loading
direction

0

λS Cyclic deterioration parameter for yield strength
deterioration

1500

λC Cyclic deterioration parameter for post-capping
stiffness deterioration

1500

λA Cyclic deterioration parameter for accelerated
reloading stiffness deterioration

1500

λK Cyclic deterioration parameter for unloading stiffness
deterioration

1500

cS Rate of yield strength deterioration 1

cC Rate of post-capping stiffness deterioration 1

cA Rate of accelerated reloading stiffness deterioration 1

cK Rate of unloading stiffness deterioration 1

D+ rate of cyclic deterioration in the positive loading
direction; = 1 for symmetric hysteretic response.

1

D− rate of cyclic deterioration in the negative loading
direction; = 1 for symmetric hysteretic response.

1
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Table 4.3: Collapse fragility parameters of SDOF system using different bases of GM
suite selection.

Case µSa(T ),collapse (g) βln,collapse

Baseline 0.943 0.484

Effect of the conditioning period T ∗ = 1.0 s 1.016 0.425

Effect of the conditioning period T ∗ = 3.0 s 0.720 0.414

Smaller lower bound in the target period range 1.037 0.474

Higher upper bound in the target period range 0.913 0.440

Targeting CMS only 0.920 0.465

Targeting UHS only 0.925 0.442

TR = 475 years for target spectrum 0.984 0.498

TR = 4975 years for target spectrum 0.943 0.445

Near-field records 0.967 0.455

Scaling not allowed 0.862 0.462

Scaling allowed up to 10 1.028 0.469

Scaling allowed up to 2 0.974 0.474

49



CHAPTER 4. PARAMETRIC STUDY OF GROUNDMOTION SELECTION

0 0.2 0.4 0.6 0.8 1

0

1

2

3

(a)

0 0.5 1 1.5 2 2.5 3

0

0.2

0.4

0.6

0.8

1

(b)

Figure 4.14: Baseline case. (a) IDA curves and (b) collapse fragility. See Table 4.1 for
details of ground motion selection parameters.
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Figure 4.15: (a) IDA curves and (b) collapse fragility. Effect of the conditioning period
T ∗ = 1.0 s. Accordingly, the target period range is [0.15 s, 2.0 s]. All other parameters
are kept the same as baseline (Table 4.1).
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Figure 4.16: (a) IDA curves and (b) collapse fragility. Effect of the conditioning period
T ∗ = 3.0 s. Accordingly, the target period range is [0.2 s, 6.0 s]. All other parameters
are kept the same as baseline (Table 4.1).
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Figure 4.17: (a) IDA curves and (b) collapse fragility. Effect of the lower bound in the
target period range with a target of [0.5 s, 3.0 s]. All other parameters are kept the
same as baseline (Table 4.1).
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Figure 4.18: (a) IDA curves and (b) collapse fragility. Effect of the upper bound in the
target period range with a target of [0.2 s, 4.5 s]. All other parameters are kept the
same as baseline (Table 4.1).
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Figure 4.19: (a) IDA curves and (b) collapse fragility. Effect of the targeting CMS only.
All other parameters are kept the same as baseline (Table 4.1).
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Figure 4.20: (a) IDA curves and (b) collapse fragility. Effect of the targeting UHS only.
All other parameters are kept the same as baseline (Table 4.1).
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Figure 4.21: (a) IDA curves and (b) collapse fragility. Effect of the return period of
475 years for target spectrum. All other parameters are kept the same as baseline
(Table 4.1).
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Figure 4.22: (a) IDA curves and (b) collapse fragility. Effect of the return period of
4975 years for target spectrum. All other parameters are kept the same as baseline
(Table 4.1).
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Figure 4.23: (a) IDA curves and (b) collapse fragility. Effect of allowing near-field
records (drup ≥ 5 km). All other parameters are kept the same as baseline (Table 4.1).
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Figure 4.24: (a) IDA curves and (b) collapse fragility. Effect of not allowing the
scaling of records in the databases. All other parameters are kept the same as baseline
(Table 4.1).
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Figure 4.25: (a) IDA curves and (b) collapse fragility. Effect of the maximum
permissible scaling of records of 10 in the databases. All other parameters are kept
the same as baseline (Table 4.1).
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Figure 4.26: (a) IDA curves and (b) collapse fragility. Effect of the maximum
permissible scaling of records of 2 in the databases. All other parameters are kept the
same as baseline (Table 4.1).
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Conclusions

Thepresent report provides amethodology for groundmotion selection consistentwith

the latest sixth seismic hazard model of Canada. The study built up on the NRCan’s

OpenQuake models and laid out detailed steps for the probabilistic seismic hazard

analysis, including the characteristics of the site and intensity measure of interest.

The intensity measure is expected to capture the buildings subjected to nonlinear time

history. The major conclusions of the present study are:

• The latest hazard model leads to a significant increase in the estimates of

seismicity for several locations in Canada. The report illustrated the assessment

of these latest estimates. The median hazard curve and uncertainties associated

with it are estimated. Disaggregation charts are developed to ascertain the

highest contributing sources and scenarios.

• A hazard-consistent ground motion selection procedure is explained, and in-

house tools for selection are developed.

• The developed methodology allows for the site- and structure-specific ground

motion selection that respects the seismotectonic features of a site. As an

example location, Vancouver City Hall, with a complex seismicity consisting of

Crustal, Subduction, and In-slab tectonic regimes, is considered. International

strong-motion databases of NGA-West2 and KiK-net (Ancheta et al., 2014;

NIED, 2019) are used to appropriately capture groundmotion records generated

in different tectonics.

• A parametric study is carried out to ascertain the effects of different inputs,
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such as the conditioning period, targeted period range, and the return period

of interest, on the ground motion selection.

• A simplified SDOF hysteretic model following peak-oriented Ibarra-Medina-

Krawinkler hysteresis rules is considered to carry out incremental dynamic

analysis using different ground motion suites.

• Among different variations considered for the ground motion selection, the

effects of the conditioning period and the restriction on scaling are most

significant. They both reduce the assessed median collapse capacity.

The report is the first attempt of its kind that is based on the latest National Building

Code of Canada, NBC 2020 (2022). In future investigations, the impact of different

ground motion suites on the full-scale building response can be undertaken. Further,

ground motion selection using vector intensity measures can also be carried out.
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