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Abstract

We compile and process an electronic database of ground motions recorded on accelerometers
and broadband seismographic instruments for induced earthquakes of M>4 at distances <50 km
in central and eastern North America. Most of the data are from Oklahoma, with some records
from Alberta. Our focus is on the subset of available records that are of most interest for
engineering analyses aimed at evaluation of the potential hazards from induced events, which is
a pressing issue in western Canada and other regions experiencing induced seismicity. We
considered all records to 50 km for events of M>4.5. For events of M4 to 4.5, we select records
at close distance (<10 km), having good signal strength (PGA >~3%g), in order to allow high-
quality time histories to be obtained. These records have strong signal-to-noise ratio, making
them suitable for engineering applications, such as dynamic analysis, after proper scaling. The
selected records are windowed, filtered and instrument-corrected to compile a set of records
having acceptable acceleration, velocity and displacement time histories. The records and their
response spectra are provided as an electronic supplement at
http://www.seismotoolbox.ca/IS_Strong Motions/ . We note that the record set is not suitable as
a response spectra database for development of ground-motion prediction equations, because for
M<4.5 the record selection is biased to records with higher amplitudes. Rather, the intended use
of the records is as seed records, which can be readily scaled in the time domain to

approximately represent induced-event target scenarios for engineering applications.

Key words: earthquake time histories, induced earthquakes, dynamic analysis, critical

infrastructure


http://www.seismotoolbox.ca/IS_Strong_Motions/

Page 3 of 41

Can. J. Civ. En

. Downloaded from www.nrcresearchpress.com by University of Western Ontario on 07/12/19

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Introduction

The rate of earthquake activity in central and eastern North America (CENA) has risen sharply
due to induced events related to oil and gas development (Ellsworth 2013; Atkinson et al. 2015a;
Atkinson et al. 2016), causing a notable increase in seismic hazard in many areas (Atkinson et al.
2015b; Petersen et al. 2015). There is a need for engineering analyses to evaluate the impact of
induced events on structural response, which in turn leads to a requirement for suitable
earthquake time histories for such analyses. This need is particularly pressing for the evaluation
of critical infrastructure in regions such as western Alberta and eastern B.C., which are
experiencing significant rates of induced seismic activity (Atkinson et al. 2016; Atkinson 2017).
Suitable records are those of M~4 to 6 (where M is moment magnitude) recorded at close
distances (<10 km from the hypocenter) because these are the scenarios that dominate the hazard
(e.g. Bourne et al. 2015; Atkinson et al. 2015b), and which are most likely to produce strongly-
felt motions of potential concern. Such records are scarce because the requirement for close
distances greatly limits the number of available recordings. It is therefore necessary to consider
a somewhat wider range of distances in the search for records, and to accept that significant
scaling may be required to bring the amplitudes of the records to the levels expected at very
close distances. Records from a number of similar regions should also be considered, to obtain
the widest-possible database. Here we assemble and process a ground-motion database for

induced-seismicity applications, considering events of M>4 at distances <50 km.
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The considered events have a shallow focus and occurred in areas where most of the seismicity is
believed to be induced. However, we do not attempt to address whether every selected event
was induced. As noted by Yenier and Atkinson (2015), there are no obvious differences in
ground motions between natural and induced events in CENA for events of the same magnitude
and focal depth. Therefore, in the development of a ground-motion database for induced events,
it is not of primary importance to identify whether every event can be definitively classified as

induced.

The purpose of the database compiled here is to provide spectral amplitudes and processed time
histories for those records of most relevance in assessing the engineering response of structures
to induced events. The database comprises publicly-available broadband and accelerometer
records from events in Oklahoma and Alberta from 2010 to 2016 at distances <10 km for M 4 to
M 4.5, and at distances to 50 km for M>4.5. Selected records from large events (IM>4.5) at
close distances will be added to the database in future as they become available. It should be
noted that this database, comprised of a few hundred records, is not intended to be a spectral-
amplitude database for GMPE development for induced events, because we have focused our
study on the available records having the strongest shaking — and the dataset is thus potentially-
biased. For broader GMPE development purposes, a larger compilation project is required,
involving thousands of records over a broad distance range, so that the effects of source, path and
site can be separated empirically. This larger database compilation is in progress under a
separate study. There is also a Next-Generation-Attenuation (NGA) project for Induced
Seismicity underway at Pacific Engineering Research Center (PEER) that will compile a suitable
database for GMPE development. While these larger projects are being conducted, we compile a

targeted database of the records of most interest for engineering and provide their processed time
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histories. The focus on a subset of records allows for record-by-record inspection and processing,
which may not be feasible for very large databases that need to rely on fully- automatic
processing. We visually inspect every record to ensure that the resulting time histories are

reasonably well-behaved in acceleration, velocity and displacement.

Database and Processing

There have been a significant number of recorded induced events of M>4 in the last few years,
with most of the records coming from Oklahoma or western Canada. The events in Oklahoma
are primarily induced by wastewater disposal (Ellsworth 2013), whereas those in western Canada
are often induced by hydraulic fracturing (Atkinson et al. 2015a; 2016). There is no compelling
evidence to date that triggered earthquakes, whether related to disposal or hydraulic fracturing,
are fundamentally different from shallow natural earthquakes. In terms of ground motions that
are generated near the source, low-frequency ground motions are controlled by the seismic
moment, which defines the moment magnitude. High-frequency ground motions are
characterized by the stress parameter. The stress parameter scales with magnitude and focal
depth and may vary regionally, but there appears to be no discernible difference based on
whether an event is natural or induced (Yenier and Atkinson 2015). Shallow earthquakes,
whether natural or induced, have lower stress parameters than deeper events, on average. This
would tend to lower the spectral amplitudes at high frequencies. On the other hand, shallow
events can be experienced at very close distances, due to the short distance from the hypocentre
to the surface, and this tends to lead to increased spectral amplitudes. These factors offset each
other, resulting in similar spectral amplitudes for natural and induced events. In terms of signal
duration, this will scale with magnitude and distance. Induced events that are of small-to-

moderate magnitude (e.g. M<5) will be relatively short in duration compared to large regional
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earthquakes. The maximum size of induced events is not known, but is likely similar to the

maximum size for tectonic events (van der Elst et al. 2016).

The scaling trends of both natural and induced events were evaluated by Atkinson and
Assatourians (2017) and used to identify candidate GMPEs that reflect current knowledge of
ground-motion trends for induced events in CENA. That study suggests that we could
potentially select either natural or induced events (or some combination) as proxies for induced
events in development of a time history database. However, since we seek records of moderate
events at very close distances, and therefore very shallow depth, induced-earthquake records are
a natural choice, and are the most plentiful. We thus restrict our record selection to recent
earthquakes in regions where induced seismicity is occurring frequently, and is being recorded
on high-quality seismic networks. These regions are Oklahoma and western Canada. Most of the
near-distance records from western Canada are not publicly available, and thus the focus of the
time history database is on Oklahoma records. The stations recording the events are high-
quality broadband seismographic stations or strong-motion instruments recording three-
component waveforms sampled at 40, 100 and 200 samples/sec. We prefer records at higher
sampling rates (100 or 200 samples/sec), but have considered 40 samples/sec records for the

largest two events (M>5.5) when these are the only records available.

Ground-motion records are from a database compiled from publicly-available broadband and
accelerometer recordings for events recorded in Oklahoma and Alberta, processed as described
by Assatourians and Atkinson (2010). Most of the data were downloaded directly from IRIS
(Incorporated Research Institutes for Seismology). To select records for the study, we examine
earthquake catalogues and station lists from western Canada and Oklahoma to identify events of

M=>4 that have one or more records at hypocentral distances of Ryyp,<20 km, focusing on the
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closest available records. For the largest events (M>4.5), we consider records to distances of 50
km because there are few very close records. The largest events considered are the 2011 Prague
and 2016 Pawnee, Oklahoma events of M~5.6 to 5.8 (where 5.8 is the moment magnitude for
Pawnee is that given by the U.S. Geological Survey; the Oklahoma Geological Survey lists its
magnitude as M=5.6). Figure 1 shows the geographical distribution of earthquakes and stations

in and around Oklahoma from which most of data in this study are drawn.

Figure 2 shows the distribution of the initial database in magnitude, distance and horizontal-
component peak ground acceleration (PGA). The records of most interest are those with
significant spectral amplitudes at intermediate-to-high frequencies, as indicated in the figure by
the 5%-damped, horizontal-component pseudo-acceleration spectral amplitude (PSA) at 5 Hz.
We focus our more detailed time history development on records for M>4.5 at distances to 50
km, plus records of M4 to 4.5, at hypocentral distances < 11 km, and having 5-Hz PSA >90
cm/s? (on at least one horizontal component). We emphasize that for GMPE development, we
would be interested in an unbiased dataset (not just the stronger records) and we would therefore
not make such a selection for GMPE development. In this study, by contrast, we wish to obtain
records of good signal quality that will result in well-behaved records in the time domain, and we

therefore focus on the subset of stronger signals.

All records shown in Figure 2 (at left) are processed to obtain peak motions and response
spectra. A selected subset of stronger records (at right) is chosen for more detailed analysis and
processing. The selected records are those having strong signal; this includes all records of
M>4.5 to 50 km, plus records of M4-4.5 at Rhypo<11 km with 5-Hz PSA >90 cm/s? on at least
one horizontal component. Moreover, we exclude any records of poor quality as based on visual

inspection of the signals (Note: poor records are those with a quality index of 6, where the
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quality index is described in the Appendix.) Table 1 lists the events for which more detailed
processing was performed, and from which the time history database is developed. The moment
magnitude of each event (M) was determined as described by Novakovic and Atkinson (2015)
for Western Canada earthquake (Myas), or taken from Oklahoma Geological Survey (OK) and

Advanced National Seismic System (ANSS) catalogues for Oklahoma earthquakes.

For each of the records shown in Figure 2, we download 3-component ground motions from
IRIS for all stations within 20 km or within 50 km for M>4.5. For each record, a window of 160
seconds duration is obtained around the signal containing 20 seconds of pre-event noise, the
strong part of the signal (i.e. the signal window), and the significant coda. The records are
processed using an updated version of the ICORRECT program developed by Assatourians and
Atkinson (2010). This program was developed to follow the general processing guidelines for
earthquake records as discussed by Boore and Bommer (2005), in a way that can be implemented
efficiently in an automatic format that will be valid for both broadband and accelerometer
records. The Appendix provides a summary of the processing procedures, and the steps taken to
refine them for the selected subset of records, in order to ensure high-quality time series in

acceleration, velocity and displacement, free from trends or other artifacts.

For each record we provide the instrument-corrected ground acceleration, velocity and
displacement. The peak values of the processed records for each component are also calculated.
Caution is required for records associated with quality 5 (minor clipping), as the peak motion
values may not be reliable; however the response spectra are insensitive to such minor clipping.
The response spectrum is calculated from the accelerograms using the algorithm of Nigam and

Jennings (1969). We also calculate the Arias intensity (I):
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where a(t) is the acceleration time history in units of m/s?, g is the acceleration of gravity in units
of m/s?, and T represents the complete duration of recording. A common measure of significant
duration is the time interval between 5% and 75% of 15, denoted Ds_;5 (more details are provided

in Kempton and Stewart 2006). The value of Ds_75 is also calculated.

Cumulative absolute velocity (CAV) is defined as the integral of the absolute value of an

acceleration time series (Campbell and Bozorgnia 2010):

CAV = jo

alt)dt

where a(?) is the acceleration time series in m/s?, ¢ is time, and #,,,, is the total duration of the
time series. Here, we calculate CAV over the whole signal duration for our 160-sec record-
processing window. Users may calculate standardized CAV (Campbell and Bozorgnia 2010) if
desired, after selecting a set of time series from the database and applying proper scaling factors.
We didn’t calculate standardized CAV for processed accelerograms because their values for

scaled records will not be related to our CAV measure through simple scaling.

Some attributes of the processed database

As a guide to the amplitude levels and distance scaling of the ground motions, in Figure 3 we
compare the recorded horizontal-component (geomean) ground motions from events of M 4.0 to

4.5 in Oklahoma and the few available Alberta records to selected ground-motion prediction
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equations (GMPEs), at close distances . The plotted GMPEs are those identified by Atkinson
and Assatourians (2017) as being appropriate for induced events in CENA. In order to produce
an unbiased figure of amplitudes at close distances, all of the available data in the magnitude-
distance range are included (i.e. all data on the left side of Figure 1). The site conditions of the
recording stations are not yet classified in available databases. To make an approximate
correction to the B/C reference condition of the GMPEs for Figure 3, it is assumed that all
records are on NEHRP (National Earthquake Hazards Reduction Program) site class C, with
V30=450 m/s (where V3 is the time-averaged shear-wave velocity over the top 30 m). The site
correction factors of Seyhan and Stewart (2014), assuming linear site response, are used to make
a first-order correction from C to B/C; the Seyhan and Stewart (2014) site corrections were also
used by Atkinson (2015) and Yenier and Atkinson (2015) to correct observations to B/C before
developing their GMPEs. The assumption of Class C for Oklahoma stations is likely a
reasonable average when taken over the database, but is not intended to represent a realistic site
correction for any individual record. The use of an average site correction factor will map into
increased variability of the ground-motion amplitudes. More detailed site corrections will
require compilation of information on site conditions, and/or empirical regressions to determine

site terms.

From Figure 3 we conclude that, despite the larger scatter in the data, the observations at
distances <15 km are generally consistent with the GMPEs, especially when one considers that
few (or none) of these data were used in the GMPE derivations, and that the conversions of
observations to B/C conditions were not site-specific. A noteworthy observation is that despite
general consistency of observed amplitudes with GMPEs, the decay of amplitudes in the first 20

km appears to be quite steep, especially at high frequencies. The slope is steeper than the trend

10
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of R that applies to the Atkinson (2015; A15) GMPE (at 5 Hz), and much steeper than the

hypo

decay of R,j;l;g that is often assumed in ground-motion modeling. We emphasize the steepness of

the distance scaling by plotting a line of slope 1/R for reference, at an arbitrary amplitude level,
on Figure 3. The steep amplitude scaling with distance is apparent only at small-to-moderate
magnitudes because for large magnitudes this effect is counteracted by an increasing near-
distance saturation effect (e.g. Yenier and Atkinson 2014). The steep amplitude decay is an
important factor in scaling of records for induced-seismicity hazard studies. This steep decay is
common to the selected GMPEs shown on Figure 3. We caution that many GMPEs assume a
distance scaling of 1/R, or otherwise invoke a more pronounced near-distance saturation that
may result in underestimation of expected near-distance ground motions, if the GMPE was
developed from regression of data at distances beyond 10 km. Note that values of PGA in the
range from 10% to 40%g are not unusual for events of M 4 to 4.5 at distances within 10 km of
the hypocenter. The large variability of amplitudes is also noteworthy, although some of the

variability comes from the range of unknown site conditions.

Organization of the time history database

The processed time histories are provided at the following URL location:

http://www.seismotoolbox.ca/IS Strong Motions/

We also provide an overall index table of response spectra for all selected records, along with
their key attributes, to aid in selection of records for further evaluation against a set of desired

criteria. The individual time history files are compressed in a number of zip files, along with

11
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associated PSAs for those records. Grouping a number of time histories and associated PSAs in
zip files is done for easier access and download of the required files. The time history and PSA
files have identical headers for the same record. Each PSA file contains two columns: frequency
and corresponding PSA values. The body of time history files have seven columns: time,
instrument-corrected time history values of acceleration, velocity, displacement, raw data count
(uncorrected), Husid, and cumulative absolute values. The filenames follow a logical convention:
each file name specifies the corresponding event date/time, recording station name, channel, and
location code. For example “2010.10.11.13.33.40.ARK1.EHE.--.tra” carries time histories of an
event on 2010/10/11 at 13:33:40 recorded at station ARK 1 on component EHE. Note that the
records are unscaled. As described in the next section, they may require scaling to be suitable

for specific purposes.

Some Suggestions for Scaling of Time Histories

It can be concluded from Figure 3 that the expected amplitudes of ground motion will depend
strongly on hypocentral distance. It should also be recognized that amplitudes will vary with
magnitude and with site condition. Moreover, some records will be stronger-than-average, while
others will be weaker. For these reasons, a common practice in using time histories for
evaluation of the response of structures is to first scale them to approximately match a target
spectrum having the desired amplitudes and spectral content. In general, the target spectrum can
be defined based on a probabilistic seismic hazard analysis, using either the uniform hazard
spectrum or the conditional mean spectrum (e.g. Baker 2011). This is the approach usually taken

for site-specific analysis considering natural seismicity. The same approach can be used to

12
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define the target for induced-seismicity applications, but with some modifications. For induced
seismicity, the source zone to consider for the hazard includes specific oil and gas operations, or
a collection of such operations. The likelihood of induced events needs to be assessed, and
considered within the context of the assigned magnitude recurrence parameters for the analysis.
Whilst conceptually straightforward, the probabilistic assessment of the target spectrum is
fraught with difficulty due to the very large uncertainties affecting the key rate parameters and
the processes that control them. Examples of use of the probabilistic approach to assign a target

spectrum are provided by Atkinson et al. (2015b) and Atkinson (2017).

Alternatively, the target spectrum is sometimes based on a postulated scenario of interest. This
approach is particularly applicable to induced-seismicity applications, in which we are especially
interested in the effects of events at a close distance — and in which this distance may be known
because it is tied to specific operations. The use of a scenario is also sometimes used for
preliminary evaluations due to its conceptual simplicity and transparency. Atkinson (2017) used
a combination of probabilistic analysis and the scenario approach to argue that hydraulic fracture
operations should be kept a minimum distance of 5 km from critical infrastructure that might be
vulnerable to strong ground motions from moderate events, such as older major dams built with
minimal seismic resistance. In that context, the target spectrum considered was based on a
scenario event of M4.5 at Ry,y,,= Skm, which may have a likelihood of the order of 1/10,000 for

operations in areas prone to induced seismicity.

To illustrate the use of the time histories, we use the scenario approach to define a target
spectrum for the event considered by Atkinson (2017) - an earthquake of M4.5 at Ry,yp,,= Skm.
The target is defined as the median-plus-sigma spectrum predicted by the three GMPEs shown

on Figure 3, for this magnitude and distance (where sigma is the standard deviation, assumed

13
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here to be 0.3 log,, units; see Atkinson and Assatourians 2017). We assume that only linear

amplitude scaling is to be applied. We note that it is also common practice to use spectral
matching techniques to more close match a target spectrum (e.g. Hancock et al. 2006). However,
it is not clear that such procedures offer any real advantage, other than to make the records
appear more similar to the target (Bazzurro and Luco 2006; NIST 2012). Therefore, we restrict

our focus in this demonstration to linear amplitude scaling procedures.

To find the records that best match the target spectra with only simple linear amplitude scaling
being applied, we seek those records that have suitable spectral shape, without any dramatic site-
response peaks in the spectra that cause them to deviate significantly from the target shapes. The
actual site conditions are not known at most sites, so these shape checks are our best tool to

select records with appropriate site characteristics.

To aid in identifying the most suitable records we determine, for each record, the mean value of

log,, (PSA(targ)/PSA(obs)), along with its standard deviation, over a selected frequency range,

assumed here to be from 1 to 10 Hz. PSA(targ) is the target median-plus-sigma spectral values,
and PSA(obs) are the corresponding values calculated from the instrument-corrected
accelerograms. The metric being used in this computation is the geometric mean of the two

horizontal components of ground motion.

The value of (PSA(targ)/PSA(obs)), averaged over the selected frequencies, gives the scaling
factor that needs to be applied to the records so that the geomean of the horizontal components
will match the target. The same scaling factor is applied to vertical component motions. The
standard deviation is a measure of how closely the shape of the record matches that of the target,

over the selected frequency range. We prioritize the records based on the signal quality and

14
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existence of noise, necessary scaling factor, and misfit RMS respectively, then inspect the
response spectra of the observations against the target graphically to select the subset of most
suitable records. Note that most records will require a significant scaling factor because they are

at greater distances than the target distance.

Figure 4 shows a sample of 11 selected records based on these criteria and compares their
geomean horizontal-component spectra to that of the target spectrum, after scaling. The selected
records range in magnitude from M4.2 to M4.9, and in hypocentral distance from 6.4 km to 38.7
km; because the hypocentral distances are greater than the target of 5 km, significant scaling is
required. Table 2 lists the attributes of the selected records and the applied scaling factors. The
time histories of acceleration, velocity and displacement for two record sets along with their
response spectra after scaling, are provided in Figures 5 to 12. Note that the accelerations are

significant, while the displacements are small, even after scaling.

Conclusion

We have compiled an electronic database of high-quality processed ground motions from
induced earthquakes of M>4 at distances <50 km in central and eastern North America. The
records are suitable for engineering analyses aimed at evaluation of the potential hazards from
induced events, which is a pressing issue in western Canada and other regions experiencing
induced seismicity. The intended use is as seed records that can be scaled in the time domain to
approximately represent induced-event target scenarios. The records and their response spectra

are provided as an electronic supplement at http://www.seismotoolbox.ca/IS_Strong Motions/ .
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Figures

Figure 1 — Geographical distribution of earthquakes and stations (and network names) in and
around Oklahoma. These earthquakes and records are the main source of data used in this

study.

Figure 2 — Selection of the processed database in magnitude, distance and amplitude; the two
horizontal components are plotted. Left: PSA at 5 Hz for available records of M4-4.5 to 20 km,
and M>4.5 to 50 km. Right: the subset selected for more detailed processing to produce
engineering time histories. In the selected subset, poor records and weak signals have been

removed (see text for details).

Figure 3 — Observed horizontal-component ground motions (symbols) for induced events of
M4.0 to 4.5 (converted to B/C) in Oklahoma (OK) and Alberta (AB), compared to Atkinson
(2015) (A15 alternative-h model), Yenier and Atkinson (2015) (YA15 CENA, assumed
depth=4km) and Abrahamson et al. (2014) (ASK14, unspecified depth) GMPEs (lines). ASK14
and YA1S5 are plotted versus rupture distance; A15 and observations are plotted versus Ry,
Heavy dashed line at bottom of each panel shows 1/R trendline, plotted at an arbitrary amplitude
level. Note that only the stronger records in this magnitude range are included in the time

history database — see Figure 2 for details.
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Figure 4 — Selected records scaled to the target median-plus-sigma spectrum for an event of

M=4.5 at Rhypo=5km.

Figure 5 — Scaled accelerograms of M4.4 event at 8.5km distance (event number 17) for

matching the M4.5 scenario event at 5 km for each of the three components.

Figure 6 — Scaled velocity time series of M4.4 event at 8.5km distance (event number 17) for

matching the M4.5 scenario event at 5 km for each of the three components.

Figure 7 — Scaled displacement time series of M4.4 event at 8.5km distance (event number 17)

for matching the M4.5 scenario event at 5 km for each of the three components.

Figure 8 — Response spectra of M4.4 event at 8.5km distance (event number 17) in acceleration,
velocity and displacement, after scaling the records to the M4.5 scenario event at 5 km. HNI

and HN2 are the two orthogonal horizontal components;, HNZ is the vertical component.

Figure 9 — Scaled accelerograms of M4.9 event at 18.4km distance (event number 9) for

matching the M4.5 scenario event at 5 km for each of the three components.
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Figure 10 — Scaled velocity time series of M4.9 event at 18.4km distance (event number 9) for

matching the M4.5 scenario event at 5 km for each of the three components.

Figure 11- Scaled displacement time series of M4.9 event at 18.4km distance (event number 9)

for matching the M4.5 scenario event at 5 km for each of the three components.

Figure 12 — Response spectra of M4.9 event at 18.4km distance (event number 9) in
acceleration, velocity and displacement, after scaling the records to the M4.5 scenario event at 5
km. HNI and HN2 are the two orthogonal horizontal components;, HNZ is the vertical

component.
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Tables
Table 1 — List of events for which records were analyzed
Time Latitude Longitude Depth # of
No Date [UTC] [] [] [km] M* records | Source
1 | 2011/02/28 | 05:00:51.51 35.269 -92.355 3.2 4.7 6 USGS
2 | 2011/11/06 | 03:53:11.11 35.522 -96.780 3.1 5.7 3 OK
3 | 2011/11/08 | 02:46:58.58 | 35.518 -96.786 2.5 4.8 3 OK
4 | 2013/12/07 | 18:10:24.24 | 35.607 -97.385 8.4 4.5 9 OK
5 | 2014/06/16 | 10:47:35.35 | 35.592 -97.399 5.0 43 6 OK
6 | 2014/06/18 | 10:53:02.2 35.593 -97.396 5.0 4.1 6 OK
7 | 2014/08/19 | 12:41:35.35| 35.773 -97.468 4.9 4.4 3 OK
8 | 2014/10/02 | 18:01:24.24 | 37.245 -97.955 5.0 43 15 USGS
9 | 2014/11/12 | 21:40:00.0 37.271 -97.621 4.0 4.9 30 USGS
10 | 2015/04/08 | 20:52:00.0 35.818 -97.420 2.5 43 3 OK
11 | 2015/07/20 | 20:19:03.3 36.843 -98.257 4.1 4.4 6 OK
12 | 2015/07/27 | 18:12:15.15 | 35.989 -97.572 5.0 4.5 3 OK
13 | 2015/09/18 | 12:35:17.17 | 35.987 -96.795 0.2 4.1 6 OK
14 | 2015/09/25 | 01:16:37.37 | 35.987 -96.787 29 4.0 12 OK
15 | 2015/10/10 | 22:03:05.5 35.986 -96.803 3.3 4.4 15 OK
2015/11/19 | 07:42:12.12 | 36.661 -98.458 59 4.7 6 OK
17 | 2015/11/23 | 21:17:46.46 | 36.838 -98.275 5.0 4.4 6 OK
18 | 2015/11/30 | 09:49:13.13 | 36.761 -98.056 2.3 4.7 12 OK
19 | 2015/12/29 | 11:39:19.19 | 35.665 -97.405 6.5 4.3 3 OK
20 | 2016/01/01 | 11:39:39.39 | 35.669 -97.406 5.8 4.2 3 OK
21 | 2016/01/12 | 18:27:23.23 | 54411 -117.290 5.0 4.2! 6 NA1S
22 | 2016/02/13 | 17:07:07.7 36.483 -98.735 3.2 5.1 6 OK
23 | 2016/07/08 | 21:31:58.58 | 36.477 -98.739 7.3 4.2 24 OK
24 | 2016/07/09 | 02:04:27.27 | 36.465 -98.756 7.2 4.4 9 OK
25 | 2016/09/03 | 12:02:44.44 | 36.426 -96.929 5.6 5.8 3 USGS
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>

negative longitudes used for western hemisphere.

given by Oklahoma Geological Survey (OK) or the U.S. Geological Survey (USGS). Note:

* 1 is Mnais, calculated using the Novakovic and Atkinson (2015) magnitude formulation (M.

Novakovic, 2016, pers. comm.); 2 is duration magnitude; all others are moment magnitude as
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Table 2 — Characteristics of the Selected and Scaled Records: MA4.5 at Rhypo= 5km. (Rhypo in

km; PGA, PGV, and PGD in cgs units, Al and CAV in m/s, and Duration (Dur) in seconds).

Riyp Dur
Bvent | | g | Com | PGA PGV PGD Al CAV | O | pactor
# P [km | [cm/s?] [cm/s] [cm] [m/s] [m/s] 1 '
]
4 ‘;' OK001 | HNE | 13.1 1'652E+0 6'020E+0 5.43E-01 2'2011E' 43 50E+0 3.78 | 8.419
. 491E10 | 8.69E+0 | L.OSE+0 | 6.45E- | 5.43E+0 | 1.05
4 | %] okoor | HNN | 131 A ; . - 0 > | 8419
0 1% | oxoot | iz | 13q | OT4ER0 | T70E+0 | | | 8.65E- | 271E+0 | 315 | ¢, o
5 ! 0 02 0 5
s | 4 | KANL | e | ge | 231E40 | S.U3E+0 | oo | 3776~ | 6.3E40 | o o | 4o
3 2 2 0 01 0
4. | KANI 3.40E+0 | 8.26E+0 721E- | 7.19E+0 | 2.28
O N HEN | 86 ) . 8.508-01 | 2} ; 2 | 4487
4. | KANI 3.50E+0 | 6.81E+0 444F- | 4.72E40 | 1.82
O W HHZ | 86 ) ) 326601 | 0 0 02| 4487
4. | KANO 231E+0 | 7.86E+0 2.65E- | 456E10 | 3.01
9 | N | HNE | 184 A ) 9.51E01 | >0 . S| 3100
o | 4 | KANO [ [ | 154 | 290EF0 | LOTERO [ oo | 348E- | 498E+0 | 255 | L o
9 1 2 1 01 0 5
4. | KANO 1.01E+0 | 2.66E+0 741E- | 2.55E40 | 3.93
9 % N ENz | 184 X ) 307801 | 0 ) 2] 3100
1 j‘ OK032 | HN1 | 7.3 2'332E+0 1‘051E+0 7.75E-01 1'%71]5' 2'2‘33“) 042 | 1.067
1 j‘ 0K032 | HN2 | 7.3 1'852E+0 3 ‘910E+0 2.72E-01 1%71]5' 2'250E+0 067 | 1.067
11| % | okos2 | mnz | 73 | IOEYO | L8OEFO | pop oy | 440E- | L23EF0 1 o0l 667
4 2 0 02 0
6 | % [oxosa | 1t | 270 | 268E+0 | 441E+0 | o | 641E- | LOTE+0 | 118 | .o
7 2 0 01 ! 4
16 ‘;' 0K032 | HH2 | 27.9 6'792E+° 9.5 50E+0 5.58E-01 9'?)61]5' 1'131E+0 6.68 | 5.440
16 | % | okos | mHz | 279 | MOTETO | EAERO o gsp gp | TSR S8OEH0 132 5 440
17 1’ OK032 | HN1 | 8.5 3'692E+0 9'920E+0 7.43E-01 4'})3115‘ 4'2%E+0 135 | 2751
17 1‘ OK032 | HN2 | 8.5 2'402E+0 4'7%“0 3.60E-01 2%9115' 3'750E+0 149 | 2751
y 137640 | 1.76E+0 6.56E- | 2.03E40 | 1.93
17| % | oKo32 | BNZ | 85 ) ) 20301 | 20 ; 2] 27s1
18 ‘;' STN19 | HHI | 164 3'402E+0 > '6%E+0 8.59E-01 | > '%?E' 4'0%E+° 1.96 | 6.554
18 ‘;‘ STN19 | HH2 | 164 2'272E+0 > ‘220E+0 5.77E-01 2%6113' 3.5 30E+° 192 | 6554
18 ‘;‘ STN19 | HHZ | 164 2'212E+0 4‘4%E+0 5.27E-01 1'%61]5' 3.1 10E+0 152 | 6554
6 | 4 | sma0 | 1t | 3s7 | 462E40 | 899E+0 | o o 331E- | 460E+0 | L | 1222
7 2 0 01 0 9
s | % | stno0 | 1t | 357 | 268E+0 | S48E<0 | o L74E- | 390640 | , . | 1222
7 2 0 01 0 9
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Appendix — Time Series Processing Procedures

The ICORRECT algorithm upon which the time series processing was based, and its validation,
are described in Assatourians and Atkinson (2010). The processing includes deglitching,
detrending, windowing and initial filtering (4" order Butterworth with high-pass at 0.1 Hz),
along with removal of the complex instrument response in the frequency domain. Differentiation
and integration of broadband seismometer signals is carried out by multiplying and dividing the

instrument-corrected velocity spectrum by i® (o is angular frequency in radians/sec and i is

J-1 ) in the complex frequency domain, to obtain acceleration and displacement, respectively.
The processing produces an initial set of instrument-corrected acceleration, velocity and
displacement records, having a useable frequency range from ~0.2 to 40 Hz. The flowchart of
this processing stage is shown in Figure A-1 (where the time histories in correct physical units
are the result of the processing step shaded in grey and are input to the second (manual) stage of

processing).

In a second stage of processing, applied to the selected subset of records (Table 1), every
component is inspected and processed manually, refining the filtering as necessary to supress the
effects of low-frequency noise and any other artifacts of automatic processing from appearing in
displacement time series. The details of the secondary processing steps are illustrated in the
flowchart of Figure A-2. We visually inspected the acceleration, velocity and displacement
traces produced by the initial processing. If all traces were acceptable, no additional processing
was performed, and a quality flag of 1 was assigned to these records (where quality=1 denotes a
high-quality record over the entire frequency range from 0.2 to 40 Hz, as determined by visual

inspection of all traces). If we noted that some of the velocity or raw records were clipped (due
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to limited dynamic range of the broadband instruments), we assessed the relative degree of
clipping. The processed time series were assigned a quality flag of 5 if there is very minor
clipping (e.g. clipping of a few points only, not appearing to significantly cut signal amplitudes)
that would have minimal impact on the response spectra. A quality flag of 6 was assigned to

strongly-clipped traces, which are judged to be useless as engineering time histories.

If the displacement records showed unrealistic pre-event artifacts such as ringings or bumps,
which can result from the application of zero-phase bandpass filtering in automatic processing,
then additional (zero-phase) bandpass filters with narrower pass bands were applied to the
filtered data, and all motions were re-checked visually in both the time and frequency domains.
Such artifacts can be problematic particularly for doubly-integrated accelerograms from
relatively low magnitude earthquakes, which have weak signal at longer periods. In cases where
this additional filtering repaired the artifacts to a negligible level, further processing was not
performed, and time series were assigned the quality flag of 2 (good quality record, but over a

more restrictive bandpass than the initial range of 0.2 to 40 Hz).

For records for which more restrictive band pass filtering did not reduce pre-event signal
processing artifacts in the displacement records to negligible levels, the velocity records were
windowed in three segments, which often resulted in improved signal recovery. The three
segments are: 1- from the record start to the beginning of the signal window; 2- the main signal
window; and 3- from the end of the main signal window to the end of record. The main signal
window starts with the arrival of the P-wave and includes the entire strong part of the waveform,;
its selection is done by visual inspection of the velocity time series after application of bandpass
filters and amplitude scaling, to allow for better visualization of the most significant part of the

record. In such cases, the first segment (pre-event) was high-pass filtered with a corner frequency



Can. J. Civ. En

. Downloaded from www.nrcresearchpress.com by University of Western Ontario on 07/12/19

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

of 10Hz while the other two segments were baseline and trend corrected. Differentiation and
integration for calculating acceleration and displacement time series for such records is carried
out in the time domain using the entire time series. The signal portions are already filtered and
detrended, so any residual trends after rejoining the segments are marginal and have little effect.
Thus no additional filtering or tapering need be applied before merging sub-windows. Finally, it
is confirmed visually that there are no unrealistic artifacts appearing in the Fourier or response
spectra or time series of signals after going through this process. This process was generally
successful in removing pre-event artifacts on displacement records, while having minimal impact
on either Fourier or response spectra (except for some minor changes at very low frequencies,
below the bandwidth of interest). The records processed by this multi-window processing
approach are assigned a quality flag of 3.

As an additional check on our processed record amplitudes, we compared our automatically-
processed response spectra for Oklahoma to records in common from a similar database compiled
by the U.S. Geological Survey (Morgan Moschetti, personal communication 2017); their
processing was based on the routines used by PEER (Pacific Earthquake Engineering Research
Center) for the NGA (Next Generation Attenuation) projects (Ancheta et al. 2014). The values are
not completely comparable because the USGS tabulated the orientation-independent horizontal
measures, RotD50 and RotD100 (Boore 2010), whilst we have tabulated the as-recorded
component measures (east component, north component). There are also other more minor
differences such as the selected window for processing, and the filter parameter procedures.
Nevertheless, our values of the geometric mean of the two horizontal components should be
similar to the USGS values of RotD50 in most cases (e.g. see Boore and Kishida 2017). This

expectation was realized, over a comparison of 56 records in common to the two databases. The
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average difference between our computed geomeans and the USGS values of RotD50 (for records
in common to the two databases) was 5% to 10% over most frequencies. This is slightly larger
than the difference found by Boore and Kishida (2017) between the geomean and RotD50 for the
NGA-West2 database (2% to 8%), but acceptable given the small size of the sample and the

automated processing procedures employed.

Appendix Figures

Figure A1 — Flowchart of signal processing steps in first (automatic) stage by program

Qcorrect. Outputs from the step shaded in grey are time histories in correct units.

Figure A-2 — Flowchart of manual signal processing steps, illustrating assigned quality flags.
The flags are an ordinal representation of the quality of final products with 1 being the highest
quality and 6 being useless. Quality 1 signals don’t need manual processing,; Quality 2 signals
are further bandpass filtered; Quality 3 signals are band pass filtered and multi-window
processed, Quality 4 is reserved for weaker signals, not appearing in this study, Quality 5

signals carry minor clipping, Quality 6 signals are damaged and/or useless.
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