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ABSTRACT

In2012,BC Hydro (BCH) performeda SSHAC Level 3 PSHA that was referenced to a moderate-stiffness rock site condition
with Vs30 =760 m/s. However, many BCH facilities are located on hard rock sites with V3 of 1500 m/s to 2800 m/s. Therefore,
the seismic hazards based on Vss3p=760 m/s need adjustment, i.e., hard rock correction (HRC). In 2018, BCH initiated a study
on an alternate approach that characterizes the HRC factors by estimating the non-ergodic site response at select BCH hard
rock sites. The recommended approach comprises four main steps: 1) collectearthquake ground motion data from the site along
with the same earthquake event data from nearby Geological Survey of Canada (GSC) stations; 2) perform inversion of the
datato derive non-ergodic site terms and their corresponding standard errors in the Fourieramplitude spectra (FAS) domain;
3) convert the site terms to pseudo-spectral acceleration (PSA) domain HRC factors using ground motion simulation; 4)
convolve the Vs3p=760m/s hazard curves for the site with the PSA domain HRC factors and their standard deviations. Through
this approach, epistemic uncertainty (i.e., the standard errors) of the non-ergodic site terms is carried through the procedure,
ultimately affecting the resultinghazard curves.

One of the requirements for this approach is that a sufficient number of earthquake ground motion data should be collected
from the site to accurately characterize the non-ergodic site termsand limit their standard error. Also, the data mustbe useable
(i.e., havea sufficiently large signal-to-noiseratio) overa wide band of frequencies, particularly at high frequencies, which are
often of interest at BCH sites and are most affected by local site noise. Due to this, it can take several years to collect enough

high-quality earthquakedata ata site.

In this paper, thehazard curves and resulting uniform hazard spectra (UHS) derived using non-ergodic site termsare presented
for an example site. The site terms were first computed using approximately 14 months of recorded data, and then with an
additional 1 7 months of data that almost tripled the number of useable data. The non-ergodic site terms were relatively stable
and not significantly altered by the additional data; however, the epistemic uncertainty of the non-ergodic site terms was
significantly reduced, particularly at the extreme endsof the frequency range. This ultimately resulted in a reduction in the total
hazard.

Keywords: Hard rock correction, non-ergodic site response, seismic instrumentation, ground motion simulation, probabilistic
seismic hazard analysis.

INTRODUCTION

A probabilistic seismic hazard analysis (PSHA) using the Senior Seismic Hazard Analysis Committee (SSHAC) process [1]
was completed in 2012 for BC Hydro dam sites [2]. The PSHA, herea fter referred to as the 2012 BC Hydro PSHA, was
conducted fora referencesite condition defined by a V3o (time-averaged shear wave velocity in the top30 m) of 760 m/s. The
2012 BC Hydro PSH A results thus require adjustment or HRC to providesite response and input ground motions for damsites
located on hardrock (i.e., Vs30 of 1500 to 2800 m/s).

In 2018, a study was initiated by BC Hydro, which involved a panel of experts and BC Hydro Engineering personnel to develop
an appropriate method for conversion ofthe PSHA results from a reference site conditionof 760 m/s to theadjusted values for
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hard rock site conditions in British Columbia (BC), Canada [3]. The first step of the recommended approach involves
instrumenting the site(s) of interest with seismic monitoring instruments (3-component broadband seismometers and strong
motion accelerometers) and collecting data from small-to-moderate earthquake events in the region (within ~500 km of the
site). More details about the site instrumentation are presented in a companion paper [4]. Once enough useable data (i.e.,
recordings sufficiently high signal-to-noise ratio overa wide frequency band) at thesite have been collected, non-ergodic site
correction factors can be estimated and used to convolve the Vs3p=760 m/s hazard curves forthe site. Through this approach,
epistemic uncertainty (i.e., the standard errors) of the site factors can be quantified and carried through the procedure, ultimately
affectingthe resulting hazard curves and hard rock corrected uniform hazard spectra (UHS). An increase in the amount of data
ata site reduces the uncertainty in the non-ergodic site terms, which can potentially lower the final hazard.

METHODOLOGY

The full background behind the methodology recommended to correct the Vssp =760 m/s hazard curves for an instrumented
site is explained by BC Hydro [3,5]. The main steps can be summarized as: 1) compile earthquake ground motion data from
the site along with data for the same events from nearby GSC stations; 2) use this data to derive non-ergodic site temms and
their corresponding standard errors in the Fourier amplitude spectra (FAS) domain by performing a generalized inversion of
FAS datato derive thenon-ergodic site terms in Fourier domain; 3) convertthe FAS site terms to pseudo-spectral acceleration
(PSA) domain HRC factors using ground motion simulation; 4) convolvethe Vsszp =760 m/s hazard curves for the site with the

PSA domain HRC factors and their standard deviations.
Regional Ground Motion Models

As partof the workin [3], regional ground motionmodels (GMMs) usinga seismological modelling framework referenced to
a B.C. generic hard rock site condition (see nextsection) were developed. These models comprise a source term modeled with
a Brune [6] source spectrum, a path term modelled as the summation (in log scale) of a bilinear geometrical spreading and
frequency dependentanelastic attenuation models which are earthquake type dependent, and a site term modelled with a crustal
amplification and high frequency attenuation x, parameter [7] associated with the selected reference site condition that
represent B.C. generic hard rock site condition. The developed GMMs are well-calibrated for empirical observations from
M2.5-5.5 (moment magnitude) earthquakes recorded at rupture distances ofabout 50 to 500 km. Outside this range, the models
are constrained by the adopted seismologicalmodel. [terative generalized inversions [8 ] were used to derivethe seismological
model parameters. Details of the developed GMMs will be presented in a separate journal article. These GMMs canbe used to
fix the attenuation model within the generalized inversion process.

B.C. Generic Hard Rock Site Condition

The regional GMMs are referenced to a B.C. generic hard rock condition. A total of 12 reference stations are selected within
the inversion process forthe GMM development to represent the B.C. generic hardrock site condition.

To developa shear-wave velocity profile forthe B.C. generic hard rock site condition, the Cascadia velocity model (CVM) [9]
wasused to extractthe shear-wavevelocity up toa depth of 8 km within 5 km ofthe reference stations. Thenear-surface shear-
wave velocity profiles adopted from the CVM model were constrained using the measured shear-wave velocities at selected
BC Hydro facilities with similar bedrock geology. The Vs of theproposed generic profile is about2285 m/s. A density model
is adopted forthe generic Vsprofile by adjusting the Boore (2016) [10] density modelto match the measured surface bedrock
density atselected BC Hydro facilities. Crustal amplification for the generic shear-wavevelocity profile is calculated using the
square-root-impedance ratio method (SRI) [11]. The B.C. generic hard rock site amplification, as a function of frequency, is
shown in Figure 1a.

For the B.C. generic hard rock site condition, a k, value was estimated within the inversion process of the observed ground
motion data by fitting the high frequency of the adjusted source terms (removing the crustal amplification), which is equal to

0.0136 s+0.0005 s (standard error).
Characterization of the Vs3p= 760 m/s Site Condition

The 2012 BCHydro PSHA model was developed with Vss3o=760 m/s as thereference site condition. Themodel used the NGA-
West 1 GMMs for crustal earthquakes and used a GMM developed for subduction interface and inslab events, commonly
referred to as the “BC Hydro subduction GMM” [12].

The Vsso = 760 m/s reference site condition of the selected GMMs was characterized in terms of crustalamplificationand i
values. The methodology developed by Al Atik and Abrahamson (AA21) [13] was used to derive 1D shear wave velocity
profiles, crustal amplification, and k, values compatible with the GMMs used in the 2012 BC Hydro PSHA model. This
methodology is based on the SRImethod and employsinverse random vibrationtheory (iIRVT; e.g., [14]) to convert predicted
PSA values from the GMMs to Fourier amplitudes.
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Figure 1b and c showthe corresponding crustal amplification of the Vsprofiles forthe four NGA West | GMMs and the BC
Hydro subduction GMM, respectively. Average k, values estimated for the NGA West 1 GMMs and BC Hydro subduction
GMMs are 0.040s (£0.002 s, standard deviation) and 0.047s (£0.001 s), respectively.
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Figure 1. Crustalamplification (= I standard deviation) for: a) the generic B.C. hardrock sitecondition; b) the NGA West |
GMMs; and, c) the BC Hydro subduction GMMs for Vsso= 760 m/s.

COMPILATION OF GROUND MOTIONDATA

In 2020, two seismic stations were installed at the example site of interest, herein referred toas BCH1 and BCH2. The stations
began operation early in 2020 and have been collecting ground motion data continuously since then. Each station comprises
side-by-side three-component force-balance broadband (BB) seismometer and strong motion accelerometer (SMA) sensors
installed within a surface metal vault anchored to a concrete pad, which was cast directly on and anchored to clean, exposed
bedrock[4].

The first non-ergodic HRC was performed using data collected over the first ~14 months ofthe stations’ operation. The initial
database comprised 73 unique earthquake events including: 63 shallow continental crustal events, 6 deep inslabevents in the
Juan de Fucaplate,and4 shallow transitionevents in the Juan de Fuca plate at the edge ofthe continent. Available data from
these events recorded at nearby Geological Survey of Canada (GSC) stations was also compiled. The complete database
contained 2354 records from 27 stations, including the site ofinterest. The magnitudes and distances of earthquake events used
in the initial database, separated based ontype, are presented in Figure 2 (top), for BCHI1 and BCH2. Although the two stations
are in proximity, there is more background noise atthe BCH1 location— thus, less high-quality recordings were a vaila ble from
BCHI1.Only 34 ofthe 73 events provided useable recordings forthe BCHI1 station.

The analyses were redone using an additional ~17 months of earthquake data (3 1 months total). The updated database comprised
211 events from 188 crustal events, 16 inslab events, 6 transition events, and 1 offshore event. The complete database, combined
with available GSC data, contained 8926 records from 48 stations. The magnitudes and distances of earthquake events used in
the updated databaseare presented in Figure 2 (bottom).

For each record, thetotal duration was estimated based on magnitude and distance usingthe PEER NGA-West2 equations for
source and path terms [15]. An equal amount of pre-event noise was also retrieved for each record. This noise was used to
compute a frequency-dependent signal-to-noise ratio (SNR) for each record by dividing the signal FAS by the noise FAS.
Useable frequencies for each record were defined by the frequency band with SNR > 2. Records with less than 30% useable
frequencies (computed at 271 log-spaced frequencies from 0.1-50.12 Hz) were considered unusable and excluded from the
database. Also, records that appeared erroneous were excluded.

For the selected records, effective amplitude spectrum (EAS) is calculated forthe horizontal component acceleration Fourier
amplitude spectra (FAS; and FAS,)to derive a rotation independent measure [16]:

EAS(f) = \J1/2(FAS,(f)?+ FAS,(H)?) )
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Outliers with respect to the BC Hydro EAS GMM (EAS;rcdicied) were removed [3]. These are records with EAS(1 Hz) >
EASpredicled(l HZ)* 10]'3 and EAS(S HZ) > EASpredicted(S HZ)*lOI'3 or EAS(l HZ) < EASpredicted(l HZ)*IO_]'3 and EAS(5 HZ) <
EASpredgiciea(5 Hz)*107'3,

The totalamount of useable data as a function of frequency at the site of interest forthe two analysis cases is summarized in
Figure 3. The update to the database nearly tripled (~2.9x) the amountofuseable data, and significantly increased the amount
of data at the extreme frequency ends for each station. The significant increase in the amount of useable data in the high
frequency range was dueto the addition of many low magnitude, close distance, recordings (particularly at BCH1, which had
a relative lack of these type of events in the original database; see: Figure 2 and Figure 3). Several large magnitude, large
distance, recordings added additional low frequency useable data at each station.

The database EAS values plotted vs. the BC Hydro EAS GMM for M2.5-3 and M3.5-4 events in Figure 4 for frequenciesof
1.0and 10 Hz.
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Figure 2. Magnitude-distance plots for theevents inthe two databases: a) station BCHI; b) station BCHZ. Top: the initial 14
months of data,; bottom: the total 3 1 months of data.
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Figure 3. Number of useable data for each frequency, filtered by earthquake type: a) station BCHI, b) station BCH2. Top:
theinitial 14 months of data; bottom: the total 3 1 months of data at thesite of interest. Useable frequencies are defined as

frequencies with SNR > 2.

GENERALIZED INVERSION TO ESTIMATE SITE TERMS

The site-specific ground motion data recorded at the site was used to derive non-ergodic site terms in FAS domain [5]. The
main advantage of this approach is that the non-ergodic site term can be estimated directly from site-specific ground motion
recordings by performing an inversion/residual analysis - without the need to perform ground response analysis (GRA) (e.g.,
[18]), which requires assumptions regarding GR A models and their associated input parameters including shear-wave velocity
profile, high-frequency attenuation: k,, and damping. Additionally, in this approach, the epistemic uncertainty of the site
response is equalto the standard error of the non-ergodic site term estimated from generalized inversion orresidual analysis,
which is easily quantifiable.

Using the compiled database, a generalized inversion was performed to estimate the non-ergodic site terms for each station at
the site of interest. In this approach, the EAS of each recording is adjusted for attenuation effects using the attenuation model
of the BC Hydro EAS GMM [3]and is written asthe sum (in log-space) ofa source, site, and error term. The inversion scheme
by Andrews [8] is used to simultaneously solve the system of equations for all source, site, and error terms. The trade-off
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between source and site terms is solved by choosing reference sites and fixing the site terms for these stations. 7 out of the 12
reference stations identified earlier are in the compiled database. Of these sites, 6 were selected and used as reference sites
alongwith their corresponding site terms thatare estimated as part ofthe regional GMM development process.

The estimated site termsat BCH1 and BCH2, and their corresponding standard errors (epistemic uncertainty of thenon-ergodic
site terms), are shown for the analyses performed with both databases in Figure 5. Note that these site terms are relative to the
referencesite condition oftheinversion (BC hard rock site). The mean site terms are relatively stable between the two analyses;
however, their standard errors were significantly reduced with the additional data, especially atthe extreme frequency ends (>
15 Hzand<1.0 Hz). The additional low-frequency data also allowed the terms to be estimated to lower frequencies (below 04
Hz).
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Figure 4. Ground motion amplitude (EAS) for the crustal records comparedto the BC Hydro EAS GMM (+1.3 log 10 units)
[3] for:a) M2.5-3.0 (model predictions for M2.75); b) M3.5-4.0 (model predictions for M3.75). Top: frequency = 1.0 Hz.

Bottom: frequency = 10 Hz.
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Figure 5. Site terms fromthe inversions: a) station BCHI; b) station BCH2. Top: mean +/- 95% confidence interval (CI),
bottom: standard error.

DERIVATION OF HARD ROCK CORRECTION FACTORS IN PSADOMAIN

PSA domain hard rock amplification factors (AF) are derived by findingthe ratio of Target (i.e., site of interest) to Host (i.e,
reference site condition of the 2012 BC Hydro PSHA model, Vs3o= 760 m/s site) site PSA values derived from ground motion
simulations. SMSIM simulations [19] are used for crustal and inslab earthquake scenarios to derive the simulated PSA values.
EXSIM is used to perfomm finite-fault stochastic simulations for the interface earthquake scenarios [20-22]. The simulations
are performed for scenarios based onthe deaggregation results at the 1/10000 annual exceedance frequency (AEF) hazard level
atthe site of interest. The modalmagnitude and modal distance crustal earthquakes fora 1/10000 AEF are M7.2 and 2.5 km
(rupture distance), respectively; the modal magnitude and modal distance inslab earthquakes are M6.9 and 125 km,
respectively; and the modal magnitude and modal distance interface earthquakes areM9-9.2 and 175 km, respectively.

There are three main sources of epistemic uncertainty in the hard rock correctionprocess: 1) uncertainty in the non-ergodic site
terms estimated relative to the BC generic hard rock site condition; 2) uncertainty in the BC generic hard rock site condition
(k, and crustalamplification); and 3) uncertainty in the Host site condition (Vs3p= 760 m/s) (k, and crustalamplification) as
implied by the GMMsused in the 2012 BC Hydro PSHA model. A 5-levellogic tree with 3 branches at each levelis used to
capture this epistemic uncertainty, as illustrated in Figure 6. Eachbranch of thelogic tree discretizes the standard errorusing a
three-point approximation to a normal distribution (weight 0£0.63,0.185,and0.185 to the mean, the mean + 1.645 standard
errors, and the mean-1.645 standard errors, respectively) [23].

The simulation input parameters are based on those from BC Hydro [3]and are the same for Host and Target site conditions
except forthe values of k,andthe crustal amplification. The Hostcrustalamplification and x, are based on the soft rock site
conditionimplied by the2012 BCHydro PSHA GMMs (see: Figure 1 b, c). The Target i, is based ona generic BC hard rock
value estimated from GSC recordings at stations located on hardrock sites (mean+/- 1.6456=0.0136+/-0.0008 s). The Target
crustalamplificationis the generic BC hard rock crustal amplification (see: Figure 1a) modified by thenon-ergodic site terms
from the previous section (see: Figure 5). The site terms from Figure 5 were extrapolated below the range with sufficientdata
to estimate the terms (~0.5 Hz) by assuminga lineardecreaseto 1.0 at 0.01 Hz (very low frequency), which is consistent with
the theoretical site transfer function [24]. Above ~40 Hz the terms were extrapolated by fitting a Ak, function to the
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amplification curves usingan exp(—mAk, f) functional form (fit for frequencies >5 Hz). The standard errorat these low and
high frequencies are assumedto be equalto the standard erroras estimated at ~0.4 Hz and the high frequency cut-off of ~40
Hz,respectively.

Figure 7 and Figure 8 show the weighted average non-ergodic hard rock correction factors derived for BCH1 and BCH2,
respectively, and their corresponding standard deviations (epistemic uncertainty). The site-to-site variability (¢, ) of the 2012
BC Hydro PSHA model for crustal and subduction earthquakes is also shown [2]. As seen in Figure 7 and Figure 8, the
epistemic uncertainty of the non-ergodic hard rock correction factors from both analyses are significantly smaller than¢ g,
where sufficient site-specific ground motion data are available (~0.4-40 Hz). The additional data has effectively reduced the
epistemic uncertainty, especially at the extreme frequency ends. Outside the range where sufficient useable data is availabl,
the epistemic uncertainty is adjusted to converge to ¢, at 0.1 and 100 Hz.

Non-ergodic site term at
Mean - 1.645 ¢ (0.185) selected BCH site with site- Mean + 1.645 ¢ (0.185)
specific records

Mean (0.63)

Crustal amplification of B.C.
Mean - 1.645 ¢ (0.185) generic hard-rock site Mean + 1.645 o (0.185)
condition

Mean (0.63)

Kappao of B.C. generic hard-
rock site condition

Mean (0.63)

Mean - 1.645 ¢ (0.185) Mean + 1.645 ¢ (0.185)

Crustal amplification of VS30
=760 m/s site condition

Mean (0.63) v

Mean - 1.645 ¢ (0.185) Mean + 1.645 ¢ (0.185)

Kappa0 of VS30 = 760 m/s
site condition

Mean (0.63)

Mean - 1.645 ¢ (0.185) Mean + 1.645 ¢ (0.185)

Figure 6. Schematic viewofthe5-level logic treeusedto quantifythe epistemic uncertainty of thenon-ergodic hardrock
correctionfactors [3].
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Figure 7. Top: weighted average non-ergodic hardrockcorrection amplification factors (AF) as a function ofoscillation
frequencyfor crustal, inslab and interface earthquake scenarios for BCHI. Bottom: weighted standard deviation of the hard
rock correction factors. Also shownare the ¢ g, usedin the 2012 BC Hydro PSHAmodelfor crustal (dashed blue line) and
subduction (dashed redline) earthquakes.
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Figure 8. Top: weighted average non-ergodic hardrockcorrection amplification factors (AF) as a function ofoscillation
frequencyfor crustal, inslab and interface earthquake scenarios for BCH2. Bottom: weighted standard deviation of the hard
rock correction factors. Also shownare the ¢g,s usedin the 2012 BC Hydro PSHAmodelfor crustal (dashed blue line) and
subduction (dashed redline) earthquakes.
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HARD ROCK ADJUSTED HAZARD CURVES

To derive hard rock hazard curves, the source-specific PSA domain hard rock correction factors (and associated standard
deviations; see: Figure 7 and Figure 8) are convolved with the single-station sigma (SSS) Vs30="760 m/s hazard curves for each
of the three earthquake sources affecting the seismic hazard atthesite of interest. Approach 3, proposed by McGuire et al. [25],
was used forthe convolution. This canbe written as [26,27]:

1.(2) = Z p [AF > x% |x,] Poy (x;) 2)
Xj

in which 4; is the adjusted hazard for the Target site condition, z is the ground-motion levelat the Target site condition, AF is
the amplification function (amplification of the Target site condition with respect to the Host site condition, e.g., hard rock
correction factors), P[AF > Z/xj |x]-] is the probability that AF is greaterthan Z/xj conditioned such that SA = x;, where SA
is the spectral acceleration at the Host site condition and Py, (x;) is the annual probability of occurrence for SA = x;, which
can be approximated using the hazard curves of the Host site condition (e.g., integrating over the hazard curves). Assuming
that AF hasalognormal distribution, P[AF > Z/xj |xj] canbe written as:

z
In|=| =ty ar
p[AF>E|X]:1_¢(M) 3)
X JlnAF|x
where fi, 4p|x 1S the meanvalue ofIn(AF) given SA = x and gy 4p|, is the standard deviation of In(AF) given SA = x, which

represents the epistemic uncertainty ofthe correction factors.

Figure 9 shows the resultingUHS at BCH1 and BCH2 as a function of oscillation period for 1/10000and 1/475 AEF hazard
levels, together with the corresponding UHS forthe site from the original 2012 BCHydro PSHA model for the Vs30="760 m/s
site condition when the SSS and thetotal variability, including site-to-site (S2S) variability are used in the PSH A calculations.

As seen in Figure 9,the non-ergodic hard rock corrected UHS show smalleramplitudes atoscillation periods larger than ~0.1
s, comparedto thecorresponding amplitudes from the UHS oftheoriginalhazard curvesfor Vs3p=760 m/s. This difference is
due to two factors: 1) the correction factors are <1 from ~0.1-1 s (10-1 Hz), and 2) relatively smaller standard deviation
(epistemic uncertainty) with respect to the 2012 BC Hydro PSH A S2S variability model (see: Figure 7 and Figure 8). At periods
less than~0.1 s, the effectoflarge correction factors appears in the hard rock corrected UHS, and the hard rock corrected UHS
amplitudes atboth stations are larger than the corresponding values from the originalhazard curves (Vs30=760 m/s).

At BCH2, there was a reduction of ~10-20% in the UHS from ~0.1-1.0 s due to the increase in the number of uscabk data.
Since the amplification functions were relatively stable between the two databases (see: Figure 8), the reduction in hazard is
due primarily to thereduction in epistemic uncertainty of the non-ergodic site terms (bottom panel in Figure 8). The difference
is more drastic for BCH1, which — dueto having fewerinitial data— had a largerrelative increase in data, particularity, useable
high-frequency data. At BCHI, there was a similar 10-25% reduction in the UHS from ~0.1-1.0 s due to the increase in the
number of useable data. However, there was also up to a 20% reduction in the short period hazard (<0.1 s), that was not

observedatBCH2.

CONCLUSIONS

In this paper, a non-ergodic site correction was performed and used to generate hazard curves and UHS foran example BCH
site usingtwo sets of data. The site terms used for the correction were first computed using approximately 14 months of recorded
site-specific data, and then updated with an additional 1 7 months of recording time that almost tripled the number of useable
data. The non-ergodic site terms were relatively stable between the two databases; however, the epistemic uncertainty of the
non-ergodic site terms was significantly reduced, particularly atthe extreme ends of the frequency range (low magnitude, close
distance, events adding to the amount of useable high frequency data; higher magnitude, larger distance, events adding to the
amount of useable low frequency data). The significant reduction of epistemic uncertainty and slightly modified hard rock
correction factors ultimately resulted in a hazard reduction ofup to 25%.

Based ontheseresults, it appears that ~1-1.5 years of data, recorded in anactive seismic region, (around 70 useable earthquake
events)is suitable to estimate non-ergodic site terms at a site over most frequencies (more or less time may be required based
on thenoise levelat the site). Although note that a site in a region with lower seismicity might need longer duration to record
enough usable data. An additional 17 monthsofrecording data did notsignificantly modify the original terms other than refining
the terms at the extreme frequency ends. Updating the database with nearly triple the amount of useable data (around 210
useable earthquake events) did, however, lower the epistemic uncertainty corresponding the site terms, especially at the extreme
frequencies. This reduction in uncertainty was carried through the analysis and ultimately lowered the resulting UHS at the
site. This is important to consider when determining how long to planto record site-specific data at a site for use in non-ergodic
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hard rock correction— especially if the structure is sensitive to high-frequency ground motion, which s particularly difficult to
capture due to background site noise, and thus, may see a large reduction in epistemic uncertainty from theadditional data.
. 475-year return period

475-year return period

0.5 0.5
BCH1 BCH2
Updated database Updated database
04r 760 m/s, 2012 (S28) | 0.4 760 mfs, 2012 (S2S)
— —- -760 m/s, 2012 (S5S) = = =760 mfs, 2012 (SSS)

037

PSA (g)

021

0171

0.01 0.1 1.0 5.0 0.01 0.1 1.0 5.0
10000-year return period

Period (s) Pericd (s)

(@) (b)

Figure 9. Non-ergodic hard rock adjusted UHS as a function ofoscillationperiodfor: a) station BCHI; b) station BCH2.
Top: 1/10000 AEF hazard level; bottom: 1/475 AEF hazardlevel. UHS are alsoshown fortheoriginal 2012 BC Hydro
PSHA model forthe Vsso =760 m/s site conditionwhen boththeSSS and the total variability (including S2Svariability) are
used in the PSHA calculations.

ACKNOWLEDGEMENTS

The authors would like to thank BC Hydro Dam Safety and Engineering for supporting this initiative, and pemission to publish
this paper. The authors also wish to thank Gail Atkinson (subject matter expert), Jonathan Stewart (external reviewer), and
Advisory Boardmembers: Jack Baker, Ken Campbell, and Katsu Goda, for their expertise, guidance, and contributions.

REFERENCES

[1] Budnitz, R.J., Apostolakis, G., Boore, D.M., Cluff, L.S., Coppersmith, K.J., Cornell, P.A., and Morris, P.A. (1997).
Recommendations for Probabilistic Seismic Hazard Analysis: Guidance on Uncertainty and Use of Experts. US Nuclear
Regulatory Commission Report NUREG/CR-6372,2 Volumes. Washington, DC.

[2] BCHydro.(2012). Probabilistic Seismic Hazard Analysis (PSHA) Model Volume 1: Methodology. Report No. E658.

[3] BCHydro(2022). Hard RockAdjustmentfor BC Hydro 2012 Probabilistic Seismic Hazard Analysis. Stage 2 — Derivation
of Non-ergodic Hard Rock Correction Factors. Report No. 999-GER-00013, March2022.

11



Canadian-Pacific Conference on Earthquake Engineering (CCEE-PCEE), Vancouver, June 25-30,2023

[4] Scheffer, M., Grant, K., Byerley, C., Hassani, B., & Yan, Li. (2023). Seismic Station Design, Installation and Data
Acquisition at Selected BC Hydro Facilities. In Proceedings the Canadian-Pacific Conference on Earthquake
Engineering, Vancouver, BC.

[5] Hassani, B., Fairhurst, M., Sheffer, M., & Yan, Li. (2023) Non-ergodic site response for hard rock correction ata BC
Hydro dam Site. In Proceedings ofthe USSD Annual Conference. Charleston, SC.

[6] Brune,J. N. (1970). Tectonic stress and the spectra of seismic shear waves from earthquakes. Journal of Geophysical
Research, 75,4997-5009.

[7]1 Anderson, J.G., & Hough, S.E. (1984). A model for the shape of the Fourier amplitude spectrum of acceleration at high
frequencies. Bulletin ofthe Seismological Society of America, 74(5),1969-1993.

[8] Andrews, D.J. (1986). Objective determination of source parameters and similarity of earthquakes of different size, in
Earthquake source mechanics. (S. Das, Ed.) American Geophysical Union, Geophysical Monograph, 37,259-267.

[9] Stephenson, W.J., Reitman, N. G., & Angster, S.J. (2017). P-and S-wave velocity models incorporating the Cascadia
subduction zone for 3D earthquake ground motion simulations, Version 1.6—Update for Open-File Report 2007-1348
(No.2017-1152). US Geological Survey.

[10]Boore, D. M. (2016). Determining generic velocity and density models for crustal amplification calculations, with an
update of the Boore and Joyner (1997) generic site amplification for Vs(z)=760m/s. Bulletin of Seismological Society of
America, 106,316-320.

[[1]Boore,D. M., & Joyner, W.B. (1997). Site amplifications for generic rock sites. Bulletin of the Seismological Society of
America, 87,327-341.

[12]Abrahamson, N. A., Gregor, N., & Addo, K. (2016). BC Hydro ground motion prediction equations for subduction
earthquakes. Earthquake Spectra, 32(1),23-44.

[13]Al Atik, L., & Abrahamson, N. A. (2021). A methodology for the development of 1D reference Vs profiles compatble
with ground-motion prediction equations: application to NGA-West2 GMPEs. Bulletin of the Seismological Society of
America, 111(4),1765-1783.

[14]Rathje, E. M., Kottke, A. R., & Ozbey, M. C. (2005). Using inverse random vibration theory to develop input Fourier
amplitude spectra for use in site response. In 16th International Conference on Soil Mechanics and Geotechnical
Engineering: TC4 Earthquake Geotechnical Engineering Satellite Conference (pp. 160-166).

[15]Kishisa, T., Ktenidou, O.J., Darragh, R.B., and Walter, S. (2016). Semi-automated procedure for windowing time series
and computing Fourier amplitude spectra (FAS) for the NGA-West2 database, PEER Report 2016/02. Pacific Eatthquake
Engineering Research Center, University of California. Berkeley, Ca.

[16]Bayless, J., & Abrahamson, N.A. (2018). An empirical model for Fourier amplitude spectra using the NGA-West2
database, PEER Report No. 2018/07 . Pacific Earthquake Engineering Research Center, University of California. Berkeley,
Ca.

[17]Stewart,J., Wang, P., Teague, D.P., & Vecchiette, A. (2019). Applications of non-ergodic site response in ground motion
modelling. 7th International Conference on Earthquake Geotechnical Engineering. Rome, Italy.

[18]Stewart, J.P., Afshari, K., & Goulet, C.A. (2017). Non-ergodic site response in seismic hazard analysis. Earthquake
Spectra,33(4),1385-1414.

[19]Boore, D.M. (2005). SMSIM—Fortran programs for simulating ground motions from earthquakes: Version 2.3—A
revisionof OFR 96-80-A4, Open-File Rept. 00-509, 59.U.S. Geological Survey.

[20]Motazedian, D., & Atkinson, G.M. (2005). Stochastic finite-fault modelingbased ona dynamic corner frequency. Bulletin
of the Seismological Society of America, 95,995-1010.

[21]Atkinson, G.M., & Assatourians, K. (2015). Implementation and validation of EXSIM (a stochastic finite-fault ground-
motion simulation algorithm) on the SCEC broadband platform. Seismological Research Letters, 86,48-60.

[22]Boore, D.M. (2009). Comparing stochastic point-source and finite-source ground-motion simulations: SMSIM and
EXSIM. Bulletin of the Seismological Society of America, 99(6),3202-3216.

[23]Keefer,D.L.,andBodily, S.E. (1983). Three-point approximations for continuous random variables. Management Science,
29(5),595-609.

[24]Kramer, S.L. (1996). Dynamic response of peats (No. WA-RD 412.1). Washington State Department of Transportation.
Seattle, Wa.

[25]McGuire, R K., Silva, W.J., & Costantino, C.J. (2001). Technical basis for revision of regulatory guidance on design
ground motions: hazrad- and risk-consistent ground motion spectra guidelines. NUREG/CR-6728. U.S. Nuclar
Regulatory Commission. Washington, DC.

[26]Bazzurro, P., & Cornell, C.A. (2004). Nonlinear soil-site effects in probabilistic seismic-hazard analysis. Bulletin of the
seismological society of America, 94(6),2110-2123.

[27]Rodriguez-Marek, A., Rathje, E.M., Bommer, J.J., Scherbaum, F., & Stafford, P.J. (2014). Application of single-station
sigma and site response characterization in a probabilistic seismic hazard analysis for a new nuclear site. Bulletin of the
Seismological Society of America, 104(4),1601-1619.

12



	ABSTRACT
	INTRODUCTION
	Methodology
	Regional Ground Motion Models
	B.C. Generic Hard Rock Site Condition
	Characterization of the VS30 = 760 m/s Site Condition

	Compilation of ground motion data
	Generalized inversion to estimate site terms
	Derivation of hard rock correction factors in PSA domain
	Hard rock adjusted hazard curves
	Conclusions
	Acknowledgements
	REFERENCES

