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ABSTRACT

This study was undertaken to address new developments in IEEE P693/D16 [IEEE693 WG 2017],
account for the new strong-motion records from the recent major earthquakes, and assess their
effects on the spectral demand. A large set of both crustal and subduction type records was
investigated based on a number of parameters and intensity measures. The best candidates were
selected as seed motions. The motions were matched to the IEEE693 spectrum in a time domain
at 5% damping, which follows the guidance of IEEE P693/D16 [IEEE693 WG 2017]. In addition,
three three-component synthetic time histories were generated. All modified and generated time
histories were arranged into a suite of time histories proposed for use in IEEE693 seismic
qualification analysis and testing. The suite consisted of four [IEEE693-spectrum-compatible time
histories modified from crustal records, one IEEE693-spectrum-compatible time history modified
from a subduction record, and three IEEE693-spectrum-compatible synthetic time histories. The
spectral matching was conducted with a tight tolerance to remain within a 15% strip above the
IEEE693 spectra in a wide-frequency range. It was shown that the conservatism of the IEEE693
spectrum is different for crustal and subduction type records. Based on the results of the
investigation, the study summarizes the basis for changes to the requirements for development of
input time histories given in IEEE P693/D16, and considerations for input motion specifications
for a future edition of the standard.
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1 Overview of Previous and Ongoing Related
Research

1.1 INTRODUCTION

A study conducted earlier on a number of strong motions [Takhirov et al. 2004] resulted in the
development of a three-component strong motion called TestQke4IEEE. Based on a detailed
analysis, the best candidate (seed motion) was selected from a large set of strong motions.
TestQke4IEEE was developed from a historic record obtained during the 1992 Landers earthquake
by matching its spectra to the current IEEE Std 693-2005 [IEEE 2005] spectra at 2% critical
damping. The spectral matching was performed in a time domain. As a result, the TestQke4IEEE
spectra closely matched the IEEE Std 693-2005 [IEEE 2005] spectra starting at about 0.3 Hz. For
more than a decade, this strong motion has been successfully used for seismic qualification testing
and analysis. This study was undertaken to address new developments in the IEEE P693/D16
[IEEE693 WG 2017], account for the new strong-motion records from recent major earthquakes,
and assess their effects on the spectral demand. IEEE P693/D16 [IEEE693 WG 2017] is the most
recent draft of the next version of the recommended practice. The requirements for development
of input time histories for use in shake-table testing and analysis given in IEEE P693/D16
[IEEE693 WG 2017] are similar to those given in IEEE Std 693-2005 [IEEE 2005] except that
spectral matching is to be performed at 5% instead of 2% damping, and the requirements for high
cycle count and intermediate tolerance band checks have been eliminated. IEEE P693/D16
[IEEE693 WG 2017] also describes the requirements for the design, analysis, and testing of
seismic protective devices and equipment/device systems. Such protected systems are required in
IEEE P693/D16 [IEEE693 WG 2017] to be subjected to multiple spectrum-compatible histories
when those systems are qualified by analysis. The histories developed in this project include
coverage of low-frequency demand issues so that the new time histories can be used with the new
Annex W in IEEE P693/D16 [IEEE693 WG 2017]. Although subduction earthquakes are
specifically excluded from consideration in IEEE P693/D16, a spectrum-compatible history that
satisfies the requirements of the draft standard has been developed in this project.



1.2 REVIEW OF MAJOR RECENT DEVELOPMENTS

This section summarizes recent major developments related to the research topic of this study.

1.2.1 Dataset used in Boore-Atkinson NGA Ground Motion Relations

A paper published in 2008 by Boore and Atkinson [2008] summarizes the results of an extensive
study and contains ground-motion prediction equations (GMPEs) for average horizontal-
component ground motions as a function of earthquake moment magnitude, distance from source
to site, local average shear-wave velocity, and fault type. A detailed report was published by the
Pacific Earthquake Engineering Research Center (PEER) [Boore and Atkinson 2007]. The
prediction equations were obtained for peak ground acceleration (PGA), peak ground velocity
(PGV), and 5%-damped pseudo-absolute-acceleration spectra (PSA) at frequencies between 0.1
Hz and 100 Hz. They were derived by empirical regression of an extensive strong-motion database
compiled by PEER’s Next Generation Attenuation (NGA) project [Power et al. 2008]. A number
of records were frequency dependent (for PSA analysis), and in case of frequencies greater than 1
Hz, the study utilized 1574 records from 58 mainshocks in the distance range from 0 km to 400
km.

This research used an orientation-independent measure called RotI50 [Boore et al. 2006],
which represents the geometric mean determined from the 50th percentile values of the geometric
means computed for all non-redundant rotation angles and all periods less than the maximum
useable period. It was noted that in most cases, the differences between the geometric mean and
Rotl50 are not large, so this parameter can be thought of simply as an average horizontal
component.

Based on earlier studies [Boore and Atkinson 1989; Atkinson 1993], the study excluded
aftershock records from consideration. The studies raised concerns that the spectral scaling of
aftershocks can be different from that of the mainshocks. Equations for peak ground displacement
(PGD) were also excluded from consideration [Boore and Atkinson 2008] based on an earlier study
[Boore and Atkinson 2007] that showed that PGD is too sensitive to the low-cut filters used in the
data processing and thus cannot represent a stable measure of ground shaking. Instead of PGD, it
was recommended to use response spectra at low frequencies as a parameter related to peak
displacement.

1.2.2 Dataset used in NGA-West2 Campbell-Bozorgnia Ground Motion Model

The research effort by Campbell and Bozorgnia [2013] used an expanded PEER NGA-West2
ground-motion database of records from shallow crustal earthquakes in active tectonic domains. It
developed a GMPE for the RotD50 horizontal components of PGA, PGV, and PSA at 21 periods
ranging from 0.01 to 10 sec. The GMPE developed in this study is considered valid for estimating
ground motions from shallow continental earthquakes occurring worldwide in active tectonic
domains for magnitudes ranging from 3.3 to as large as 8.5, depending on the style of faulting, and
distances within 300 km from the source.

The ground-motion database used in this study is a subset of the PEER ground-motion
database that was recently updated as part of the PEER NGA-West2 Project [Ancheta et al. 2012;



2013]. This database includes over 21,000 three-component recordings from worldwide
earthquakes with moment magnitudes ranging from 3.0 to 7.9. The subset was based on many
criteria important for the seismic hazard attenuation project. In relation to the objectives of this
study, the same criteria were adopted and used in the record selection for this study.

Records that were not considered included: (1) recordings having only one horizontal
component or only a vertical component; (2) the Lamont Doherty Geologic Observatory
recordings from the 1999 Diizce, Turkey, earthquake, which are considered to be unreliable
because of their odd spectral shapes; (3) recordings from instruments designated as quality D from
the 1999 Chi-Chi, Taiwan, earthquake according to the quality designation of by Lee et al. [2001],
which are considered to be unreliable because of their poor quality; and (4) “aftershocks” located
in the immediate vicinity of the inferred mainshock rupture plane.

1.2.3 M9 Project: Cascadia Megathrust Earthquake

The M9 project is a National Science Foundation (NSF) funded research effort at the University
of Washington (UW) to understand the Pacific Northwest’s (PNW) seismic risk to possible
magnitude 9 (M9) Cascadia Subduction Zone (CSZ) earthquakes and subsequent tsunamis and
landslides. This four-year project started in 2015, and it is built around a large-scale computational
model of the PNW. The model is used to simulate and predict ground-motion time histories for a
broad range of large magnitude scenarios in the CSZ.

One of the main results of the UW study [2016] is that a single rupture in the CSZ can
generate several subsequent earthquakes within the CSZ. The latter will result in two major
features of the seismic motions: (1) The duration of the strong motion away from the epicenter
will elongate and the low-frequency energy of the earthquake motion will increase with a potential
of imposing a large number of cycles with long periods; and (2) The seismic impact can be
amplified in the Seattle, Everett, Tacoma, and Portland basins due to the basins’ geological
structure and soil conditions. The computational simulation showed that amplification in the Puget
Sound Region can be four times higher with respect to seismic excitation outside of the basins.
Built-environment response to the unique long-period and long-duration ground motions will be
evaluated probabilistically using advanced numerical simulation.

The study is focused on many strong motions with characteristics closely matching those
for the CSZ. The 2011 M9 Tohoku earthquake in Japan resulted in similar strong-motion time
histories generated by subsequent smaller earthquakes following the major rupture. Based on the
records of the 2011 Tohoku earthquake, it was concluded that a number of smaller (M8)
earthquakes at a depth of 30—40 km was triggered by the main event. Another major earthquake
with similar characteristics is the M8.8 2010 Chile earthquake that triggered many subevents with
a rising time of about 2 sec. Similar features were observed in the records of the Sumatra 2004
earthquake, which was a seismic event with parameters close to that of the CSZ earthquakes. The
2001 M6.8 Nisqually and the 2011 M6.4 Vancouver Island earthquakes are also included in the
study for the same reason. Based on a strong-motion analysis and subsequent numerical analysis
on the computational model of the CSZ, a number of synthetic strong motions were generated for
use in the structural analysis in the CSZ.



1.2.4 Recent Developments in Ground-Motion Selection and Scaling for
Structural Applications (ATC-82 Project and ASCE7 Chapter 16)

The objective of this project [NIST 2011; ASCE 2017] was to improve guidance for selecting,
generating, and scaling earthquake ground motions for performing a response-history analysis of
low-rise and medium-rise buildings. Both code-based design and seismic performance assessment
were addressed. Based on the findings identified, and considering the potential for impacting
design practice in the near-term, the following topics were chosen for study: (1) selection of ground
motions based on the conditional spectrum; (2) response-spectrum matching; and (3) near-fault
ground motions and fault-rupture directivity.

As one of the major findings, it was concluded that at least eleven time histories are
required for design analysis based on the conditional spectrum. The time histories are required to
be scaled to the target spectrum in the vicinity of the resonant frequency of the building. The
conditional spectrum is building-specific and site-specific, and, as such, this approach is not well-
suited for the seismic qualification of substation equipment that can be installed at various sites.



2 Strong-Motion Selection

21  INTRODUCTION

This section discusses the results of a detailed analysis of two large sets of strong motions including
the most recent ones. The first set was based on strong-motion records from shallow crustal
earthquakes and the second set was based on strong-motion records from subduction type events.

2.2 STRONG-MOTION RECORDS FOR SHALLOW CRUSTAL EARTHQUAKES

This section summarizes the results of a detailed analysis of strong-motion records from shallow
crustal earthquakes.

2.2.1 Crustal Dataset Selection

The majority of strong-motion records for this set were obtained from the NGA-West2 database
available online [PEER 2016]. To follow the recommendations developed by others (summarized
in the previous sections), the following criteria were used in the selection:

1. The horizontal distance of the station to rupture, Joyner-Boore distance or Rya, is
less than 50 km. When Rz was not known, it was substituted by epicentral
distance;

2. A strong-motion record has all three components;
3. Magnitude of the seismic event is between 5 and 9;

4. Records with very small PGA have been excluded (i.e., only records with PGA of
0.1g in all three directions or greater were included);

5. The aftershocks were excluded;

6. Up to 15 records from each event are included (when the event has more than 15
records); and

7. Only those records from seismic stations that are representative of free-field site
conditions were considered (based on Campbell and Bozorgnia [2013] definition).

The same criteria were utilized in selecting strong-motion records from other sources.
These records were mainly obtained from the Center for Engineering Strong Motion Data
[CESMD 2016] and one record was obtained from a private source. A final list of the strong-



motion records obtained from the NGA-West2 database and other sources is presented in Table
2.1; this set consists of 410 records from 85 events.



Table 2.1 Subset of strong motions from crustal earthquakes.
Earthquake Name Year | Magnitude Mechanism No of Source
records

Imperial Valley-02 1940 6.95 Strike Slip 1 PEER NGA-West2
Northern Calif-01 1941 6.4 Strike Slip 1 PEER NGA-West2
Kern County 1952 7.36 Reverse 1 PEER NGA-West2
Northern Calif-03 1954 6.5 Strike Slip 1 PEER NGA-West2
Parkfield 1966 6.19 Strike Slip 3 PEER NGA-West2
Northern Calif-05 1967 5.6 Strike Slip 1 PEER NGA-West2
Lytle Creek 1970 5.33 Reverse Oblique 2 PEER NGA-West2
San Fernando 1971 6.61 Reverse 13 PEER NGA-West2
Managua Nicaragua-01 1972 6.24 Strike Slip 1 PEER NGA-West2
Hollister-03 1974 5.14 Strike Slip 1 PEER NGA-West2
Northern Calif-07 1975 5.2 Strike Slip 2 PEER NGA-West2
Friuli Italy-01 1976 6.5 Reverse 1 PEER NGA-West2
Gazli USSR 1976 6.8 Reverse 1 PEER NGA-West2
Izmir Turkey 1977 5.3 Normal 1 PEER NGA-West2
Basso Tirreno Italy 1978 6 Strike Slip 2 PEER NGA-West2
Santa Barbara 1978 5.92 Reverse Oblique 1 PEER NGA-West2
Tabas Iran 1978 7.35 Reverse 3 PEER NGA-West2
Coyote Lake 1979 5.74 Strike Slip 8 PEER NGA-West2
Dursunbey Turkey 1979 5.34 Normal 1 PEER NGA-West2
Imperial Valley-06 1979 6.53 Strike Slip 15 PEER NGA-West2
Montenegro Yugoslavia 1979 7.1 Reverse 5 PEER NGA-West2
Norcia ltaly 1979 5.9 Normal 1 PEER NGA-West2
St Elias Alaska 1979 7.54 Reverse 1 PEER NGA-West2
Anza (Horse Canyon)-01 1980 5.19 Strike Slip 1 PEER NGA-West2
Irpinia Italy-01 1980 6.9 Normal 5 PEER NGA-West2
Livermore-01 1980 5.8 Strike Slip 2 PEER NGA-West2
Mammoth Lakes-01 1980 6.06 Normal Oblique 3 PEER NGA-West2
Victoria Mexico 1980 6.33 Strike Slip 2 PEER NGA-West2
Corinth Greece 1981 6.6 Normal Oblique 1 PEER NGA-West2
Westmorland 1981 5.9 Strike Slip 5 PEER NGA-West2
Coalinga-01 1983 6.36 Reverse 15 PEER NGA-West2
Mammoth Lakes-10 1983 5.34 Strike Slip 1 PEER NGA-West2
Bishop (Rnd Val) 1984 5.82 Strike Slip 1 PEER NGA-West2
Lazio-Abruzzo ltaly 1984 5.8 Normal 1 PEER NGA-West2
Morgan Hill 1984 6.19 Strike Slip 10 PEER NGA-West2
New Zealand-01 1984 5.5 Normal 1 PEER NGA-West2
Umbria-03 Italy 1984 5.6 Normal 2 PEER NGA-West2




Table 2.1 Subset of strong motions from crustal earthquakes (continued).
Earthquake Name Year | Magnitude Mechanism No of Source
records

Nahanni Canada 1985 6.76 Reverse 2 PEER NGA-West2
Chalfant Valley-02 1986 6.19 Strike Slip 5 PEER NGA-West2
Kalamata Greece-01 1986 6.2 Normal 1 PEER NGA-West2
Mt. Lewis 1986 5.6 Strike Slip 1 PEER NGA-West2
N. Palm Springs 1986 6.06 Reverse Oblique 14 PEER NGA-West2
San Salvador 1986 5.8 Strike Slip 2 PEER NGA-West2
Baja California 1987 5.5 Strike Slip 1 PEER NGA-West2
New Zealand-02 1987 6.6 Normal 1 PEER NGA-West2
Superstition Hills-01 1987 6.22 Strike Slip 1 PEER NGA-West2
Superstition Hills-02 1987 6.54 Strike Slip 3 PEER NGA-West2
Whittier Narrows-01 1987 5.99 Reverse Oblique 15 PEER NGA-West2
Spitak Armenia 1988 6.77 Reverse Oblique 1 PEER NGA-West2
Loma Prieta 1989 6.93 Reverse Oblique 15 PEER NGA-West2
Maniil Iran 1990 7.37 Strike Slip 2 PEER NGA-West2
Sicilia-Orientale Italy 1990 5.6 Strike Slip 1 PEER NGA-West2
Upland 1990 5.63 Strike Slip 2 PEER NGA-West2
Georgia USSR 1991 6.2 Reverse 1 PEER NGA-West2
Sierra Madre 1991 5.61 Reverse 7 PEER NGA-West2
Big Bear-01 1992 6.46 Strike Slip 8 PEER NGA-West2
Cape Mendocino 1992 7.01 Reverse 13 PEER NGA-West2
Erzican Turkey 1992 6.69 Strike Slip 1 PEER NGA-West2
Joshua Tree CA 1992 6.1 Strike Slip 4 PEER NGA-West2
Landers 1992 7.28 Strike Slip 15 PEER NGA-West2
Little Skull MtnNV 1992 5.65 Normal 1 PEER NGA-West2
Northridge-01 1994 6.69 Reverse 15 PEER NGA-West2
Dinar Turkey 1995 6.4 Normal 1 PEER NGA-West2
Kozani Greece-01 1995 6.4 Normal 1 PEER NGA-West2
Northwest China-01 1997 5.9 Strike Slip 1 PEER NGA-West2
Umbria Marche ltaly 1997 6 Normal 5 PEER NGA-West2
San Juan Bautista 1998 517 Strike Slip 1 PEER NGA-West2
Chi-Chi Taiwan 1999 7.62 Reverse Oblique 15 PEER NGA-West2
Duzce Turkey 1999 7.14 Strike Slip 10 PEER NGA-West2
Hector Mine 1999 713 Strike Slip 3 PEER NGA-West2
Kocaeli Turkey 1999 7.51 Strike Slip 7 PEER NGA-West2
Yountville 2000 5 Strike Slip 3 PEER NGA-West2
Denali Alaska 2002 7.9 Strike Slip 1 PEER NGA-West2
Bam Iran 2003 6.6 Strike Slip 2 PEER NGA-West2




Table 2.1 Subset of strong motions from crustal earthquakes (continued).

Earthquake Name Year | Magnitude | Mechanism No of Source
records

San Simeon CA 2003 6.52 Reverse 5 PEER NGA-West2
Parkfield-02 CA 2004 6 Strike Slip 15 PEER NGA-West2
L'Aquila Italy 2009 6.3 Normal 5 PEER NGA-West2
Darfield New Zealand 2010 7 Strike Slip 15 PEER NGA-West2
El Mayor-Cucapah Mexico 2010 7.2 Strike Slip 15 PEER NGA-West2
Christchurch New Zealand | 2011 6.2 %i‘f;rjs 15 PEER NGA-West2

Hawaii 150¢t2006 2006 6.7 TBD 4 CESMD

La Habra 28mar2014 2014 5.1 TBD 15 CESMD

Petrolia 25Apr1992 1992 71 Strike Slip 6 CESMD

South Napa 24Aug2014 2014 6 Strike Slip 15 CESMD

Cepgg','%’ggoffece 2014 6.1 Strike Slip 1 Private source

2.2.2 Major Intensity Measures of Crustal Dataset (PGA, PGV, and Mw)

The major intensity measures (IM) for all strong motions are computed. Peak ground acceleration
and PGV versus Rz are presented in Figure 2.1(a) and Figure 2.1(b). Because PGD, as a parameter,
is too sensitive to the low-cut filters (used in the data processing) it cannot be used as a stable IM
of ground shaking [Boore and Atkinson 2007]. However, PGD are presented in Figure 2.2(a) to
show the upper limit that is important for seismically isolated equipment. Distribution of station
proximity to the rupture versus M of the seismic event is presented in Figure 2.2(b).
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Figure 2.1 PGA and PGV versus horizontal distance to rupture (Rus).



Distribution of the PGA versus Mw of the seismic event is presented in Figure 2.3(a). While
the PGA has a tendency to increase with increasing M, the plot shows that some moderate events
(Mw = 5.5 in the plot) were able to generate accelerations with PGA close to 0.9¢g and higher.
Spectral accelerations of all horizontal components of the records are presented in Figure 2.23(b).
As shown in the spectral plot, some individual spectra can exceed the IEEE693 spectrum anchored
at 1.0g [IEEE 2005]. In some cases, the peak spectral acceleration of an individual component can
be about two times higher than that on the IEEE693 spectral plateau.
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2.2.3 Root Mean Square Acceleration and Cumulative Energy

Root mean square (RMS) acceleration and cumulative energy (CE) calculations are discussed in
detail in Appendix A. The RMS acceleration and the total CE for the set are presented in Figure
2.4. The plots show that there is a strong linear correlation between PGA and RMS acceleration,
and PGA and total CE in a log—log scale.

PGA vs RMS PGA vs total CE

PGA, g
PGA, g

. i L ; i
102 107 107 10 107! 10°
RMS. g Total CE, g**sec

(a) (b)
Figure 2.4 (a) PGA vs. RMS acceleration and (b) PGA vs. total cumulative energy.

2.2.4 Duration Parameters

All duration-related parameters are discussed in detail in Appendix A. The duration of a strong-
motion record in the IEEE Std 693-2005 [IEEE 2005] is defined as the time interval between when
the plot of the acceleration time history reaches 25% of the maximum amplitude to the time when
it falls for the last time to 25% of the maximum amplitude. For the purpose of this report, it is
called a “bracketed duration.” Several other definitions of duration are based on the CE; see
Appendix A. These approaches define the duration as the time interval required to accumulate
between a and S of the accelerogram’s maximum CE. These durations are noted as D in this
study. The common values for (a, f) pairs are (25%, 75%), (5%, 95%), and, recently introduced,
(5%, 75%) [Chandramohan et al. 2016]. All these duration parameters are presented in Figures
2.5(a), 2.5(b), and 2.5(c), respectively. Another duration-related parameter, which was used in the
earlier study [Takhirov et al. 2004] to account for the duration of the accelerogram’s strong part is
presented in Figure 2.5(d); see Appendix A. It is called the strong-part duration ratio, Rsp, and was
defined as the ratio of time interval needed to accumulate between 25% and 75% of the maximum
CE to that between 5% and 95%, or D2s-75/Ds-9s. Please refer to Appendix A for more detail.

The IEEE Std 693-2005 [IEEE 2005] and its current draft version IEEE P693/D16
[IEEE693 WG 2017] require that the bracketed duration of the strong-motion time history used
for qualification testing and analysis meets or exceeds 20 sec; see Figure 2.6(a). In addition, the
IEEE Std 693-2005 [IEEE 2005] and its current draft version IEEE P693/D16 [IEEE693 WG
2017] require that the strong-part ratio of the time history be at 30% and greater. Both of these
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thresholds are presented in Figure 2.6(b). In both plots, the magenta region indicates a zone where
the IEEE693 requirements are satisfied. Note that the correlation between the bracketed duration
and the strong-part ratio shown in Figure 2.6(b) is significantly less noticeable than the correlation
between Da2s-75, Ds-9s, and Ds-75 and the bracketed duration presented in Figures 2.7(a), 2.7(b), and
2.7(c), respectively. This serves as a justification for using the strong-part ratio as an independent
duration parameter. As shown in Figure 2.7(d), a total CE divided by PGA? versus Ds-os plot is
close to a linear correlation. A summary of duration-related parameters for the set of shallow
crustal events is presented in Table 2.2 where mean values and coefficients of variations for each
parameter are listed.
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Figure 2.5 Cumulative energy-based durations vs. Rus: (a) 25%-75%; (b) 5%—
95%; (c) 5%—-75%; and (d) strong-part duration ratio.
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Table 2.2 Duration-related parameters

Duration parameter Mean COV (%) Notes
Bracketed duration 10.64 sec 77.7 Needs to meet 20 sec or exceed
Ds g5 12.82 sec 67.6
Ds 75 6.09 sec 78.5
Das-75 4.26 sec 82.9
Strong-part ratio (Rsp) 3251 % 38.9 Needs to meet 30% or exceed

* |IEEE Std 693-2005 [IEEE 2005] and IEEE P693/D16 [IEEE693 WG 2017].
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Figure 2.6 Duration-related thresholds required by IEEE693: (a) threshold for
IEEE693 duration; and (b) thresholds for IEEE693 duration and
strong-part duration ratio (Rsp).
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Figure 2.7 Correlation between duration parameters: (a) Ds_75 vs. D2s.75: (b) Ds-
95 VS. Da2s.75; (€) Ds-95 vs. bracketed duration; and (d) total CE divided
by PGA2 vs. D5 os.

2.2.5 Cycle Counting Related Parameters

As one of the IM parameters, a number of cycles exceeding 70% of the peak value—the so-called
number of high cycles—was computed for each strong motion in the set; see Figure 2.8(a). The
number of high cycles in the single-degree-of-freedom (SDOF) response [Takhirov et al. 2004]
with mean and mean-plus-one-deviation is presented in Figure 2.8(b).

The number of cycles in the SDOF response with 2% damping in a seismic qualification
time history was recommended to meet or exceed two cycles for the range of frequencies from
0.73 Hz to 12.45 Hz [Takhirov et al. 2004]. The current study on a larger dataset with default
damping of 5% shows that this recommendation of having two or more cycles in the test or analysis
time history response can be limited to the frequency range from 2.5 Hz to 12.45 Hz; see Figure
2.9. The fewer number of cycles is related to the fact that the system with a higher damping will
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experience a fewer number of cycles. Therefore, the requirement of having two high cycles in the
SDOF response can be too conservative for seismic evaluation of substation equipment with a new
default damping value of 5%. A summary of high-cycle counting conducted for the set of the 410
records is presented in Table 2.3.
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Figure 2.8 Cycle counting parameters of strong motions: (a) number of high
cycles, and (b) number of cycles in SDOF response.
5 Number of high cycles in SDOF response vs. frequency
—
45- w7 8
g 7 1
g
@ 3.5 - b
]
w
g 3- .
w
é 25
&
k=]
315
E
Z
(L i
0.5 - b
D Il
10” 10
Frequency, Hz
Figure 2.9 Threshold of minimum two cycles in the SDOF response specified

in IEEEG93 is satisfied starting at about 2.5 Hz.

15



Table 2.3 Summary of high cycles

Cycle counting parameter Mean COV (%) Notes

Number of high cycles 1.55 68.6 Independent of scaling

2.2.6 Spectral Proximity to IEEE693 Spectrum and Spectral Average

Another parameter is used to characterize the proximity of the spectral shape of each strong-motion
record to that of the IEEE693 spectrum. A cumulative distance of spectral accelerations to the
IEEE693 spectrum, Ds4, was defined as follows:

Dy, = \/[Z(KSS,. —S}EEE)Z} .1)

where Si is a spectral acceleration of the strong motion at frequency fi; S/Z5F is a spectral value on
the IEEE693 spectrum at the same frequency fi; and Ks is a scaling factor of the strong motion.

This distance is estimated at a 1/24™ octave resolution, and scaling factor K is calculated
when the cumulative distance is at its minimum value. The latter is valid when:

Equation (2.2) can be resolved as follows:

Ks =3 (55) /[ 2(s.)' ] (2.3)

Therefore, for each strong-motion record a scaling factor that best fits the IEEE693 spectrum can
be identified from Equation (2.3), and the cumulative distance at the best fit can be calculated from
Equation (2.1); see Figure 2.10.

Both Ks and Ds4 were computed for each record from the dataset and the results presented
in Figure 2.11. As presented in Figure 2.11(a), Ks has a strong correlation to PGA whereas Ds4
does not, as shown in Figure 2.11(b).

Similar to the study conducted by Pacific Gas & Electric Co. (PG&E) [PG&E 1988],
another parameter was used in the study presented herein. It was based on a spectral average from
2.5 Hz to 8.0 Hz, S.*. This average was selected to assess a spectral demand of each strong-
motion record that is not affected by low-pass and high-pass filters commonly used for
conditioning raw acceleration records. This range of frequencies, from 2.5 Hz to 8.0 Hz, covers a
portion of the spectral plateau of the IEEE693 spectrum and is roughly centered around the peaks
of spectral plots of the strong motions included in the set and their mean; see Figure 2.12.

The spectral average S.*”*" was calculated for all strong motions. The results are presented
in Figure 2.13 and show correlations of this average with PGA and Ks. Table 2.4 contains a
summary of spectral proximity parameters and spectral average.
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Correlations of spectral average with PGA and Ks: (a) strong
correlation of S3**" with PGA; and (b) strong correlation of S2**" with
Ks.

Table 2.4 Summary of spectral proximity parameters and spectral average
Parameter Mean COV (%) Description
Dsa 10.25g 32.3 Distance to IEEE693 spectrum at best fit
Ks 5.17 56.3 Best fit scaling
S 0.67g 70.2 Spectral average from 2.5 Hz to 8 Hz
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2.2.7 Spectral Accelerations

Spectral accelerations for all crustal records are presented in Figure 2.14. The spectral plots show
that some components of the records exceed the IEEE693 spectrum. Spectral accelerations of some
individual components exceed the IEEE693 spectral plateau by a factor of two or so; see Figure
2.14.

Spectra of horizontal components
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IEEE693
45 Crustal records

Spectral acceleration, g
N
w
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1
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107" 10° 10
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Figure 2.14 Unscaled spectra vs. IEEE693 spectrum anchored at 1g.

2.2.8 RotD50 Spectral Accelerations

The main objective of this section is to investigate instances in which some individual components
of the strong motions exceed the IEEE693 spectrum as shown in Figure 2.14 and to demonstrate
that the IEEE693 spectrum and the associated seismic qualification procedure represent a
conservative approach for testing and analysis.

The analysis of the strong-motion records show that some horizontal components of the
strong motions can exceed the IEEE693 High Performance Level spectrum anchored at 1g (5%
critical damping), as presented in Figure 2.14. This creates a false impression that this result does
not correlate with results of a parallel study [Mazzoni et al. 2017]. The latter study clearly
demonstrated that the IEEE693 spectrum represents a conservative approach for testing and
analysis. The discussion below elaborates on this issue.

The ground motion prediction equations (GMPEs) of the recent NGA-West2 database
[Campbell and Bozorgnia 2013] and including the recent results by Mazzoni et al. [2017] are based
on the utilization of RotD50 values of PGA, PGV, and spectral accelerations. In the case of the
spectral accelerations, RotD50 is calculated as follows [Boore 2012]:

1. Project the two as-recorded horizontal time series into azimuth AZ;

2. For each period/frequency, compute spectral acceleration (S4), store AZ, S4 pairs
in an array;
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3. Increment AZ by Aa (Aa = 1°) and repeat first two steps until AZ =180°;
4. Sort array over S4 values; and
5. RotD50 is the median value of the array.

This procedure is followed for all strong motions in the set of 410 records; see the example
provided in Figure 2.15. In addition, an average of S4 from 2.5 Hz to 8 Hz, S.*'*", is calculated for
each horizontal component and RotD50. This average was used in the PG&E study [1988] to assess
a potential structural response while minimizing the effects of low-pass and high-pass filters on
the spectral demand of each time history. In many cases, the average spectral acceleration of the
RotD50 can be lower than that of the largest component. For this particular example, the average
spectral acceleration of the RotD50 is 19% lower than that for one of the individual components;
see Figure 2.15(d).

When the entire set is considered, the difference between average spectral acceleration
from 2.5 Hz to 8.0 Hz for each component and that for the RotD50 can be quite different; it can
be as high as 40% as shown in Figure 2.16(a). Nevertheless, the average spectral acceleration of
the RotD50 is generally below the spectral accelerations at the IEEE693 spectrum’s plateau for
the exception of some records; see Figure 2.16(b). These records were obtained from those stations
located in a close proximity to the source (within 5 km), as shown in Figure 2.17.

The spectral plots for the records with an average spectral acceleration of RotD50 in close
proximity or exceeding 2.5g are presented in Figure 2.18. Since all of them were recorded in close
proximity to the source, this large value for the average spectral acceleration of the RotD50 is most
likely associated with the near-source effects.
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Figure 2.15

(c) (d)

Example of a RotD50 calculation for PEER-0006 (El-Centro) record:
(a) median values of the sorted array; (b) Sa values for all rotations
(direction = 180°); (c) Sa values for all rotations (direction = 270°);
and (d) Sa in directions 180° and 270° vs. RotD50.
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Figure 2.18 Spectral plots of the records with an average spectral acceleration
of RotD50 in close proximity or exceeding 2.5g: (a) PEER Record
No. 00143 (R.s = 1.8 km); (b) PEER Record No. 01087 (Rus = 0.4 km);
(c) PEER Record No. 01051 (Rus = 4.9 km); and PEER Record No.
08165 (Rus = 4.2 km);

While S, for the RotD50 spectral accelerations does not exceed the spectral acceleration
on the plateau by a large factor, the RotD50 accelerations at some frequencies can still exceed the
IEEE693; see Figure 2.19. A comparison between Figure 2.14 and Figure 2.19 demonstrate that
the RotD50 spectra are generally lower than those of individual components.
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Figure 2.20 RotD50 spectra for all records (near-fault records are shown in magenta).

As identified earlier, the majority of all crustal RotD50 spectra exceeding the IEEE693
spectrum are from records obtained in close proximity to the source; see Figure 2.20. Only three
records with no near-fault effects exceeded the IEEE693 spectra as shown in Figure 2.21. They
amount to 1.5% of all crustal records with Rsz> 10 km (212 records). Note that these records do
not exceed the IEEE693 spectrum by a large margin.
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When compared at 1/24 octave resolution, the RotD50 spectral accelerations of several
strong motions exceeded the IEEE693 spectrum; see Figure 2.22(a). These strong-motion records
amount to 6% of the total number of crustal strong motions included in the study; see Figure
2.22(b). The latter histogram shows the distribution of records with the maximum ratio of RotD50
spectral acceleration at each frequency to the corresponding IEEE693 spectral value, e.g., the
number of records with the maximum RotD50 spectral acceleration from 0.8 to 0.6 of the IEEE693
spectrum is 42.2%; see the second column blue in the plot. The magenta columns show the number
of records exceeding the IEEE693, and the total percentage of those records is presented in the
title of the plot.
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Figure 2.22 RotD50 spectral accelerations for all crustal records and their
proximity to the IEEE693 spectrum: (a) RotD50 exceeding the
IEEE693; and (b) number of records exceeding the IEEE693
(magenta).
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The IEEE Std 693-2005 [IEEE 2005] requires that both horizontal components of the
IEEE693-spectrum-compatible strong motion need to envelope the IEEE693 spectra and very
limited deviation is allowed. As shown in Figure 2.23, this results in a RotD50 that is very close
to each individual component. Since each horizontal component envelopes the IEEE693, the
average RotD50 spectral acceleration is greater than the spectral acceleration at the IEEE693
spectrum’s plateau.

In conclusion, although the average spectral accelerations of some individual components
of the strong motions may exceed the IEEE693 spectrum, the average RotD50 spectral
accelerations are generally below the IEEE693’s spectrum’s plateau with the exception of a few
records with near-fault effects. The IEEE693’s enveloping requirement adds another level of
conservatism to ensure that S.** of the RotD50 of the IEEE693-spectrum-compatible time
histories exceeds S«***" of the RotD50 for almost all of the historic crustal records. In addition,
having the same target response spectrum in both horizontal directions causes the RotD50 spectral
accelerations of the IEEE693-spectrum-compatible time histories to exceed the IEEE693. The
latter adds another level of conservatism.
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Figure 2.23 RotD50 calculation for El-Centro record modified to envelope
IEEE693 (procedure from Abrahamson [1992] was used).

2.3 STRONG-MOTION RECORDS FOR SUBDUCTION AND EASTERN U.S. TYPE
SEISMIC EVENTS

The set of crustal earthquakes discussed above was compared to that from subduction and eastern
U.S.-type events. In order to conduct this comparison an additional two sets were selected and
analyzed in the same way as the main set of records from the crustal events.

2.3.1 Dataset Selection: Subduction Type Records

Due to the specifics of the subduction zone earthquakes (i.e., some of them happened offshore),
the majority of the records were obtained at locations farther away than the threshold of 50 km
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established for the set of crustal earthquakes. A set of records was selected from the PEER NGA
West-2 database [PEER 2016] and the CESMD database [2016].

The databases were searched using the following criteria:

1.

U T

The horizontal distance of the station to rupture (R,z) is less than 450 km; when
Rys was not known it is substituted by epicentral distance;

A strong-motion record has all three components;

Magnitude of the seismic event is greater than 5;

PGA of the recorded motion is 0.1g or greater in one of the horizontal directions;
Aftershocks are excluded;

The number of records is limited to 15 (except for the 2011 Tohoku event); and

Only records from seismic stations that are representative of free-field site
conditions based on Campbell and Bozorgnia [2013] definition were selected.

A final list of the selected earthquake records is presented in Table 2.5 that consists of 134 records
from five events. A set of subduction records with 15 records per event requirement was selected
from this list. The subduction set consists of 65 records from the same 5 events.

Table 2.5 Subset of strong records from subduction type events.
. . No of
Earthquake Name Year Magnitude | Mechanism Source
records
Chile 16Sep2015 (lllapel earthquake) 2015 8.3 Subduction 5 CESMD
Iniskin 24Jan2016 (Alaska) 2016 7.1 Strike Slip’ 15 CESMD
Japan 07Apr2011 (Miyagi earthquake) 2011 71 Subduction 15 CESMD
Japan 11Mar2011 (Tohoku earthquake) 2011 9.0 Subduction 75' CESMD
Chile 27Feb2010 (Offshore Bio-Bio) 2010 8.8 Subduction 15 CESMD

* Inside the subducting Pacific Plate (AEC, 2015); 'Limited to 15 in the subduction set

2.3.2 Dataset Selection: Eastern U.S. Records

The online PEER NGA East-2 database [2016] and the number of strong-motion records is much
less than that in the PEER NGA-West2. During preparation of this report, the PEER NGA-East2
project was still ongoing and the so-called NGA Flatfile for the database was not yet available.
Hence, the online database was searched using the following criteria:

1.

A

The horizontal distance of the station to rupture (RJz) is less than 138 km; when
Rys was not known it is substituted by epicentral distance;

A strong-motion record has all three components;
Magnitude of the seismic event is greater than 4;
PGA of the recorded motion is 0.1g or greater in one of the horizontal directions;

Aftershocks are excluded; and
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6. Only records from seismic stations that are representative of free-field site
conditions based on the Campbell and Bozorgnia [2013] definition were selected.

The search resulted in two records that were obtained during the Mw 5.8 2011 Central Virginia
earthquake on August 23, 2011. A final list of the selected earthquakes is presented in Table 2.6.

Table 2.6 Subset of strong motions from eastern U.S.
. . No of
Earthquake Name Year | Magnitude | Mechanism Source
records

Central Virginia, 23 August, 2011 2011

5.8

TBD

2

PEER NGA-East2

2.3.3 Major Intensity Measures of Datasets (PGA, PGV, and Mw)

The major IMs for all strong-motion records were computed: PGA and PGV versus Rz are
presented in Figure 2.24(a) and Figure 2.24(b). As shown in the plots, the attenuation of the PGA
and PGV for the subduction records may be quite different from that for crustal records. It can be
related to (1) local amplifications due to the geological characteristics of the site and/or (2) by the
subsequent triggering of new earthquakes by the major event.

Although PGD is too sensitive to the low-cut filters used in the data processing to be a
stable IM of ground shaking [Boore and Atkinson 2007], PGD are presented in Figure 2.25(a) to
show the upper limit that is important for seismically isolated equipment. The distribution of the
station proximity to the rupture versus Mw of the seismic event is presented in Figure 2.25(b).
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Figure 2.25 (a) PGD and (b) Mw versus horizontal distance to rupture (Rus).

2.3.4 Root Mean Square Acceleration and Cumulative Energy

The RMS acceleration and CE calculations are discussed in detail in Appendix A. The RMS
acceleration and the total CE for the set are presented in Figure 2.26. The plots in Figure 2.26(a)
show that there is a strong linear correlation in a log-log scale between total CE and RMS
acceleration, especially for the 2011 Tohoku seismic event. The latter is related to the total duration
of the records, which was about the same for all records. For the same value RMS acceleration,
the total CE for subduction zone earthquakes is much higher than that for crustal events. The total
CE of the subduction zone records attenuates much slower than that for the crustal seismic events;
see Figure 2.26(b). In the case of the 2011 Tohoku event, some of these records exceed the
maximum total CE of the crustal set by a factor of three or so as shown in Figure 2.26(b).
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Figure 2.26

2.3.5 Duration Parameters

The IEEE Std 693-2005 [IEEE 2005] and IEEE P693/D16 [IEEE693 WG 2017] require that the
bracketed duration of the strong-motion time history used for qualification testing and analysis
meets or exceeds 20 sec; see Figure 2.27(a). In addition, the IEEE Std 693-2005 [IEEE 2005] and
its current draft version IEEE P693/D16 [IEEE693 WG 2017] require that a strong-part ratio of
the time history is at 30% and greater. Both these thresholds are presented in Figure 2.27(b). In
both plots, the magenta colored region indicates a zone where the IEEE693 requirements are
satisfied.
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Note that all duration-related parameters of the subduction type earthquakes are much
greater than the corresponding ones for crustal earthquakes, which is to be expected. This is valid
for the bracketed duration [shown in Figure 2.27(a)] and all CE-based durations D2s-7s, Ds-9s, and
Ds 75 presented in Figures 2.28(a), 2.28(b), and 2.28(c), respectively. In contrast, the strong-part
ratio for subduction events is about the same as that for crustal type earthquakes as shown in Figure
2.28(d). A summary of duration-related parameters is presented in Table 2.7 that lists mean values
and coefficients of variations for each parameter.
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Figure 2.28 Cumulative energy-based durations: (a) 25%-75% CE duration vs.

Rus; (b) 5%—-95% CE duration vs. Rus; (c) 5%-75% CE duration vs.
Rug; and (d) strong-part ratio vs. Rus.
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Table 2.7

Duration related parameters for subduction events (up to 15 records per event).

Duration parameter Mean COV (%) Note
Bracketed duration 46.12sec 76.5 Needs to meet 20 sec or exceed’
D595 73.50 sec 84.0
Ds-75 35.93 sec 101.7
D2s-75 25.47 sec 108.4
Strong-part ratio 31.34 sec 44 1 Needs to meet 30% or exceed "

*IEEE Std 693-2005 [IEEE 2005] and IEEE P693/D16 [IEEE693 WG 2017].

2.3.6 Cycle Counting Related Parameters

As one of the IM parameters, a number of cycles exceeding 70% of the peak value—the so-called
number of high cycles—was computed for each strong motion in the subduction and eastern U.S.
sets. The number of high cycles of the subduction set is about the same as that of the crustal set as
presented in Figure 2.29(a). The number of high cycles in the SDOF response with mean and
mean-plus-one-deviation is presented in Figure 2.29(b). As expected, the number of high cycles
in the SDOF response for subduction records is higher than those for the crustal records. It exceeds
the limit of two cycles set the by the IEEE Std 693-2005 [IEEE 2005] (see the magenta region in
the plot).

High cycle count

A summary of high-cycle counting conducted for the set of 65 subduction records is
presented in Table 2.8. The mean number of high cycles (2.44) for subduction-zone events exceeds
that of the crustal events (1.55).
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Cycle counting parameters of strong motions: (a) number of high
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Table 2.8 Summary of high cycles

Cycle counting parameter Mean COV (%) Note

Number of high cycles 2.44 70.0 Independent of scaling

2.3.7 Spectral Proximity to IEEE693 Spectrum and Spectral Average

Both K5 and Ds4 were computed for each record from the subduction dataset. The results are
presented in Figure 2.30. Since the eastern U.S. records were recorded far away from a source of
a moderate earthquake, one of the records from eastern U.S. requires the largest scaling factor to
best fit the IEEE693 spectrum anchored at 1.0g as shown in Figure 2.30(a). In contrast, the majority
of subduction-zone records require a relatively small best fit factor, which can be as low as five.
As presented in Figure 2.30(b), the cumulative distance to the IEEE693 spectrum at best fit for all
subduction records is within the maximum of 20.6 obtained for that of crustal earthquakes.

Figure 2.31 shows that the best fit factor, K5, is inversely proportional to PGA, as was
noticed earlier in regard to the crustal records. For smaller PGAs, a larger best fit factor is required,
which is to be expected. The spectral acceleration average from 2.5 Hz to 8.0 Hz was calculated
for all records (including subduction and eastern U.S.) with the results presented in Figure 2.32. A

summary of average and coefficients of variations for the subduction type records is presented in
Table 2.9.
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Figure 2.30 Parameters of best fit to IEEE693 spectrum: (a) Ks vs. Rus; and (b)
Cumulative distance, Dsa, vs. Rus.
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Figure 2.31
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Best fit factor is closely approximated by Fs = 1.21/PGA.
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Figure 2.32 Correlations of spectral average with PGA and Ks: (a) strong
correlation of S2'*" with PGA; and (b) strong correlation of S3*%'
with Ks.
Table 2.9 Summary of spectral proximity parameters and spectral average
(subduction type records).
Parameter Mean COV (%) Description
Dsa 11.21g 30.0 Distance to IEEE693 spectrum at best fit
Ks 4.69 84.7 Best fit scaling
N 0.88g 68.4 Spectral average from 2.5 Hz to 8 Hz
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2.3.8 Spectral Accelerations

Spectral accelerations for crustal, subduction, and eastern U.S. records are presented in Figure
2.33. The spectral plots show that the subduction type records can exceed the IEEE693 spectrum.
Spectral acceleration of a single component of the 2011 Tohoku earthquake exceeds the IEEE693
spectral plateau by a factor of 3 or so as presented in Figure 2.33.

Spectra of all horizontal components

8

— [EEE693
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Subduction
Tohoku
Eastern US

Spectral acceleration, g

107 10° 10
Frequency, Hz

Figure 2.33 Spectra vs. IEEE693 spectrum anchored at 1g.

2.3.9 RotD50 Spectral Accelerations

The objective of this section is to investigate the case when some individual components of the
strong motions exceed the IEEE693 spectrum as shown in Figure 2.33. When the subduction set
is considered, the difference between average spectral acceleration from 2.5 Hz to 8.0 Hz for each
component and that for the RotD50 can be quite different, and can be close to 40% or so as shown
in Figure 2.34(a). Nevertheless, the average spectral acceleration of the RotD50 is generally below
the spectral accelerations at the IEEE693 spectrum’s plateau with the exception of some records;
see Figure 2.34(b). The records with S;*" of the RotD50 exceeding 2.5¢g are shown by the
diamonds in Figure 2.34(a). The RotD50 spectral accelerations are much lower than the spectral
accelerations of individual horizontal components; see Figure 2.35.

When compared at 1/24 octave resolution, the RotD50 spectral accelerations of several
strong motions exceed the IEEE693 spectrum as presented in Figure 2.36(a). These strong-motion
records amount to 16.9% of the total number of subduction strong motions included in the study
as presented in Figure 2.36(b). The latter histogram shows the distribution of records with a
maximum ratio of the RotD50 spectral acceleration at each frequency to the corresponding
IEEE693 spectral value. For example, the number of records with a maximum RotD50 spectral
acceleration from 0.8 to 0.6 of the IEEE693 spectrum is 21.5% (the second blue column in the
plot). The magenta columns show the number of records exceeding the IEEE693, and the total
percentage of those records is presented in the title of the plot.

In conclusion, subduction-zone records may contain more demanding spectral
accelerations than those for the crustal earthquakes. This result is well correlated to the results in
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the recent companion study [Mazzoni et al. 2017], which concluded that the subduction-zone
earthquake records have a smaller margin in high frequencies with respect to the High PL IEEE693
spectrum. The increased demand can be related to the subsequent smaller earthquakes following
the major rupture and/or local amplifications of the sites due to basin or other geological effects.
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Figure 2.34 Average spectral acceleration from 2.5 Hz to 8 Hz for each
horizontal component of the records and RotD50: (a) ratio of
average spectral acceleration of each component to that of RotD50;
and (b) average spectral acceleration of RotD50.
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Figure 2.35 RotD50 spectra vs. IEEE693 spectrum anchored at 1g.
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Figure 2.36 Subduction records with RotD50 spectral accelerations exceeding
IEEE693: (a) RotD50 exceeding the IEEE693; and (b) number of
records exceeding IEEE693.

2.4 VERTICAL TO HORIZONTAL COMPONENT RATIO (CRUSTAL AND
SUBDUCTION)

The RotD50 spectral accelerations were used in determining the vertical to horizontal ratio
estimate. The current version of the IEEE Std 693-2005 [IEEE 2005] states that the spectrum of
the vertical component shall be at 80% of the horizontal spectrum. This section contains a
discussion related to this factor of 80%. For simplicity, it is called V2H factor. This factor is
calculated as a ratio of the vertical spectral accelerations at each frequency to the corresponding
RotD50 spectral accelerations.

2.4.1 V2H Factor: Crustal Type Records

The V2H factors for all crustal records considered in the study is presented in Figure 2.37(a). The
mean and mean plus one standard deviation is presented in Figure 2.37(b). The latter plot shows
that the mean value of the ratio meets the IEEE693 expectations up to about 7.2 Hz. The factor has
a maximum value of 1.25 at 16.1 Hz.

Next, the strong-motion records with a relatively large PGA were identified and selected
based on the following condition: the RotD50 spectral acceleration at the largest frequency of 35.2
Hz was considered as an effective PGA of the record in the horizontal direction. A subset was
selected based on the condition that the effective PGA (the RotD50 spectral acceleration at 35.2
Hz) is more than 0.2g. The corresponding plots are presented in Figure 2.38. The mean of the V2H
factor still satisfies the IEEE693 statement up to 6.6 Hz, with the peak value of 1.35 at 16.6 Hz.

The V2H factor for the records without near-fault effects and high PGA has a much better
correlation with the IEEE693 requirement as presented in Figure 2.39. The mean value of the V2H
factor stays below 0.8 up to 8.1 Hz and has a maximum value of 1.12 at 16.1 Hz.
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V2H factor

Crustal records: vertical components to RotD50 ratio (u and p+ao)
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Figure 2.37 V2H factor for all crustal records: (a) V2H factors for individual
records; and (b) mean and mean plus one standard deviation.
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Figure 2.38 V2H factor for crustal records with effective horizontal PGA meeting
and exceeding 0.2g: (a) V2H factors for individual records; and (b)
mean and mean plus one standard deviation.
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Figure 2.39 V2H factor for crustal records with effective horizontal PGA meeting
and exceeding 0.2g and Rus > 10 km: (a) V2H factor for individual
records; and (b) mean and mean plus one standard deviation.

2.4.2 V2H Ratio: Subduction Type Records

The V2H factor for the subduction records is quite different from that for crustal records as
presented in Figure 2.40. It exceeds the threshold of 0.8 in low and high-frequency ranges. The
mean value of the V2H factor stays below 0.8 from 0.3 Hz to 12.8Hz and after 20.1 Hz. It has a
maximum value of 1.20 at 0.1 Hz. The latter frequency is the lowest frequency of the frequency

range considered in the study.
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Figure 2.40 V2H factor for subduction records: (a) V2H factor for individual
records; and (b) mean and mean plus one standard deviation.
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2.4.3 V2H Factor: All Records

The V2H factors for all crustal and subduction records are presented in Figure 2.41. Two subsets
of crustal records are also added to the plot. Since the IEEE693 High Performance spectrum was
developed based on the crustal records without the near-fault effects and with relatively large PGA,
the corresponding curve (shown in green) is the most representative for the V2H factor assumed
in the IEEE Std 693-2005 [IEEE693 2005]. As noted earlier, the mean value of the V2H factor for
these records stays below 0.8 up to 8.1 Hz and has a maximum value of 1.12 at 16.1 Hz.

5 Vertical components to RotD50 ratio (;1)
. ; : - - .‘

— — IEEEBO%S
Crustal -
Crustal (PGA>0 2g) ,/\/ ™\
Crustal (PGA>0.29&R o> 10km) / \
Subduction /

Figure 2.41 V2H factor for crustal and subduction records.

2.5 SEED MOTION SELECTION AND IEEE693-SPECTRUM-COMPATIBLE TIME
HISTORIES

Based on an analysis of the strong-motion parameters discussed in the previous sections, several
records were selected as the seed motions for subsequent modifications in order to turn them into
IEEE693-spectrum-compatible strong-motion time histories. The spectral matching is performed
at 5% damping, in accordance with IEEE P693/D16 [IEEE693 WG 2017]. To preserve the non-
stationary feature of the historic records, the spectral matching was performed in a time domain.
The matching procedure in the time domain is a FORTRAN implementation of the algorithm
developed by Abrahamson [1992]. The procedure was updated in 2005 [Hancock et al. 2006]. In
the 2005 version of the procedure (RspMatch2005), additional wavelets are sometimes needed to
prevent a divergence of the solution. Since these wavelets sometimes have limited success in
ensuring a solution convergence, another update in 2009 was undertaken [Al Atik and Abrahamson
2010] that resulted in the newer version called RspMatch2009. An improved method for the
generation of a spectrum-compatible acceleration time series was added into the procedure. An
improved tapered cosine wavelet was developed for the adjustment of recorded ground motions
resulting in an acceleration time series that has no drift in the corresponding velocity and
displacement profiles. As a result, the new method did not require a baseline correction of the
adjusted record after each pass. The application of the new wavelet ensured stability and
convergence of the spectral matching solution. This updated version of the procedure was utilized
in this study.
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In addition, three 3-component synthetic strong-motion time histories compatible with
IEEE693 requirements were generated to have an option of using strong-motion time histories
generated from a set of harmonics. SimQke-1 [Gasparini, 1976; Vanmarcke 1976] was used in
generation of these synthetic strong-motion time histories. SimQke-1 is a FORTRAN-based
program that generates a synthetic time history, the spectrum of which matches the target
spectrum. The same parameters were computed for all [EEE693-spectrum-compatible strong-
motion time histories and were compared to those of the set.

2.5.1 Seed Motions Selection: Crustal Records

The main approach in selecting the seed motions is to choose records based on the high values of
parameters that are independent of scaling while maintaining the lowest possible values for the
best fit factor (Ks) and the distance to IEEE693 spectrum at best fit (Dsa). The latter helps to select
a seed motion that is “naturally” close to the IEEE693 spectrum and does not require excessive
scaling with a relatively small cumulative distance from the IEEE693 spectrum. A schematic
representation of this approach is presented in Figure 2.42. The schematic diagram shows the sets
of parameters that should intersect where the seed motions are. The parameters are sorted in a way
that is the most beneficial in the selection of a robust record, i.e., Ks and Dsu are increasing in a
direction pointing away from the sets’ intersection, and all other parameters are increasing toward
the point of the intersection.

Note that the IEEE Std 693-2005 and P693/D16 requirements [IEEE 2005] on the
bracketed duration and the strong-part ratio will control the selection. As a result of this selection
approach, four 3-component records were selected as seed motions as presented in Table 2.10. The
major selection parameters are presented in Table 2.11.

A — best fit factor

B — distance from target spectrum
| C—bracketed duration

D — strong part ratio

E — 05-95 duration (Ds.gs)

F — 25-75 duration (D,s.75)

G —05-75 duration (Dg_;5)

H — number of high cycles

s

W = _
Red arrow - increasing towards the point of
intersection
Yellow arrow - increasing away from the point of
intersection

Figure 2.42 Schematic diagram of seed motion selection approach.
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Table 2.10 Four 3-component records selected based on the parameter analysis.

Earthquake Year | Magnitude Record ID (database)

Imperial Valley-02 (EI Centro) 1940 6.95 RSN0006 (PEER NGA-West2)

Landers, CA 1992 7.28 RSN0864 (PEER NGA-West2)

Chi-Chi, Taiwan 1999 7.62 RSN1503 (PEER NGA-West2)

El Mayor-Cucapah, Mexico 2010 7.20 RSN5827 (PEER NGA-West2)

Table 2.11 Duration and scaling related parameters of the selected seed motions.
Earthquake record Duration (sec) Strong-part ratio Factor K Distance to IEEE693,
(Rsp) Dsy
o)

RSN0006 (PEER NGA- 24.68 44 4% 3.93 5.71
West2) from 1940 EI 24.81 60.3% 5.63 4.83
Centro, CA 12.18 35.1% 5.71 11.51
West2) from 1992 30.96 69.5% 417 7.04
Landers, CA 29.94 71.0% 4.31 6.91
RSN1503 (PEER NGA- 26.82 57.1% 2.10 6.56
West2) from 1999 Chi- 25.43 56.1% 2.38 5.94
Chi, Taiwan 22.48 37.5% 3.51 6.53
RSN5827 (PEER NGA- 33.21 41.5% 2.39 6.26
West2) from 2010 El 34.76 46.5% 2.67 7.52
Mayor-Cucapah, Mexico 32.37 60.0% 0.89 16.05

Parameters of Seed Motions from Crustal Records. The bracketed duration versus
strong-part ratio for all strong-motion records compared to those for the selection is presented in
Figure 2.43. The magenta shade reflects the IEEE Std 693-2005 and P693/D16 requirements [[EEE
2005].

The best fit parameters Ks and Dsa for the selected motions are presented in Figure 2.44.
The cyan shade shows the thresholds established in this study. As presented in the plots, the best
fit factor, K, is less than 6 or less than 32% of the set’s maximum and Ds4 is less than 8g, which
is about 39% of the set’s maximum value. Note that the minimum value of Ds4 for the entire set
was 4.24g. Other duration-related parameters are presented in Figure 2.45. As shown in the plots,
the following thresholds were satisfied: Ds-9s, Ds-75, and D2s-75 durations of the selected records
are longer than 24 sec, 12 sec, and 10 sec, respectively. The cyan shade shows the thresholds
established in this study. The RMS acceleration, total CE and average spectral acceleration S,**"
of the selected records versus those of the entire set are presented in Figure 2.46.
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Figure 2.43 Bracketed duration vs. strong-part ratio.
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Figure 2.44 Best fit parameters of selected records vs. those for the set: (a) Dsa
is less than 8¢ (less than 39% of maximum): and (b) Ks is less than
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2.5.2 Seed Motions Selection: Subduction Records

The same approach in the selection of the seed motions from the subduction records was followed.
A schematic representation of this approach is discussed earlier and presented in Figure 2.42. This
schematic diagram shows the sets of parameters that should intersect where the seed motions are.
The parameters are sorted in a way that is the most beneficial in a selection of a robust record, i.e.,
Ksand Ds4 are increasing in a direction pointing away from the intersection and all other parameter
are increasing toward the intersection point. Note that the IEEE Std 693-2005 and P693/D16
requirements [IEEE 2005] on the bracketed duration and the strong-part ratio will control the
selection. As a result of this selection approach, a single 3-component record was selected as a
seed motion as presented in Table 2.12. The major selection parameters are presented in Table
2.13.

Table 2.12 Three three-component records selected based on the parameter analysis.
Earthquake Year | Magnitude | Epicenter (km) Record ID (database)
Chile, February 27, 2010 2010 8.8 69.7 CONSTITUCIONS/N4598 (CESMD)

Table 2.13 Duration and scaling related parameters of the selected seed motions.
. Strong-part ratio Distance to
Earthquake record Duration (sec) (Rsp) Factor K IEEE693, D
7 40.659 1.57 1.2
CONSTITUCIONS/N4598 58.76 0 650/0 > >
Chile, February 27, 2010 68.15 40.05% 1.35 9.56
53.65 36.82% 4.31 6.91

2.5.3 |IEEE693-Spectrum-Compatible Time Histories Generated from Seed
Motions

To preserve the non-stationary feature of the historic seed records, the spectral matching procedure
was performed in a time domain. The matching procedure is a FORTRAN implementation of the
algorithm developed by Abrahamson [1992]. Note that the TestQke4IEEE [Takhirov el al. 2004]
was matched to the IEEE693 spectrum at 2% and 5% of critical damping with the subsequent final
match to a 2% damped spectrum. In contrast, the seed motions in this study were matched to a 5%
damped spectrum only. As a result, an excellent spectral matching with about £7% tolerance was
achieved for the wide frequency range from 0.13 Hz to 33.3 Hz for all nonstationary time histories.

Each seed motion was matched to the target IEEE693 spectrum by using both wavelet
options, the so-called Model 6 and Model 7 [Al Atik and Abrahamson 2010]. The use of the
tapered cosine wave as an adjustment function in Model 6 has the advantage of preserving the non-
stationary character of the acceleration time histories. However, this adjustment function
introduces drift to the velocity and displacement time histories. As a result, it requires applying an
additional baseline correction to the adjusted acceleration. Model 7 utilizes a wavelet with a
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modified taper, the Gaussian taper, so the adjustment wavelet is smooth and continuous. As a
result, the wavelet ends with zero velocity and displacement, and no drift appears in the velocity
and displacement time histories of the adjusted ground motion. The matched time histories were
checked to ensure that both bracketed duration and the strong-part ratio meet and exceed the
threshold values established by the IEEE Std 693-2005 and P693/D16.

2.5.4 |EEE693-Spectrum-Compatible Synthetic Time Histories

Three 3-component synthetic strong-motion time histories compatible with IEEE693 requirements
were generated in order to have an option of using time histories generated from a set of harmonics.
SimQke-1 [Gasparini 1976; Vanmarcke 1976] was used in the generation of these synthetic strong-
motion time histories. SimQke-1 is a FORTRAN-based program that generates a synthetic time
history, the spectrum of which matches the target spectrum.

The matching was performed at a 5% damping. Since the tolerance between the target
spectrum and the acceleration spectra had quite large variations, a total of 399 synthetic strong-
motion time histories were generated. Nine time histories with the best match to the target spectrum
were selected. The main criterion for adequate matching was to limit the variations from the target
spectrum to about +7% in the wide range of frequencies from 0.13 Hz to 33.3 Hz at 1/24 octave
resolution. In many cases the spectra of time histories generated by SimQke significantly exceeded
this tight tolerance threshold. To address this issue, all synthetic time histories were subsequently
matched to the same target response spectrum. The latter matching was performed in a time domain
by utilizing RspMatch09. One of the typical results of this approach is presented in Figure 2.47.

Spectra of synthetic time history before and after smoothing with Match09
T - T

SimQke

SimQke+Match
IEEE693@107 %&0.93%
= == |EEE693

25}

Spectral acceleration, g
o N
7 T

05

107" 10° 10’
Frequency, Hz

Figure 2.47 Spectra of synthetic time history (SQ-009.acc) before and after
subsequent matching in a time domain by RspMatch09.
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2.5.5 Resultant IEEE693-Spectrum-Compatible Time Histories

The following naming convention was adopted. The name of the IEEE693-spectrum-compatible
time history starts from “TestQke4IEEES”, where 5 stands for the 5% damping. The name ends
with a number preceded by a dash. This is a sequential number of the time history. This study
developed eight three-component time histories. The first five were generated from the seed
motions and the last three are synthetic strong motions as presented in Table 2.14.

The resultant time histories are presented in Figures 2.48-2.63. The plots are organized as
follows. The first group of plots shows the acceleration time history and spectral plot for each
component. For example, Figure 2.48 shows the acceleration time history and the spectral
accelerations for the TestQke4IEEES-1. The second group of plots shows the change of the Power
Spectral Density (PSD) in time compared to the acceleration time history. These plots show the
variation of the frequency content of each component in time. For example, Figure 2.49 shows the
acceleration time histories and the PSD variations in time for each component of the
TestQke4IEEES-1.

Table 2.14 List of IEEE693-spectrum-compatible time histories developed in the study.

Seed motion, if any Earthquake Name of I].EEE6.93-sp.ectrum-
type compatible time history
El-Centro, CA (1940) Crustal TestQke4|EEES5-1
Landers, CA (1992) Crustal TestQke4|EEE5-2
Chi-Chi, Taiwan (1999) Crustal TestQke4|EEE5S-3
El Mayor-Cucapah, Mexico (2010) Crustal TestQke4|EEES-4
gﬁ)”’: S:;}:;'S'\Zl?n;gf? Subduction TestQke4|EEE5S-5
NA (synthetic) NA TestQke4|EEE5-6
NA (synthetic) NA TestQke4|EEES-7
NA (synthetic) NA TestQke4|EEES-8
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Figure 2.48 IEEE693-spectrum-compatible time history matched to IEEE693

spectrum at 5% damping (TestQke4lEEE5-1 matched from 1940 El-
Centro seed record).
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Figure 2.49 Variation of the Power Spectral Density in time (TestQke4lEEE5-1).
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TestQke4|EEE5-2X: time history (LX-5p-24sss400.acc); Tmax=44.00Secs; Fenv=1 .091; PGA=1.09g
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Figure 2.50 IEEE693-spectrum-compatible time history matched to IEEE693

spectrum at 5% damping (TestQke4lEEE5-2 matched from 1992
Landers seed record).
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o TestQke4|EEES-2x: time history (LX-5p-24sss400.acc); T _ =44.00 secs
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Figure 2.51 Variation of the Power Spectral Density in time (TestQke4lEEE5-2).
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TestQke4lEEES5-3X: time history (Rund4-CC1503XF.acc); T =73.50secs; F_  =1.052; PGA=1.10g
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Figure 2.52 IEEE693-spectrum-compatible time history matched to IEEE693

spectrum at 5% damping (TestQke4lEEES5-3 matched from 1999 Chi-
Chi seed record).
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Figure 2.53 Variation of the Power Spectral Density in time (TestQke4lEEES5-3).
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TestQke4|EEE5-4X: time history (Run4-M5827Xv7F.acc); Tmax=88.5059cs; Fenv=1 .076; PGA=1.07g
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Figure 2.54 IEEE693-spectrum-compatible time history matched to IEEE693

spectrum at 5% damping (TestQke4lEEE5-4 matched from 2010 EIl
Mayor-Cucapah seed record).
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TestQke4|EEES-4x: time history (Run4-M5827Xv7F.acc); T _ =88.50 secs
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Figure 2.55 Variation of the Power Spectral Density in time (TestQke4lEEE5-4).

55



TestQke4lEEES5-5X: time history (Run6-C1041xsV6-0p8i200g35F.acc); Tma
T

=200.00secs; F =1.064; PGA=1.1
X env

o 1F ' '
oI E—
Q
< -1E I I I I I I =
0 20 40 60 80 100 120 140 160 180 200
Time, sec
g TestQked4|EEE5-5X: spectral accelerations
> 5| e e
w‘“ 1L ———-|EEE693
o i IEEE693@116% ‘
10 10° 10"

TestQke4lEEES5-5Y: time history (Run7-6-C1042yV4s100g35F.acc); L1

Frequency, Hz

=200.00secs; F
X e
T T

[o)] 1F T T T T T T T —
g or
Q
< 4L

0 20 40 60 80 100 120 140 160 180 200

Time, sec

. TestQke4lEEES-5Y: spectral accelerations
Dj 2 | 7 S R S S W
UJm 1 ———-|EEEG93

. | IEEEG93@116% ‘

107! 100 10°

TestQke4lEEE5-5Z: time history (Run7-6-C0521zV5s1p00g15F.acc); Tmax=200.0059cs; Fem_=1 .063; PGA=0.9(

Frequency, Hz

1 T T

()]
T o
Q
< 71 L | | L | L | | L

0 20 40 60 80 100 120 140 160 180 200

Time, sec
TestQke4|EEE5-5Z: spectral accelerations
T T T T T T T T _ 1T _T_ T p

o> 2 = 7
w'm 1k __ — —— - IEEEG93

" | e T |~~~ - IEEE693@116%

107 fig™ i@’

Frequency, Hz

Figure 2.56 IEEE693-spectrum-compatible time history matched to IEEE693

subduction seed record).
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Figure 2.57 Variation of the Power Spectral Density in time (TestQke4lEEE5-5).
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TestQke4IEEE5-6X: time history (Run4-SQ178v1F.acc); T _ =31.50secs; F_ =1.096; PGA=1.16g
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IEEE693-spectrum-compatible time history matched to IEEE693
spectrum at 5% damping (TestQke4lEEES5-6, synthetic).
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Figure 2.59 Variation of the Power Spectral Density in time (TestQke4lEEE5-6).
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TestQke4lEEES-7X: time history (Run4-SQ009v7F.acc); Tmal=31 .50secs; Fem_=1 .096; PGA=1.15¢g
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Figure 2.60 IEEE693-spectrum-compatible time history matched to IEEE693
spectrum at 5% damping (TestQke4lEEE5-7, synthetic).

60



o TestQke4lEEE5-7x: time history (Run4-SQ009v7F.acc); me=31.50 secs
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Figure 2.61 Variation of the Power Spectral Density in time (TestQke4lEEE5-7).
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TestQke4|lEEES5-8X: time history (Rund-281F.acc); T =31.50secs; F__ =1.068; PGA=1.11g
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Figure 2.62 IEEE693-spectrum-compatible time history matched to IEEE693
spectrum at 5% damping (TestQke4lEEE5-8, synthetic).
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Figure 2.63 Variation of the power spectral density in time (TestQke4lEEE5-8).
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All resultant time histories have spectra closely enveloping the [IEEE693 from 0.13 Hz to
33.3 Hz as presented in Figure 2.64. At 1/24" octave resolution all spectral accelerations meet and
exceed the IEEE693 spectrum and they stay within 16% of the target spectrum. In the case of the

1/12'" octave frequency resolution, this tolerance above the target response spectrum is limited by
15%.
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Figure 2.64 The resultant time histories have spectra closely enveloping the
IEEE693 from 0.13 Hz to 33.3 Hz: (a) all spectra fit into a 16% strip
above the IEEE693 High PL at 1/24 octave resolution; (b) all spectra
fit into a 15% strip above the IEEE693 High PL at 1/12 octave
resolution; (c) (Ss-IEEE)/IEEE ratio at 1/24 octave; and (d) (Sa-
IEEE)/IEEE ratio at 1/12 octave.
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The strong-part ratio and bracketed duration of all IEEE compatible records exceed the
minimum requirements of the IEEE Std 693-2005 [IEEE 2005] and P693/D16 as presented in the
two top plots of Figure 2.65. The total CE is presented in the third plot from the top. The cycle
count does not fall below one cycle as shown in the fourth plot from the top. The factor at best fit
(Ks) is very close to unity as presented in the fifth plot from the top. Because of the close match to
the IEEE693 spectrum, the cumulative distance (Ds4) from the target spectra at best fit is very
small and does not exceed 0.7 as shown in the bottom plot.

The number of high cycles in the SDOF response is presented in Figure 2.66. The magenta
dashed line is a threshold specified in IEEE693 [IEEE 2005]. Since the number of high cycles in
the SDOF response is expected to be less for systems with higher damping, the number of cycles
for the 5% damped systems is less than the threshold of two cycles established by the IEEE Std
693-2005 [IEEE 2005] for the 2% damped systems. This was observed earlier in the study of the
historic records. Based on the results of this study and because IEEE P693/D16 [IEEE693 WG
2017] requires the spectrum matching to be performed at 5% instead of 2% damping, the
requirement on the number of high cycles in the SDOF response has been eliminated from the
draft standard.
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Figure 2.65 Major parameters of the IEEE693-spectrum-compatible time histories.
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2.5.6 Filtered Versions of TestQke4lEEE5

Since enveloping of the IEEE693 spectrum starts from 0.13 Hz, all time histories developed herein
impose large displacement demand. While this is acceptable for analysis, the time histories need
to be filtered to meet the limitations of the existing shaking tables. The limitations of the major
shaking tables worldwide is presented in Table 2.15. It is selected from the world list of shaking
tables [Wikipedia 2017] by limiting the selection to 3D and 6D shaking tables and uniaxial shaking
tables with long stroke. The displacement limitations of the shaking tables that are listed in Table
2.15 are going to control the filtering requirements. They are combined in several groups and
summarized in Figure 2.67.

The validation tests of the time histories began at the uni-axial shaking table at the
University of California, Berkeley, with a stroke capacity of £31.5 in. and peak velocity of 100
in./sec. The time histories were filtered to accommodate this stroke limitation and all validation
tests were successful [Takhirov et al. 2017a; 2017b]. In addition to that, several testing laboratories
worldwide were approached to validate the time histories on their shaking tables. The list included
the following laboratories: the shaking table at Bristol University (Bristol, United Kingdom),
shaking table at National Technical University of Athens (Athens, Greece), Clark Testing
(Jefterson Hills, Pennsylvania, U.S.), shaking table at PEER-UCB (Richmond, California, U.S.),
shaking table at iABG lab (Ottobrunn, Germany), shaking testing at the University of Nevada,
Reno (Reno, Nevada, U.S.), the shaking table facility at the State University of New York at
Buffalo (New York, U.S.), uni-axial shaking table laboratory at Istanbul Technical University
(Istanbul, Turkey), shaking table facility at University of Pavia (Pavia, Italy), and many others.
The main concern raised by the laboratories was that the time histories require application of a
filtering procedure that can vary from facility to facility, and it would be more convenient for the
laboratories and the engineering community to have several filtered options of the time histories
suitable for the majority of the shaking tables worldwide.

The filtering procedure used in the past [Takhirov et al. 2004] was utilized herein. The
main goal was to develop a complete set for three types of time histories: (1) modified from a
record obtained during crustal type earthquake; (2) modified from a record obtained during
subduction type earthquake; and (3) synthetically generated time history. The results are presented
in Table 2.16, which shows the stroke limitations filtered for and the file names containing the
filtered time histories. The complete sets were developed for TestQke4IEEES-4 (yellow fields),
TestQke4IEEES-5 (orange fields), and TestQke4IEEES-6 (green fields).

The filtered versions of the time histories can be deployed at the majority of the shaking
tables worldwide as presented in Figure 2.68. For example, since the filtered time histories cover
many displacement thresholds in horizontal directions up to 30 in., they can be successfully used
at more than 90% of the shaking tables worldwide (a sum of two first columns in Figure 2.68 on
the left). The filtered versions of the vertical time histories can be used at more than 80% of the
shaking tables worldwide (a sum of three first columns in Figure 2.68 on the right).

All time histories including their filtered versions will be posted on the Internet by the
IEEE693 Working Group. They can be downloaded free of charge from the following link:
http://ewh.ieee.org/cmte/substations/scd0/wgd4/basefile.htm. More information on the filtered
versions of the time histories can be found in [Takhirov et al 2017¢] and [EPRI 2017].
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Table 2.15 A world list of 3D and 6D shaking tables and 1D shaking tables with long stroke.

No|Region Country State Name, location Size, m MT DOF Dy, mm |D,, mm |D,, mm|Vy, mm/s |Vy, mm/s |V,, mm/s
1|Africa Algeria - CGS Laboratory, Alger 6.1x6.1 60 6 +150 | £250 | £100 | £1100 | +1100 | +1000
2|Africa South Africa - University of Witwatersrand, Johannesburg 4x4 10 1 +750 n/a n/a +1000 n/a n/a
3|Asia China - China Academy of Building Research, Beijing 6.1x6.1 60 6 +150 | £250 | £100 | £1000 | +1200 +800
4|Asia China - Guangzhou University 3x3 20 6 +100 | £100 +50 +1000 +£1000 | £1000
5|Asia China - Nanjing University of Technology 3x5 15 3 +120 | £120 | £120 +500 +500 +500
6|Asia China - Tongji University, Shanghai 4x4 25 6 +100 | +50 +50 +1000 +600 +600
7|Asia India Karnataka 1ISc, Bangalore 1x1 0.5 6 +220 | £220 | +100 +570 +570 +570

Indira Gandhi Centre for Atomic Research(IGCAR),
8|Asia India Tamil Nadu |Chennai,Tamil Nadu 3x3 10 6 +100 | +£100 | +£100 300 300 ?
9|Asia Japan - NIED ‘E-Defence’ Laboratory, Miki City 20x 15 1200 6 | £1000 | £1000 | +£500 | 42000 | +2000 +700
10|Asia Japan - Hazama Corp Ltd. 6x4 80 3 +300 | +150 | £100 | +1150 ? ?
11|Asia Japan - Ishikawajima Harima Heavy Ind Corp. 4.5x45 35 6 +100 | 100 | +67 +750 +750 +500
12| Asia Japan - Kajima Corp. Ltd. 5x5 50 6 +200 | £200 | 100 | +1000 | £1000 +500
13|Asia Japan - Kumagai-Gumi Corp Ltd 5x5 64 6 +80 +260 | +50 +600 +1500 +500
14|Asia Japan - NIED (Nat. Inst. for Disaster Prevention) 6x6 1100 3 +1000 ? ? +2000 ? ?
15|Asia Japan - Public Works Research Institute (PWRI) 8x8 300 6 +600 | +600 | £300 | 2000 +2000 | +1000
16|Asia Japan - Tokyu Const. Corp. 4x4 30 6 +500 | £200 | +£100 | +1500 | +1000 ?
17|Asia South Korea - Korea Institute of Machinery and Metals, Changwon 4x4 30 6 +200 | +£200 | £134 +750 +750 +500
18| Asia Korea - Pusan National University 4x4 30 6 +300 | £200 | +£150 | +1500 | 1500 | +1000
19|Asia Taiwan - National Center for Research in Earthquake Engineering 5x5 50 6 +250 | £100 | 100 | +1000 +600 +500
Commissariat a 'Energie Atomique et aux Energies Alternatives

20|Europe France - (CEA), AZALEE 6x6 100 6 +125 | £125 | £100 | £700 +700 +700

21|Europe Germany iABG, Ottobrunn 41x32 10 6 +125 | £125 | +50 +430 +530 +260

22| Europe Greece - National Technical University of Athens 4x4 10 6 +100 | £100 | £100 | +1000 | +£1000 | +1000

23 |Europe Italy - ENEA (Casaccia R. C.) - System 1, Shake Table (1 of 2) 4x4 30 6 +125 | £125 | 125 +500 +500 +500

24 Europe Italy - ENEA (Casaccia R. C.) - System 1, Shake Table (2 of 2) 2x2 5 6 +150 | 150 | £150 | £1000 +1000 | +1000

25| Europe Ttaly - CESI S.p.A., Static & Dynamic Testing Laboratories, Seriate (BG) 4x4 30 6 +100 | £100 | +100 +440 +440 +440

Laboratory of Earthquake engineering and Dynamic Analysis
26|Europe Ttaly (LEDA) - "Kore" University of Enna (2 shaking tables) 4x4 60 6 +400 | £400 | £250 | +2200 | £2200 | +1500
Laboratory of Earthquake engineering and Dynamic Analysis

27|Europe Italy (LEDA) - "Kore" University of Enna (dual table) 10x4 100 6 +400 | +£400 | +250 | +1100 | +1100 +750

28|Europe The Netherlands |- European Space Agency (ESA) ESTEC Test Centre, Noordwijk 55x55 22.5 6 +70 +70 +70 +800 +800 +800

29|Europe Portugal - Laboratorio Nacional de Engenharia Civil (LNEC), Lisbon 5.6x5.6 40 3 +175 | #£175 | #175 +200 +200 +200

30|Europe Russia - Hydroproject Research Institute 5x5 50 3 +70 +70 +40 +600 ? ?

31|Europe Spain - CEDEX, Madrid 3x3 10 6 +100 | £100 | +50 ? ? ?

32|Europe Turkey - Bogazici University, Istanbul 0.7x0.7 0.1 3 +£120 | £120 | 120 | £1200 +£1200 | £1200

33|Europe UK - University of Bristol (EERC), Bristol 3x3 17 6 +150 | £150 | 150 | +1100 | £1100 | +1100
Earthquake Engineering Center, University of Engineering &

34|Asia Pakistan - Technology, Peshawar 6.0x6.0 60 6 +300 | £300 | £300 | +1100 | £1100 | +1100

35|North America |Mexico Mexico D. F. |Universidad Nacional Auténoma de México (UNAM), México 4x4 20 5 +150 | £150 | £75 +1100 | +1100 +450

36(North America [USA Colorado ANCO Engineers, Inc Boulder, Colorado 3x3 10 3 +200 | £200 | +£200 | +2000 +2000 | +£2000

37|North America [USA Alabama Wyle Laboratories 2.7x2.7 4.5 3 +250 | £250 | #250 | £1120 | +1120 | +1120

38|North America |[USA California University of California at Berkeley, PEER-UCB lab 6.1x6.1 85 6 +127 | £127 | #£51 +762 +762 +254
University of California at Berkeley, Structures Laboratory on main

39|North America |USA California campus 33x2.6 10 1 +800 n/a n/a +2540 n/a n/a

40|North America [USA California University of California at San Diego 122x7.6 2000 1 +750 n/a n/a +1800 n/a n/a

41|North America |USA Pennsylvania |Clark Testing, Jefferson Hills 3.7x3.7 17.2 3 +152 | £152 | £152 | +1270 | +£1270 | 1270

42|North America |USA New York  |University at Buffalo (State University of New York) 3.6x3.6 50 6 +150 | £150 | £75 +1250 | 1250 +500

43|North America [USA Nevada University of Nevada at Reno (6 axis table) 2.75x2.75 50 6 +75 +300 | +£100 ? ? ?
44|North America [USA Nevada Dynamic Certification Laboratories 2.0 diam. 45 6 +140 | £120 | 150 | +1000 | £1000 | +1200
45|North America |USA Virginia AREVA, Inc Lynchburg, Virginia 3x3 10 6 +142 | £142 | £142 | 1778 | £1778 | +1778
46|North America |USA Maryland Morgan State University 3x3 10 6 +254 | +£508 |+152.4| +1000 +1000 -
47|South East Asia|Vietnam Ha Noi 3x3 10 6 +142 | £142 | +142 | 1778 | +1778 | +1778
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Table 2.16

List of IEEE693-spectrum-compatible time histories filtered to meet limitations of majority of shaking tables.

Displacement limit of shaking table

TestQke

<30in (750 mm)

<8in (200 mm)

<6in (150 mm)

<5in (125 mm)

<4in (100 mm)

<3in (75 mm)

<2in (50 mm)

TestQke4|EEES-4X.AT2

TestQke4|EEE5-4X-0p150hz-28p650in.xlsx

TestQke4|EEES-4X-0p585hz-7p806in.xIsx

TestQke4|EEES-4X-0p665hz-5p694in.xlsx

TestQke4|EEES-4X-0p785hz-4p887in.xIsx

 TestQke4|EEES-4X-0p980hz-3p870in.xlsx

TestQke4|EEES-4Y.AT2

TestQke4|EEES-4Y-0p155hz-29p040in.xlsx

TestQke4|EEES-4Y-0p572hz-7p704in.xIsx

TestQke4|EEES-4Y-0p800hz-5p751in.xlsx

TestQke4|EEES-4Y-0p855hz-4p808in.xlsx

 TestQke4|EEES-4Y-0p965hz-3p878in.xIsx

TestQke4lEEE5-4Z.AT2

TestQke4lEEE5-4Z-0p665hz-5p733in.xlsx

TestQke4IEEES-4Z-0p785hz-4p860in.xlsx

TestQke4|EEE5-4Z-0p885hz-3p897in.xlIsx

TestQke4lEEE5-4Z-0p950hz-2p963in.xIsx

TestQke4lEEE5-4Z-1p235hz-1p982in.xlsx

TestQk 5X.AT2

TestQk 5X-0p175hz-29p628in.xlsx

TestQke4|EEES-5X-0p560hz-7p764in.xIsx

TestQke4IEEE5-5X-0p665hz-5p826in.xlsx

TestQk 5X-0p805hz-4p866in.xlsx

TestQk 5X-0p880hz-3p811in.xlsx

TestQke4|EEES-5Y.AT2

TestQke4|EEES-5Y-0p130hz-29p645in.xlsx

TestQke4|EEES-5Y-0p550hz-7p753in.xIsx

TestQke4|EEES-5Y-0p770hz-5p752in.xIsx

TestQke4|EEES-5Y-0p795hz-4p829in.xlIsx

| TestQke4IEEES-5Y-0p900hz-3p920in.xIsx

TestQked|EEES-5Z.AT2

TestQke4IEEES-5Z-0p685hz-5p846in.xlsx

TestQke4|EEE5-5Z-0p750hz-4p880in.xlsx

TestQke4IEEES-5Z-0p650hz-3p899in.xlsx

| TestQke4IEEES-5Z-0p760hz-2p800in.xlIsx

TestQke4|EEE5-5Z-0p980hz-1p852in.xlsx

TestQk 6X.AT2

TestQk 6X-0p175h2-29p623in.xlsx

TestQke4|EEES-6X-0p540hz-7p619in.xIsx

TestQke4IEEE5-6X-0p635hz-5p416in.xlsx

Testak 6X-0p695hz-4p496in.xlsx

 TestQke4IEEES-6X-0p860hz-3p765in.xlsx

TestQk 6Y.AT2

TestQl 6Y-0p130hz-29p587in.xIsx

TestQke4IEEES-6Y-Op410hz-7p894in.xlsx

TestQl 6Y-0p755hz-5p530in.xlsx

TestQk 6Y-0p790hz-4p873in.xlsx

| TestQke4IEEE5-6Y-0p850hz-3p842in.xIsx

TestQke4|EEES-6Z.AT2

TestQke4IEEES-6Z-0p570hz-5p743in.xlsx

TestQke4|EEE5-6Z-0p630hz-4p753in.xlsx

 TestQke4IEEES-6Z-0p775hz-3p705in.xlsx
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TestQke4|EEE5-6Z-0p980hz-1p963in.xlsx
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3 Conclusions and Recommendations

3.1 CONCLUSIONS

Based on the results of this study, the following major conclusions were made.

1.

The horizontal spectra of almost all crustal records are enveloped by the IEEE693
spectrum anchored at 1.0g. For the RotD50 spectral accelerations, only 5.9% of all
records exceed the IEEE693 spectrum. In the case of the RotD50 spectral
accelerations obtained at Rz exceeding 10 km, this percentage is even lower and
amounts to about 1.5% of all crustal records obtained beyond 10 km.

In the case of the subduction type records, the number of records which spectra
exceed the IEEE693 spectrum is much higher, so the RotD50 spectral accelerations of
about 16.9% of subduction records exceed the IEEE693 spectrum. This result is well
correlated with the findings of the parallel study [Mazzoni et al. 2017] that clearly
demonstrated that the IEEE693 spectrum has a much larger margin in case of the
crustal records when compared to subduction records.

. Analysis conducted on the ratio of vertical spectral accelerations to that of the

RotD50 for horizontal components revealed the following: the mean value of this
ratio for all crustal records is below 80% (assumed in IEEE Std 693-2005 and
P693/D16) in the low-frequency range up to about 7 Hz for all crustal records and 8
Hz with Rz > 10 km and RotD50 (fmax) > 0.2g. It increases after that and has a peak
at 125% for all crustal records and 112% for crustal records with Rz > 10 km and
RotD50 (fmax) > 0.2g. In contrast, the mean value of this ratio for subduction records
can exceed 80% in both low- and high-frequency ranges. It is below the 80%
threshold from 0.3 Hz to 12.8 Hz and after 20.9 Hz. It peaks in the low-frequency
range at around 120%.

The use of the many parameters and IMs was crucial in the identification of the seed
motions to be used in the spectral matching procedure performed in time domain. The
best fit factor and cumulative distance at the best fit were instrumental in determining
the records with the closest proximity to the IEEE693 spectra. Since this approach is
generic and spectrum independent, it can be used for any other target response
spectrum.

In this study, the seed motions were matched to the target IEEE693 spectrum within a
tight tolerance and five 3-component IEEE693-spectrum-compatible time histories
from historic records were developed. This set was composed of four seed motions
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were selected from the set of crustal records and one seed motion was selected from
the set of subduction records. The spectral accelerations of the time histories fit into
16% and 15% strips, enveloping the IEEE693 spectrum at 1/24th and 1/12th octave
resolutions, respectively. The same tolerance was achieved for three 3-component
synthetic IEEE693-spectrum-compatible strong motions developed in the study. The
suite of seven time histories (four from crustal records and three synthetic motions) is
proposed for use in the IEEE693 seismic qualification testing and analysis. The
historically-based subduction record also satisfies the requirements of P693/D16 and
may be used for qualification purposes if desired by the user.

3.2 RECOMMENDATIONS

All spectrum-compatible time histories developed in this project satisfy the requirements of IEEE
P693/D16. These motions are recommended for use in seismic qualification activities. Users
should note that TestQke4IEEES-5 was developed from a seed motion recorded from a subduction
earthquake. Although it satisfies the requirements of IEEE P693/D16 and may be used for
qualification activities, its main purpose is to aid research in the behavior and performance of
equipment in subduction earthquakes, which are specifically not addressed in IEEE P693/D16.
Further research is planned in this area.
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Appendix A: Parameters of Strong-Motion
Records and Response Indices

Appendix A presents definitions and discussions of parameters and indices used to characterize
the strong-motion records. The parameters and the indices are used to describe the severity of the
earthquake records and are divided into two groups. The first group consists of parameters obtained
directly from the recorded strong motion data, the second of parameters and indices obtained by
passing the recorded data through a single-degree-of-freedom (SDOF) system and by manipulating
the system response. Therefore, the former group includes ground motion parameters, whereas the
latter group includes spectra and other response indices delivered from a SDOF system analysis.

A.1  PARAMETERS OF STRONG-MOTION RECORD

This section discusses parameters delivered directly from an acceleration time history by means
of simple manipulations. The parameters include peak values for acceleration and velocity,
durations, CE, and cycle count.

A.1.1 Peak Values of Ground Motion

Peak ground acceleration. One of the most commonly used parameters to describe the strong-
motion record is peak ground acceleration (PGA). The PGA is calculated as a maximum of
absolute value of the acceleration. The value of PGA can be presented as a number with
dimensions of the acceleration in any particular measuring system or as a fraction of g, where g is
an acceleration due to gravity, that is 386.4 in./sec? (9.81 m/sec?).

Peak ground velocity. Peak ground velocity (PGV) is another important parameter
commonly used to characterize a strong-motion record. A strong-motion record usually represents
an acceleration time history recorded at a particular location; therefore, the determination of the
velocity time history involves some data manipulation. The acceleration time history has to be
numerically integrated over time, and the absolute maximum of the delivered velocity time history
yields the PGV. Depending on the selected measuring system, the PGV can be presented in in./sec
(m/sec).
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A.1.2 Cumulative Energy or Arias Intensity and Related Parameters

Cumulative energy. For engineering purposes, the cumulative energy (CE) of a strong-motion
record is defined as the area under the squared acceleration record, and represents a measure of
intensity of the record:

CE = Ja(r)zdr
0

where a(7) is a time history of the acceleration, and ¢ is a length (measured in seconds) of the
strong-motion record.

The CE is a very important parameter commonly used to calculate other parameters of a
strong-motion record, e.g., Arias intensity, root mean square (RMS) acceleration, and duration
parameters. For instance, the CE is proportional to a measure of intensity of a strong motion, Arias
intensity [Arias 1969], 1.

Depending on the selected measuring system, the CE can be presented in in.*/sec® (m?/sec?)
or simply in g° sec.

Root mean square acceleration. The computed CE can be used in calculating the
parameter of a strong-motion record known as the RMS acceleration arums, commonly used to
characterize amplitude of the accelerogram.

apvs =+/CE/t

In contrast to the PGA, the RMS acceleration takes into account the complete ground
motion time history and is a factored mean amplitude for the entire accelerogram. The RMS
acceleration is usually presented in fractions of g.

Duration based on CE. A method to calculate a duration of a strong-motion record based
on using the cumulative energy or Arias intensity was proposed by Dobry et al. [1978]. The method
defines the duration as the time interval required to accumulate between 5% and 95% of the
accelerogram’s maximum CE.

Strong-part duration based on CE. Another parameter for measuring the duration of a
strong motion part of an accelerogram, or “strong-part duration,” is introduced as follows. This
duration is defined as the time interval required to accumulate between 25%—75% of the maximum
cumulative energy. For CE normalized to the maximum value, these threshold values correspond
to 0.25 and 0.75, respectively, and are represented by the horizontal dashed lines in Figure A.1.
The ratio of the strong-part duration to the duration of the strong-motion history expressed by
percent can serve as an important parameter to measure the intensity of the record. The ratio is
extensively used in the study.
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the 0° direction is shown).

The term “duration of strong part” is also used in the IEC-1999 international standard [[EC
1999], although it is defined quite differently: the duration is taken as the length of the strong-
motion record in seconds, and the definition of the strong-part duration coincides with the IEEE
definition of the duration presented below.

A.1.3 Bracketed Duration

In the IEEE 693 standard the bracketed duration is defined as the time interval between the first
and the last occurrences of accelerations equal to or larger than 25% of the maximum value of the
acceleration. Bracketed durations based on this IEEE definition, and based on the CE, were
extensively used in the study.

The other existing definition of the bracketed duration is a time interval between the first
and last occurrences of accelerations equal to, or larger than, 0.05g [Bolt 1969; Page et al. 1972].
The comprehensive study conducted on a large database of strong-motion records by Naeim and
Anderson [1996] showed that the bracketed duration based on the last definition is not effective
for classification of strong-motion records. The duration calculated with a 0.05g threshold can
produce a result that overestimates the engineering significance of the bracketed duration. The
bracketed duration was calculated [Naeim and Anderson 1996) with various thresholds, namely
0.05g, 0.10g, and 0.30g; the analysis showed that low-level ground vibrations could produce a
long duration based on a 0.05g threshold, whereas an actual duration of strong motion vibrations
is much shorter.

A.1.4 Cycle Counting Procedure (ASTM)

In order to classify the strong motion in terms of fatigue analysis, a cycle counting procedure is
used. The procedure is based on the commonly used ASTM procedure, called the “simplified rain
flow cycle counting procedure.” A detailed description of the procedure and some notes on fracture
mechanics are presented in Takhirov et al. [2004]. As a result, the cycle counting procedure yields
a histogram of cycle counts for the magnitude range of the cycles. The procedure counts the cycles
of the accelerogram in order to deliver a number of cycles in the excitation’s acceleration imposed
on equipment during testing.
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A.1.5 Power Spectral Density

Another important parameter of the strong-motion record is a power spectral density (PSD). This
parameter is commonly used to obtain information on the frequency distribution of the energy
contained in the accelerogram. The power spectral density presents how the modulus of the fast
Fourier transforms of the strong motion depend on frequency, or period. For acceleration records,
the PSD can be presented in g%/Hz.

A.2 RESPONSE INDICES BASED ON ELASTIC SDOF SYSTEM ANALYSIS

A.2.1 Spectral Displacement, Velocity, and Acceleration

As previously mentioned, the second group of parameters and indices are based on analysis of a
SDOF system impacted by a particular strong motion signal. The spectral relative displacement,
usually denoted as Sa, is the most important index and is usually presented as an elastic response
spectrum. The spectrum is the plot of the maximum response displacement of the SDOF system
to a specified earthquake strong motion plotted as a function of the system’s natural frequency or
period for a particular critical damping of the system. The index presents the maximum value of
the displacement relative to the displacement of the ground; therefore it has the term “relative” in
its definition. For simplicity of further discussion, this term is omitted for all spectral indices.

Spectral pseudo-velocity. Electrical equipment has a relatively low damping value,
usually below 10% of critical damping. In this case, it can be assumed (with some acceptable
accuracy) that the maximum response velocity of the SDOF system is equal to spectral relative
pseudo-velocity defined as the product of the natural frequency of the system, w, and the spectral
relative displacement:

SV = O)SD

For simplicity, the spectral relative pseudo-velocity is referred to below as “spectral velocity.”

Spectral pseudo-acceleration. Based on the same assumption of low damping, the
spectral relative pseudo-acceleration, S4, is defined as a product of the spectral relative velocity
and the natural frequency of the system:

SA :a)SV or SA:a)ZSD

This index is the most commonly used spectral quantity to characterize the possible impact
of the particular strong motion signal to the structure. For simplicity the spectral relative pseudo-
acceleration is referred to below as “spectral acceleration.”

A.2.2 Number of Cycles in SDOF Response

In order to rate an intensity of the strong-motion time history and its effect on a SDOF system, a
new parameter was introduced. The parameter represents the number of high cycles in the
acceleration response of the SDOF system plotted against the natural frequency of the system and
calculated for a fixed damping value. Only cycles with a relatively high magnitude are included in
the high-cycle count: the study uses a threshold of 70% of the maximum magnitude. The study
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uses a 2% damping value and calculates the number of high cycles only for frequencies of a strong
part of the required response spectrum. The strong part of a required response spectrum (RRS) is
a part of the spectrum for which the response acceleration is higher than for the —3 dB bandpass
of the RRS [IEC 1999]. In other words it is a part of the spectrum where the spectral accelerations
are higher than the plateau value divided by the square root of two. In the case of the IEEE
spectrum, the strong part of the spectrum covers frequencies from 0.78-11.78 Hz.

A similar parameter, called the “number of high peaks of the response with 70% maximum
amplitude threshold,” is used in the international standard [IEC 1999]. The standard specifies that
the elastic response of a SDOF to the application of a test time history shall result in 3-20 high
peaks for a 5% damped system [IEC 1999: Section 6.4]. The high peak is defined as a positive or
a negative maximum deviation (with 70% threshold) from the zero line between two consecutive
Zero crossing points.
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Appendix B: Validation of Spectral
Computational Procedures

Since the report relies heavily on the computation of spectral accelerations, a comparison study
between procedures used in this report and the spectral accelerations tabulated in the Flatfile of the
PEER NGA West-2 was conducted. The study was conducted on several strong motions with two
different sampling rates: 100 Hz (A7 = 0.01 sec) and 200 Hz (At = 0.005 sec). As presented in
Table B.1, two sets of strong motions were randomly selected from the set of records studied
herein. The comparative study was conducted on the horizontal components of the strong motions
with the names of the records listed in Table B.1.

The results of this study are presented in Figure B.1 and Figure B.2. The comparative
analysis of these spectra clearly demonstrated the fact that the spectral procedure used in this study
produces spectral accelerations that are essentially the same as the ones from PEER NGA West-2
Flatfile [PEER 2013]. The spectra were computed at a 5% critical damping ratio.

Table B.1 Spectral computation was compared for the horizontal components of
the following strong-motion records

Record Samplin
Sequence Horizontal component 1 Horizontal component 2 ping
rate, Hz
Number
31 PARKF_C08050.AT2 PARKF_C08320.AT2 100
113 OROVILLE_D-DWR090.AT2 OROVILLE_D-DWR180.AT2 200
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