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Abstract
The effect of high-frequency ground motion on structures and equipment in nuclear reactors
is examined by subjecting simple linear models to selected recorded ground motions which
exhibit low and high frequencies. Computed damage measures indicate that high-frequency
short-duration ground motion, such as that observed in eastern North America have a
minimal effect on structures with low natural frequencies. Response spectra of highfrequency ground motion indicate that higher forces are induced in structures with high
natural frequencies as compared to those induced by low-frequency ground motion.
However, reported observations of earthquake damage in eastern North America suggest
that high-frequency ground motion causes little or no damage to structures. This may be
due to the energy absorption capability of structures.
It is concluded that the response spectrum representative of ground motion observed in
eastern North America may give an over-conservative measure of the response of structures
with high natural frequencies, since it does not account for the typically observed short
duration of high-frequency ground motion and for the energy absorption capability of
structures. Detailed nonlinear analysis of specific structures with high natural frequencies
should be performed to better predict the actual response. Recommendations for a
nonlinear analysis of typical structures with high natural frequencies are made.

Resume
Dans le present rapport, les chercheurs ont etudie I'action des mouvements de sol a hautes
frequences sur les structures et le materiel des reacteurs nucleates en faisant subir a des
modeles lineaires simples certains mouvements de sol enregistres a basses et hautes
frequences. Les mesures informatisees des dommages indiquent que les mouvements de
sol a hautes frequences et de courte duree, tel qu'on a note dans Test de I'Amerique du
Nord, exercent une action minime sur des structures a basses frequences naturelles. Les
spectres de reponse de mouvements de sol a hautes frequences indiquent que des forces
plus elevees sont provoquees dans les structures a hautes frequences naturelles par
comparaison aux forces provoquees par les mouvements de sol a basses frequences. Or,
les observations qu'on a rapportees en ce qui concerne les dommages causes par des
tremblements de terre dans Test de I'Amerique du Nord laissent supposer que les
mouvements de sol a hautes frequences causent peu ou pas de dommage aux structures.
Cette situation peut etre expliquee par la capacite des structures d'absorber de I'energie.
Les chercheurs sont arrives a la conclusion que le spectre de reponse representatif de
mouvement de sol dans Test de I'Amerique du Nord peut donner une estimation trop
prudente de la reponse des structures a hautes frequences naturelles parce qu'il ne tient pas

compte de la courte duree des mouvements typiques de sol a hautes frequences et de la
capacite des structures d'absorber de I'energie. Pour determiner la rgponse reelle, il serait
necessaire de realiser une analyse non lineaire detaillee de structures specifiques a hautes
frequences naturelles. Le rapport apporte des recommandations pour I'analyse des
structures specifiques a hautes frequences naturelles.

Disclaimer
The Atomic Energy Control Board is not responsible for the accuracy of the statements
made or opinions expressed in this publication and neither the Board nor the author
assumes liability with respect to any damage or toss incurred as a resuft of the use made
of the information contained in this publication.
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The Effect of High-Frequency
Ground Motion on the Maple X-10 Reactor
A.

Introduction

1.

Background

Atomic Energy of Canada Ltd (AECL) is planning to build the Maple-X10 Research Reactor
at Chalk River, Ontario. The seismic design of the reactor is based on CSA Standard CAN3N289.3-M81 [Ref 1]. The design response spectrum in the CSA standard is based on
accelerogram records from western North America (WNA). However, recent observations
suggest that accelerograms in eastern North America (ENA) exhibit significantly higher
frequencies (>10 Hz) than those in WNA. If this is the case, the design spectrum in the
CSA standard would be deficient at higher frequencies.

The Atomic Energy Control Board (AECB), the licensing authority for nuclear reactors in
Canada, has tasked Acres International Limited (AIL) to examine the effect of high-frequency
ground motion on the reactor which exhibits natural frequencies exceeding 15 Hz.

Acccording to Ref 1, seismic design begins with establishing a Design Basis Earthquake
(DBE).

Ground motions associated with the DBE are then employed for the seismic

qualification of safety-related structures and equipment (i.e., such structures and equipment
must survive the occurrence of the DBE).

The ground motion is typically defined in terms of a response spectrum. As few or no data
are available to determine response spectra at a particular site, it is common to use standard
response spectra which are the response of a single degree of freedom oscillator normalized
by peak values of ground motion. These standard spectra are developed by a statistical
analysis of response spectra of existing accelerograms recorded from past earthquakes.
Thus, given values of peak ground displacement (PGD), peak ground velocity (PGV) and
peak ground acceleration (PGA), the standard spectra are scaled by these peak values to
produce the design spectrum. An example of this procedure is shown in Figure 1. Further
details may be found in Ref 2.
Appendix A.

The theory of the response spectrum is presented in
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As stated above the standard spectra have been developed by a statistical analysis of
response spectra computed from accelerograms of past earthquakes, the majority of which
are from WNA [Refs 2, 3, 4 and 5].

However, as mentioned above, there is growing

evidence that the amplitudes of these spectra in the high frequency range (> 10 Hz) are not
representative of earthquakes in ENA. Figure 2-1 shows the accelerogram and response
spectrum of the 1949 Hollister, California M5.3 earthquake, which is representative of ground
motion recorded in WNA. Figure 2-2 shows the accelerogram and response spectra of the
1986 Leroy, Ohio M4.8 earthquake, which is representative of observed high-frequency
ground motion recorded in ENA,

Although of similar magnitude and recorded at similar epicentral distances, the frequency
content of the two earthquakes is apparently quite different.

The qualifier 'apparently' is

necessary because the bandwidth of the accelerometers which recorded these earthquakes
is probably quite different; the 1949 Hollister accelerometer was probably not capable of
accurately recording frequencies much greater than 15 Hz, even if they existed.

Nevertheless, the differences between the two spectra are significant and not easily explained
by differences in recording technology alone. In general, earth materials act as a low pass
filter such that high frequencies tend to be attenuated with distance. Indeed, the duration
of high-frequency ground motion shown in the accelerogram of Figure 2-2 is relatively short.
This is typical of most accelerograms observed in ENA to date.

The persistence with

distance high-frequency ground motion in ENA is likely due to the homogeneous nature and
high strength of crustal materials in ENA as compared to WNA [Refs 7, 8].

The Leroy, Ohio earthquake exceeded the operating limits of the Perry Nuclear Power Plant
resulting in a delay in plant start-up, until it could be established that no damage had
occurred. In fact no damage was observed or indicated and the plant finally began full
operation about 2 months after the earthquake. Similar incidents have occurred at other
reactors in the eastern US. This has caused the US Nuclear Regulatory Commission to
reconsider its definition of exceedance of the Operating Basis Earthquake used to determine
when to shut down a plant for inspection [Ref 6].
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Although it is apparent that the effect of high-frequency ground motion on structures with
low-natural frequencies (<10 Hz) is minimal, the same may not be true for structures and
equipment in nuclear plants whose resonant frequencies are greater than 10 Hz. There is
evidence [Refs 2, 6] that high-frequency ground motion does not cause damage and,
therefore, response of modes greater than 10 Hz should be ignored in design. However,
this needs to be verified. It is likely that the effect of high-frequency ground motion depends
on the structure and materials in question.

2.

Outline and Scope of Report

The first step in this analysis is to select representative accelerograms from both ENA and
WNA. This is discussed in the next section.

To compare the effect of the two types of earthquakes of the design of a structure, it is
necessary to have some measure of the damage potential of the computed response of the
structure. A literature review of various damage measures is discussed in Chapter B.

In Chapter C the analyses of linear single degree of freedom (SDOF) systems and a linear
multi-degree of freedom (MDOF) model are presented. Indicators of damage are computed
for each computed motion. The implications of the results for the Maple-XiO reactor are
discussed.

Finally, Chapter D gives conclusions resulting from this study and recommends a program
of lurther research into the effects of high-frequency ground motion on specific structures.

3.

Selected Accelerograms

Accelerograms recorded Irom six different earthquakes were selected. Table 1-1 lists the
earthquakes and their magnitudes and epicentral distances. The horizontal components with
the largest peak ground acceleration were used in the analyses. The time histories for these
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components are presented in Figure 3. Response spectra at 2% and 5% damping for each
of the accelerograms are presented in Figures 4-1 and 4-2 respectively.

Table 1-2 lists some index parameters of each earthquake. All of these, except the Nyquist
frequency, will be described in Chapter B, 1. The Nyquist frequency, fN, is the maximum
frequency which the data is capable of representing. If t is the time sampling interval, then
fN = 1/2

t (i.e., minimum two samples per wave length).

However, for more recent

earthquakes, recording and data processing techniques have increased the Nyquist
frequency.

For the Kern County and Parkfield accelerograms, the time sampling interval

t = 0.02

seconds. Given little information regarding the recording and processing of these records,
this gives fN = 25 Hz for both records. For the other records, t = 0.005 seconds giving
fN = 100 Hz. However, a high-cut filter is applied to the data so that
frequencies between 50 and 100 Hz are attenuated. For this reason, the Nyquist of the
post-1966 records is estimated to be 50 Hz. In any event, there is more high frequency
(>25 Hz) content in these later accelerograms than in the older Kern County and Parkfield
accelerograms.

Further details concerning these accelerograms are discussed in the following sections.

3.1.

Kern County, California, 1952

The main reason for selection of this record is that it is considered to be a typical WNA
event. Its magnitude (7.2) is rather large and probably not representative of the size of
ENA events. Nevertheless it is useful for comparative purposes. This accelerogram was
recorded on a soil site.

3.2.

Parkfield, California, 1966

This record is also a typical WNA event. However its magnitude (6.5) is lower than that of
Kern County. In addition, the epicentral distance from the recording station is much less
than that of Kern County and thus the high-frequency content is probably greater than that
of Kern County. This accelerogram was recorded on a soil site.
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TABLE 1-1
SELECTED ACCELEROGRAMS

Event
Kern County
Saguenay
Parkfield
Nahanni
Leroy, Ohio
Miramichi

Date
21/7/1952
25/11/1988
27/6/1966
23/12/1985
31/1/1986
31/3/1982

Station
Taft Lincoln Tunnel
St. Andre
Cholame Shandon # 5
Site 1
Perry Plant
Loggie Lodge

Component
S69E
N-S
N85E
N10E

A (km)

M

40
64

N-S

17
6

7.2
5.9
6.1
6.8
4.8
4.0

S81E

5
7

TABLE 1-2
INDEX PARAMETERS OF SELECTED ACCELEROGRAMS

Event
Kern County
Saguenay
Parkfield
Nahanni
Leroy, Ohio
Miramichi

PGA(g)
0.18
0.16
0.42
1.10
0.18
0.58

Duration (s)f
28.86
12.58
6.74
7.92
5.62
0.82

CAV (g-sec)
0.92
0.31
0.67
1.32
0.09
0.11

fAs defined in Ref 14
is the estimated Nyquist frequency of the available data.

RMSA (g)
0.03
0.03
0.09
0.19
0.02
0.13

fs (Hz)t
25
50

25
50
50
50
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3.3.

Miramichi, New Brunswick, 1982

The Miramichi sequence of earthquakes provided some excellent records in the very near
field. Most of these records possess energy at quite high frequencies (approximately 40 Hz).
Peak accelerations of these records are high but durations of significant ground motion are
low. This record is considered representative of ground motion in ENA, at least in the near
field. This accelerogram was recorded on a rock site.

3.4.

Nahanni, NWT, 1985

This event produced very large peak accelerations at short epicentral distances. However,
the duration of significant ground motion is longer than that of Miramichi, mainly because
of the larger magnitude of this earthquake. There is some debate as to whether this is a
typical ENA style earthquake. However, it does have a significant high-frequency content.
This accelerogram was recorded on a rock site.

3.5.

Leroy, Ohio, 1986

This earthquake is similar to Miramichi in that it is of similar magnitude and produced much
high-frequency ground motion.

It is considered to be a typical ENA event.

This

accelerogram was recorded on the basemat of the Perry Nuclear Power Plant in Ohio.

3.6.

Saguenay, Quebec, 1988

This is the largest earthquake to have occurred in ENA in over 50 years. The duration of
significant ground motion is long but the amplitudes are low.

This accelerogram was

recorded on a rock site.

For purposes of ENA-WNA comparisons, the pairs Nahanni-Parkfield and Kern CountySaguenay are appropriate. The Nahanni and Parkfield earthquakes have similar magnitudes
and epicentral distances.

Epicentral distances of the Kern County and Saguenay

earthquakes are similar, although their magnitudes are different.
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B.

Review of Damage Criteria

In this report, a distinction is made between measures of damage potential of ground motion
to structures and measures of damage to a model of a structure. A further distinction is
made between the above two measures and measures of damage for an existing structure
subjected to an earthquake as the latter could involve considerations such as, for example,
operability or economics of repair.

1.

Damage Measures for
Observed Ground Motion

Many attempts have been made to assess the damage potential of earthquakes based on
observed ground motions.

Such damage measures would be of obvious interest to

operators of ritical facilities where accelerometers are installed. However, the problem with
defining a measure of damage based only on ground motion is that damage level is
dependent on the nature of the structure or equipment and its design. In order to provide
an appreciation of the difficulty of defining the damage potential of ground motion, several
damage measures are discussed below in some detail.

1.1.

Mercalii Intensity Scale

The first measure of earthquake damage was the Mercalii Intensity scale. This scale was
first developed during the 30s and has since been modified to become the Modified Mercalli
Intensity (MMI) scale [Refs 9, 10]. The scale is entirely empirical and consists of assigning
numerical values (Roman numerals I through IX) to descriptions of damage to buildings.
The main disadvantage of the scale is that the descriptions of damage used to define a
particular intensity value are open to interpretation. However, the scale is still used and, if
properly applied, can give a good description of the distribution of intensity around an
earthquake.

- 14 -

1.2.

Peak Ground Motion

Peak values of ground motion were the first quantitative measures of damage potential. If
y(t) is the measured ground motion (acceleration, velocity or displacement), then the
definition of the peak value of y, PY is

PY=max|y(t)|

(B.1)

Note that a response spectral ordinate is a peak quantity where y(t) is the output of a single
degree of freedom oscillator.

PY is a very simple quantity to measure. Unfortunately it is poorly correlated with damage.
It is now well known that the behavior of a structure under earthquake loading depends not
only on the amplitude of the ground motion, but aiso on its frequency content and duration
[Refs 9,11,12]. Despite this, peak ground motion values, particularly PGA, continue to play
a significant role in engineering design.

1.3.

Effective Ground Motion

Since peak ground motion does not correlate well with structural response or damage,
attempts have been made to define an 'effective' ground motion as some fraction of the
peak value.

One such definition was given by Newmark and Hall during the course of several special
design studies [Ref 2, p 25].

[Effective acceleration] is that acceleration which is most closely related to
structural response and to damage potential of an earthquake. It differs from
and is less than the peak free-field ground acceleration. It is a function of the
size of the loaded area, the frequency content of the excitation, which in turn
depends on the closeness to the source of the earthquake, and to the weight,
embedment, damping characteristic and stiffness of the structure and its
foundation.

- 15-

Although not precise, the significant aspect of this definition is that it relates structural
response to the characteristics of the ground motion (frequency content, duration) and to the
geometry and size of the structure.

1.4.

Duration and RMS Acceleration

Bolt [Ref 13] defined duration of strong ground motion to be the elapsed time between the
first and last excursions of a chosen level of ground acceleration (say 0.05 g, where g is the
acceleration due to gravity).

This has come to be known as the bracketed duration.

Another definition, due to Trifunac and Brady [Ref 14], is based on the time during which
90% of the total energy of the ground motion has occurred. The energy is measured by
integrals of the type

(B.2)

where t is some portion of the total time; of the recording of the accelerogram a. Figure 5
shows the variation of l(t) with time for the Kern County accelerogram shown in Figure 3.
The duration of strong ground motion beings at t1 when 5% of the total energy has arrived
and ends at t 2 when 95% has arrived.

Vanmarcke and Lai [Refs 15, 16] devised a more complicated definition of duration based
on the root mean square acceleration.

(B.3)

where a(t) is the accelerogram and T is the total duration of the record. Using the theory
of stationary Gaussian random functions, a relationship between RMSA and PGA was
established involving a duration during which the ratio PGA/RMSA is exceeded once on the
average. The main advantages of this definition of duration are that it links duration with
PGA and RMSA and that the underlying theory may be used to derive spectral representations (including response spectra) of ground motion based on duration for use in structural
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response analysis. However, the application of such an approach to structural analysis was
not found in the literature.

McCann and Shah [Ref 17] used the variation of RMSA with time as a means of determining
duration. For an accelerogram, a(t), the cumulative RMS ground motion is defined by

(B.4)

In general CRMS increases to a maximum and then decays slowly to a final value. Initially
the slope of CRMS is positive and large peaks occur corresponding to the arrivals of seismic
waves causing strong ground motion. At later times the derivative becomes negative and
remains so until the end of the record. Duration is defined as the elapsed time between
the last occurrence of a negative derivative toward the beginning of th° record and the last
occurrence of a positive derivative toward the end of the record. This definition of duration
is perhaps the most physically based since the CRMS function is a representation of the
average rate of energy arrival as a function of time. However, determination of the derivative
of CRMS can be a numerically unstable procedure.

Given a time interval [t,, t 2 ] during which strong ground motion is arriving, it becomes
possible to define other measures of ground motion which could be termed effective ground
motion. For example, the root mean square acceleration, Equation B.3 could be redefined
as

(B5)

This is the definition used in Table 1-2. McCann and Shah [Ref 17] and others have found
this to be a more robust measure of the intensity of earthquake motion.

Duration itself may be used as an indicator of damage. The response of lightly damped
linear and nonlinear systems is known to depend on the duration of shaking.

The

occurrence of low-cycle fatigue (see Section 2.3) is also dependent on duration. However,
the actual response depends on the type of structure and thus any measure of damage

- 18-

invotving duration is only meaningful in a comparative sense. An absolute measure ol
damage involving duration would require calibration using damage reports and analyses from
past earthquakes. In addition, it has been suggested that, at least in the near-field, a more
physical measure of duration would take fault rupture time into account [Rel 42].

1.5.

Arias Intensity

The integral in Equation B.2 is a measure of the total energy available per unit mass of a
single degree of freedom oscillator. This is known as the Arias intensity [Ref 9] and may
also be used to assess damage potential in a comparative sense.

1.6.

Cumulative Absolute Velocity

As a result of several incidents in the US where nuclear power plant operating limits were
exceeded, but no damage was experienced, the Electric Power Research Institute
commissioned a study [Ref 6] to develop a more reliable and meaningful criterion for
exceedance of operating limits.

The current criterion in the US for exceedance of the operating limits is exceedance of the
response spectrum of the operating basis earthquake (OBE). Specifically, the ordinates of
the response spectrum of the OBE must be exceeded by the ordinates of response
spectrum of the measured motion. Accelerograms and equipment capable of measuring
response spectra directly are installed in most nuclear plants in the US (see Ref 18).

The problems with this criterion are many. Firstly, the methodology of selecting the OBE
spectrum is not standardized. Secondly, a wide variety of instrumentation quality and data
processing capability exists in all plants. Thirdly, exceedance is not defined precisely, and
the frequencies at which exceedance is to be tested are not specified.

The advantages of using a response spectrum as a criterion lie mainly in its ease of
measurement and that there is a relationship between the oscillator used to define the
spectrum and the structure in question. However, a response spectral ordinate is a peak
value, in a similar fashion to PGA, is likely poorly correlated with damage.

- 19-

The EPRI study [Ref 6] focused on finding an alternative measure of damage that satisfied
the following criteria.

(1)

It would be related to actual damage observed in existing structures which had
experienced earthquakes or blasts.

(2)

It would be relatively easy to measure.

A measure found to satisfy the above criteria is the Cumulative Absolute Velocity (CAV)

CAV= /

|a(t)|dt

(B.6)

JO

where a(t) is the accelerogram and T is the total duration of the record. Using damage
records from blasts and earthquakes, it was found that if CAV exceeded 0.3 g-sec then a
potentially damaging earthquake had occurred and the nuclear plant should be shut down
for inspection (g is the acceleration due to gravity).

Note that the definition of the CAV takes account of both the amplitude and the duration of
the record, thus taking account of the energy available in the ground motion.
another interpretation of CAV is as follows:

In fact,

by sorting the values of acceleration in an

accelerogram into descending order, the result is an acceleration exceedance curve which
begins at coordinates (0, PGA) and ends at coordinates (T, 0) where T is the record length.
CAV is the area under this curve.

Figure 6 shows the exceedance curve for the Kern

County accelerogram shown in Figure 3.

The use of CAV as an absolute damage criterion requires calibration using existing damage
records. This was the main topic of the EPRI report [Ref 6]. The conclusion that a CAV
exceeding 0.3 g-sec is an indication of damage is still under review.
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2.

Damage Measures for Structural Models

Just as with measures of damage potential to structures, there is no unique way to measure
the damage to a structural model. This is due, in part, to different perceptions of what
causes damage in structures. However, all the measures to be discussed are physically
based and often rely on extensive experimental data.

An extensive review of damage measures for structural models is given in Ref 19.

2.1.

Maximum Allowable Stress or Deformation

Older building codes (circa 1940) required structures to be designed to withstand a specified
maximum value of stress or deformation caused by ground motion. The causative force was
assumed to act at the center of Figure 6 gravity of the structure and to have a magnitude
given by the product of the weight of the structure and a seismic base shear coefficient.
The base shear coefficient was larger in regions where large earthquakes were likely.

A similar approach is practiced today in building design as outlined in various building
codes. The stresses or deformations in a structural model are computed and compared
with allowable stresses (usually yield stresses) or deformations. If the latter are exceeded,
then the design is adjusted to limit stresses and deformation within allowable limits.
However, if the model is linear elastic, this approach neglects the ability of structural ductility
to absorb energy.

Despite the limitations mentioned above, the use of the exceedance of a maximum allowable
stress or deformation as a damage indicator for an elastic model is a simple procedure
and useful for preliminary or comparative damage estimates. Examples of the application
of this approach are given in Refs 20 and 21. An interesting example of a nonlinear analysis
of a reactor structure is given in Ref 22. In this particular example, it was found that a linear
elastic analysis indicated that maximum allowable stresses and deformations were exceeded.
However, an inelastic analysis incorporating stiffness degradation predicted only one cycle
of inelastic behavior, and therefore that failure would be unlikely.
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2.2.

Displacement Ductility

Later building codes recognized that considerable energy absorption capability existed in
most structures and allowed a reduction in the design force (or stress or deformation)
depending on the type ol structure. Nonlinear behavior is incorporated into a linear analysis
by the use of modified response spectra which account for the energy absorption capability
by reducing the design response spectral ordinates. The current National Building Code of
Canada provides a table [Ref 23, Table 4 . 1 . % , pp 168-169] of the allowable reduction
factors. In order to use any one of these reduction factors, the structure must be of a type
corresponding to the reduction factor and it must be designed with sufficient ductility to
deform beyond the yield point without major structural failure. (Procedures for incorporating
ductility in concrete and steel are outlined in CSA Standards CAN3-A23.3-M84 and CAN3S16.1-M84, respectively.)

These ideas have been used to develop a damage measure tor a structural model. The
displacement ductility ratio is defined by

where u m is the maximum displacement at a point in the structure and u y is the yield
displacement.

Then, assuming the materials in the structural model are capable of

withstanding a displacement u m , any displacement greater than u m would be indicative of
damage. One problem with this approach is that n must be defined for the structural model
(any value between 2 and 6 might be reasonable).

A more serious limitation is that

cumulative damage caused by repeated exceedances of the yield displacement is not
accounted for.

In regard to the effect of high-frequency ground motion on ductile reactor type structures
with low-frequency (<10 Hz) modes, calculations described in Ref 6 provide some
interesting comparisons.

In these analyses a 7% damped nonlinear single degree of

freedom of oscillator was designed to yield (i.e., result in a ductility ratio of unity) at the
spectral accelerations of the US NRC Regulatory Guide 1.60 response spectrum anchored
to a PGA ol 0.2 g. The oscillator was then subjected to a total of 39 accelerograms, 16 of
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which resulted from ENA earthquakes and exhibited high-frequency motion and 23 of which
resulted from WNA earthquakes and exhibited tow-frequency motion.

In Ref 6 an artificial time history was generated to match the NRC Regulatory Guide 1.60
response spectrum. The response to this time history may be assumed typical of that of
the WNA accelerograms. Four of the 16 ENA accelerograms quoted in Table 4-4 of Ref 6
were selected as typical of ENA ground motion. The amplifications required of these four
accelerograms over that required of the WNA accelerogram to achieve a given ductility ratio
are shown in Table 2.

From Table 2 it may be seen that for low-frequency oscillators, the amplitudes of the four
ENA accelerograms have to be higher, by a factor of 2 or more, relative to a typical WNA
accelerogram in order to achieve a given ductility ratio. Thus, based on this ductility ratio
criterion, these high-frequency ground motions would be less damaging to typical low-natural
frequency components in a nuclear power plant.

At high oscillator frequencies it is difficult to distinguish damage potential of ENA and WNA
ground motion based on ductility. However, the displacements at these frequencies were
found to be too small to cause damage to ductile components. It was concluded in Ref 6
that a damage measure based on a ductility limit which increases with frequency would be
more realistic.

Further discussion of displacement ductility may be found in Refs 2, 24, 25, 26, 27 and 28,
and in Commentary J of Ref 23.

2.3.

Cumulative Damage and
and Fatigue Failure Mechanisms

Large-scale experimental tests of structural members have demonstrated the importance of
cumulative effects leading to damage or failure.

Such effects can lead to material

degradation which naturally affects the strength and energy dissipation capability of the
structure. Several theoretical studies of such behavior have been done for single degree of
freedom oscillators [Refs 37, 38] and for steel and reinforced concrete structures [Refs 39
and 40]. The results indicate responses that are considerably different from those predicted

TABLE 2
AMPLIFICATION REQUIRED OF ENA ACCELEROGRAMS
TO ACHIEVE A GIVEN DUCTILITY RATIO
(From Table 4-4 of Ref 6)

Record No.f
4
18
19
25
35

Record No.f
4
18
19
25
35

Record No.f
4
18
19
25
35

5.34
1.00
3.95
4.25
11.40
12.75

Ductility Ratio LOG
Frequency (Hz)
8.54
11.00
1.00
1.00
2.80
1.75
3.70
2.70
3.35
0.95
3.30
1.35

15.00
1.00
1.10
1.25
0.55
1.25

20.00
1.00
0.50
0.45
0.60
0.80

23.00
1.00
0.50
0.35
0.60
0.40

5.34
1.00
4.73
4.83
15.34
12.66

Ductility Ratio 1.85
Frequency (Hz)
8.54
11.00
15.00
1.00
1.00
1.00
3.13
1.37
1.81
3.37
3.65
2.26
4.29
1.93
0.67
3.68
2.19
1.30

20.00
1.00
0.78
0.56
0.74
1.00

23.00
1.00
0.58
0.54
0.73
0.77

5.34
1.00
12.14
6.00
19.05
24.21

Ductility Ratio 4.27
Frequency (Hz)
8.54
11.00
1.00
1.00
4.08
3.31
4.70
3.89
9.28
4.75
10.13
3.86

20.00
1.00
1.41
1.90
0.93
1.52

23.00
1.00
1.07
0.87
0.90
1.17

15.00
1.00
1.84
3.06
1.81
2.25

| Record No. 4 is an artificial time history generated to match the NRC Regulatory Guide 1.60
response spectrum; it is r .presentative of a WNA type accelerogram. Record Nos. 18, 19, 25
and 35 are actual ENA accelerograms.
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by assuming elastic or ideal plastic behavior. In Ref 40 levels of damage were found to
be a strong function of model ductility and duration of strong ground motion.

Permitting inelastic response during earthquakes admits the possibility of low cycle fatigue
during an earthquake.

Analyses of this type of failure on single degree of freedom

structures are discussed in Refs 29, 30 and 31. However, low cycle fatigue is a rather
special kind of failure mechanism usually confined to small localized areas of a structure
(e.g., bolt holes, welds, etc).

Generally, structural design would tend to minimize the

possibility of fatigue failure due to earthquakes. Owing to this and that the earthquakes of
interest have relatively short durations and few cycles, fatigue failure was not considered in
this study.

2.4.

Energy Absorption and Dissipation

Energy input to a structure subjected to earthquake ground motion is dissipated by both
damping and/or inelastic deformation. If the structure is designed to withstand the inelastic
deformation, then the stored energy (i.e., the energy that is not dissipated) is available to do
damage. The amount and character of stored energy during an earthquake may therefore
be used as an indicator of damage.

Derivations of equations for the energy partitioning in a linear single degree of freedom
structure are given in Appendix A. Whether linear or nonlinear behavior is included in a
structural model, the following equation applies at any time during the ground motion.

= ErEd

where Es is the stored energy composed of both kinetic energy, Ek, and potential energy,
Ep.

The energy input by the ground motion is E( and the energy dissipated by viscous

damping is Ed. Nonlinear behavior would be included in the potential (or strain) energy
term, Ep.

The use of energy absorption and dissipation offers a physically based means of assessing
the damage to a structural model. For example, in Refs 32 and 33, it was shown that the
response parameters that affect damage were the amount of energy input and the amount
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of energy dissipated by hysteretic behavior and damping. The number of yield excursions
and reversals was suggested as a measure of structural damage. Based on this, it was
shown that longer duration ground motion caused more yield excursions in a single degree
of freedom oscillator than short-duration motion. Similar conclusions were found in Ref 34.

The use of energy partitioning and/or yield reversals as a measure of damage in a structural
model naturally depends on the characteristics of the model. Thus, these damage measures
are not absolute and must be confined to particular well-defined structural types or calibrated
in some way in order to be useful.

2.5.

Empirical Damage Measures

Blast damage reports have been used to define criteria for predicting blast damage to
structures. Although the character of ground motion due to a nearby blast is different from
that due to a near-field (say within 10 km) moderate magnitude earthquake, the amplitudes
may be similar. In the high-frequency range (>10 Hz), the response spectral ordinates of
the ground motion due to surface mine and quarry blasts are comparable to those of the
near-field selected accelerograms, as shown in Figure 7. In addition, although the energy
content is much lower, blasts produce ground motion with frequencies in the 10 - 100 Hz
range. Thus, in this sense, blast damage criteria may be used as a damage measure in the
high-frequency range.

The most highly developed criterion for blast damage is due to Dowding [Ref 35]. Using
ground motions due to blasts and associated damage reports to basement wails given by
Edwards and Northwood [Ref 36], Dowding developed 'no-cracking' response spectral
bounds which enveloped all cases of no observed cracking in basement walls. The result
is shown in Figure 8.

Application of a no-damage criterion for basement walls composed of low-strength concrete
may seem conservative for structures such as composed of higher strength concrete. It
would seem that the bounds should be higher.

However, as pointed out in Ref 6, a

basement wall is an embedded structure and amplification of motion would occur in an
above-ground structure. Thus, pending further verification, the bounds shown in Figure 8
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are probably suitable for above-ground concreto structures. The significant aspect of this
criterion is the large allowable accelerations in the high-frequency range.

Machine vibration and equipment fragility test data have also been used to infer whether
high-frequency ground motion is damaging to structures and equipment [Ref 6]. The basic
conclusion from these data is that damage due to high-frequency motion is extremely
unlikely. It should be noted that the use of such data to establish a criterion for structures
would be conservative since the motions to which the machines and equipment are
subjected are of longer duration and higher frequency content than the motion due to
earthquakes.

3.

Discussion

It is apparent that there is no unique measure of the damage potential of an earthquake or
of the damage to a structural model due to a given ground motion. However, a meaningful
measure of damage potential must take amplitude, amplitude distribution, duration and
frequency content (or, equivalent^, the energy content) of the ground motion into account.
In addition, a meaningful measure of structural model damage must account for the ability
of the motion to cause significant inelastic behavior and cumulative damage, a phenomenon
related to the characteristics of both the structural model and the ground motion.

Any numerical measure of damage potential or damage to a structural model is a relative
one.

Calibration with existing damage records or by means of testing is necessary to

establish an absolute measure of damage.
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C.

Analyses of Model Structures

1.

SDOF Models

An analysis of the single degree of freedom model will illustrate the basic ideas and
implications of the use of the response spectrum for the design of structures with high
natural frequencies. Although the model is linear, it will be possible to infer much about the
behavior of structures with high natural frequencies subjected to high-frequency ground
motion.

1.1.

Response Spectra

Examination of the response spectra in Figures 4-1 and 4 2 shows that accelerations (i.e.,
forces) are relatively large in the high-frequency (>10 Hz) portion of the spectrum. This is
particularly true of the ENA earthquakes Leroy, Ohio, Miramichi, Nahanni and. to a lesser
extent, Saguenay. However, displacements are much lower than those in the low frequency
end of the spectrum.

At high oscillator frequencies, relative to the dominant frequencies of the ground motion, the
peak response of the mass tends to be some multiple of the peak ground acceleration until
finally, when the oscillator frequency is very high relative to the frequencies of the ground
motion, the peak response is equal to the peak ground acceleration (see Appendix A). For
earthquakes in WNA the peak response is equal to the peak ground acceleration at
frequencies greater than 33 Hz (see Refs 2,3). However, by comparing the peak response
at high frequencies with the peak ground accelerations in Table 1-2, it appears that for
earthquakes in ENA the corresponding upper frequency bound seems to be much higher
than 33 Hz.

Owing to the difference between the recorded frequency content of the

selected WNA accelerograms and ENA accelerograms (see Chapter A, 1 and Table 1-2),
the comparison of peak response is only fair at frequencies in the 10-25 Hz range. Despite
this, the difference in the response spectra at higher frequencies is significant.
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The option of scaling the accelerograms to some common value of PGA in order to make
a fair comparison between the response spectra was examined.

Scaling changes the

magnitude of the difference between the response to ENA and WNA accelerograms in the
high-frequency portion of the spectrum. For example, the response spectra resulting from
scaling the selected accelerograms to a PGA of 0.2 g are shown in Figure 9. (Since the
SDOF model is linear, the response of the ith scaled accelerogram is given by multiplying
its original spectral ordinates by 0.2/PGAj.) The conclusion that the response spectra of
ENA accelerograms are higher than those of WNA accelerograms in the high-frequency
range is still valid. This is believed to be the significant aspect of the difference between
ENA and WNA ground motion and, based on the four ENA accelerograms selected, appears
to be independent of earthquake magnitude, epicentral distance or PGA. In other words,
differences between ENA and WNA ground motion due to frequency are already
demonstrated in the unsealed response spectra (see discussion in Appendix A).

The change in magnitude of the response may be deceptive since it depends on the PGA
chosen to scale the accelerograms. Also, from a seismological point of view, the correlation
between PGA and earthquake magnitude, particularly at short epicentral distances, is poor
(e.g., compare the PGA of Parkfield with that of Nahanni, Table 1-2). In addition, there is
no apparent relationship between PGA and the other amplitudes in an accelerogram, and
the shape of the response spectrum is known to change with magnitude and epicentral
distance (see Appendix A).

For these reasons, it is recommended that comparisons

between response be made on a statistical basis.

1.2.

Energy Spectra

The energy stored in a structure as a result of being subjected to ground motion was
discussod in Chapter B, 2.4.

Further mathematical details are given in Appendix A.

Basically, the stored energy is the energy available to do damage to a structure.

Stored energy varies with time much like other types of oscillator response. An energy
spectrum is a plot of the peak value of stored energy versus oscillator frequency for a
particular value of damping. This is similar to a response spectrum.
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It would seem from the discussion in Chapter B that the character of the time variation ol
stored energy would be of interest. However, for purposes of comparison, the peak values
are used. It turns out that these values are useful indicators of the effect of high-frequency
ground motion. Energy spectra for the selected accelerograms are shown in Figure 10.

Although the sample is small (four earthquakes), it appears that high-frequency ground
motion, such as the at recorded in ENA, results in a small amount of stored energy in lownatural frequency (<10 Hz) structures. Nahanni is an exception. This would explain the
reason for the discrepancy between observed damage in low-natural frequency structures
and predicted on the basis of peak motions.

At high-natural frequencies, there is no clear distinction in terms of stored energy between
ENA and WNA ground motion. This may be due, in part, to the difference in recorded
frequency content of the selected WNA and ENA accelerograms. A similar lack of clear
distinction between the two types of ground motion was found in Chapter B, 2.2 in regard
to amplifications required of ENA accelerograms to achieve certain ductility ratios.

1.3.

Blast Damage Threshold Criterion

A more empirical demonstration of the discrepancy between observed and predicted
damage may be had by plotting the 3% damped response spectra of the selected
accelerograms and comparing them to the blast damage threshold spectrum shown in
Figure 8. The result is shown in Figure 11. The spectra of all the selected accelerograms
fall below the blast damage threshold at oscillator frequencies greater than 10 Hz. This
indicates that none of the selected earthquakes can be expected to do significant structural
damage in this frequency range.

The use of blast damage threshold criteria in comparison with the response spectra of
recorded accelerograms forms part of an argument for ignoring structural response at
natural frequencies greater than 10 Hz [Ref 6]. However, while exhibiting some similarities,
ground motion due to blasts is generally different in both frequency and energy content
from ground motion due to earthquakes.
structure in question.

Also, the actual response depends on the
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1.4.

Discussion

The response of a SDOF oscillator to the selected accelerograms indicates that large forces
would be produced in structures with high natural frequencies when subjected to highfrequency ENA style ground motion. However, the corresponding displacements produced
by high-frequency ground motion are relatively small. In addition, the response spectra of
the selected accelerograms all fall below a blast damage threshold at oscillator frequencies
greater than 10 Hz.

Although a response spectrum may be a convenient indicator of damage potential in the
low-frequency range (<10 Hz), the same may not be true in the high-frequency range.
From the discussion, in Chapter B, 3, it is evident that amplitude, amplitude distribution,
duration and frequency content all contribute to structural damage (or lack thereof).
However, a response spectrum does not take these factors into account in a direct or
unbiased manner. In fact, there exist many accelerograms (theoretically an infinite number)
which could produce the same response spectral ordinate.

For example, the response spectral ordinate at 5% damping of the Leroy, Ohio
accelerogram is 5.387 cm/s. A 20-Hz sinusoid of 10 seconds duration and amplitude 70
cm/s 2 would produce approximately the same spectral ordinate. However, using CAV as
a damage indicator, the sinusoid would likely produce more damage. The CAV of the
sinusoid is approximately 0.45 g-sec, whereas that of the Leroy, Ohio accelerogram is 0.085
g-sec, well below the 0.3 g-sec limit given in Ref 6. The first 5 seconds of the time histories
of the velocity response of a 20-Hz oscillator to the sinusoid and to the Leroy, Ohio
accelerogram are shown in Figure 12. Both longer and considerably shorter duration, 20Hz sinusoids would produce the same spectral response as the Leroy, Ohio earthquake.
Suitable combinations of sinusoids could be constructed to produce a match to the
response spectra of the selected accelerograms over a range of frequencies, but the
resulting time histories could possess an infinite variety of amplitude distributions, duration
and frequency content.

Thus, in general, the response spectrum is not an indicator of the energy imparted to a
structure and therefore the potential for damage. A response spectral ordinate is a peak
quantity, the limitations of which were discussed in Chapter B, 1.2.
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Design by means of response spectra has worked so well in the low-frequency ( 1 - 1 0 Hz)
range because strong ground motion in this frequency range is likely of longer duration than
higher frequency strong ground motion. Longer duration ground motion is potentially more
damaging in that more energy is available in such motion. Considerable uncertainty exists
as to how this energy is dissipated in a structure and, in the face of such uncertainty, it
makes sense to use a peak value for design. This is one reason most well-designed structures survive large, long-duration earthquakes. However, it is evident that application of the
same approach in the high-frequency range could result in a conservative design, unless the
response spectrum is modified to take actual high-frequency structural response into
account.

2.

MDOF Model

The analyses of the SDOF model served to illustrate some basic aspects of the effects of
high-frequency ground motion on structures. Similar effects should be observed in a MDOF
model, although the details and analysis of the results will differ. To confirm this, analyses
of a simple MDOF column model with high-natural frequencies were periormed. The model
is the vertical steel column shown in Figure 13. The column was divided into six beam
elements, each with a specified cross-sectional area and moment of inertia. It was desired
that the frequencies of the first two modes of the model be (ess than 30 Hz. For this
reason, an additional mass of 300 kg was added to Node 3.
parameters and modal frequencies.

Table 3 lists the model

The model was subjected to the selected

accelerograms of the base. Only the first three modes were used in the analyses; the other
modes are at much higher frequency and the model response is essentially determined by
the first three modes. All of the analyses were done by means of the SAP IV finite element
code [Ref 41].

Figure 14 shows the maximum bending moments computed at Nodes 2, 4 and 6 of the
model. Since Node 1 is fixed, the largest bending moments occur at Node 2. Figure 15
shows the maximum relative deflections at Nodes 3, 5 and 7. Relative deflection at the ith
node is defined as urU;.2. The displacements increase toward the top of the beam.
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TABLE 3
MDOF MODEL PROPERTIES

Material Properties
Young's Modulus:
Poisson's Ratio:
Density:
Yield Stress:

2 x 105 MPa (steel)
0.3
7850 kg/m3
275 Mpa

Geometric Properties
Height
0-1 m
1-2 m
2-3 m
Cross-sectional area (m2) 7.5 x lO"* 2.0 x 10"3 2.5 x 10"4
Moment of inertia (m*) 1.5 x 10"7 3.0 x 10"7 5.0 x 10"6

Natural Frequencies (Hz)
/, = 18.2
f2 = 29.1
h = 97.0
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The largest maximum displacements and bending moments in the beam are mostly induced
by the ENA accelerograms.

This is consistent with the response spectra of these

accelerograms in the 10 - 30 Hz range. A

more realistic assessment of the damage

potential of these accelerograms may be made by sorting the bending moment time histories
into descending order and thus determining the exceedance curve for bending moment.
This is similar to the interpretation of the CAV damage potential measure discussed in
Chapter B, 1.6.

The exceedance curves for bending moment at Node 2 are shown in Figure 16. In general,
the exceedance time of the larger values of bending moment is short. Using the area under
these curves as a relative measure of damage, it may be seen that, with the exception of
Nahanni, the damage due to the ENA accelerograms is likely to be small. However, note
that this depends on the value of a threshold bending moment selected. For example, if it
could be established that a bending moment of 100 N-m or less could be tolerated, then
the comparisons of areas under the exceedance curves above 100 N-m would result in a
different conclusion as to the damage potential of a particular type of ground motion. This
means that specific structures must be analyzed in detail to determine damage potential.

3.

Implications for the Maple-X10 Reactor

The above analyses of linear SDOF and MDOF systems allow the following general
statements concerning the response of the Maple-X10 reactor to high-frequency ground
motion.

The Maple-X10 reactor will be housed in a steel frame building with the actual reactor
located in a concrete structure founded on rock.

These structures have low-natural

frequencies and, based on the discussion in Chapter C, 1.2, would not be adversely affected
by high-frequency ground motion.

The reactor itself consists of an inlet plenum which supports a large heavy water tank, the
fuel assemblies and the piping for the coolant system. It is composed mainly of stainless
steel and various alloys. The natural frequencies of this structure are reported to lie in the
15-30 Hz range. If subjected to high-frequency ground motion similar to that in the selected
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ENA accelerograms, the response spectra of such motion indicates that large forces would
be induced.

However, since the duration of such motion is likely to be short, the time during which these
forces are operative would be short.

Most structures have sufficient energy absorption

capability to withstand large, short-duration forces. This is confirmed mainly by observations
and some analyses, as discussed in Ref 6. These higher forces may therefore not be
damaging to the reactor.

This should be confirmed by a detailed analysis of specific

structures, in the Maple-X10 reactor.
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D.

Conclusions and Recommendations

1.

Conclusions

The following conclusions result from this study.

(1)

Response spectra of ENA accelerograms indicate that significantly higher forces are
induced in structures with high natural frequencies (>10 Hz) as compared to those
induced by WNA accelerograms. However, the corresponding displacements are
relatively small and the response spectra all fall below a blast damage threshold
criterion.

(2)

The selected hiah-frequency accelerograms results in a small amount of stored
energy in low-natural frequency (<10 Hz) structures. This would explain the reason
for the discrepancy between observed damage in low-natural frequency structures
in ENA and damage predicted on the basis of peak motion.

(3)

The energy induced in a structure with a high natural frequency subjected to highfrequency ground motion appears to be of comparable magnitude to that induced
by low-frequency ground motion. Although this may imply similar damage potential,
there are too few observed data to confirm this.

(4)

Linear analyses of a high-natural frequency MDOF beam model also indicate that
large forces would be induced by ENA accelerograms. However, comparison of the
areas under the exceedance curves of bending moment in the beam suggests a
relatively low damage potential for ENA accelerograms, depending on the threshold
bending moment assumed for the structure.

(5)

Measures of the damage potential of an accelerogram and of damage to a structural
model depend greatly on the structure in question. Several criteria have been
suggested, but those which account for the energy content of ground motion or the
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energy dissipation and absorption in a structure, such as CAV, correlate best with
observed damage.

(6)

The Maple-X10 reactor core structure may have modes in the 15 - 30 Hz range.
If subjected lo high-frequency ground motion typical of ENA earthquakes, the
induced forces at these frequencies would be larger than those induced by WNA
ground motion. However, the resulting displacements would be relatively small (see
Conclusion 1). Whether displacement or force affects survivability is still an area of
active research.

(7)

Application of a design response spectrum based on high-frequency ENA
accelerograms to design or damage prediction in the high frequency range could
be conservative since the response spectrum is a poor indicator of the energy
available in ground motion. This is particularly true at high resonant frequencies
since the duration of observed high-frequency ground motion is typically short and
has small energy content. To avoid unnecessary conservatism, it may be necessary
to modify either the response spectrum or the design procedure. This would apply
to the Maple-X10 reactor core.

2.

Recommendations

As a result of the literature review and study of linear SDOF and MDOF systems, it is
recommended that a program of research into the effects of high-frequency ground motion
on specific structures be undertaken.

The basic purpose of the program is to derive

modifications of design response spectra in the high-frequency (>10 Hz) range to avoid the
possibility of overconservative design of structures with high natural frequencies.

The

following outlines the recommended research program.

(1)

Obtain as many high-frequency ground motion accelerograms as possible. Generate
artificial accelerograms consistent with an envelope of response spectra of the
selected high-frequency ground motions.
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(2)

Nonlinear analyses of SDOF systems subjected to the selected accelerograms.
This would provide a better understanding of the behavior of specific types of
material models subjected to high-frequency ground motion and provide direction
for the analysis of specific structures described below.

(3)

Analyses of specific structures should be performed and, where possible,
corroborated by observations. Reactor core structures and structures sensitive to
large forces (e.g., porcelain insulators, weldments, relay switches) would be
interesting candidate structures to analyze.

The goal would be to establish

appropriate design and damage prediction criteria for such structures.

(4)

Develop modified response spectra for various ductility ratios which are
representative of the response to ENA ground motion.
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Appendix A
Response Spectra

APPENDIX A
Response Spectra
The equation of motion of the damped single degree of freedom oscillator shown in Figure A-1 is

mu(t) + cu(t) + ku(t) = -ma(t)

(1)

where m is the mass of the oscillator, c is its damping coefficient and it is the stiffness of the
spring. The forcing function is an accelerogram a(t) which results in a relative displacement u of
the oscillator. Dividing Equation 1 by the mass m and making the substitutions

—
wo = \V m

=

where u>o is the natural angular frequency of the oscillator in radians/s and /? is the damping ratio
expressed as a fraction of critical damping, results in the equation

= -a(t)

(2)

Critical damping occurs when 0=1. In this case, when subjected to a displacement, the mass
will simply return to its equilibrium position without oscillafion.

The solution of Equation 2 is given by the Duhamel integral [Refe 2,7]
«(<) =

7 L = / a^e-^^-^sm^oy/l^Wit
uoV 1 - 02 Jo

- r)]dr

(3)

where u(0) = u(0) = 0. Differentiating Equation 3 with respect to t results in the relative velocity
response history, ii{t) and the relative acceleration response history ii(<)

u(t) = -f

Jo

- r)]dr

The latter is not meaningful in terms of an effect on the oscillator. The absolute acceleration z(t)
is a measure of the force applied to the mass and is given by Equation 2

z(t) = u(t) + a(t) = ~
Many structures can be thought of as assemblages of single degree of freedom oscillators. The
response of each oscillator can be characterized by the maximum absolute value of its relative
displacement, velocity or acc> leration time history. This leads to the concept of the response
spectrum of an accelerogram which is the maximum absolute value of the response of a single

a(t)

i

i
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Damped Single Degree of Freedom Oscillator

-A3degree of freedom oscillator to the accelerogram as a function of oscillator frequency and damping.
Displacement, velocity and acceleration response spectra may be defined
(t,fo,0)\

(4a)

max\u(t,fo,0)\

(46)

(t,fo,S)\

(4c)

The procedure for computing Si is illustrated in Figure A-2. An algorithm for numerical computation of the response spectrum is given in Ref 7.
The maximum force in the spring of the oscillator is kSd = mi*>%Sd- The quantity JftSd has units of
acceleration and is known as the pseudo-acceleration, PSA. Pseudo-velocity is similarly defined.
Thus
PSA = ulSd
PSV = w0Sd'
For low values of damping PSA and PSV are good approximations to Sv and 5 0 . In fact, for
(3 — 0, PSA = Sa- The approximation PSV « Sv is good when the duration of the accelerogram
is long compared to the oscillator period. Quantities related by powers of wo such as Sd, PSV and
PSA can be plotted on four-way log paper as shown in Figures 4-1 and 4-2 of the main text, for
example.
The use of the prefix "pseudo' in connection with velocity and acceleration spectra is somewhat
misleading since there is nothing false or incorrect about PSV and PSA; they are merely approximations to Sv and Sa.
Energy Input and Absorption
The energy input and absorption of the oscillator may be computed from the equation of motion
2. The energy input per unit mass, Ei, is given by multiplying the input acceleration a(t) by the
incremental displacement du and integrating over the total displacement
•, = - / adu = - f a(r)u(r)dT
Jo
Jo
where du = udt. Ei must be equal to the energy absorbed by various mechanisms. Integration of
the left hand side of Equation 2 with respect to displacement yields
t=

I udu + 2/?w0 / iidu + U>Q / udu

Jo

Jo

Jo

where Eh is the kinetic energy of the mass, Ed is the energy absorbed by the damper and Ep is
the potential (or strain) energy in the spring. The stored energy, E,, is the sum of £* and Ep.
Substituting du = iidi and integrating this sum by parts results in an expression for E, in terms
of the displacement and velocity response
E,(t) = I ii(r)u(T)dT + u>% I u(r)ii(T)dr
Jo
Jo

|-s a (f 0 ,.p)

Accelerogram

Accelerogram

e

etc.
A plot of Sd versus frequency is the
displacement response spectrum.

Fig. A-2
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Computation of Response Spectra

-A5Response spectra of E, may be defined in a similar manner to response spectra of displacement,
velocity and acceleration responses.

Response Spectrum Limits ana Bounds
Response spectra of earthquake accelerograms tend to certain limits depending on the frequency of
the oscillator and the frequency content of the ground motion. At all frequencies a certain amount
of displacement of the spring is required to transmit enough force to overcome the inertia of the
mass. At low oscillator frequencies relative to the dominant frequencies of the ground motion,
the spring is flexible and more relative displacement must occur to transmit the required force.
For most earthquake induced ground motion, the peak relative displacement of the mass tends
toward the peak ground displacement as the oscillator frequency decreases to values less than 0.5
Hz. Conversely, at high oscillator frequencies relative to the dominant frequencies of the ground
motion, the spring is stiff and only a small relative displacement will transmit the required force.
For earthquake induced ground motion, the peak acceleration of the mass tends toward the peak
ground acceleration as the oscillator frequency increases to values exceeding 20 Hz.
For earthquakes in western North America, the frequency at which the peak response of the oscillator is equal to the peak ground acceleration is about 33 Hz [Refs 5,6]. However, for earthquakes
in eastern North America, the corresponding frequency bound seems to be higher.
These limits naturally divide the response spectra of earthquake accelerograms into displacement
(low frequency), velocity (intermediate frequency) and acceleration (high frequency) portions. The
peak response in each of these portions can be approximated as a multiple, depending on damping
level, of the corresponding peak values of ground motion. This is the basis of the standard spectral
shapes developed by Newmark and Hall as well as others [see Refs 4,5,6 and 8j.
With regard to standard spectra, it should be noted that while the basic principles outlined in the
preceding paragraphs apply to all response spectra, the actual values of the frequency limits as
well as spectral shape have been found to depend on foundation soil type as well as earthquake
magnitude and epicentral distance [Refs 4,8]. More recent efforts are aimed at predicting response
spectral ordinates directly from attenuation relationships involving magnitude and epicentral distance [Refs 1,3].
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