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ABSTRACT

The purpose of the development of artificial time-histories is to provide the
designer with ground motion estimates which will meet the requirements of the design
guidelines at the Hanford site. In particular, the artificial time histories presented in
this paper were prepared to assist designers of the Hanford Waste Vitrification Plant
(HWVP) with time histories that envelop the requirements for both a large magnitude
earthquake (Ml > 6.0) and a small magnitude, near-field earthquake (MKS.O).

A background of the requirements for both the large magnitude and small
magnitude events is presented in this paper. The work done in generating time histories
which produce response spectra matching those of the design seismic events is also
presented. Finally, some preliminary results from studies performed using the small-
magnitude near-filed earthquake time-history are presented.

INTRODUCTION

The purpose of this paper is to present the results of
analytical studies completed in generating artificial time-
histories for use in design at the Hanford, Washington site.
The Hanford design spectra are unique in that design
spectra for small magnitude (M<5.0) earthquakes have
been developed. These spectra are typified by high
amplification at relatively high frequencies.

Design ground motion for seismic design of nuclear
power plants are generally prescribed in the form of
smooth, multiple-damping, design response spectra. These
smooth spectra envelop the broad range of peaks and
valleys typically seen in spectra generated from actual
earthquake records and cover a possibility of different
responses due to different earthquake characteristics and
varying soil properties. In order to qualify equipment,
piping, and components for use in nuclear power plants,
seismic analyses have to be completed which show that the
components will maintain their integrity during and after
an event (Seismic Class 1). These components are often

mounted in civil structures at floor elevations other than
ground level such that floor response spectra are needed for
their design. Methods have been proposed for the direct
generation of floor response spectra [1, 2], however, these
methods have not been received as well as the more
traditional approaches. Current practice generally dictates
producing floor response spectra from a time history
analysis of the supporting structure. At floor elevations of
interest, response spectra may then be obtained using the
calculated response to the time history analysis. With this
type of an approach, synthetic time histories which
produce broad band spectra, or multiple natural earthquake
time histories must be used in the analysis to ensure
appropriate excitation at all frequencies.

Target design spectra for use in design and analysis at
Hanford, Washington are shown in Figure 1. This figure
displays the acceleration response spectra for the Design
Basis Earthquake (DBE) for Safety Class 1 Items and the
response spectra for a Small Magnitude Near-Field
Earthquake (NFE). Amplified accelerations are displayed
at 2% and 5% of critical damping. The peak ground
acceleration for both of these design events is set at 0.20g.
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The DBE is based on a median centered NUREG/CR-OO98
type earthquake [3]. The NFE is based on amplification
factors derived from site specific studies. The NFE
response spectra is more narrow banded than the DBE and
has slightly greater amplification from about 9 hz to 50 hz
where it returns to the peak ground acceleration.
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Figure 1
Target Design Spectra for Design Basis Earthquake
(DBE) and Small-Magnitude Near-Field Earthquake

(NFE)
(296 and 5% Damping)

These design spectra are some of the results of
probabilistic assessments of natural phenomena hazards
occurrence at DOE sites as completed by LLNL and their
contractors. A probabilistic seismic hazard study of the
Hanford Site was completed by TERA Corp., Inc. in 1978
with the results reported by LLNL in UCRL-53582 14].
These natural hazard models of the Hanford Site were
reviewed and compared to site-specific studies completed
on the Hanford Site. Tallman [5] presented the results of
these studies at the Second DOE Natural Phenomena
Hazards Mitigation Conference. From a review of the
previous hazard studies done on the Hanford site, Tallman
found that many of the studies neglected the contribution
of smaller (M < 5.0) earthquakes. Tallman further reports
that the Hanford site has a relatively high rate of low-
magnitude earthquakes, and that a response spectra
representative of small-magnitude earthquakes should be
considered in the design and qualification of components
and equipment that must remain operable during and/or
immediately following a seismic event.

Recommendations from this recent study concluded
that two sets of response spectra be used in design:

1. For Structures: The Newmark-Hall median
response spectra anchored to a 0.15 g peak, horizontal
free-field, ground acceleration for the design and analysis
of high-hazard structure in the 300 and 400 Areas. In the
100-N and 200 Areas, the Newmark-Hall spectra anchored
to a 0.20 g peak, horizontal free-field ground acceleration
are recommended. For high-hazard facilities throughout
the Hanford Site, the Newmark-Hall median response
spectra anchored to 0 20 g pga are recommended.

2. For Safety Class 1 active components and
equipment: In addition to the Newmark-Hall median
spectra, these active components and equipment should
also consider a small-magnitude, narrow-frequency-band
earthquake with a duration less than 3 seconds.

METHODOLOGY

The methodology used in generating the synthetic time
histories which produce response spectra is the subject of
this section. Comparison of the resulting spectra obtained
from the resultant time histories, along with smoothed
power spectral densities are also presented.

In order to simplify the generation of floor response
spectra it was decided to produce time-histories which
would envelop the target spectra shown in Figure 1 using
one time-history for the DBE and another time-history for
the near-field earthquake. A single time history could be
used since the time-history was to be used for linear elastic
seismic analyses. The disadvantage of the single time
history is that it is dissimilar from real earthquake motions
and thus not suitable for nonlinear seismic analyses. An
alternative methodology could be used. That being the
selection of a set of time-histories whose ensemble
response spectra would envelop the target spectra. This
alternate methodology requires additional analysis, is time
consuming, and can become expensive due to the number
of analyses which must be carried out. The advantage of
this methodology is that the resulting time histories are
similar to actual earthquake ground motion.

Develop uent of a single time history can be performed
by either beginning with a natural earthquake accelerogram
or with completely synthetic motion. An initial
investigation was conducted in order to determine whether
natural earthquake accelerograms could be used in the
design. These records may be used as is, or slightly
modified in order to better fit the target spectra. A number
of response spectra from natural earthquakes were
examined, however, the wide-band nature of the design
spectra makes it very difficult to envelop by a natural time
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history without violating NUREG-0800 acceptance
criteria. Among the records examined for possible use
were the following:

Table 1
Natural Earthquakes Considered for Simulation

Gazli, USSR
Tabas, Iran
Pacoima Dam
Lake Hughes #12
Castaic
E! Centre
Parkfield
Morgan Hill
Coalinga
Goleu
Gilroy #2
Taft

17 May 1976
16 September 1978
9 February 1971
9 February 1971
9 February 1971
15 October 1979
27 June 1966
24 April 1984
2 May 1983
13 August 1978
6 August 1979
21 July 1952

None of these records were judged to be adequate initial
time histories for either the DBE or the NFE. Artificial
time histories, using random phasing, were then developed
which would match the target spectra. The artificial
records could be developed to closely match the target
spectra, and generally envelop the target spectra consistent
with NRC acceptance criteria [6].

For both the DBE and the NFE, the computer program
SIMQKE was used to generate the target spectrum
compatible time histories. The program SIMQKE [7] has
the following capabilities: it computes a power spectral
density function from a specified smooth response
spectrum; it generates statistically independent artificial
acceleration time histories and tries, by iteration, to match
the specified response spectrum. SIMQKE also performs a
baseline correction on the generated motion to ensure zero
final ground velocity and it calculates response spectra
with the time histories as input.

The method used by the program for artificial motion
generation is based on the fact that any periodic function
can be expanded into a series of sinusoidal waves:

J X l

An is the amplitude and is the phase angle of the nth

contributing sinusoid. By fixing an array of amplitudes
and generating different arrays of phase angles, one obtains
different motions with the same general appearance but

different details. SIMQKE uses a random number
generator to produce strings of phase angles uniformly
distributed between 0 and 271,

The amplitudes An are related to the one-sided spectral

density function G ( 0)) through the following
relationship:

G(a>n)ba> = -f

Since the total power may be expressed as:

G\a)n) Afi> may be interpreted as the contribution to the
total power of the motion from the sinusoid with frequency

®n As the number of sinusoids in the root ion tends

toward infinity (becomes very large), the tout power will

become the area under the continuous curve G ( 0))

The power of the motion produced by using this
formulation does not vary with time. To simulate the
transient character of real earthquakes, the steady-state
motions are multiplied by a detenninistic envelope function
I(t). The artificial motion Z(t) then becomes:

Z(t) = <t>n)

The resulting motion is stationary in frequency content
with a peak acceleration close to the target peak
acceleration. I(t) is related to the strong motion duration.
The program artificially raises or lowers the generated
peak acceleration to match exactly the target peak
acceleration. The response spectra corresponding to the
motion are then computed. The response spectrum for one
chosen damping value is the target response spectrum
which the program will attempt to match.

To smooth the calculated spectrum and to improve the
matching, an iterative procedure is implemented. In each
cycle of the iteration, the calculated response is compared
with the target at a set of control frequencies. The ratio of
the desired response to the computed response is obtained
at each control frequency and the corresponding value of

Third DOE Natural Phenomena Hazards Mitigation Conference - 1991

348



the power spectral density is modified in proportion to the
square of this ratio, for example, at any cycle ;

= G(a>)

where Sy is the target spectral value. With the modified

spectral density function a new motion is generated and a
new response spectrum is calculated. The procedure is not
convergent at all control frequencies. Note that the
response at a control frequency is dependent not only on
the spectral density function value for that frequency, but
also on other values at frequencies close to the frequency
of interest as well. Herein lies the shortcoming of the
SIMQKE program. It is often difficult to select adequate
control frequencies such that the target spectrum is
enveloped closely, without introducing some large
conservatism at other frequencies. A large amount of
conservatism is undesirable especially in ground motion to
be used in generating floor response spectra. If one of the
fundamental frequencies of the structure coincide with a
peak of the ground spectra, large conservatisms will be
introduced in the design of systems and components
designed to the resulting floor spectra.

ACCEPTANCE CRITERIA

Section 3.7.1 of the U.S. Nuclear Regulatory
Commission's Standard Review Plan (NUREG-0800)
presents the acceptance criteria controlling seismic design
of commercial nuclear power plants. The acceptance
criteria defined by the USNRC in NUREG-0800 has been
followed in generating the design acceleration time-
histories presented in this paper. Sections of NUREG-
0800 governing the use of artificial time histories in design
are summarized in the remainder of this section.

Time histories compatible with smooth design
response spectra are acceptable for use as design time
histories. Artificial time histories are acceptable when an
appropriate recorded or specified time history is not
available. The response spectra obtained from an artificial
time history should generally envelop the design response
spectra for all damping values to be used in the analysis.
In addition to a comparison of the response spectra derived
from the time history with the design response spectra,
criteria for frequency intervals at which spectral values are
calculated are also provided by the NRC. The use of a
single time tistory is justified by satisfying a target power
spectral density (PSD) requirement in addition to the
design response spectra enveloping requirements.

For linear structural analyses, the total duration of the
artificial accelerogram should be long enough such that
adequate representation of the Fourier components at low
frequency is included in the time history. The total time
duration between 10 seconds and 25 seconds is required to
adequately match the design response spectra at 0.4 Hz
(when Regulatory Guide 1.60 spectra are used). The
corresponding stationary phase strong-motion duration
should be between 6 seconds and 15 seconds. If site-
specific information indicates duration estimates outside
these ranges, the site-specific values should be used.

When using a single time history for design, as in the
current case, the -./espouse spectra of the artificial time
history to be used in the free field must envelop the free-
field design response spectra for all damping values
actually used in the response analysis. Table 2 provides an
acceptable set of frequencies at which the response spectra
may be calculated.

The time history is considered to be adequate when its
calculated spectrum envelops that of the target. For
enveloping, the calculated spectrum is considered to
envelop the design response spectrum when no more that
five poults fall below, and no more than 10% below, the
desired response spectrum.

Table 2
Suggested Frequency Intervals

for Calculation of Response Spectra
(from NUREG-0800)

Frequency Range
(hertz)

0.2 - 3.0
3.0-3.6
3.6-5.0
5.0 - 8.0
8.0 -15.0
15.0 -18.0
18.0 - 22.0
22.0 - 34.0

Increment
(hertz)
0.10
0.15
0.20
0.25
0.50
1.0
2.0
3.0

Additionally, when a single artificial time history is
used in the design of seismic Category I structures,
systems, or components, it must satisfy requirements for
both enveloping design response spectra as well as
adequately matching a target PSD function compatible with
the design response spectra. A target PSD is given in
NUREG-0800 for a Reg Guide 1.60 compatible lime
history. Methodologies for developing target PSD for
response spectra other than Reg. Guide 1.60 are presented
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in Philippacopoulos, 1989. Here the intent is not to
govern the use of artificial time histories used in design,
rather, the intent is to warrant against large power dips at
certain frequency values in the target spectra.

RESULTS

The artificial time histories for both the DBE and the
NFE are presented in the following sections. It is shown
that both of the time histories meed the acceptance criteria
as given in the preceding section.

DESIGN BASIS EARTHQUAKE (DBE)

'j"he total duration selected for the DBE is 23 seconds.
The ground motion is characterized by a 3 second ramp-up
time, followed by IS seconds of stationary strong motion,
and completed by a 5 second ramp-down time. These
duration characteristics satisfy the acceptance criteria
proposed in NUREG-0800 and represent a conservative
duration when compared with historical damaging
earthquakes (NUREG/CR-3805). A total duration of about
20 seconds was used by Shinozuka [ 8 ] in generating
artificial time histories for use with a Reg. Guide 1.60
compatible accelerogram.
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Figure 2
Response Spectra for Artificial Accelerogram and Target

Design Spectra for DBE, 5% Damping

The response spectrum from the artificial record at 5 %
of critical damping for the DBE is shown in Figure 2.
Response spectral values were calculated at frequency
intervals consistent with those outlined in Table 2. The fit
on the response spectra curve is fairly good. Two

calculated spectral values fall below the target curve
between 1 and 2 hertz. In the frequency range of interest
for nuclear power plant facilities (about 0.3 hz to 24 hz)
the response spectra from the artificial time history is
conservative. The average bias is about 14%, with a
coefficient of variation about 8.5%. This introduces
conservatism in the design of equipment using floor spectra
generated from the design time history, however, this
conservatism is extremely difficult to remove while
maintaining compliance with NUREG-0800 enveloping

_ Power Spectral Density

Frequency (hs)

Figure 3
Power Spectral Density for Artificial Accelerogram

and Target Power Spectral Density for DBE

criteria (e.g., no more than 5 points below target spectra).
The one sided power spectral density function fur this

artificial record is shown in Figure 3. The power spectral
density function has been smoothed ± 20% in accordance
with NUREG-0800 guidelines. That is, at any frequency
f, the average PSD is computed over a frequency band
width of ± 20 percent centered on the frequency f (e.g., 4
to 6 Hz band width for f=5 Hz). The target power
spectral density function compatible with the smoothed
design spectra is plotted as the smooth curve. NUREG-
0800, Appendix A, requires that the average one-sided
PSD should exceed 80 percent of the target PSD from 0.3
to 24 hz for acceptance. The PSD from the artificial
accelerogram meets these requirements. Below 0.3 hz, the
record is deficient in power, however, power below 0.3 hz
generally has no influence on stiff nuclear facilities such
that this apparent deficiency is inconsequential. Over the
remainder of the frequency range, the PSD resulting from
the artificial record is conservative.

Figure 4 shows the cumulative power spectral density
curve from the artificial record. Kennedy, [ 9 ] has shown
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that the frequency band for which 80% of the power is
contained is an important measure of potentially damaging
ground motion. For the artificial record generated for the
DBE motion, the cumulative power plot shows that the
overall frequency content for the record is good. The
cumulative power is small until about 0.3 hz, where the
power density increases rapidly until just beyond 1 hz. At
1 hz, there is a dip in the PSD, which shows up in the
cumulative plot as a leveling of the slope. Between 0.3 hz
and about 2 hz, the power content is fairly level. Above 2
hz, the rate of power increase begins to decrease until 90 %
of the total power in die record is consumed at about 4.5
hz. Note that about 80% of the power lies between 0.3 hz
and 5 hz.
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Figure 4
Cumulative Power Spectral Density for Artificial

Accelerogram for DBE

The time history acceleration trace is shown in Figure
5. Note that the time history trace can be easily identified
as being "artificial''.
NEAR-FIELD EARTHQUAKE

The total duration for the small magnitude near-field
earthquake was recommended by Tallman [ 5 1, to be less
than 3 seconds. For this short of a duration, die generation
of a relatively broad-banded response spectra such as that
shown in 1 is a challenge. It has been suggested by some,
that for small magnitude earthquakes (M < 4.0), a strong
motion duration may not exist.

The time-history generated to represent the NFE is
shown is Figure 6. The peak ground acceleration of 0.20 g
in «he record occurs at about 0.50 seconds. There are
several significant peaks.beforc the ground motion
attenuates quickly after about 1.5 seconds. The time
history was developed using an envelope function which
closely matches that obtained from the Melendy Ranch
Bear Valley 1972 (N29W) record. The Melendy Ranch
record was a Magnitude (Ms) 4.3 record and is typical of
small magnitude west coast events. The recording station
at Bear Valley was 6 km from the epicenter. The target
values used for the envelope function in generating the
NFE were as follows:

5 %
75%
85%
95%

Tl
Tl + 0 . 8 seconds
Tl + 1.1 seconds
Tl + 2.6 seconds

The resulting values are very close to the target
values. The total duration of die synthetic time-history, as
shown in Figure 6, is less than three seconds. The strong
motion portion of the record occurs between 0.25 and 1.15
seconds and is about 1 second long.

Tftffi (SECONDS1

Figures
Artificial Accelerogram for DBE

Figure 6
Time-History Trace for Artificial Record to Match NFE
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The power spectral density, and the corresponding
cumulative power spectral density are given in Figures 7
and S, respectively. The power spectral density in Figure
7 shows that the power in the artificial record is spread
fairly uniformly over the frequency ranges from about 2 hz
to about 18 hz. Then! is a peak in the PSD at about 3 hz.
There is a corresponding valley in the PSD at about 7 or 8
hz. These peaks and valleys were difficult to control, and
still achieve a reasonable fit to the target design spectra.
There is a factor of about 2.5 between in the peak PSD
value of about 0.08 (g2/sec) and the valley PSD value of
about 0.03 (g2/sec). Ideally, the power would be evenly
distributed between the frequency ranges of interest; that
is. between about 1 hz and 20 hz.

2-i
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Figure 7
Power Spectral Density for Artificial Record for NFE

FigureS
Cumulative Power Spectral Density of Artificial Record

(forNFE)

The response spectra from the record at 5 % of
critical damping given in Figure 9. The peak value of
spectral acceleration occurs at about 12 hz and is 0.81 g's
at 2% damping. This is about 20% greater than the target
spectral acceleration value of 0.68 g. Figure 9 compares
the spectra resulting from the artificial record to the target
spectra, the target spectra less 10%, and the target spectra
plus 20%. Because the small-magnitude near-field
earthquake is not typical of a broadbanded, long duration
event, the acceptance criteria were relaxed slightly from
that given in NUREG-0800 . The criteria used are those
given in the ASCE Standard 4-86 [ 10 ] . These standards
are met by the artificial record at all damping values with
one exception. ASCE 4-86, section 2.3. l(c) requires that
'no one point of the mean spectrum shall be more than
10% below the design spectrum." At 2% damping, there
is a dip in the response spectrum obtained from the
artificial record which falls below 10% of the design
spectrum below l.S hz, and again at about 3 hz. This dip
shows up in the 5 % damped, and 7% damped spectra, but
it is not as severe. This dip could not be avoided without
making the power spectral density more peaked than is
shown in Figure 3, and without adding additional
conservatism in the time history record. The additional
power needed to raise this dip in the spectra would increase
the peak of the record, as well as other frequency ranges.

*t

Figure 9
Response Spectra at 5% Damping Versus Target Spectra,

Target +20%, and Target -10%
(For NFE)
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NEAR-FIELD EARTHQUAKE INTO CIVIL
STRUCTURE MODELS (ANALYSIS)

Soil structure interaction analysis using DBE and NFE
artificial time histories were performed on the embedded
structure on the HWVP project. The computer program
FLUSH was used in the analysis. Results for the Design
Basis Earthquake were as expected. The analysis for the
NFE was unusual in that the control motion contains very
high frequencies up to 40 Hertz. Cut-off at u or 20 hz is
common for the SSI analyses. The finite element model
was designed to accommodated the higher frequencies,
however, FLUSH analysis on the soil column would not
converge at frequencies above 30 hertz. The rest of the
analysis was carried out with the highest frequency set at
30 hertz. Significant soil structure interaction effects were
observed in that all computed motions of the embedded
parts of the structure are smaller than the surface control
motion especially in the high frequency range of the
spectrum. Significant attenuation starts at 6 hertz and
above, at the ground level of the building as compared to
the free-field layer. The results of this preliminary
analysis raise a question as to whether a motion with such a
high frequency content is realistic for the soil profile found
at Hanford at the site of HWVP project. Further studies
are being planned in order to confirm this conclusion.

Summary

The results ot an analysis which generated artificial
time histories to fit given design response spectra were
presented. Two artificial records were generated. A single
synthetic time history was created which simulates a
Design Basis Earthquake, which is based on median
amplification factors from a NUREG/CR-0098 type spectra
(Figures 2 and 5). An additional artificial time history was
generated which simulates a Near-Field Small Magnitude
event (Figures 6 and 9). The near-field event is
characterized by shorter overall duration, and higher
frequency content. The resultant synthetic time histories
were shown to meet the U.S. Nuclear Regulatory
Commission's acceptance criteria for single design time
histories. Consistent with NRC criteria, the time histories
produce response spectra which are generally higher than
the target spectra, but have several points which fall
beneath the target spectra as shown in Figures 2 and 9.
Power spectral density plots were presented for each of the
records (Figures 3,4,7, and 8). These PSD show that the
power is fairly broad banded for each of the records.

Preliminary SSI analyses using the near-field
earthquake suggest that the soil column at the HWVP is
such that it will not transmit the high frequency motion
characteristic of the small-magnitude near-field earthquake.

Further studies are being investigated which will study the
effects the near-field earthquake has in the design phase of
active components and equipment.
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