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ABSTRACT

The overall objective of this study is to obtain characteristics
of seismic floor motions in a nuclear reactor structure in order to
examine current procedures used in seismic qualification of nuclear
power plant equipment.

The stﬁdy incorporates seismic data from real earthquake events
and uses these records~ as inputs to a mathematical model of a CANDU
nuclear reactor building. Seismic floor responses at typical equipment
locations are calculated by standard techniques of structural dynamic
analysis.

Six mathematical techniques are applied to develop characteriza-
tions of each seismic floor response record. From this data a set of
parameters are evolved to qualitatively and quantitatively describe the
characteristics of the ensemble of floor motions.

‘Results of a theoretical study on sine beat, limited-duration
sine, and decaving sinusoidal motions are compared to the character-
istics of the seismic floor motions to evaluate the realism afforded by
current single frequency seismic qualification test procedures.

It is concluded that single frequenc& test motions have a valid
application in seismic qualification test programs and can realistically
3imulate many seismic floor motion characteristics provided that the
specific type of test motion and the test procedures are well defined.

Recommendations are presented for the selection of single

frequency test motions and for developing the test procedures.
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CHAPTER 1

INTRODUCTION

1.1 Nuclear Power Plants in a Seismic Environment

Nuclear reactor technology has presented engineers and scientists
with a great stimulus to rapidly develop solutions to a multitude of
structural and mechanical engineering problems. These problems have
arisen from-the necessity to expose new materials, new equipment systeﬁs
and innovative structural designs to severe operational and
environmental conditions and postulated loadings. The impetus to face
these problems has stemmed from a desire to achieve a safe, reliable and
economic exploitation of nuclear power.

One of the more complex of these problems 1s to provide a
realistic evaluation and protective design for the effects of earthquake
ground shaking at a nuclear power plant (NPP) site. For most structures
which man creates the economic evaluation of earthquake resistant design
is based on the reasoning that in the long term it is less costly to
repair or rebuild some damaged structures than to make all structures
highly resistant. However, concerns for public and environmental safety
make this an unacceptable philosophy for the design and operation of
nuclear power generating stations. During and after an earthquake a NPP
must be functional at least to the extent that radioactive material is
Erevented from escaping from the plant. This can be accomplished only

if the operational capabilities of certain safety-related systems are



not impaired by the effects of the earthquake shaking.

The stringent requirements set by regulatory agencies for
functional integrity and operational capability present new problems to
engineers who must 3ssess the postulated seismic motions within the
reactor structures, and to equipment designers and manufacturefs who
must provide safety-related equipment assemblies which will function in
a seismic environment. The overall problem then i3 one of providing an
assurance that the reactor safety systems and equipment will have é
proven seismic withstand capability. This 1is accomplished by
demonstrating through testing and/or analysis that each equipment
component will perform its intended function under the loads imposed
during the anticipated levels of earthquake shaking. This procedure is

referred to as seismic qualification.

1.2 Seismic Qualification of Equipment

The seismic response of electrical and mechanical equipment 1is
usually a secondary response to the overall NPP response. Consequently,
the reactor structure is often described as the primary system and
equipment as secondary systems. During an earthquake the primary system
responds to the broad-band random ground motions and, by using an
appropriate mathematical model, the time-history response at a given
floor location within the structure can be evaluated. This motion can
then be subjected to a further analysis to produce a floor response
spectrum which is generally an amplified and narrow-banded version of

the ground motion spectrum, emphasizing the structure's natural



frequencies, Larger amplifications are generally observed at floor
elevations higher in the reactor structure with the result that
equipment mounted at these levels may experience accelerations several
times that of the earthquake ground motion. Compounding the problem of
large amplifications, the floor motion may tend to a quasi-harmonic
state at one of the structural natural frequencies. Thus, the seismic
environment at higher floor levels will wusually impose more severe
loading conditions on floor-mounted equipment than on equipment
installed at ground level.

The development of a valid seismic qualification program whether
by test, analysis, or a combination of both depends upon a realistic
evaluation of the seismic enviroonment which the equipment would be
expected to &xperience in a NPP installation, For analysis purposes the
environment is described mathematically or numerically. In test
applications, the simulated seismic environment is defined by
displacement and acceleration levels of a shake table motion which
requires a practical consideration of how appropriate excitations can be
defined and applied to the equipment.

At present, a wide wvariety of single frequency and
multi-frequency test motions are in use. Single frequency motions
involve various forms of amplitude-modulated sinusoids while
multi-frequency waveforms consist of either a real or artificially
created time-history. Both of these methods may be wused to test
equipment to either a proof level (exposure to a specified level of

shaking) or to a fragility level (taking the "test specimen to failure,



to evaluate the ultimate seismic capability (26), In most cases, the
expense 1nvolved in failing a specimen in a fragility test is usually
unwarranted as there may not always be a significant gain of information
above that of the proof-level test. Consequently, most seismic
qualification relies upon the proof test method.

The present measure of the acceptability of a particular form of
test motion is primarily the extent to which it envelopes a specified
response spectrum, This single measure alone provides only a limited
amount of 1information about the earthquake environment. When the
spectrum concept was used primarily to evaluate peak elastic structural
responses for the purpose of strength evaluation, then this limitation
did not seriously detract from the usefulness of the results. However,
when the more complex considerations of equipment seismic qualification
are concerned, there 1is a necessity that developed test motions be
described by parameters which more closely characterize real seismic
motions(14). Only in this way will it be possible to develop test
procedures which provide realistic simulations of the actusl seismic

conditions at equipment locations.

1.3 Objectives and Scope of the Research Program

The objectives of this research investigation are to determine
valid parameters for characterizing seismic floor motions and to apply
these parameters to seismic qualification test procedures,

The first stage of the study involves the assembly of basic

earthquake and structural information. A modest number of real



earthquake records are selected to be representative of the seismic
ground motions which could occur during a 6.5 Richter magnitude
earthquake on a wide range of soil conditions. Incorporating one of the
mathematical models actually used in the seismic design of CANDU nuclear
power p%ants, an ensemble of floor motion time-histories are obtained
for two floor levels in the reactor building by subjecting the model to
each earthquake record.

The second major phase of 1investigation considers several
possible techniques for characterizing s time-series record, based upon
a consideration of those aspects of seismic motion which could have an
influence on equ1g@ent response and functionality. Theoretical analyses
are performed to characterize some simple types of harmonic motions to
gain a clear understanding of the characterization techniques and also
to develop a basis for referencing the more complex resl seismic
motions. Subsequently, the characterization techniques are applied to
the seismic ground and floor motions to develop a set of parameters
describing real seismic input motions and structural floor responses.

The final stage of study combines the theoretical aspects with
the characteristics of real seismic motions to make recommendations
concerning single frequency motions appropriate for wuse 1n selsmic
qualification and to c¢ritically examine and make recommendations on

single frequency test procedures.



CHAPTER 2

SELECTION OF EARTHQUAKE GROUND MOTIONS

AND STRUCTURAL MODELS

2.1 Introduction

Seismic qualification %estlng procedures for nuclear power plant
(NPP) equipment require a description of the seismically induced floor
motions at equipment mounting locations. Often, these descriptions are
the outcome of seismic response studies using complex analytical models
of the NPP. Their validity and applicability to real reactor systems
depends upon three factors, (1) consideration of a sufficient number of
real or hypothesized earthquake events to serve as a statistically
meaningful set of 1inputs, (2) selection of appropriate mathematieal
models to represent the NPP structure and equipment systems, (3)
selection of appropriate techniques of dynamic analysis. The first two
areas are the focus of attention in this chapter. The criteria used to
select a set of representative earthquake ground motion records 1is
presented, then the dynamic model of the CANDU* system used in the
analytical stages is discussed. The third area, techniques of dynamic
analysis, is not treated in this investigation but an outline of the

method used is given in a later section.

#CANadian Deuterium Uranium



2.2 Earthquake Records

At the outset of this investigation a 1list of criteria was
established for selecting an ensemble of strong ground-motion records
which would be used as inputs to the CANDU model. The overall objective
was to select a modest number of real earthquake records which would Dbe
broadly representative of seismic ground motions associrated with
possible earthquakes affecting a nuclear power plant site. The
selection process considered several factors which could influence the
seismicyground motion at a given site, However, at an early stage it
became apparent that to rigorously impose each criterion would likely
lead to few, if any, records which would be considered acceptable in the
end. This was due to the fact that the criteria were attempting to
describe an average earthquake, A real earthquake however, 1s a single
event having its own unique attributes and consequently few, if any,
real records could be expected to simultaneously satisfy all the
criteria. In the final selection a certain degree of engineering
judgement was used to overrule some of the less rigorous criteria to

include records which, in most respects were suitable.

2.2.1 Local Site Conditions

Statistical analysis of the spectral shapes of a moderate number
of earthquake ground motions have shown that "clear differences exist in
spectral shapes for different soil and geological conditions", and that
spectral shapes are site-dependent (28). Figure 2.1 (from ref. 28)

compares the mean spectral shapes of ground motions for different site
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conditions., For periods greater than about 0.4 sec. (frequencies less
than 2.5 Hz) there are significant differences in the spectral shapes
depending upon the 1local soil conditions. In this region of the
spectrum, soft soils and deep cohesionless deposits show larger
amplifications than stiff soils or rock sites. At low periods (< 0.4
sec) rock, stiff soils and deep cohesionless soils all result in
approximately the same sepctral response, Recognition that spectra are
-
site-dependent and that there is a need for consideration of these
effects in selecting design criteria is also made in the ATC-3
provisions (1). ‘ \ \

The classification categories used to describe local site

conditions were selected as follows:

N

(1) Rock Sites - sites having a shear-wave velocity greater than
about 2500 feet per second and where rock was considered to be
shale-like or of sounder quality.

(14) Stiff Soil Sites - rock as defined above overlain by less than

150 feet of stiff clay, sand or gravel,

(1ii) Deep Cohesionless Soil Sites - rock overlain by at least 250 feet
of cohesionless soil.
The categorization of site records into the above three groups is
!
based on geological and geotechnical studies which are available in the

literature (27,28). In this study it was decided that two sets of

earthquake records would be selected in each of the above three site
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categories, This would provide twelve ground-motion records (two
horizontal components for each earthquake) on a wide range of soil
deposits. Envisioning the variations to be considered later in the
structural systems, twelve records would allow for a sizeable number of

floor motion time-histories.

2.2.2 Magnitude, Maximum Acceleration and Duration

It was desirable that events of at least a 6M (Richter magnitude)
and preferably in the range 6.5-7M be included. Trifunac and Brady (30)
indicate the average maxima of e€ach of acceleration, velocity and
displacement seem to be achieved in the 6.5-7M range. Comparisons of
the maximum ground surface accelerations for such an event are shown in
Fig. 2.2 This indicates that for close epicentral distances (< 10 km),
rock and stiff soil sites might be expected to experience surface
accelerations of about 0.5 g., and deep cohesionless sites somewhat less
at around 0.3 to 0.4 g. It was decided that at least one of the
horizontal components in each record should have a maximum acceleration
greater than 0.1 g and that all records would be of 30 second duration.
The final selection produced maximum accelerations from 0.089 g to 0.348
g. Additionally, each acceleration time-history was visually examined

to screen out any shock type (impulse loading) earthquakes or other

anomolous effects,
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2.2.3 Source Distance j/f

The characteristics of the earthquake ground shaking at a site
may be substantially influenced by the path seismic waves follow through
different geological regions, soil structures, and by the length of
these pathways. This is in addition to effects of local site geology.
The result is that ground motions at two nearby sites may often show
striking dissimilarities even though the shaking originated from a
single fault rupture. Differences in frequency content and ampl itudes
‘are two possible dissimilarities with high frequency components
attenuating along the length of the transmission path causing more
distant sites to receive predominately long period waves. Peak
accelerations are also attentuated at increasing source distances, as
shown in the comparisons of Fig. 2.2.

Source distance, as a factor in the selection criteria was
considered in a fairly broad sense by trying to obtain a range of "near"
and "far" events in the ensemble. This was not entirely successful
however, owing to the fact that in many cases, suitable near station
records just did not exist. If both a near and a more distant record
could be obtained for a given soil condition this was done but it was
not imposed as a mandatory condition. The 12 selected records had
source distance variations from approximately 8 km to 37 lm.

Strong-motion earthquake data from the western United States was
reviewed using the _above criteria to select the 12 records of horizontal
ground motions, and baseline corrected accelerograms were obtained from

the strong-motion data published by the California Institute of

——
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Technology (17). Listings of the re¢cords and particular details on each
are presented in Table 2.1. Soil data and approximate source distances
were obtained from references 27 and 28. All other data was available
through Caltech sources (16), In all computational phases each record

was scaled to a 1 g maximum acceleration.

2.3 Dynamic Model of CANDU

The mathematical model used in this study, as provided by AECL®
was a lumped m;ss representation of a 600 MeW CANbU nuclear power plant,
Illustrated in Fig. 2.3, the model consisﬁs of four major groups of
Qtructural components; foundation base slab, containment structure,
internal structure and reactor vault. To gain an appreciation for the
manner in which the model 1is intended to represent the real NPP
structure, a cut-away view of a typical 600 MeW CANDU unit in Fig. 2.4
is guperimposed with the modeltmass numbers.

This study examineg,only planar }esponse in the A-C direction
(parallel to the calandria pressure tubes, see Fig. 2.4 and Fig. 2.5)
but more complex analyses are possible with other versions of the model
(e.g., coupled lateral-torsional responses (19)). Soil-structure
interaction may be taken into account by adding flexible soil-springs to
the base slab. In this study, a rigid foundation base was used (Ky = K

8

2 K¢ = =) and consequently the containment wall is an independent system

from the internal structure and vault areas, They are shown here

together for the sake of model completeness and must be considered as a

-
-

single system if soil flexibility is permitted.
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10wing to the extreme rigidity and thickness of floors in a NPP,
both floor mass and floor stiffness must be incorporated into a
realistic NPP model. At a given floor level, mass is lumped at a single
node point and short, rigid elements above and below the node account
for the high floor rigidity. Physical properties of the model are given
in Table 2.2 and geometrical properties of the structural elements
connecting the masses are given in Table 2.3.

A dynamic analysis of the complete model shown 1in Fig. 2.3, for
the case of a rigid foundation was performed usinghthe computer program
SAP IV, (3) and a brief summary is given in Table 2.4, The modal
frequency at 4.94 Hz 1is the fundamental mode of the containment
structure, however owing to the rigid base assumption, containment modes
do not influence the internal structure and vault motions. It is
presented here for general information only. Mode 2 (5.83 Hz) and mode
3 (10.00 Hz) were found to be the first dominant modes of the 1internal
structure and reactor vault, respectively, and their mode shapes are
shown in Figs. 2.6a and 2.6b.

The earthquake records selected in section 2.2 were each used as
inputs at the base slab level to obtain an ensemble of seismic floor
acceleration responses at mass 4 and mass 12. Mass U4 of the internal
structure represents the level of the boiler roocm floor, and mass 12
represents the reactivity deck level within the reactor vault area (ref.
Fig. 2.4). Some equipment components and installations on both levels 4
and 12 are required to be seismically qualified and hence, descriptions

of the seismic environments at these locations must be available.
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TABLE 2.2 PHYSICAL PROPERTIES OF CANDU MODEL

l

STRUCTURE MASS LOCATION ELEVATION WEIGHT ROCKING
(ft-inch) (kips) INERTIA2
(kip=ft™)
Vault 12 reactivity deck 99'-g" 2170 -
11 calandria assembly 64r-gv 4126 -
5 top of boiler box 128" 4765 1.02x106
Internal 4 boiler room floor 102'-3" 7949 H.65x106
Structure 3 intermediate floor 86" yus7 10.69x106
2 intermediate floor 71! 7875 2.6llx106
1 grade floor ys51gn 21968 28.66x106
10 top of containment 165! 23080 27x106
& dousing water supply
9  containment wall. 135! 6728 -
Contain-
ment 8 containment wall 105" 6278 -
Wall
7 containment wall 75! 6728 —
6 containment wall 4s5° 5606 -

13 base slab 251 20822 66x10°




TABLE 2.3 STRUCTURAL ELEMENTS IN THE CANDU MODEL

20

i STRUCTURAL AREA2 INERTIA
LOCATION ELEMENT (ft™) (ABOUTuBD AXIS)
(ft )
Vault 13 211 37,990
12 211 31,510
6 564 34,253
5 1293 1,220,760
Internal
Structure 4 221 3,070
3 952 1,749,520
2 1447 193,300
1 2u85 482,050
11 1534 3,733,600
10 1534 3,733,600
Containment 9 1534 3,733,600
Wall
8 1534 3,733,600
7 1534 3,733,600

5.76 x 10° ksf

Elastic properties: E

v 0,15



TABLE 2.4 SUMMARY OF DYNAMIC ANALYSIS

i, iy -—

MODE MODAL DOMINANT STRUCTURAL
FREQUENCY FIRST MODE
(Hz) RESPONSESt
1 4.94 CW
2 5.83 IS
3 10.00 RV
Y 16.29 *
5 18.24 *
6 23.88 *
7 27.89 *
8 28.69 *
9 29. 46 *
CW = containment wall
IS = internal structure
RV = reactor vault

higher modes
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Although this model was developed explicitly for the CANDU system
it 1is quite similar 1in geometry and mass distribution to the
mathematical models developed for other reactor 3systems (8,29).
Therefore, results drawn from the use of this CANDU model, although
perhaps unique in terms of their numerical values, are expected to be

similar in character to results for other similar NPP systems.

2.4 Single-Degree—of-Freedom Models

Any structure of arbitrary form can be treated as a single-
degree—of—freedem (SDOF) system 1f it is assumed that its displacements
are restricted to a single shape (7). This generalized coordinate
approach can be used to develop SDOF models representing the internal
structure and reactor vault of the CANDU NPP.

A SDOF model shown in Fig, 2,7 has mass-m, stiffness-k, and
viscous damping-c. Dynamic similitude between the SDOF model and the
fundamental mode of the CANDU structure can be achieved by setting the

SDOF frequency

I....A

k
f = T (2-1)

n
)

equivalent to the fundamental frequency of the appropriate CANDU
structure (5.83 Hz for modelling the intermal structure; 10 Hz for
modelling the reactor vault) and by using the same structural damping
(5%) in both cases. The resulting SDOF model is in generalized

coordinates since the model k and m were incorporated into a single
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FIG. 2.7 SINGLE - DEGREE - OF - FREEDOM
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parameter,

The third model parameter required is the product rjoji which 1is
obtained from the CANDU dynamic analysis. FJ is the modal participation
factor for mode ), and ojl 15 the CANDU mode shape at mass 1 for mode j.
The product r3°ji transforms SDOF generalized coordinate response into
the same coordinate. system as the CANDU response. Thus, numerijical
comparisons can be made directly between the model and CANDU. A summary
of the requirement; for SPOF modelling of dynamic responses at mass 4

and mass 12 is given in Table 2.5.

TABLE 2.5 SDOF MODELS OF CANDU STRUCTURES

MODEL CANDU MODEL DAMPING rj¢j1

STRUCTURE FREQUENCY

1 internal 5.83 Hz 5% 0.771
structure
mass 4

2 reactor 10.0 Hz 5% 1.178
vault o
mass 12

Generalized coordinate time-history responses of each model can

be evaluated using the Duhamel convolution integral
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t ..
D .(t) = ——‘—/ x (0e %5 sin b (t-1)de (2-2)
J w g d
dJ 0o J

where oy 13 the frequency for CANDU mode j (Table 2.5), xs(r) is the
earthﬁuake ground acceleration, and wdj = <{§h't is the damped modal
frequency. The transformation of SDOF floor accelerations into the

CANDU coordinate system 13 given by

Aty =T 6 t -
xl ) JQJI J( ) (2-3)

where Dj(t) is the SDOF acceleration in generalized coordinates,

2.5 Summary

Dynamic analysis to evaluate the seismic floor response in a NPP
structure requires that both the nature of the earthquake excitation and
a matﬁematical model of the NPP system be defined. Criteria for the
selection of earthquake. records were discussed and 12 western USA
records were selected to form an ensemble of possible earthquake ground
motions. A mathematical model of a typical CANDU system was chosen and
its physical and dynamic properties were presented,. Using these
properties, two SDOF models were designed having dynamic similitude with
the fundamental modal responses of the CANDU internal structure and
reactor vault.

Although the earthquake ground motions and NPP model deal with
specific cases, it is felt that the .ensemble of earthquake components

should give a reasonably representative picture of the variations due to
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different ground motions. The similarity of the model to those used by
others should permit the outcome of the analysis to be applicable to the
problem of evaluating seismic qualification test procedures for NPP's in

a general sense, and not solely restricted to the CANDU system,



CHAPTER 3

PARAMETERS FOR SEISMIC MOTION CHARACTERIZATION

3.1 Introduction

The ground motions occurring during a real earthquake event can
be extremely complex. An ensemble of records from several earthquakes
will generally show wide variations in frequency content, amplitudes and
duration and similar variations are often found in recordings taken at
different sites during the same event, In the past, many qualitative
an& quantitative techniques have been introduced attempting to
characterize these complex motions in simplified ways useful to seismic
engineering applications. The major problem under consideration in this
study however 1is not ground motion characterization but rather to
"examine seismically induced floor motions within a struc£ure and to
describe these motions through a set of characterization parameters
which would be useful in seismic equipment qualification. " In this
context, sSeismic motion characterization implies that mathematical
proéedures (po be described %n later sections of this chapter) are
épplied to an acceleration time-history to evaluate a characterization
parameter, ‘

After a careful reQiew of the literature a set of parameters were
selected on the basié that, having been successfully applied to seismic
ground motion characterization by other researqhers, they might also be

expected to be promising candidates for c¢haracterizing floor motions.

28
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Thése parameters are:
(i) maximum acceleration
(ii) floor response spectrum
(1ii) cumulative damage process
(iv) root-mean-square acceleration
(v) cumulative RMS function
(vi) duration of strong motion.

The first two methods are standard techniques for describing
floor motions, i.e. maximum acceleration and floor response spectrum and
were included in the study to serve as familiar references against which
the other techniques could be compared. In the following sections of
this chapter each characterization parameter is described, the method of
calculation is outlined, and its suitability for describing a seismic

motion is discussed.

3.2 Maximum Acceleration

The maximum floor acceleration (maximum absolute peak) occurring
during a seismic event is the simplest parameter which can be obtained
f}om a time-history. However, an examination of even a few floor motion
time-histories démonstrates some of the problems in u§ing it as a
meaning ful parameter. Since a maximum value is only a description of
the motion at a single instant in time, all other information about the
record is lost. For example, site geological conditions are known to
significantly influence the magnitude of the ground acceleration and,

within a structure the maximum floor acceleration can be markedly
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influenced by the effects of soil-structure interaction. The belief
that a given peak value can be applied in different geographic areas o#,
for different types of structures in the same geographic area is
erroneous. Local and yegional geology and past seismological history
must ge considered when judging the maximum ground acceleration which is
likely to occur in an area.

Structural mass, stiffness and damping are important factors
influencing maximum in-structure elastic response while non-linear
building behaviour will control response levels during very strong
ground shaking. As later results will show, even if the maximum ground
acceleration is constant the maximum floor acceleration can vary for
different earthquakes.

Another factor which causes maximum acceleration to be a poor
descriptor of response is that it érovides no indication of the number
of cycles of response occurring at or near the same amplitude. A series
of several stro;g gycles at amplitudes below the max}mum value, could
create more severe seismic loadé on floor-mounted equipment than a
single large peak. A sipgle high acceleration peak can be attributed to
high frequency response and it will tend to act as an impulse. This
means that the duration of the peak will geneﬁally.be much less than the
naturgl period of any floor-mounted equipment and, consequently, the
single high acceleration pulse will have passed before there is time for
the‘equipment to respond. )

The use of maximum acceleration to describe seismic motions

assumes that all relevant time-histories are gsimilar in duration,
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frequenc& content and envelope (15). This is far from being the case
but nonetheless, maximum acceleration is a much used quantity, partly
for historical reasons and partly in its use for bounding the
high-frequency end of the response spectrum (13), It is the first

"classical" technique referred to in section 3.1.

3.3 Response Spectrum

The second "classical" technique for describing earthquake
motions is the response spectrum which provides a graphical display of
the maximum responses of a family of single-degree-of-freedom systems
wﬁen all are subjected to the same seismic motion. The family of SDOF
systems are all assumed to have the same damping and their
stiffness/mass ratios cover the range of significant frequencies in the
seismic motion., When a spectral analysis is applied to in-structure
floor mgtions the term floor response spectrum, abbreviated FRS, 1is
commonly used, For nuclear power plant structures the FRS generally
encompasses frequencies from 0.5 Hz to 33 Hz (23). The response
spectrum technique is well-known, widely used and is described in detail
in many réferences (7). A detailed explanation of its calculation and
interpretation will not be given here, but Fig. 3.1 hasybeen included to
give a pictorial display of its construction and graphical form. Unless
otherwise noted, all response spectra in this study are computed for
SDOF systems having 1% damping.

The remaining techniques in this chapter present some newer

approaches to characterizing seismie ground motion and are being

s



A
~
c ~ ~
g -
2 Floor
§ Response
< Spectrum
-
f4 f2 f3 Frequency

SDOF
oM Responses

SDOF
f f f
1 2 3 Systems

Floor
Accel. w%ﬂiywv—— t Motion

FIG. 3.1 DEVELOPMENT OF A FLOOR RESPONSE SPECTRUM

32



B e B ez

»

33

examined in this study as possible means of developing floor motion

characterizations.

3.4 Cumylative Damage Process

Several of the drawbacks and limitations associated with the use
of a single maximum acceleration value were discussed in Section 3.2.
Instead of a single peak value, a more useful and meaningful approach
would be to obtain a measurement which incorporates the amplitudes of
all peaks 1in the floor motion time-history. Such a parameter could
hopefully distinguish between a record containing many large amplitude
peaks and another record (perhaps having the same maximum acceleration)
which had a significantly fewer number of large amplitude cyclés. The
value of such a distinction could be helpéul in comparing the severity
of loading which different seismic floor motions might impose on a
floor-mounted equipment compdbnent and in providing a basis for test
equivalency.

The concept of cumulative damage is that every load cycle causes
an incremental damage which is accumulated until a certain critical
level is reached at which the Epecimen will fail (11). Seismic motion
characterization based upon a cumulative damage process assumes that an
equivalency exists when different vibration experiences would produce
similar amounts of damage in a given specimen, The objective of using
this type of theory as a characterization parameter is to provide a
techpique for measuring equivalency in terms of the equivalent number of

cycles of a uniform amplitude motion required to accumulate the same
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damage as the entire ensemble of random amplitude fluctuations in a
seismic record (12).

The numerous theories which have been developed on cumulative
damage processes may be classified as linear, nonlinear and
phenomenological. Linear cumulative damage theories are based upon
experimental S-N data (S = strain amplitude; N = number of cycles to
failure) for various materials, geometries and other factors which may
be desirable to include in a specialized theory. The fractions of
useful life consumed by each load cycle are summed’linearly, hence a
linear theory, however the damage process itself may not necessarily be
linear., Nonlinear theories assume there is an interaction between load
history and damage, and phenomenological theories attempt to modify
basic S-N curves on the bYasis of observed information from tests and
theoretical models (11).

A linear cumulative damage theory proposed by Miner (22) has been
selected in this study for characterizing seismic floor motions as a
process which results in damage accunulation. Miner's theory, sometimes
referred to as the Palmgren-Miner theory in recognition that Palﬁgren
was the first to note the process of linear damage accumulation, is the
most universally'applied technique because of its simplicity and
accuracy. Although it is convehient to retain the term;nology
associated with material fatigue and cumulative damage processes'in the
following developments, the mathematics remains the same whether the
application is actually to material cyclic fatigue or to

characterization of floor motion time histories.

B ORI U e W RN S
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Miner's cumulative damage theory c¢an be introduced by first
considering a set of reference values, If Np cycles each having
amplitude Rp (R is usedtyere instead of S) cause a fatigue failure in a
given material then the ratio 1/Np is the fraction of damage done by one
of the Rp—amplitude cycles. A summation of these damage ratios is
straightforward when all strain amplitudes are the same, however when
different strain cycles have different amplitudes their equivalence must
be established using the S-N relationship. It is‘ convenient and
reasonable to consider the S-N relationship approximated by a straight

line on a log-log plot, as shown in Fig. 3.2 (10). The equation for the

linearized curve in Fig. 3.2 is given by
log R = m log N (3-1)

where m is the slope of the linear segment., It is more convenient to

work with a parameter 8

1
B =z - - (3-2)
instead of m and so Eq. 3~1 becomes
1 _ g8 (3-3)

¥ °
The value of g is related to material properties and test conditions and
has a value greater than unity. Physically, Eq. 3-3 describes the fact
that smaller strain amplitudes R, will require a greater number of
cycles N to cause a fatigue failure, Therefore, when a maximum strain
amplitude of Rp has Np cycles to failure and strain amplitude R requires

N cycles, then the fraction of the total fatigue life at Rp used up by a
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single peak of amplitude R, is

8
N (1/R)
2. P
N )8
(3-4)

N 8
p_ (R
o= §)

p

Summing the ratios in Eq. 3-4 for all peaks Ri in the
time-history gives the total number of equivalent fatigue cycles (31)

R B

}_—“\J i
(=) (3-5)
i=]1 Rp

Nj—

N =
€q

The process described by this equation was adoptéd as the third
characterization technique. The 1/2 term 1is included because the S-N
relationship considers strain amplitude as a peak-to~peak cycle whereas
the summation has considered all positive and negative peaké. Fig. 3.3
illustrates the influence of B on the contribution each (Ri/Rp) ratio
makes to the value of Neq' In the heavily weighted case, B8=5 for
example, the contribution to Neq by a peak ratio (Ri/Rp) less than about
0.5 1is negligible. ’
The parameter introduced in Eq. (3-5) was based on the use of a

reference value R; which was rather arbitrarily selected as the maximum
absolute peak in the time-history. This introduces a probléf’)fyuL_*_ﬂ\\
several Neq values are to be compared each having been based on a
different Rp value. Normalizing Neq values with respect to a single

reference value can solve this problem.
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Eq. 3-5 can be written in a slightly different manner as,

L

g n 8
(=) -6
i}; (R,) (3-6)

ml—

1

N = =
e 2
q P

Incorporating a reference value Rf for normalization Eq. 3-6 becomes,

Rp * R i 1 8 2 8
R e SR S D
eq R 2Ry RS &
g n
=%(f?—> ®°
£ 1=z1

8
(3-7)

LY
z = (=)
Since Ne has already been calculated in Eq. 3-5, the normalized

value Neq can easily be obtained using the left-hand side of Eq. 3-7,

(3-8)

i
—~~
ks
=

For convenience, if Rf is taken as 1.0 the normalization reduces to,

(3-9)
A simple physical example providing some insight into this
procedure first considers the characterization of a single hypothetical

time-history record shown in Fig. 3.4 , then sub-divides it into smaller

records and characterizes each of these shorter gsegments,
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The peak value in the record is R_ = 10, Applying Eq. 3-5 with g = 2

P
gives
12 R 2
1 i
Ne 172 (T_) )
q i=1

21 1.2 2 2 2 2

=3 (10) {8 + 1° + 5% & + 1%}

= 1.550

LY

Now, consider the record to be ‘'sub-divided into three shorter
segments A, B, C which occur sequentially as shown in Fig. 3.4 . For
each of these segments Neq can be evaluated, referencing Eq. 3-5 to the

peak occurring within each segment: thus

2

|8

1 3 Ri
Nqu =2 E;% (—7)

0.929

and similarly Neq = .625, N = .870. By normalizing each of N

B eqC eqgA’

Nqu. NeqC and Neq1 to a common Rf. the sumn of the normalized values for

the three segments should equal the normalized value for the whole

record. Mathematically this is




1 B B o B _
() Rop Noga * Rog Negs * Roc Neqe) = ¥

or

Nqu + Nqu + NeqC = N1 (3-11)
4 - -~

¥
H

where Rf has been taken'equal to 10 (see Eq. 3-9). Substituting the

nunerical values gives

+ N +

ﬁqu eqB eqC U455 + ,225 + .870

1.550

and ﬁ1 = 1.550

The equality of these two results was to be expected since N, is a,
linear summation across the whole record. This simpie numerical case
brovides a rather appealing look at the summation ‘anq normalization
procedures especially from the point of view of an accumulative process.
The .cumulative effect of several short‘ records should be the same
whether they are considered' as separate and distin;t earthquakes or
whebhef they are considered as consecutive phasés of qge event. N

To summarize this section, a theory of cumulative damage has been
adopted to provide a parameter for seismic motion chéracterization, In
later sections this technique will be applied to an ensemble of floor
motion time-histories to- evaluate an 'équivalence paramepe? ‘01§ﬁ) for

each record. Comparisons of Neq values from different records can be

made by normalizing eaeh with respect t6 a common reference value,

b
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3.5 Root-Mean-Square Acceleration .

The root-mean~squaré (RMS) acceleration in strong ground moticn

records has been studied by McCann and Shah (21). Their develo;;énts
have suggested that a two-parameter description using RMS acceleration
and duration of strong motion provides a more meaningful characteriza-
tion of seismic motions than previous single paramqter quantities.
Characterizing ground motions in this manner follows a similar idea
suggested by Housner (15). The next three sections of this chapter are
devoted to describing the dual parameters of RMS acceleration and
duration. The first section is concerned with the concept of RMS
acceleration.‘ the next section desc;ibes the extension of RMS
acceleration to formulate the cunmulative RMS function, and the third
section introduces a method of calculating duration of strong motion.

In the time domain the RMS of a continuous function a(t) over a

specified time interval (O,t) is defined as
t 2 1/2
CRF(t) = {+] a"(1)dr} (3-12)

The integral property causes the RMS to be less susceptible to large
fluctuations due to high peak values in a(r). This is very desirable
for a seismic characterization parameter beéause a short duration, high
amplitude peak does not significantly affect 1levels of response and
therefore it sho%}d not have a major influence on the value of the
parameter. Since earthquake acceleration time-~histories are used in

digitized format, Eq. 3-12 must be applied in its diserete form



by

n
CRF(t) = {-;— i}; a®(xer) 7 (3-13)

where a(-ri) is the acceleration at time < and At is the interval of

i'
digitization. Arias (2) proposed an intensity function which uses the
area under the squared acceleration time-history as a measure of the

total energy per unit mass E, dissipated by all SDOF oscillators during

the entire record. Expressing the Arias intensity as
t 5 -
E =] a (1)dr (3=-14)

enables the RMS function to be written as

CRF(t) =J~g (3";_15)

which is an average value of power (the square root of the average input
rate of energy) for the time t.
A very convenient property of the RMS function is that }t can be

equally well defined in the frequency domain as

2nf

CRF(t) = {%J' T Glw)de} 72 (3-16)
0 »

where fm is the maximum frequency occurring in the time~history between

0 and t, and G(w) is the power spectral density of a(t)

Gw) = =+ |F(w)]? (3-17)

1
t
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In Eq. 3-17 F(w), the Fourier transform of a(1) is

Flw) = J. a(r)e-indt (3-18)

0

and |F(w)| is the Fourier amplitude spectrum. The function a(1) takes
on non-zero values only in the interval (0,t) hence the limits of
integration in Eq. 3-18 can be adjusted to reflect this finite duration.
For a numerical evaluation of RMS acceleration in the frequency domain

Eq. 3-16 can be rewritten as

’

enf
CRF(t) = {%J' " 630w 65 (w) Jdw} /2 (3-19)
o i
where
t y “~
G1(w) = alt) cos wt dr ) (3-20)
: )
t
Gz(w) = | .a(t) sinwt dt (3-21)
0

Root-mean-square acceleration is a statistical summary about all
the acceleration peaks a(ri) occurring within a given interval éf time
(o,t), and therefore contains a significantly greater amount of
information than does a single\max;mum value. Although the RMS value is
also a single number, information on various acceleratién levels is not
"lost", If the amplitudes in the original process (the earthquake

time-History) are assumed to have a Gaussian distribution with zero mean
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then the RMS acceleration can be related to any specified acceleration

level in a probabilistic manner (25).

3.6 Cumulative RMS Function

Alternatively the RMS acceleration can be expressed as the

cumulative RMS function

t

CRF(t) = {%f a%(1) dr) 172 (3-22)
[o]

At any time t the discrete form of Egq. 3-22 is

k

k
> afte) 1

_ ogi=t .
CRFCE) = mmy— k: 2,3,...n (3-23)

where N is the total number of points in the digitized time-history.
The typical app:aarance of the CRF for earthquake ground motions is shown
in Fig. 3.5 for the 1954 Eureka NT9E component.

Study of the CRF from a number of earthquake records reveals
several characteristies: (1) the CRF builds up rather quickly (within
the first few seconds) to a maximum value then decays, at a much slower
rate, to the final RMS valu; for the entire record, (2) the CRF provides
an ;ndication of the times at which pulses of energy arrive by the

location of the peaks on the curve, (3) since the RMS acceleration is

related to the seismic energy input via Eq. 3-15 it can be used to
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evaluate the cumulative energy of the seismic motion,
The principles behind RS and CRF can be combined to define a
duration of strong motion, the second parameter in the two-parameter

characterization.

3.7 Duration of Strong Seismic Motion

The duration of strong motion Td' can be defined as the duration
of time in which the incoming seismic energy is always increasing (21).
Increased rates of arrival of seismic energy result in a positive slope
of the CRF and conversely, when the rate of energy arrival is decreasing
the CRF has negative slope. In this context D(CRF), the derivative of
the CRF, is a useful quantity for determining regions of positive and
negative slopes of the CRF and to define the strong motion phase,

Differentiating Eq. 3-22 gives

t
d(CRF(t)) _1.1{"° 2 ~1/2 122 1" 2
it = z{t.{o a (t) dr} {t a(r) - tzjz a (1) dt}
t

az(r) - %lf az(r) dt
= - 9 ‘ (3-24)
Tor {%f a2(1) de} 72

)

L]

If a(t) is a continuous integrable function then the derivative can be
expressed analytically, otherwise a numerical solution will be

necessary.. In more symbolic notation Eq. 3-24 is
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[a(t)]° - [CRF(t))°

D(CRF(t)) = % CRF(L)

(3-25)

This formulation permits a straightforward interpretation of the
significance of the CRF derivative, At a given point in time [a(t;)]2 is
a measure of the instantaneous power of the input signal and [CRF(t)]2
is a measure of the average power of the signal up to that time. Since
the CRF is always positive, the derivative can only be negative when
[a(t)]2 < [CRF(t)JZ. When this condition becomes permanent at time Te'
D(CRF(t)) will go and remain negative, signalling that the strong motion
has ended. Similarly, the "beginning of strong motion (when the average
rate of energy arrival becomes significant) can be determined by
reversing the time~history, calculating the CRF and D(CRF) for this
reversed record, and taking the beginning of the duration of strong
motion as the time (Tb) when D(CRF) goes and remains negative, This
forward and reverse procedure is illustrated by Fig. 3.6 as it applies
to the 1954 Eureka N79E ground motion. Figure 3.6a shows the Eureka

time-history (scaled to 1g peak) and Figs.. 3.6b and 3.6c show its CRF

~and D(CRF), respectively. The final cutoff time of Te = 6.36 sec is

shown by thg arrow in Fig. 3.6c indicating the last positive value of
the derivative and in Fig. 3.6b the permanent change from positive to
negative slope of the CRF is also indicated. Figures 3.6d, 3.6e and
3.6f show a similar operation for the reversed time-history to establish
Tb' Since Fig. 3.6f is a reversed record, the beginning of strong

motion is determined by measuring backwards from the end of the reversed

time-history giving Tb = 30 - 26.90 = 3.10 sec. In this example the
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proposed duration is 6.36 - 3,10 = 3.26 seconds.
At this stage the RMS acceleration for the duration Td can be
calculated to complete the two-parameter, RMS-duration characterization.

Mathematically, the two parameters can be summarized as

(i) RMS acceleration for duration of strong motion:

T
A = {l-/e a2 (t)dt) 172
Ty

This definition of duration of strong-motion has been applied to
a large number of earthquake ground motion records by McCann and Shah
and they compared the results of their method to three other techniques
for duration calculations. A method developed by Bolt based duration on
an acceleration cutoff point of 0.05 g while Trifunac and Brady used a
bracketing of the cunulative seismic energy in the 5 to 95 percent
range, Vanmarcke and Lai used random vibration theory and assumed the
strong motion part to be a stationary process with constant frequenqy
content.

The RMS-duration method outlined above produces durations which
generally 1lie somewhere between the frifunac—Brady results and the
Vanmarcke-Lai results.‘ The Trifunac-Brady meihod tends to produces
longer durations than the RMS method, and the Vanmarcke-Lqi technique

somewhat shorter durations, The Bolt durations show a consgiderable

%
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scatter of data points without any discernable trend, probably as a
result of the somewhat arbitrary 0.05 g cutoff level.

The Bolt and Trifunac~Brady methods both impose rather arbitrary
constraints, Bolt's method on acceleration, and Trifunac and Brady's on
the bounds of the cumulative energy. .The advantage offered by McCann
and Shah's method is tﬂat duration evolves from an application of basic
mathematical techniques to the earthquake record without imposing
artificial or arbitrary constraints which could affect the results in an

unpredictable manner.

3.8 Summary

Traditional parameters for describing seismic floor motions are
generally limited to maximum floor acceleration and a floor response
spectra. Maximum acceleration looks at only one instant of time and
ignores all other information. A response spectrum contains

significantly more information but its original development for

structural strength evaluation was based on considerations very

different from those required for equipment seismic qualification. For
these applications, characterization parameters must provide more
information than is afforded by these two methods.

Newer parameters such as using cumulative damage theory, RMS
acceleration, cumulative RMS function and duration of strong-motion each
emphasize and describe particular characteristics of an acceleration
time-history. Cumulative damage processes attempt to emphasize the

presence of large amplitude peaks and suppress the importance of the
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frequently occurring, small amplitude cycles. The dual-parameters of
RMS acceleration and duration use a consistent theoretical approach
based on energy in the seismically induced motions,. A definition of
duration of strong motion describes the important time segment of a
seismic excitation (from the point of view of incoming energy) and the
RMS acceleration for this duration measures the average value of power,
or input rate of seismic energy. The cumulative RMS function
graphically shows the arrival time(s) of the pulse(s) of energy and is
an important step in the calculation of duration of strong motion.

In later chapters these parameters will be applied; (1) to
characterize the 12 seismic ground motions in order to understand the
source of excitation, (2) to single~degree-of-freedom systems to gain an
understanding of response characteristics of simple structures, and
finally, (3) to calculate floor motions within a CANDU nuclear reactor
building to describe the seismic environment in which reactor equipment

must operate.



CHAPTER 4

CHARACTERIZATION OF HARMONIC MOTIONS

4.1 Introduction

By virtue of the complexity of real earthquake ground motions and
structural responses, characterizations of their time-series must be
implemented using numerical computer solutions. Before proceding to
this stage, a major advantage 1s afforded by considering harmonic
motions which can be characterized .analytically rather than through
nunerical methods, The closed-form analytical solutions which are
possible for these types of motions tend to be more useful in providing
a basic understanding of each characterization technique, From this
type of analysis a basic frame of reference can be established to judge
the characterizations of real earthquake events and to review the
realism afforded by test simulation using single frequency motions.
This chapter is devoted to the analytical characterization of three
single frequency motioﬁs. (i) a limited-duration sine, (1ii) a sine beat,
(iii) a decaying sinusoid, with the assumption that these motions
represent either a floor motion response or the motion of a shake table
during a seismic test. ggference to these two situations will be made

interchangeably.

4,2 Constant Amplitude Sinusoidal Motion

o

A constant amplitude sinusoidal acceleration z(t) with frequency

54
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? may be expressed as

z(t) = A sin 9t (4-1)

The folloﬁing sectjons develop characteristics of this motion by

applying each of the techniques from Chapter 3.

4,2.1 Maximum Acceleration

The maximum floor (or shake table) acceleration Am occurring

during the sinusoidal motion z(t) is simply Am = A.

4.2.2 Response Spectrum and Quasi-Resonant Response

As discussed in Section 3.3, a response spectrum graphically
portraits the maximum responsesﬁgf a family of SDOF systems subjected to
the same base motion. The differential equation describing SDOF

responses in terms of relative displacements is

X + th).( + m2x = A sin gt (§=2)

’

e
AN

which has a general solution composed of a transient and a steady-state

-

component : v

x(t) = e-cmt(B sin wdt + C cos mdt)

+ AE > ; 5 (1 - u2]sin At - 2ru cos qt (4-3)
w (1 = u"1" + [2¢u)
where u = % is the ratio of input frequency to SDOF natural frequency.
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Since damping will be small the approximation that damped frequency
equals undamped natural frequency ("’d = (,}J; = ;2 = ) is justifiable,.
Constants B and C depend upon initial conditions, x(0) and x(0).

Sane' simplifications. can be made--in Eq. u-;3 to obtair; an
expression for response amplification for a limited number c;f‘ cycles of

sinusoidal input. The steady-state component of the displacement can be

written as
xss(t) = p sin( nt,'- ) (4-4)
where . ‘
o= &t - D 2w (4-5)
w B ‘-n - ~ o, T e

and @, the phase angle by which the response lags behind the applied

gdoading is given by S
P .

) t
o = tan " (ma)

, (4-6)
1-u
This leads to a more compact form of the general solution: )
x(t) = e %% (B sin wt + C cos ut) + p sin(gt - o) (4=7)

A S

In many vibration pr:oblems steady-state conditions are of primary’

interest and the traﬁsient terms are. usually ne_g'Iected. Seismio

>

‘engineering problems are of a different nature h w’ever, as the strong

p'hase of earthquake shaking usually lasts’ only a few seconds and

* transients can bewquite influential in determining the overall response.

Choosing 1n,1tiai conditions, x(0) = x(0) = 0 and including the transient

»

+
o
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term in Eq. 4-7, B and C become

(o]
1

p (g sin 8 ~ u cos 8) / (4-8)

(o]
(1]

p sin @ : : (4-9)

%
Although response has been expressed in terms of displacements,

the right-hand gide of the differential equation (Eq. 4-2) is an
3, ,
acceleration functién. The second derivative of Eq. U4-7 gives the

relative acceleration of the SDOF system which is more convenient for

-~

comparing inputs and responses; thus *

x(t) = w2 Q';wt[(Bcz + 20y ~ B) sin ot

+ (C;2 - 2By ~ C)cos y4t) —'paz sin(qt - g) , (4-10)

For a limited-durétion of N cycles of sine motion, t in Eq. 4-10 has’ a
final value of t = N/f. Using this and computed values of p, 8, B, and

C from Eqs. 4-5, 4-6, 4-8, 4-9, respectively, amplification factors can
be calculated for a SDOF system at any frequency ratio u and'any (low)
level of damping y. Frequency response curves giving the a@plifications
for 1% damping are shown in Fig. 4.1 with the number of full cycles of
sinusoidal base motion indicated next to each curve,

At resonance (u = 1.0) considerable simplification is possible by

replacing @.with w; thus, previqQus expressions become
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"
'
VI

(4-11)

The general solution for quasi-resonant acceleration response xr(t) is

then obtained from Eqs. 4-10 and 4-~11 as follows:

xr(t) = 5% e-cmt [(c3 + 7)sin wt + (—c2 - 1)cos wt] + cos wt (4-12)

The trigonométric terms involving ¢ and higher orders of ¢, are very

small compared to the other terms, hence these can be neglected to

arrive at an approximate expression:
. 1 ~-gwt
xr(t) * 57 (1-e )cos wt (4=-13)

Under steady-state conditions it is clear that Eq. 4-13 gives a maximum
value of 1/2¢. When the input sine motion is a limited duration of N

cycles, quasi-resonant amplification factors Q are given by

(1)

Q 5% (1-e72eN) (4-14)
The influence of damping and duration of input on the quasi-resonant
respénse is illustrated in Fig. 4.2 by a plot of the response ratio 2¢Q
vs N for 1, 2, 5, and 10 percents damping. This clearly shows the rapid
rise to near steady-state response at increased levels of dampiJg.

As a final point of investigation, the case of zero damping gives

an upper bound on the maximum possible SDOF response, Eq., 4-12 becomes
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indeterminate for ; = 0, but when L'Hospital's rule is applied, the

resonant response of an undamped system is

——

x (t) = 1(sin pt = ut cos 4t) (4-15)
ro -
2
4
which becomes
x_ () = 1(sin 24N = 24N cos 2qN) (4-16)
ro >

¥

for N cycles. Q-factors obtained from the enveloping nature of the
response are
Q = ol (#-17)

indicating that response continues to grow by an amount x at each cycle.

[

4,2,3 Cumulative Damage Process

The motivation’behind using a cumulative damage concept 1is to

L]

attempt to equate the effects of a number of cycles of various
ampliludes to an equivalent number of constant amplitude cycles.
Applied to a sine motion, this type of analysis does not yield any new
information as each sine cycle has the same amplitude and theref&re,
contributes equally to the cumufative total. The number of equivalent
cycles Neq (Fq. 3-55. is equal to the number of sine cycles in the
limited-duration motion therefore, compared to an equal number of cycles
N of any other type of motion a pure sihe accumulates the highest Neq
value,

Relative to a fatigue environment, it can be said that a constant

amplitude sinusoidal floor motion would be expgcted to result in a
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greater accummulation of damage in a floor-mounted equipment component

than any other type of floor motion having the same peak amplitude,

duration and frequency.

~

(1.2.4 Root—-Mean-Square Acceleration and Duration

The time variation of the RMS acceleration for a sine motion is

given by

t
CRF(t) = [%f Azsinzm dT]V? (4-18)
o)

This integral can be evaluated using trigonometric identities to yield

: A2 1 1/2
CRF(t) ={5t- (t - -ézsin(Znt)]} (4-19)

The expression in Eq. 4-19 clearly shows a constant term and an
oscillatory term which causes the CRF to f}uctuate about the constant
value, For long duration sine motions, t becomes large and the oscill-
atory component will dié out. This can be shown by taking the limit of
the CRF (the limiting value of the RMS) as t approacﬁes infinity;

~

2 1/2
sin(2qt)]} 1

lim {CRF(t)}

{+o

A 1
ti: {E— {1 - Ty

A (4-20)

7z '.’_

1%

-
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Thus, for a continuous sinusoidal motion the RMS value is simply A//2.
A T-cycle sine motion and its CRF are shown in Fig. 4.3a and 4,3b,
clearly illustrating the dying out of the oscillatory component and the
limiting value of the CRF at large values of t.

It is easy to show that the CRF will exactly equal A//2 each time
a quarter-cycle of input motion has been completed (ie., whenever ;(t)
is a maximum, minimum, or zero). Using Eq. 4-20, the sine term can be

written as

sin 2@t = sin Hw% (4-21)
where T = 21/2, the period of the sine motion. This term equals zero

whenever

£ 1} n=1, 2, ... (4-22)

or in other words, at every quarter-cycle of input motion CRF(t) is
equal to the steady-state RMS value.

A method of measuring the duration of strong shaking consistent
with the concept of RMS was outlin;d in section 3.7. The derivative of

Eq. 4-18 can be written directly using the result of Eq. 3-25:

4 (CRE(t)) = d_ ({ &% sin®ar do}'’?) (4-23)
dt & .t o
2 ,..2
A" [sin"gt - _1 (t -~ _1 sin 2qat)]
2:[5_ (t - 1 sin 2m)]
2 22

1

This function is illustrated in Fig. 4.3c for the 7T-cycle sine motion.
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When a complete number of cycles N of base input motion has

occurred
gt = 2aN (4-25)

and consequently the trigonometric terms are zero; then

%{ CRF(t) = - E%?i (4-26)
which means that D(CRF) will be negative after a complete number of
cycles has elapsed. In the limit, as t apprbaches infinity, Eq. u4-24
goes to zero but in an oscillating manner.. Therefore, there is never a
time after which D(CRF) remains negative. This means that the end of
the duration of strong-motion occurs at tﬁe end of the sinusoidal input.
The fact that D(CRF) is negative at this poiné (Eq. 4-26) does not
affect the result as the derivative would again oscillate through a
positive region if another cycle of motion were to occur.

The‘beginning\of strong motion is calculated in & similar manner
by using the input recof& in reversed order. Equivalent Fd reversing a

/
sine record is to use the negative of the forward record, that is

Z(t)rev -zt g

- A sin gt (4-27)

-

The functions CRF and D(CRF) .agre unchanged by this procedure,

consequently the beginning of strong motion occurs at the start of the

!
1

i =
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sine signal.

To summarize, for a complete number of cycles of sinusoidal
motion having amplitude A, the entire duration of the sinusoid is
considered as the strong motion phase (Td = NT) and the RMS acceleration

is A//2, regardless of the number of cycles.

4,3 Sine-Beat Motion

Perhaps one of the most straightforwarz ways to visualize the
graphical form of a sine beat is to consider a pulse of sinusoidal
cycles enveloped by a half-sine wave, as illustrated in Fig. 4.4. The
half-sine envelope is drawn as a dashed line and the sine beat waveshape
is shown as a solid line. 1In Fig. 4.4, let the period of the enveloping

wave be represented by T, (the beat period), the period of each sine

b
wave in the pulse by Tt (the test or table motion period), and let N be
the number of cycles per beat pulse. Since the envelope of each beat
pulse is a half-sine, Tb can be expressed in terms of N and Tt:

T, = 2NTt (4-28)

and consequently, the test and beat frequencies are given by

. 21 _
t
o 22
& = T

o



FIG. 4.4 SINE BEAT PULSE
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- I (4-30)
NT,

1

Thus, in terms of an enveloping function a sine beat acceleration can be
expressed in the form

i

;(t) = ~Asin th « 8in ntﬁ (4=31)

The negative sign facilitates some oft the later mathematical

developments and is not significant in a physﬁcal sense.
\

A second interpretation of a sine beét vibration can be made by

writing Eq. 4-31 in a differernt but equivaleﬁt form using the following
1

trigonometric identity:

|
0, = Q. + 8
_1_5_23 ) sin ( -1-5—“g ) = c%s 91 - COS 02 (4-32)

- 23in (

|
The 2, and % terms are related to the frequeﬁcies in Eq. 4-31:
. !

|

f‘—;‘—i - ‘; (4-33)
2 - % |
5 =9

Solving for 9 and 2 and introducing N from Eq. 4=30 gives

- n1=gt+gb - (4=34)
% =, - 9
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Therefore, the second equivalent formulation of a sine beat acceleration

is

Z2(t) = % (cos 2,t = cos A,t) (4-35)

This expression demonstrates the well known fact that addition of two
sinusoidal components having slightly different frequencies produces a
sine beat.

In a mathematical sense, the cosine terms are representative of
two vectors rotating at slightly different frequencies with a resultant
(the amplitude envelope of ;(t)) varying in absolute value between zeroc
and A. In a physical sense, Eq. U4-35 provides an explanatipn for the
appearances of beats in a structural response. If it is aSsumed that a
structure has a fundamental frequency of say‘ 02. and an earthquake
occurring at the site has a large spectral content at a freque;cy of Qs
then if Q, and 92 are close together (say 1 Hz separation) this slight
off-resonance excitation can set up beat pulses in the structure's
response, . “

Another instance where beating is sometimes noticeable is during
a sweep test in seismic qualification. Sweep testing is often ugfd as

an exploratory test to find resonant freéquencies and equipment responses

at low levels of excitation by subjectng a test specimen to a sinusoidal

shake table motion having a continuously. increasing frequency component. .

A sweep rate of 2 octaves per ainute is fairly typical. If the
equipment component has a well defined natural frequency then a beating

response may be observed just after the table motion passes through the

equipment's resonant freduency. In this situation the equipment will




g

3 -

stiN be resﬁonding at its resonant frequency but the table input motion

will have~ now .moved on to a slightly hi_gher frequency. The;éA closely

spaced frequencies create the situation &escri.bed by Eq. 4-35 and,

depending on gquip'aent damping can result in a noticeable sine bt;.at

ar;sponse of "ch‘e‘ equipment, However, since the table frequency 1is
. a

‘conﬁinuously:increasing the beating will last only momentarily until the
frequencies move farther apart.

‘ .
In the followi.ng sections the deseriptions provided by both Eq.
4-31 and Eq. 4-35 will be used to develop the characterizations of a

sine beat motion.

- 4,3.1 Maximum Acceleration
The maximum acceleration Ay of the enve.lo'pe .of a sine beat is

Am = A, 'fhis is clear in l:-:q. 4-31; in Eq. 4-35 the cosine terms can sum

to 4 maximum value of 2 whith is then multiplied by the A/2 doRfficient.
When there are only a i‘ew cycles per beat, the maximm: of the actual -
beat motioq_ will fall somewhat below the meximum value’ of the engeIOpe

as peaké in the 'bea't motion\will not fall exactly on the peint where the

3

envelope reaches its maximun.o Table 4.1 shows the actual peak as/ a

L

decimal ‘percentase of the?envelope peak for various sine beat mations.

-~

-

3
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TABLE 4,1 MAXIMUM VALUES OF SINE BEATS

N Ratio: Am beat/Am envelope
3 0.967
5 0.987
7 -0.992

Even for a small number of cycles per beat, the ratio is very

.

nearly equal to 1.0 and in the féllowing sections no distinction is made

of this small difference.

lhj&z Response Spectrum and Quasi~Resonant Response

K - The equation of motion for a SDOF system subjected to a sine beat

acceleration is
.

X +'2cb§ + wzg = % (cos Qt - cos nzt) ’ (4-36)

The generai solution for displacement response (assum%pg_small damping)

is

x(t) = ebcmt(B sin ot + C cos wt)

+ M, cos w,b + N 810 .t + Mjcos @t + Npsin wyt (4-37)

£

i P
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where

/
2 2 .
M, = (-1 A (o_= ) 1=1,2
i 2 2
(2-2) + (2rwn)>
w Ty Lwily
) (4-38)
2ruf
Ni=(-1)i+1% 5 1 i=1,2
2 2 2
‘Using initial conditions x(0) = x(0) = 0, B and C can be evaluated:
_ o1 '
B=-o Lol + M) + aN, + aN,] :
(4-39) .
C = -(M1 + M,)

2 i .

Differentiating Eq. 4~37 twice produces the acceleration response of the

SDOF system:

x(t) = wze".cmt{[(;z-—I)B + 2¢Clsin wt + [(62-4 )C - 2¢Blcos wt}

-af(M.1oos Q1t + N1sin a.‘ﬁ)' - ng(Mzcos '92t + stin ﬂzt) . (4-40Y

The steady state component xss(t). dan be expressed in a more concise

- form using -trigonometric identities: ’

¥

-

e ‘. . 2 . " ‘ ; ‘ .
Xgglt) = =gy \IM? +§N21 sin(at - o,) - _92%22 * Ng sin(2,t - o,) (4-41)

o

“f\’:_,
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where

p, = tan (- =) 1’= 1,2 (4-42)

At this point it becomes convenient to define two parameters, ¢

and ¢, as follows:

(4-43)

<
1]

—
1

and substitute these into Eq. 4-34 (using Qt = 2Nnb from Eq. 4-28) to

ex press 91 and 92 in terms of g _; thus:

t'

8 = e . ‘ (4-ly)

B = B¥
This gives a olearer physical interpretation of the problem as only the
SDOF natural frequeney w and the test (or floor motion) frequency g, are
needed 19 the formulation. The 't' subseript on g, can now be dropped
and fu;ure reference to g will implicitly mean g. ,

Utilizing the two new parameters, other terbs in the equations of

motion can be simplifieé to involve .4, w and @, instead of&1 and 2
subscripts.//nfter some algebraic manipulation with Eqs. U4-38 and -4y,

M1, N1. Mz. Nz oan’'be reduced to H¢, NQ,\ v,th as follow;:



T

T4

q <A (1-(ug)?)
b2 2,2 2
(1=Cug) ™) + (2gup)
/
N = A 2zu¢
9~ 2 S 2 5
(1-Cu¢)™) + (2guy)
(4-45)
W oA (-tup)?
o2 2.2 2
(1=(uyp ) + (2guy)
N=- A 2 guy
o2 2?2 2
(1=-Cuy) 7)) + (2guy)
Parameters B and C from Eq. 4-39 can be rewritten as :
B=-{c(M¢+M¢)+U(¢N¢+\PNW} ]
C=-(M +M) : (U-46)
¢ L . .

Finally, as the end result the acceleration response can be rewritten in
the follo’wing manner:'

() = w2e S P1)B + 2CTsin ut + [(P-1)C - 2(Bleos ut}

~

A 2
-3 (ug) . p¢ sin( st = e¢)

'_% (m:)2 p

v sin(Qpt - ew{ Su*u7?
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where
b, = 10-(u®? + (2up?171/2
(4-48)
A, = [(T—(uw)z)2 + (2cu¢:)2]“1/2
and.
e 5
M
8 = t;anm1 (- 2 )
6 N¢ '
(4~49)
’ M
8 = tanm1 (- =¥
v NW

\\ SDOF amplificatidns (assumes A "= 1.0) as described by Eq. U-47
are plotted in Fig. 4.5 as a function of frequency ratio u for various

numbers of cycles per beat N and 1% damping. The values of N are shown

_beside their respective curves.

It is interesting to compare the sine be;t response with the
response due to a limited duration sine motion (Eq. 4-10)., For a very

large number of cycles per beat both ¢ and ¥ approach limiting values of'

»

1. Héence, in the limit as' N + = ,

°
n
°

=
1
L

=

*(4-50)

%t
¢
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consequently, B=C=0

’

8, = 8 - (4-51)

Only steady-state terms remain and these can be reduced to

X (8 = - @ o sin(at - 8) (4-52)

At resonance the maximum value is

1% () oy * 52‘-2 - (4-53)
Eqs. 4-52 and 4-53 are thg Same as those obtained for sinusoidal motion.
Intuitively this behaviour is to be eipected.since a sine beat having a.
large number of cycles per beat'wil} have many cycles oceuéring in the
region near the peak of‘the beat envelope. A SDOF system will see these
cycles as_being essentially a constant amplitude sine wave which results
in the SDOF response approaching the levels of response dye to a
sbeadﬁistate sinusoidal excitation, ‘
The ynexé stgp in examining SDOF response considers the
specialized case of resonant aﬁplification aé zero Qamping when N is
small, Un&én these conditions the terms in the general.response (Eq.

- ~

4-U7), reduce as follows:

i
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A

Mo o= -

v 2w2(1—¢2)‘
N =N =0 454

» v (4-54)
B=20

A . 1 1

C = 2[ 2" 2]

<D
1]
(=]
1]

Hence, resonant response at zero damping xro(t). can be written directly

in terms of ¢ and y:

]

X (t) = W (=C)cos wt + (04)° ", cos gt + (g’ M, cos gyt (4-55)

‘Replacing the terms in M, C and Q with Eqé. 454 yields >

“ : : 2 2

xro(t)'z E‘{L -3 ] cos wt - —Q-E cos wét +'—i75 cos wit} (4-56)
1-4 1-¢ 1~¢ 1=y -

*

The time required for N complete cycles is

t = =—— . ‘ (4-57)
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and at this time the cosine terms in Eq. 4-56 are

¢0s ot = cos 2Ny = +1

cos wht = cos(2N+1) = -1 (4-58)

cos wyt = cos(2N-1)n = ~1

Applying these conditions to xro(t) provides the quasi-resonant response

amplification Q at the end of N cycles of sine beat motion:

2 - 2 + 2 - 2 } (4‘59)

Substituting for ¢ and ¥ in terms of N, and after a considerable

algebraic reduction;

3
1 6 UN
Q=3 | Twonam-n ! (H-60)

Neglecting the -1 terms in the denominator provides an approximate

expression for undampe& Q:

Qe . ' L s

- For N=3 (the error in Q using the approximation of Eq. 4-61 is less than

. . 1
1% and this error decr‘eases for larger values of N, The benefit of this

simple expression is that it establishes, véry accurately, “the upper
bound on response; for any SDOF system subjected to a single sine beat

pulse . ”' - . Q
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To summarize the resonant response, Fig. 4.6 shows quasi-resonant
amplifications Q as functions of damping for several values of N. The Q
values are the maximum values of ;(t) defined by Eq. 4-U47 with u = 1.
The resonant amplification curve for steady-state sinusoidal motion Q =
1/27) is also shown on the plot for c;mparison purposes. The upper

bound on Q of twice the number of cycles per beat is the point at which

each curve intersects the vertical axis.

4,3.3 Cumulative Damage Process

For a sine beat motion the first peak occurs when Qtt = %/2, the
second peak at 3x/2, and so on, until the sine beat ends by which time
2N peaks will have occurred. Mathematically, the times at which these

peaks occur are given by

1

“ti = TF; ,(21—-1) i=1,2,... 2N (4~621

where ft = Qt/2w. To evaluate the number of equivalent cycles Neq. the
enveloping fﬁnction \

Ry = A sin gt, - o (4-63)

.o . e

must be evaluated at each of the times ti given above. (Ri is the seme

parzmeter as in Eq. 3-2.) Substituting Eq. 4=62-into Eq; 4-63 and using

the fact that ft = 2Nfb, results in . »
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%
Ri = A sin W (2i-1) i=1,2,...22 (4-~-64)

Owing to the symmetry in the sine beat, the number of equivalent &ycles

Neq can be evaluated by using one-half the beat pulse: thus,

1 2N n ]
Neg = 3 12;1 | sin g7 (21-1)]
(4-65)
N ) v
=3 | sinﬂ—N- (21-1)]
i=1

where it has been assumed that the reference peak is Rp = A (see Eq.
3=2). Figure 4.7 is a plot of the number of equivalent cycles Neq for
various durations of beat pulse and for comparison the upper bound case
of a sinusoidal motion is also.plotted.

The number of applied cycles shown on the x-axis of Fig. 4.7
covers the range which might be generally useful in seismic
qﬁalification~testing. It is readily apparent from this plot that a
sine beat test is much less severe, in terms of a cumulative damage
process, than is.a sinusoidal motion of the saﬁe‘rumber of aycles.
Values of B, of 1, 3 and 5 result in sine beat Neq valyes which are
approximately 63%, 42% and 33%, respectively, below those achieved for

the sinusoidal case. .

4.3.4 Root-Mean~Square Acceleration and Duration

t

Thé variation of RMS acceleration as a function of time for a .

sine heat motion-is: . ‘ ‘

' 4
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2/t
CRF(t) = {f—}g (cos 8,7 - cos 921)2 da<}' % (4-66)
. \ .

Expanding the integrand, integrating and substituting for Q1 and 92 in

terms of Q, ¢ and ¢ finally gives

e 1

A 1 - , )
CRF(t) = {ut [t Ty sin 2qst + Bay sin 2qyt -

i

sin Q(e+y)t

1
Qlo+y)

. .
S

”

A 1/2
- ?R;:;T sin g(p-y)tl]} | (4-67?

The time'at the end of a N cycle beat pulse is t = NT, hence #ll sine
terms in Eq. 4-67 become zero and CRF(t) reduces to the RMS acceleration

for the entire pulse:

2

A 1/2 »
CRF = (g (1)
Y ) ”
mMS = A (4-68)

Therefore, in a sipe beat pulse having any humber of cycles the RMS
acceleration for the whoye pﬁlse is simply one~half the peak value of
the beat envelopé. A 5-c§cle sine beat motion and its CRF are shown in
Figs. 4.8a gnd L,8b. The peaking and subsequent decline of th% CRF to a
final ¥alue of A/2. indicates that the slope of the CRF pgrmanently
. ] N ]
becames negative before the end of the pulse apd hence the du;;kion of
strong motion will end.before tHhe beat pulse is over. The mark in Fig:

4,8¢ points to the time when the derivative permanently goes negative. -

- A
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It is useful to note the contribution made by each of the terms

in the CRF. Rewriting Eq. 4-67 and substituting @ = 2n/T: é+¥ = 2; and

¢ - v = 1N, gives ;
CA? N (2N+1) ¢ N (2N-1) t
+ . -
CRFCE) = G Lo+ rewey S0 2n Ty T * Grewen St 27 Ty T
NT .. 2nt T ., ti,1/2
. - 5;sin =5 - g7 osin 4y T]} (4-69)

After each half—gzg}e of sine motion the ratio t/T will be an integer
multiplg of 1/2 and therefore the last trigonometric term will always be
zero. In the cése of the first and second trigonometric termé, their
coefficients will be much less than unity even for sméll N values (i.e.,
for N=3, the coefficients of the first and second terms are dfo3u an&
0.048, respectively). These terms can be neglectéd. The final result
is an approximate expression for the cumulative RMS function which is

Id

;ery similar to the CRF equation for a sine motion (Eq. U4-19):

2

. A NT 2% £.,1/2 .
CRF(t) = {Nt (t - >n sin o T]} (4-70)

-~ .
-

Reiterating a previouf’comment. owing to the assumpt?ons on the values
of t/T this equation is only valid at times when a number of complete
half-cycles have occurred.

The general expression for peak amplitudes of a beat motion has
been given in Eq. U4-64. Using this formulation it 4is possible-to find
the first and 1a§t hglf—sines wnich have power 1éve{? above the average

pulse power (A/2)2. Mathematically, these peaks occur when

Yo
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The  first and last peaks to satisfy this condition mark the beginning
and end, respectively, of the strong moiion phase., Taking the square
root of both sides of Eq. 4-71 and substituting into Eq. 4-64 gives the

condition which must exist for the strong motion phase:

. 7 7 .
sin [ﬁﬁ (2i-1)] > 5 i=1,2,...20N (4-72)

The smallest index value i, to satisfy this jrelationship, say 140 is the

-
-

first peak of strong motion. This occurs in the firsg.half of the beat
pulse (when i < N). Similarly, the smallest value of i, say i,, in the
interval N+1 < i < 2N which satisfies Eq. 4-~72 is the last strong motion

peak, The ngnber of cycles of strong motion Nsm' is given by

=1 - -
N =5 (-1, + 1)( (4-73)

and the duration of strong motion T, is

]

Ty=Ng, T (4-74)
where T 1is the period of the sine beat motion. This procedure is
illustrated by Fig. 4.9 where peaks have been numbered i=1 to 1i=10, and
the RMS level is indicated. Peaks numbered i=3 to i=8 inclusive lie

above the RMS level and are in the strong motion phase.
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FIG. 4.9 DETERMINING THE PHASE OF

STRONG BEAT MOTION
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Equation u-iz can be solved for i in terms of N giving

-

1> 2 Mant 4y L (us)
-2 % - 2
N 1
therefore i2> 3+ 3

This will give non-integer values for i, consequently the appropriate
index number for the first peak of strong mot%on is the first .integer
(11) greater than the i calculated in Eq. u-75. ‘For-example, in the
case cited above for 5 cycles/beat, Eq. U-75 gives i1=2:166 and
therefore the correct value for i, is the next .larsestxint:eser. q%mely

«
'

i1 = 3.

e

Table 4.2 -and Fig: 4.10 show some results of Eq. 4-75 applied to
sine beats of various iengths. .Table u.z_giveé a few Qets of duration
data ip terms of "strong" peaks and "strong;.éycle§ (Nsm) while Fig.
4,10 compares the Nsm'wiéh the total numbe; of beat cycles. .Since
values of Nsm have been éxpreséed in terms of complete éycle; the line
in %ig. 4,10 increases in a step fashion from’one inteE;r value of qsm
to the next. The importance of this plot is to show that essentially a

constant relationship exists between Nsm and N for a sine beat of any

lengﬁhi that is

@

0
~

L4

N «=N : (4-76)

sm

wire

where NSm should be rounded off to the nearest integer. Eq. U~76 is the ‘

soiid line throﬁgn the steps.in Fig. 4.10. For comparison purposes, the

liﬁe for a pure sinusoid is also shown on the piot. reitqrating the

A ¢
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TABLE 4,2 DURATIONS OF STRONG MOTION FOR SINE BEATS

~

CYCLES/BEAT PEAKS® > & DURATION +

() (first; last) Nsm (cyeles)
(11: 12)

t

10
v 12
i 15
s 17

- 0w -3 O W

= o W ow W N
-

_N v =W N

-

* referring to i values (i.e. Eq. 4-72)
+ using Eq. 4-70

- ———
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observation of section U4.3.4 that for sinusoidal motion, all cycles are
"strong" cycles.

Now that a method for finding the duration of strong motion has
been developed the strong phase RMS acceleration can be calculated, The
terms within the square brackets of Eq. #4-70 must be evaluated over the
interval of strong motion Td’ as these aré the product of an

integration. Letting t, be the time at which the 11 half-cycle begins

1

and t2 be the time at which the 12 half-cycle ends (see Fig. 4-9) then

Td = t2 - t1 is the duration of strong motion. Evaluating the CRF over

A

this interval gives

2 A NT 2wt2 NT Znt1 1/2
CRFlt = ;E?; [t2 -3 sin e t1 + 5, sin == ] (4-77)

Although T appears in Eq. 4-77 the CRF is actually independent of

period because the ratios tl/T' t./T and T/'I‘d are constant once the

2

number of cycles per beat have been defined, This can lead to further
simplification as T can conveniently be given a value of 1 second and it
can be stipulated that the CRF is considered only for half-cyecle

increments of the sine beat. Hence, t1 and t2 must have either whole or

half-integer values. As an exemple, if i1 = 2 (the second pg$k of sine

]

beat motion is the first peak in the strong phase) then t, = 0.5 sec

1

since the half-cycle containing the second peak/begins at 0.5 seconds.

Snmilariy. if 12 = 8 then t2 = U4 sec, On this basis simple

relationships can be set up to equate the times t1 and t2 to the strong

motion peaks 11 and 12 as folloys

PO
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1
t1 =53 (11-1)
(4-78)
27 2
Values for i1 and 12 are available from Table 4.2 or Eq. 4-75.

The t1 and t2 values above cause the two sine terms in Eq 4-77 to
be of equal value but opposite in sign because of the anti-symmetrical

occurrence of the peaks 11 and 12 about the =zero line, Eq. #-77

therefore can be reduced to

2
A N o2m 172
(CRF) Td"-'{u,rd‘[Td-“smN ¢, ) (4-79)

This is the RMS acceleration for the strong motion phase of an N cycle
sine beat.

Numerically evaluating Eq. 4-79 for several N values reveals that
strong phase BRMS accelerations closely cluster around a value of
approximately 0.6A. The slight scatter around this value is due to the

approximations made in the derivation of Eq. 4-79.
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4.4 Decaying Sinusoidal Motion

The use of a decaying sinusoid to describe an earthquake has Been
applied on a theoretical basis by several researchers, Evidence f;;m
seismographic records indicates that such motions do occur during some
earthquakes, as for example, at increasing distance from the source
whére ground motion €ends‘to a harmonic osciliation. The accelerogranm
recorded at Golden Gate Park, San Francisco, March 22, 1957 shows a
distinctive decaying sinusoid at a constant rate of damping. Decaying
sinusoidal motion can also produce structure and equipment responses
very similar to those resulting from random or artificially generated

earthquake motions (9),

A segment of a decaying sinusoidal acceleration

¥, at

2(t) = Ae®% sin qt (4-80)

is illustrated in Fig. 4.11. The exponent a, can be written as a
product of a decay parzmeter y and the sinusoidal frequency @, therefore
the decaying sinusoid may be expressed as

~uft

2(t) = Ae sin at (4-81)

The following sections outline the characterizations of a

2
decaying sinusoidal motion,



 ACCELERATION

FIG. 4.71

DECAVING SINUSOID
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3.84,1 Maximum Acceleration

The decaying sinusoid described by Eq. U4~81 will always have a
maximu; peak value Am which is less than the value of the coefficient A.
When u is small this difference will be small and {or the limiting case
of u=0 the equation reduces to a sinusoid with constant amplitude A. At
increasingly large levels of u the ratio A /A can become significantly
less than 1.0. Knowing that the first peak of the sinusoid will occur
wnen Gt = x/2, then Am/A can be evaluated as

Am -y
< ° e (4-82)

N =

The decaying sinusoid described by Eq. 4-81 is in a convenient
form for mathematical analysis since the coefficient A is general. This
form will be used in‘hubsequent sections. IB some testing applications
however, it may be necessary to create a decaying sinusoidal shake table
motion having a specified maximum acceleration, This can easily be
achieved by modifying the amplitude coefficient in Eq. U4-81 by a scale

factor 'A% = A/Am, such that

2(t) = A%e " oin ot (4-83)

Unless u=0, A" will be greater than the desired maximum table motion A,
but the rate of decay will give the first peak .of the motion at the
required A emplitude. Eq. 4-83 is in a convenient form for programming
into a computer c¢ontrolled test facility to oreate a decaying sinusoidal

table motion having any desired o ubination of paremeters.

4 B



b.4,2 Response Spectrum and Quasi-Resonant Response

\

The relative response of a SDOF system to a decaying sinusoidal

base motion is described by the following differential equation

X + 2zwk + w2x = a WO sin at (4-84)

Complex algebra is a convenient method for solving this type of equation

since the right-hand side may be written as

“

~ufit

e sin ot = Imfe "W 8t

] ' (4-85)

where Im denotes the imaginary part, and i

v=1, hence the

complémentary solution is of the form

X, S~ -
; = geli-wiat (4-86)
- . p
/// . where G i3 a constant.
’ The general solution fdor displacement response is
- Lwt ‘
x(t) = & (C cos wt + B 3in wt)

; a M k
{ + ——> (V,sin @t - V,cos ft) (4-87)
. -u? Vo + v ! 2

where

1

i . V2 = 2u (g-u)

I .
;T N - . V= 1-—u2 + (uu)2 - 2Tuu
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A1 -
B = > 5 5 (( g=upu) V2 uVi) (4-88)
w V. +V
1t
. a2«
- '?Vz Vz
R B

Y

and B and C were evaluated using 1initial conditions of x(0) = %(0) = 0.

The acceleration response of the SDOF system is given by

2 ot

x(t) = v e ' {[(c2-1) C - 27B] cos wt + [(c2-1)B + 27C) sin wt}
2 —-uflt o
A u2e > {[(1—u)2 V2 - 2uV1] cos Qt + [(u2-1)V1 - 2uV2] sin Qt}
Vo + V
1 2 (4-89)

The dynami¢ response of a 1% damped SDOF system due to a decaying
sinusoid, as described by Eq. 4-89 above, is plotted in Fig. b4.12 as a
function of frequency ratio and decay parameter u. 'The coefficient A

//

The SDOF response can be readily compared to the response due to

1as been set equal to cne,

K\g sine motion by considering the value of uy. When u is zero, there is

no envVelope decay and all cycles are full amplitude. Eqs. 4-88 and 4-89

A"
reduce % the more simplified versions presented in section 4,2 for

sinusoidal\response and the exponential involving u is unity hence, the

equation foryacceleration response becomes equivalent to Eq. 4-7, the

response due to§a constant amplitude sine motion.

N

The resonant response of a S3DOF system can be examined by

reducing Eqs. 4-88 to the following forms:
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-l
n
=
{
N
1
=

V2 = 2(g-u)
B = A 1 (- wv.-v) (4-90)
22,3 2~ Y .
W 1 2 .
¢ LA
-2 v2 i V2
w oYy 2

After considerable algebraic reduction, and by neglecting all terms
higher than first order in the numerator, the SDOF acceleration at

regsonance may be approximated by

v V. cosqt
/\ xr(t) = [e*“"f RS -g———-; (4-91)
V1 + V2

This equation is convenient for evaluating the resonant amplification
factors for a pair of { and u values, The exponenﬁial functions control
the overall response amplitude decay and a reasonable approximation of
the time of maximum response(;an be made by assuming that the peak of
the oscillating component described by the cosine term will occur near
the peak of the exponential envelope. For the low dampings assumed in
the approximations i.e., < 15% damping, this will be true becauée thé
envelope of the ré%ponse will stay close to its maximum value long
enough for the'cosine term to oscillate through a peak. Thus, to find

the maximum value of xr(t):
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4 (emvat | gmiat,

at =0 (4-92)

hence

gt = —— 1n (%) (4-93)
L—u u

By back-substituting into Eq. 4-91 and considering that cos at attains a

value close to unity, then the resonant amplifications are

(uZ—ZCu)Z + (2¢( c—u))z

[x_(t) | x | (e”¥
r max

Figure 4,13 is a plot of resonant amplification factors for SDOF
systems having various damping ratios ¢, as a function of the decay
parameter u of the input motion. These curves have been obtained using
a full solution without the successive stages of approximation used in
deriving Eq. 4-94. Approximations using Eq. 4-94 are generally in very
good agreement with the values shown in Fig. 4.13 except for some slight
discrepancies at larger damping levels because higher order terms were
dropped in the approximation process, Amplifications for the
specialized case of u=0 are illustrated at their steady-state values of

1/2%,

4.4.3 Cumulative Damage Process

A convenient interpretation of a decaying sinusoid is to consider

a SDOF system undergoing a damped free vibrati§§ decay. The level of

h

\
response at the it peak (at time ti) is given by \

1

\
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=
it

A* exp [-at)

A% exp [-% u(2i-1)] is= 1,2,..(3N )‘ (4-95)

S’

The Ri values can be sumnfed to determine the number of ¢ycles of
constant amplitude 3ine motion which would be equivalent to the deGaying

sinusoid; thus

L]

g A " 8
Neq =5 I (A% exp [—5 u(2i-1)1) (4-96)
i=1
2N
1 g T
= 5 I A% exp[-——a uB(2i-1)} (4-97)
/ i=1

Equation 4-96 3hows the summation quite clearly in terms of peaks in the
decaying sinusoid while Eq. 4-97 is more us\ful for generalizing about
Neq values. Incorpg\kting the g exponent 1nto the envelope term allows
general curves to be plotted for values of the joint parameter pB as
shown in Fig. 4,14, From these curves the number of equivalent
cycles of constant amplitude can'be determined for_a pair of u and B8
values. For normalization purposes, the A* term in Eq." 4-97 was
calculated by the method of Eq. 4-83 so that the first and largest peak
value of the decaying sinusoid would be equal to 1.0.

Figure 4,14 also shows the curves for the sine beat and
upperbound sinusoidal cases. It is apparent that certain equivalence

relationships could pe established between the limited-duration sine,

sine beat and decaying sine on the basis of similarity of Neq values.
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Development and discussion of such relationships will comprise 'part of

Chapter 6.

4, 4.4 Root-Mean-Square Acceleration and Duration
4

Analytic expressions of RMS acceleration for a constant amplitude
sine and a sine beat have been derived in previous sections. The RMS
accelerations for these waveforms are independent of time when the
motion consists of a complete number of'cycles. The case.for a decaying
sinusoid 1is not as straightforward because amplitudes of successive
cycles are differenp and there is not a natural end to the motion as
there is for a sine beat pulse.

The cumulative RMS function for a decaying sinusoid is given by

!

4 ~

21t

% -

CRF(t) = {%—t[ e 2ufit sinabdt}1/2 (4-98)
o

This can be rewritten using trigoncametric identities as

2k ‘

* -

off(t) = {‘—;E—f ™M (1 os 200)dt} /2 (8-99)
0

When the integration is performed (the second integral can be evaluated
from a table of integrals) the CRF becomes

-2upty 1 [ -2udt 1/2

*
CRF(E) = &% {—L- (1_¢~2M%E, (sin2at - pcos2at) +ul)
2 ufit 2
gt (l+p )

(4-100)

Fig. 4.15 illustrates the CRF and D(CRF) for a typical decaying sinusoid.

P s T



106

QIOSNNIS DMAWYIZQ V 40 SNOILONNG SIAY SL'Y "Old

(D)

02'L

(4¥J) a

p—

(8)

02'L

(D) 44D

(V)

>>D>>>>>

100°¢-

1

eo'L-

A

c ao'L

00¢

(D) NOLLYYITIIOIV

o an ot et AN Mo Attt



RN AENALS b Vo e

i 107

Eq. 3-100 can be checked by, allowing u to approach zero. Taking
%ig CRF(t) shows that the CRF redudgs to the CRF equation for sinusdidal
excitation.as described in section %.3.&.

The exponential decay indicétes that a phase of strong motion
Wwill only exist for a limited tid% since the power content of the
continuously decreasing amplitude% will eventually drop below the

average power level, A complete number of half-sine cycles (cycle

length = n) will occur whenever

Qt = ri i=1,2,...20 4-101)

where N is the number of full cycles. Under this condition the sine and

cosine terms in Eq. 4-100 become

sin 29t = sin 27i = O
(4-102)
and .
cos 20t = cos 2wl = 41
Thus, the CRF for i half-cycles can be written as (i
-2uri -2 uri
Y - -
CRF(t) = %_ {1.e —— - z(l-e 5 )}1/2
s 1|’1(1+u)
(4-103)
~2urxi
% -
= %— {L“l———é—}”z £=1,2,...20
pip(1+u®)

The final version of Eq. 4-103 is significantly easier to handle

than Eq. 4~100 and provides as much insight into the behaviour of the
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CRF as does the complete function.

The duration of strong motion can n;w be computed by applying Eq.
4-103 to the basic concepts of instantaneous and average power. The
beginning of strong motion in a decaying sinusoid is at time t=0 when
the motion commences since the first cycle has the maximum amplitude and
glves the maximum power contribution of any of the successive cycles.

The last half-cycle of strong motion requires

[CRF(©)1% > [z(t))?
or
2 _E—Zuwi

A%S 1 . i
5 3 2 A e (4-104)
u‘ni(1+u )

where Eq. U4-103 has been used for CRF(t), and [z(t)]2 is evaluated by
Eq. u4-101, The cross-over point from positive to negative CRF occurs
when the value of i creates an equality. Neglecting the u2 term since u

will generally be quite small, and rewriting in the form of an equality

gives
le-Zuwi (1 + Upuwxi) = 1
therefore (4-105)
1n (1 + Uuwi) = 2urni
For non-zero u, Eq. 4-105 is satisfied when iu = 1/5, therefore the

number of cycles Nsm ih the strong motion phase is

1
- UL Y
HS = on (4-106)
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e
On the plot of D(CRF) in Fig. 4,15¢, for the 5% demped sinusoid, the

circle shows the point where the D(CRF) permanently becomes negative
thus ending the strong motion phase,

The simple expreasion from Eq. 4-106, plotted in Fig. 4.16,
permits a very easy evaluation of the duration of strong motion for a
decaying sinusoidal motion having any specified decay parameter u.
Unlike the sine and sine beat motions, Nsm for a dedéying sine 1is
independent of the number of cycles of input, provided that N > 1/10u,

The RMS acceleration for the strong motion phase Arms is obtained

by substituting iu = 1/5 back into Eq. U4-103:

* - "21/5
2 AL lee )12 (4-107)
rms 2 % 2
g (1+u )

The term 1 + u2 will always be close to 1.0 for small rates of decay,

hence the strong phase RMS acceleration can be approximated as

K

A% 6
Arms *3 (1.067)

= .53A (4-108)

showing that it is independent of any attributes of the input motion
such as frequency, rate of decay, or total length of signal. This is
not too surprising becau;e the Cd% from Eq. 4-103 is (neglecting the u2
term) a function only of the product ui which is a consta&t, Th;refore,

the strohg phase RMS acceleration must also be a constant.
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4.5 Summary

Jhis chap%er has developed motion' characterizations for three
basic types of harmonic waveforms from a purely theoretical approach,
Some brief comments havé been made on aspects of the characterizations
but a full ﬁtilization of the information contained in this chapter

€

,awaits the subsequent analysis and discussions on characteristics of
£
real seismic motions. ’
Table 4.3 should provide a useful summary of the motion

charactefistics discussed in this chapter.
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TABLE 4.3 CHARACTERISTICS OF HARMONIC MOTIONS
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CHARACTERISTIC SINE SINE BEAT DECAYING SINUSOID
. . . : ~-uqat .
(1) Basic Equation sin & (3in nbt)(51n Qtt) e sin qt
(2) Total Duration N cycles N cycles/beat N >1/10y
(3) SDOF Response:
general Eq. 4-10 Eq. 4-47 Eq. 4-89
max.; zero Q= N Q = 2N if {u=0} Q = 1/2¢
damping ¢#0
max.; damped
system 1/2¢ Fig. 4.5 Fig. B4.13
(4) Cumulative N Fig. 4.7 Fig. 4,14
Damage, Neq
(5) Cycles of Strong
Motion N = 2/3 N 1/10u
(6) RMS Acceleration
for Strong Motion 1//2 .60 .53
(7) Shape of CRF sharp rise sharp rise very sharp rise
then flat then slow then exponential
decline decline




CHAPTER 5 "

/( RESULTS AND DISCUSSIONS

5.1 Introduction

In the preliminary stages of examining the parametric data, the
recognized effect of site soil conditions on site response spectra (28)
made it seem plausible to also examine other parameters on a site
dependent basis. Therefore, each parameter was statistically summarized
into means and standard deviations by grouping records together on the
basis of site soil conditions., As the final results will show, this was
a useful classification for some but not all parameters. The site soil
classification for earthquake ground motions (see section 2.2.1) was as
follows: rock sites - Lankershim and Caltech Seismological Lab; stiff
soil sites - E1 Centro and Hollywood; deep cohesionless sites - Eureka
and Orion. ™~

In this chapter, ground and fl9or motion characterization data
are presented and discussed at some length and where possible, numerical

values are suggested as parameter estimates.

5.2 Floor Motion Time-Histories

Some general observations can be made about CANDU seismic floor
responses in the time damain without regard to 1location within the
redctor structure. In the first 10 seconds or 30 the floor motions have

typically demonstrated sustained high levels of response with evidence

113
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of some multi-frequency components, Beyond about 15 3econds the
amplitudes die down and 1n some instances pulses of sine beats, (Fig.
5.%a) or segments of decaying sinusoids were observed. Structural
responses on deep cohesionless sites (Fig. 5.1b) showed a distinct
attentuation of some of the high frequency component after 15 seconds
but it was much more difficult to detect any such evidence in responses
on rock or stiff soil sites.

Two SDOF systems were proposed in Section 2.4 as possible models
for studying the seismic response behaviour of the CANDU internal
structure and reactor vault, Comparisons of SDOF model time-histories
with the corresponding CANDU responses indicates that mass 4 time domain
responses were closely simulated by the 5.83 Hz model but the 10 Hz
model did not provide nearly as good'a representation of the vault's
mass 12 response. To provide an illustrative éxample, the structural
responses due to the Lankershim N-S ground motion in Fig. 5.2 can be
considered, The floor responses of mass 4 within the internal structure
of the multi-degree-of-freedom CANDU model and of the representative
5.83 Hz SDOF model are shown in Fig. 5.3a and 5.3b. The remarkable
similarities in both time dependent amplitudes and apparent frequency
(number* of zero-up-crossings per unit time) are consistent with the
responses calculated for almost all SDOF models representing mass 4,
The only deviation from this trend occurred during the last 15 seconds
on deep cohesionless sites where the attenuation of high frequency
components in the ground motions also showed up in the CANDU response

but naturally, these lower frequency responses could not occur in the
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SDOF model.

The time-history responses of the CANDU vault at mass 12 and the
10 Hz SDOF system in Fig. 5.4a and 5.U4b, respectively, do not\éxhibit
the same agreement as did the previous pair of systems. On rock sites,
the amplitude envelopes of both CANDU and SDOF model responses appear
quite similar but differences in frequency content of the waveforms is
significant in the 15-30 seconds region where the motion of mass 12 was

predominantly low frequency.

Greater dissimilarities in CANDU vs. 10 Hz SDOF model response

ff(é?éggg;% on stiff soil sites where modelling problems posed by high

frequency attenuations increased, consequently the SDOF model was only
able to simulate the first 10 seconds or so with reasonable accuracy.
The 10 Hz SDOF model was severely limited in its capability to
simulate time dependent responses on deep cohesionless sites. Although
amplitude characteristics were generally well modelled in the first 10
seconds the CANDU response showed clear signs of low frequency
components over the entire 30 seconds. Consequently, for the last 20
seconds of record on these sites there were imflarities in either

amplitude envelope or frequency.

5.3 Response Spectra

Response spectra were calculated for each ground and floor motion
time~-history, for 1% spectral damping, using an adaptation of Nigam and
Jennings' computer program SPECEQ (24), Spectral values were calculated

at 35 frequencies ranging from 0.5 Hz to 35 Hz, plus additional points
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at each of the CANDU modal frequencies. )

Even though only four records w;re used in each soil group,
distinctive differences were evident in the ground response spectra for
each site, At low frequencies (0.5 - 2 Hz) the spectral values for rock
and stiff soi1l sites were less than the spectral levels for deep
cohesionless soils and there were also significant differences in the
frequency range where the largest spectral amplifications occurred.
Peak amplifications on rock tended to occur at slightly higher
frequencies than the peak zamplifications on stiff soils which in turn
were at higher frequencies than peak amplifications on deep cohesionless
sites.

Two CANDU floor response spectra (FRS) for the Lankershim rock
site are shown 1in Fig. 5.5a and 5.5b, respectively, The major
difference in spectra at these two floor locations was the predominantly
single frequegp% characteristic (at 5.8 Hz) of the internal structure
(mass 4) versus the multi-frequency, broadband FRS of the reactor vault
(mass 12).

”

CANDU Mass 4 FRS vs. 5.83 Hz SDOF FRS A common feature fox_all mass 4
j

FRS was a predominant peak‘ixhthe first modal frequency (5.83 Hz) of the
internal structure. Table 5.1, summarizing peak FR3 values for the SDOF
model, indicates that peak CANDU spectrum values were predicted quite

accurately by the SDOF model.
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TABLE 5.1 MAXIMUM FRS VALUES FOR CANDU MASS U
AND 5.83 Hz SDOF MODEL
RECORD CANDU 5.83 Hz SDOF

MASS 4 MODEL

(g) (g)
Lankershim N3 19.95 18.90
Lankershim EW N 13.51 11.62
Caltech EW 13.98 12.74
Caltech NS 34,34 35.49
El Centro NS 19,40 21.74
El Centro EW 15.74 15.97
Hollywood EW 22.16 20.80
Hollywood NS 23.73 26.68
Eureka NE 14,82 15.84
Eureka NW 16,12 17.21
Orion NS 15.82 16.70
Orion EW 15,44 15.01

1% spectral damping

e e ;e s o
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Figure 5,5a compares a CANDU and a SDOF FRS to show the typical

close similarities that were found to exist throughout the peak and high

frequency regions. In low frequency regions however, the SDOF FRS

tended to drop below the levels of the CANDU FRS., Differences in site

301l conditions did not result 'in any distinctive changes in the mass U
FRS.

The CANDU dynamic model in Fig. 2.3 shows quite clearly how the

internal structure of the reactor building is essentially modelled by a

vertical arrangement of lumped masses. In this typev'l of modelling a

dominant first mode response can well be expected. .

CANDU Mass 12 FRS vs, 10 Hz SDOF FRS Unlike the previous comparisons,

few similarities exist between FRS for the reactor vault at mass 12 and
for the 10 Hz SDOF model., The multi-frequency regponse of the vault is
imnediately noticeable in the spectra of Fig. 5.5b and sharply contrasts
with the narrow-banded spectrum of the 10 Hz SDOF model, Géhsidering
all soil types, response spectra for mass 12 were broadband across
frequencies of 2 - 12 Hz.

One similarity that did appear between the CANDU and SDOF
responses was that the peak values at 10 Hz in the CANDU spectra were

predicted quite accurately by the SDOF model. These values are compared

in Table 5.2,

i)
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TABLE 5.2 MAXIMUM FRS VALUES FOR CANDU MASS 12

AND 10 Hz SDOF MODEL

125

RECORD

CANDU 10 HZ SDOF
MASS 12 FRS MODEL FRS
(g) (g)

Lankershim NS 21.17 19.46
Lankershim EW 8. 7.67
Caltech EW 16.39 15.51
Caltech NS 18.96 17.00
El Centro NS 20.72 19.37
El Centro EW 15.07 14.19
Hollywood EW 32.85 30.31
Hollywood NS 34.73 28,98
Eureka NE 8.24 7.59
Eureka W 11.33 9.51
Orion NS 14,99 12,65
Orion EW 18.86 17.46

1% spectral damping
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Comments on Modelling Time and Frequency Domain Responses

The results in sections 5.2 and 5.3 lead to some general comments

on using SDOF 3ystems to simulate the seismic response of CANDU reactor

structures.

(M

(2)

Dynamic similitude between a SDOF model and a CANDU Structure
must consider; (i) the model frequency to be the same as the
first mode frequency of the full-scale structure (i.e., CANDU
internal structure), (ii) equivalent structure and model damping,
(iii) a transformation from the generalized coordinate response
of the SDOF model to the coordinate system of the CANDU structure
using the appropriate CANDU modal participation factor and mode
shape in the product rj°ji’

Single frequency CANDU structures c¢an be defined as those

structures which respond in a predominately single frequency

manner (i.e., the 5.83 Hz 1internal structure) and are not

influenced by the response of other sub-structures or components'

of the CANDU system. The time and frequency domain responses of
these structures can be satisfactorily modelled using a SDOF
system. Multiple frequency CANDU structures can be defined as
those structures having more than one predomiﬁant response
frequency such as the reactor vault. The multiple frequencies

may result from multi-modal response of the structure itself or

they may be caused by response feed-back from other structures.

KA
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(3) For single frequency CANDU structures:
(1) SDOF floor response time-histories are very similar in shape
and amplitude to the responses in CANDU over the 30 seconds
of earthquake record.

(ii) A SDOF model provides FRS which are very similar 1n shape

(/AA\\\\\ and peak amplitude to the CANDU FR3, however at low

e

frequencies (<2 Hz) the SDOF FRS tend to be somewhat below
the CANDU spectra.

(4) For multiple frequency CANDU structures:

" (i) SDOF time domain responses are generally reasonably similar
to the CANDU responses ip the first 10 seconds or so but
beyond about 10 seconds the CANDU response may shown a
significant attenuation of high frequency motions which the
SDOF system cannot simulate,

(ii) FRS for the SDOF responses bear little resemblance to the
multi-frequency, broadband CANDU FRS. Low freduency
spectral amplitudes may be present in the CANDU FRS due to
response feed-back from low frequency structrual systems,
and/or due to the presence of significant levels of 1low

frequency ground motions,

5.5  Maximum Floor Accelerations

Maximum floor accelerations pre3ented in Table 5.3 are the result
of a 1 g peak ground acceleration and therefore represent ground-

structure amplifications (denoted by Ag/s) for the CANDU and SDOF



TABLE 5.3 STRUCTURAL AMPLIFICATIONS
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GROUND  CANDU RESPONSES SDOF RESPONSES
RECORD MOTION MASS 4 MASS 12 5.83 Hz 10.0 Hz
Lankershim N-S 1.0 1.87 1.80 1.50 1.38
Lankershim E-W 1.0 ///?.81 1.65 .92 72
Caltech E-W 1.0 2.12 2.38 1.47 1.43
Caltech N-3 1.0 3.01 2.33 2.26 gjﬁ%
El Centro N-S 1.0 C2.02 1.90 1.38 1.36
ELl Centro E-W 1.0 1.78 1.67 1.16 1.26
Hollywood E-W 1.0 2.38 2.58 1.63 2.16
Hollywood N-S 1.0 1.82 2.80 1.85 2.42
Eureka N79E 1.0 1.44 1.58 1.14 .63
Eureka N11W 1.0 1.48 1.43 1.07 .98
Orion N-S 1.0 1.59 1.53 1.13 1.05
Orion E-W 1.0 1.61 1.84 1.36 1.00

5% structural damping
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systems,

The values for CANDU range from approximately 1.4 to 3 with the
higher amplifications occurring on the rock and stiff soil sites., It is
interesting to compare these results with other studies of in-structure
motion amplification. In a paper by Duff (9) on the development of
floor response spectra for nuclear power plant design, an example case
calculates an Ag/s value of 3 for a 5% damped structure. Another study
on seismic floor motions (31) analyzed responses of six multi-story
buildings to the 1940 El Centro N-3 earthquake and found top floor
amplifications of 1.5 to 3.7 with a mean of 2.4, Data recorded during
the 1971 3an Fernando earthquake (20) have yielded peak upper-story
accelerations and peak amplifications. Although the limited data does
not allow clear distinctions to be made on the basis of so1l conditions
or building types, when all the data is lumped together Ag/s was found
to vary from about 4.5 for 0.1 g ground acceleration, to about 2.2 for
0.3 g maximum ground acceleration. As these relationships are actual
field measurements the non-linearities in real structural responses are
quite evident. These results, from sources in the literature, provide a
measure of confidence on the seismic amplifications calculated using the
CANDU model. Additionally, ithe levels of motion amplification in the
CANDU structure do not seem to show appreciable differences from the
max imum Aacceleration amplifications which could occur in non-nuclear
multi-stdry structures.

The emplifications predicted by the SDOF systems are less than

il
the CANDU levels for similar site conditions. This can be attributed to
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the contributions of higher CANDU modes and indicates that A

a/s could be

significantly underestimated by a SDOF model. Alternative procedures
are gvailable however for evaluating structural amplifications without
resorting to a full time-history analysis. Methods proposed by Duff (9)

and by Biggs and Roesset (4) are two possibilities.

5.6 Duration of Strong Motion

The duration of strong motion for each ground motion and
structural response are shown in Table 5.4 and are summarized in Table
5.5 for each site category in terms of mean values and standard
deviations. Mean durations generally fall within a 4-8 second range,
however there does not appear to be definite site dependent trends other
than larger standard deviations on deep cohesionless soils.

The individual record data in Table 5.4 is more revealing about
characteristics of strong motion duration. For any given earthquake,
the difference between duration of strong floor motion and strong ground
motion is less than one second. An exception, the th Caltech records
show a difference of approximately two seconds. The longest phase of
strong ground and floor motion was close to 12 seconds for the Orion
event. The calculations showed that the strong motion phase begins
within 1.5 -~ 3 seconds from the start of the event and therefore, in
creating artificial earthquake time-histories or in selecting real
earthquake records it is reasonable to specify that 15 seconds should be
cansidered as the minimum time of excitation in order to provide
reasonable opportunity for the strong motion phase to occur.

=



TABLE 5.4 DURATIONS OF STRONG MOTION IN SECONDS

131

GROUND  CANDU RESPONSES SDOF RESPONSES
RECORD MOTION  MASS 4 MASS 12 5.83 Hz 10.0 Hz
Lankershim N-S 5.4 5.5 6.3 5.9 5.9
Lankershim E-W 5.6 5.8 6.5 5.9 6.5
Caltech E-W 4.8 6.8 6.9 6.2 5.0
Caltech N-S 6.9 8.7 8.9 7.1 8.6
El Centro N-S 3.6 3.6 3.5 3.5 3.5
El Centro E-W 10. 2 10.1 10.1 13.2 3.3
Hollywood E-W 5.6 6.0 5.9 4.8 3.9
Hollywood N-S 5.7 6.4 6.2 6.4 6.0
Eureka N79E 3.3 3.0 3.9 2.8 3.4
Eureka N11W 3.7 3.6 4.0 5.1 6.0
Orion N-S 11.0 9.5 9.7 9.5 7.0
Orion E-W 11.9 12.0 12.1 10.2 7.7
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TABLE 5.5 SITE DEPENDENT DURATIONS OF STRONG MOTION IN SECONDS

GROUND CANDU SDOF
SITE MOTION MASS 4 MASS 12 5.83 Hz 10.0 Hz
Rock 5.7 % 6.7 T.1 6.3 6.5
(0.9)+ (1.4 1.2) (0.6) (1.5)
Stiff Soil 6.3 6.5 6.4 7.0 4.2
(2.8) (2.7 (2.8) (4.3) (1.3)
Deep 7.5 7.0 7.4 6.9 6.0
Cohesianless (4,6) (u.4) 4.1) (3.6) (1.9
All Sites 6.4 6.7 7.0 6.7 5.6
(2.9) 2.7 (2.9) 2.9 (1.8)

mean value
+ standard deviation

bt g e

T
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Strong motion durations calculated by McCann and Shah (21)
indicate that even the smallest positive values of the CRF derivative
have been considered as a continuation of the strong motion phase. In
adopting the derivatiJe procedure in this study it was felt that some
degree of interpretation for each record was required to determine
whether the last positive derivative was in fact, a reasonable measure
of the end of strong motion. This placed an emphasis on the physical
interpretation of the earthquake process for the viewpoint of earthquake
engineering rathef‘than simply a mathematical analysis of a time series
record.,

The general shape of the CRF for ground motions has been
previously shown (Fig. 3.5) as a curve which rapidly rises to a peak
then decays to the end of the record. Some records have a decay portion
which smoothly decreases but other records, as in Fig. 5.6, have slight
rises past the peak which cause a positive derivative. A computer
program to calculate durations which is devised solely on the
mathematical theory of the RMS-duration concept will assume that the
positive derivative indicates a continuation of the strong motion phase.
Physically, although an increase in the CRF indicates an instantaneous
power which exceeds the average power, the average power is declining
because the RMS process averages over time. As the average RM3 declines
past the peak, smaller and smaller acceleration peaks will be sufficient
to create a positive CRF slope. This is illustrated in Fig. 5.6 where
the CRF for the event has a few small "bumps" in the declining segment.

The correspondence of points on the CRF with points on the time-history



134

|
|

J'h L’M b JJ”'JM‘I. ,(d ' ﬁl{ m '

rprur) " ']r'r Vﬂ' e' IW‘?

ACCELERATION (G)

4
|
{
‘-‘ ——— U S R U S|
0 5 10 £19) 20 25 30
: TIME (SEC)
(a) El Centro N-S, Mass 4

e e S AR S

CRF (G)
&
f

0 5 10 15 20 25 30
TIME (SEC)
(b) Cumulative RMS Function

&0 T L

D (CRF)

10 15 20 25 30 :
TIME (SEC) :

(c) Derivative of CRF /‘—/?\
i

FIG. 5.6 INTERPRETING CALCULATIONS OF ;
STRONG MOTION DURATION ;

o
S



f 135

and D(CRF) is illustrated, as for example at 26 seconds. In the initial
2-3 seconds the CRF rises steadily and peaks at a time of 5.3 seconds as
a result of sustained, high level amplitudes. In contrast, the levels
of accelerations which cause rises on the declining segment are very
transitory as shown by the time history in Fig. 5.6a, and the short base
(time) dimension of the rises in Fig. 5.6¢c. In a physical
interpretation they can be considered to be segments of local strong
motion usually lasting only a fraction of a second.

The major peaking in the early stages 1is therefore, truly
representative of a duration of strong motion as it spans several
seconds with high levels of excitation. In this study, secondary rises
in the declining segment of the CRF have not been considered as
contributing to the strong motion phase and the end was deemed to occur
when the CRF began its decline after the major peak(s). This 1is
illustrated in Fig. 5.6 where the strong motion duration ends at 5.3
seconds.

Strong motion durations calculated from the SDOF floor motions
show promising results. The mean duration times are generally close to
those found by a full time-history analysis of CANDU and absent of any
definite site-dependent patterns. The capability of a SDOF model to
closely simulate the actual strong motion duration is an important
féature for future considerations in simplified modelling of the CANDU
structure.

Before proceeding to a discussion on RM3 acceleration for the

strong motion duration, the important overall observation from the above
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“data is that, for a given earthquake event, the duration of strong
motion within the CANDU structure is identical to the duration of strong
ground motion. The 12 records included in this study have been intended
to be broadly representative of the ground motions that may occur on a
wide range of soil conditions at a site approximately 20-U40 km from the
epicentre of a 6.5 M earthquake. These events indicate that a mean plus
one standard deviation value of 12 seconds could be taken as an estimate

of the duration of strong shaking.

5.7 RMS Accelerations

Strong motion durations are independent of any acceleration
scaling appiied to the time-history however, RAS acceleration as the
complementary term in the dual parameter measure is affected and its
true range of values has been masked by the 1g scaling factor used in
this study. To retain information on true RMS acceleratioqf. the ratio

A /Am, has been introduced. Data on Arms/A

mas , given in Table 5.6 and

m
summarized by site conditions in Table 5.7, indicates that ground and
in-structure R4S accelerations generally tend to be greater on less firm
soil conditions, and that mean plus one standard deviation ratios for
in-structure motions are generally less than the ground motion ratio at
the same site.

The SDOF models tend to somewhat overestimate the mean plus one

standard deviation ratios (maximum overestimate is approximately 20%)

except for the 5.83 Hz system which gives a slight underestimate (by 7%)
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TABLE 5.6 RATIOS OF Arms/Am

GROUND  CANDU RESPONSES SDOF RESPONSES

“\ RECORD MOTION MASS 4 MASS 12 5.83 Hz 10,0 Hz
\“Lan/@s\mj N-S 25 .28 .29 L3 32
Lankershid E-W .35 . 30 .31 .39 37
Caltech E-W . .32 .2k 22 .29 )
Caltech N-S .33 .26 2T .35 .34
El Centro N-S .37 .2§ .32 .36 3R
El Centro E-¥ .32 .30 .28 W37 .28
Hollywood E-W .36 28 .32 40 .40
Hollywood N-3 ‘.35 W37 3 37 .34
Eureka N79E 42 Ry .33 42 .38
Eureka N1 42 42 .38 .38 .25
Orion N-$ .31 .31 .30 .32 .29
Orion FeM .38 .35 .30 .3 .39

h

' bR

i e = e
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TABLE 5.7 SITE DEPENDENT RATIOS Arms/Am
GROUND CANDY SDOF
SITE O MOTION MASS 4§ MASS 12 5.83 Hz 10.0 Hz
Rock L3 .27 27 .34 .33
(.04)+ (.03) (.03) (.04) (.03)
Stiff Soil .35 .31 .31 .37 .34
(.02) (.04) (.02) (.02) (.05)
Deep .38 .38 .33 .36 .34
Cohesionless (.05) (.06) (.o4) (.05) (.06)
All Sites .33 .32 .30 .36 .33
(.06) (.06) (.04) (.o4) (.0%)

* mean value
+ standard deviation

k' TR

e

h

R L




139

on the Qeep cohesionless site., The higher ratios'for SDOF systems can
be attributed to quasi~harmonic response whereas CANDU responses are
superpositions of several frequency components.

In light of these results it seems reasonable to consider that
Arms/Am for a given ground motion will generally be at léast as great as
the ratio for the resulting floor motions. The maximum mean plus one
standard deviation ratio in Table 5.6 is 0.43 but considering that most
ratios for CANDU are considerably less than this value, it is

= 0.4 be considered as a 1likely

recommended that a ratio of A /A
rms m

maximum for both ground motions and "in-structure floor motions. Motions
which exceed this level would be expected to have very short durations
of strong shaking which would tend to offset the effects of higher RMS
accelerations, as for example in the case of mass 4 response to the

Eureka events (compares Tables 5.4 and 5.6). “

5.8 Cumulative Damage Process

The initial reference level used in calculatiﬁg parameters Neq
was the maximum acceleration within each record. Since different bases
of normalization can put Neq values into quite different contexts, an
accurate interpretation of normalized values requires that the
significance of the reference level must always be borne in mind.

‘&b illustrate this poinﬂ and to present the results from
different viewpoints, two reference levels will be used. Thé basic Neq

data values, presented in Table 5.8, are referenced to the maximum

+ acceleration for each case (see Table 5.3 for maximum acceleration data)
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and are calculated using Eq. 3-5. For example, Neq for Lankershim N-S,

CANDU mass 4, was calculated by summing over i peaks:
R, .
_1 i (2
Neq - 22; (1.87)

The spread of Neq values for the EANDU’floor responses in Table
5.8 makes it difficult to categorize the results either by site soil
conditions or by floor location. Considering the 24 floor motions as
one group gives a spread of values from approximately 5.5 to 22 with a
mean plus one standard deviation of Neq = 15. This value should provi?e
an estimate of the number of equivalent cycles of floor motion whi;h
could occur during an earthquake when the peak floor acceleration is
considered as the reference level.

A second normalization procedure has been adopted to clearly
distinguish between ground and in-structure values. In Table 5.9 appear
summaries of the Neq values all normalized to a reference level of 1g
(normalized values are denoted by Neq)’ For these results the following
statement can be made: When all ground motions and structural responses
afe compared on the basis of equal maximum amplitudes then it i$ clear
that in-structrue floor motions have a sign;ficantly greater cyclical
response (higher Neq) than their respective ground motions. Values of

ﬁeq in Table 5.9 indicate that in-structure exposures (for say, a piece

o
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GROUND  CANDU RESPONSES SDOF RESPONSES
RECORD MOTION  MASS 4  MASS 12 5.83 Hz 10.0 Hz
Lankershim N-S u.é; 6.6 10.9 12. 8.6
Lankershim E-W 7.0 6.9 10.8 19, 14,3
Caltech E-W 5.3 5.6 6.2 12. 7.5
Caltech N-3 9.5 8.0 12. 4 19. 1,2
El Centro N-S 8.4 8.4 13.2 21. 9.0
El Centro E-W 14,3 18.6 21.6 50. 9.1
Hollywood E-4 10.9 6.2 11.7 18. 9.5
Hollywood N-S 9.9 13.5 12.7 19. 10.0
Eureka N79E 4.1 6.7 5.5 10. 7.5
Eureka N11W u,6 7.2 8.5 15. 5.1
Orion N-S 7.2 10.5 13.6 20. 8.7
Orion E-W 13.7 17.2 16.9 23. 5

17.

* referenced

to the max imum acceleration in each response
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TABLE 5,9 SITE DEPENDENT Neq NORMALIZED TO 1g WITH 8 = 2
GROUND CANDU SDOF
SITE MOTION MASS 4 MASS 12 5.83 Hz 10,0 Hz
Rock 6.6% 35.9 41,9 43,2 15.4
(2.1)+ 24.7) (17.4%) (39.2) (6. 1)
Stiff Soil 10.9 4.7 71.3 55.8 33.4
(2.5) (10, 4) (22.5) (13.1) (21.5)
Deep 7.4 25.1 30.0 2u.,1 8.7
Cohesionless (4,4) (14,0) (19.7) (14,0) (6.5)
All Sites 8.3 33.7 u7.7 41.0 19.2
(3.5) (17.8) (25.6) (26.6) (16.3)

* mean value

+ standard deviation

e e s
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of floor mounted equipment) to repeated cyclic floor motion may be from
3 to 7 times "more severe" than exposures at ground level locations. By
"more severe", it is meant that the combined action of the amplitudes
and a number of repetitive cycles could cause failure of a floor mounted
equipment component (due to a cumulative damage process) sooner than if
the component was mounted directly on the ground.

The mean values of ﬁeq estimated by the SDOF systems appear to be
high for the 5.83 Hz model but low for the 10 Hz model. Some reasonable
agreement can be found for a limited number of cases when it is observed
thaf mean Neq values for the 5.83 Hz SDOF on rock and stiff soil sites
lie%;)mewhere between the mean and mean plus one standard deviation of
the CANDU mass U4 responses on the same sites. This relationship is also
true when all site rgcords are combined for the 5.83 Hz and mass 4
systems. The exception appears to be on deep cohesionless sites where
the SDOF mean ﬁeq is almost equivalent to the CANDU mean value. The 10
Hz SDOF system does not model the mass 12 values with any kind of
assurance and underestimates all mean values by a factor of 2 to 3.

The agreement of results between SDOF ;nd CANDU systems that can
be justified for some cases and not justified in others is based upon
the frequency characteristics of the systems. The internal CANDU
structure's (mass 4) time-domain characteristics have been modelled
quite accurately by a SDOF sy;tem whereas the vault structure (mass 12)
modelling was not 30 successful. The multi-frequency response and the
large amplitude, low freﬁuency waves do not show up on a SDOF response

but these can significantly influence the Neq summation.
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To conclude, the summary of results indicates a mean plus one
standard deviatioh (84.1% probability of non-exceedence) of Neq = 15 c¢an
be accepted as a conservative estimate of the cumulative damage
parameter for in-structure floor motions for the type of seismic events
considered in this study. This value is referenced to the peak floor

acceleration and implies a weighting factor of 8 = 2.

5.9 Summary

The 5.83 Hz SDOF system has provided a simple and accurate model
of the seismic response of the mass 4 level of the CANDU internal
structure. The CANDU and model responses were similar in terms of
time-history, response spectra, duration of strong motion, RMS
acceleration ratio Arms/Am' and the cumulative damage parameter Neq but
the maximum floor acceleration was underestimated by the SDOF model.

The 10 Hz SDOF system did not provide a satisfactory overall
model of the reactor vault seismic responses because reasonable
similiarities existed only in the time-history responses on hard ground
and in durations of strong motion.

Numerical values recommended from the outcome of the data
analysis were; A )A = 0.4; duration of strong motion = 12 seconds:

rms m

and Neq = 15, normalized to peak floor acceleration and using 8 = 2.

et s g o



CHAPTER 6

- SEISMIC QUALIFICATION TESTING

6.1 Introduction

A natural extension to the characterization of seismic motions in
CANDU structures, and a major objective of this research program is to
examine and make recommendations on the current practice in seismic
qualification testing. The basis for the recommendations are the
theoretical analysis of some simple test methods in Chapter 4, summaries
of real seismic data and the outcame of the parameter studies in Chapter
5, and a measure of practical experience in seismic equipment
qualification.

Current standards (6,18) provide some basic guidelines on the
selection of either single frequency or multi-frequency methods. Two
factors must be considered in this selection, (1) the dynamic
characteristics of the seismic floor motion, and (2) the dynamic
response characteristics of the equipment test specimen. A very general
relationship in Table 6.1, based on floor and equipment frequencies,
indicates the conditions when single or multiple frequency test motion
may be suitable. Its basic premise is that single frequency tests may
be justifiable when the floor motion is predominantly single frequency
and/or when the equipment can be shown (by exploratory dynamic testing,
say) to have a predominant single frequency response. Under the first
condition multi-frequency motions will not reach the equipment‘and in

145
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the second case, dynamic properties of the equipment do not permit

multi-modal responses,

TABLE 6.1 FREQUENCY CHARACTERISTICS

CHARACTERISTIC CHARACTERISTIC TEST
FLOOR MOTION EQUIPMENT RESPONSE MOTION
SF SF SF
SF MF SF
MF SF SF
MF MF MF

3F: single frequency
MF: multiple freguency

The recommendations in this chapter are devoted to single
frequency testing. This is not a direct attempt to favour the use of
single frequency test methods over multi-frequency methods but rather,
to show that single frequency motions have a useful place in seismic

qualification because they have the capability to simulate many

characteristics of real seismic floor motions. The recommendations

comment on the general procédures used in single frequency testing, they

examine and rank the usefulness of specific'pest motions, and finally

they propose a set of procedures as a guide in examining equivalencies

between different types of test motions.

e s et B8 e ¢
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6.2 Recommendations for Single Frequency Testing

The following characterization parameters deserve consideration
in the description and evaluation of single frequency seismic
qualification test methods, and are incorporated into the set of
recommendations in this section;

(1) response spectrum

(i1) ratio, Arms/Am

(iii) cumulative damage parameter, Neq

(iv) cumulative RMS function

(v) maximum acceleration

6.2.1 Response Spectrum

It is recommended, for single frequency testing, that the
frequency response curves for a limited-duration sine, a sine~beat, or a
decaying sine (Figs. 4.1, 4,5 and 4,12, respectively) be used to
describe the spectrum (referred to hereafter as the test response
spectrum, TRSS produced by each single frequency test motion. The
complete TRS will tend to be a jagged envelope of peaks and valleys with
the peak levels and frequency bandwidth controlled by the number of
applied cycles and the spectral damping. For the decaying sine, the
decay parameter is also a controlling factor.

Floor responses can be considered to be single frequency when the
FRS consists of a single, predominant narrowband peak and spectral
amplifications away from the peak are quite low in comparison to the

peak value.
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Modal frequencies of an equipment response can be considered as
well-separated and non-interacting under single frequency excitations if
the equipment frequencies are separated by at least one octave since
spectral amplification at +1 octave from an excitation frequency will be
close to unity.

If equipment modes are well separated, and the FRS is single
frequency according to the above definitions then single frequency
testing should be required only in the regions of floor resonances and
equipment resonances. In these regions the TRS should envelope the FRS.
Tests at other frequencies would combine low amplifications with
non-resonant conditions which would be ineffective in exciting equipment
responses. Most regulatory authorities however, require that testing be
performed over the complete frequency range to adequately cover any
equipment resonances which may not have been detected during low-level
exploratory testing.

When the FRS is single frequency and equipment modes are not well
defined, or there are multiple equipment resonances then the FRS should
be enveloped by the single frequency TRS at all frequencies. This will
ensure that SDOF response at all frequencies will be at least as severe

as responses described by the FRS.

6.2.2 Test Input Levels

In most testing applications the floor motion time-history is
unknown; however, the maximum floor acceleration is known from the zero

period acceleration (ZPA) on the FRS. This 1is interpreted as the

Meten et
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acceleration‘which a floor mounted rigid body (frequency greater than 33
Hz) would experience during earthquake shaking. Current specifications
often require test input motions at each frequency to be at least at the
ZPA level except where spectrum values fall below the ZPA, {.e., at low
frequencies (ref. (18), section 6.6.1(2)). By this requirement it
appears that some unwarranted conservatism may be introduced by applying
a max imum seismic force (Seismic Force = specimen mass x ZPA) to the
test specimen at each frequency. Furthermore, it 1is difficult to
adequately justify why a single maximum condition at high frequency is
imposed across the entire spectrum. Experience shows that forces caused
by motion amplification in the low-to-middle frequency range (1-15 Hz)
are likely to have a much greater damage‘ potential than rigid body
forces at high frequencies. Since energy 1is involved in the response
amplification process it seems a more reasonable approach to consider
RMS accelerations in determining test motion input levels,

The procedure which is recommended here is to provide a test
motion at each frequency which has an RMS acceleration of 0.4 times the
ZPA level of the floor response spectrum. Since the 0.4 parameter has
been evaluated in section 5.7 at an 84.,1% probability level of
non-exceedance for real seismic events, there is a reasonable measure of
assurance that the levels of input power/;ilICBe congervative at each
test frequency.

An inherent drawback in this fype of prockdure is that since the
three single frequency test motions all have ratios Ams/Am greater than

0.4, it will not be possible to simulate both RMS accelerations and peak
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accelerations simultaneously. To recognize that a full seismic force
could be of consequence to the functional or operational capability of
the equipment, the current recommended procedure of CSA N289.4 and IEEE
344-1975 in providing a single ZPA 1level test at a non-resonant
equipment frequency greater than 33 Hz should be retained as part of the

single frequency seismic qualification test.

6.2.3 Duration and Number of Tests

Seismic test standardg often require "that peak equipment
response be reproduced reliably and for a sufficient number of cycles"
to provide a simulation of seismic fatigue conditions. A key point in
this requirement 1is that the problem is treated in terms of peak
equipment response and not in terms of the seismically induced floor
motions. This approach seems quite natural for consideration of
equipment fatigue, however difficulties can quickly be encountered in
trying to apply this procedure to practical tests cases. For example,
two specimens can be 3selected, a very flexible frame unit with a
predominantly single-degree-of-freedom response, and a second specimen,
an engine unit with multi-frequency responses owing to the many small
attachments and components on the engine block. A question could be
posed: If both are tested to the same seismic environment, on what
basis does a measurement of peak equipment response indicate the actual
belgue performance of the equipment?

In the case of the flexible frame it may be possible to relate

say, weld deterioration, to peak equipment response but for the engine,

1
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fatiguing may occur simultaneously in several components but not at the
same rate because each may respond at a different levels for different
durations. This is c¢learly a much more complex situation to evaluate.

Another problem related to repeated cycliq testing is the
loosening of nuts, bolts, screws and friction-type fasteners. The rate
and times at which these loosen and possibly dislodge may be much more
dependent upon the number of cycles of test motion than the amplitude of
the equipment response. As most equipment components use many fastening
devices in numerous capacities, including fastening the equipment to the
floor, a failure of these could produce unexpected and severe results,

The above examples illustrate Just‘a few of the problems that can
occur in interpreting and implementing current guidelines on fatigue
life simulation. The following recommendations recognize the
difficulties associated with defining and simulating a reasonable
seismic fatigue environment and propose that the parameter Neq be used
as a gulde in developing appropriate test motions.

Table 5.8 in section 5.8 has shown that CANDU floor motions may
be expected to have an Neq value generally within a range of 7 to 20
when referenced to the peak record response. It is recommended that a
mean plus one standard deviation of N;q = 15 (asterisk denotes
recommended value) taken over the ensemble of 24 CANDU floor motions, be
considered as the equivalent number of cycles of 'peak floor motion that
are likely to occur during a seismic event. The,,total number of
frequencies and number of cycles of motion applied at each frequency can

then be selected to give a cumulative damage parameter equivalent to the
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*
recommended N  value,.
eq
For test situations in which the FRS is single frequency (as

outlined in section 6.2.1) it i3 recommended that the total number of

tests performed within the narrowband region of the FRS be sufficient to"

accumulate a total Neq test value at least equivalent to the recommended

Q
*
the FRS before being compared to Neq = 15,

* -
value, Neq' The test motion Ne values must be normalized to the ZPA of

When the FRS is broadband, test motions at all f‘r"equenciés should
be considered in acclmuléting a total Neq test value at leasft equivalent
to the recommended value.

The first recommendation recognizes that narrowband
quasi-harmonic floor motions have the potential for. imposing severe
cyelical loads on equipment hence the concentration of repe;ted cyclic

P
tests in the narrowband region. The recommendation for test'ing under
broadband FRS conditions however, indicates that cyclic contributions
may come from many frequencies and should be sufficient if the total

cyclic effect is distributed across the entire spectrum without regard

to concentrations at specific frequencies.

-

Owing to a wide variation in shapes and amplitude levéls. ;‘f'ﬁlthe
FRS specified for each seismic ﬂqualification programne, it i3 not
possible to make firm recommendations on the spacing of adjacent test
f‘requar;cies. The 1977 draft version of CSA N289.4 (section 4,2.1) and

IEEE Standard. 344-1975 (section 6.6.2.1) recommend that test frequencies

‘be no further apart than one-half cctave intervals and -that additional -

tests be perf&rmed at all equipment resonances. Some additional

A
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guidelines can be put forth here to expand on this suggested practice.
To completely envelope the FRS, single frequency peaks of the TRS
must overshoot the FRS, as illustrated by Fig. 6.1 where test

1 :
frequencies are spaced at ;uoctave intervals to form a TRS which

envelopes the flat portion of the spectrum at level S. To minimize the

overshoot, the points of overlap between adjacent TRS peaks should just
touch the flat spectrum. For a given test frequency ft' these points of
overlép occur at frequencies f1 and f2. above and below ft where

1

—

- E_, -
£ 5% £(1 2 @%1)) (6-1)

and f1 and f2 are indicated in Fig. 6.1. When the spectrum is sloping
the exact nature of the enveloping is more difficult to determine since
ad jacent test frequency spectra do not overlap -symmetrically on both
sides of a peak. Fig. 6.1 shows how a sloping FRS causes the bandwidth
of indiQidual spectra to be extended at frequencies on one side of f,
and shortened at frequencies on the other side. Since the FRS used for
seismic'qhalification may have several sloped segments, a graphical or
iterative éomputer procedure is usually the easiest way to aetermine the
envelope.

The choice of a suitable frequency spacing will depend largely

_upon the shape of the FRS and the ratio between the maximum FRS value

and its ZPA. Generally, the high amplitude, - sharply peaked FRS

. . : &, :
encountered in many test situations may require test fﬁ@ﬁuencies to be

spaced ocloser -apart than the %—octave intervals previously described in

order to dbtain-a cqmpféée enveloping by the TRS. It is recommended

Pt S
P

o ot v 4




' SPECTRAL ORDINATE

/
— - Octave
TRS poaks
e em et mmcan emeon 5 Segment of
/ ) smoothed FRS

1.0 12

§

fe

FREQUENCY

FiG. 61 ENVELOPING THE FLOOR
RESPONSE SPECTRUM

154




155

here that a 1/3-octave interval be considered as a more appropriate
requirement for the maximum spacing of adjacent test frequencies. 1In
test applications, this spacing should generally provide adequate
capability to envelope most segments of a FRS, except perhaps in limited
regions around a FRS peak where spacing at 1/6 or 1/9-octaves may be
necessary.

A second recommendation associated with the 1/3-octave limitation
is that is should be generally unnecessary to include any additional

——

tests at equipment resonant frequencies. This is in contrast tzgthe CSA
and IEEE practices. It is felt that use of 1/3-octave intervals will
provide a test input close enough to any eqrfaﬁent resonant frequency to
sufficiently excite the equipment in its resonant mode. An additional
convenience of this approach is that equipment ;esonant frequencies do
not have to be precisely identified during exploratory tests since they
will not be required as test frequencies. Thus, the spectrum enveloping

phase of the seismic qualification test program can be developed without

an exact evaluation of the equipment's resonant frequencies.

6.2.4 Type of Test Motion

The intent so far in sections 6.2.1 :hrough 6.2.3 hag been Yo
outline areas and make recommendations which will allow single frequency
testing to simulate some of the characteristics of real seismic motions,-
independent of the type of test motion used. It is now appropriate to
individually exémine the realism of each of the three test motions by

considering the cumulative RMS function, the shape of the test waveform,




£

156

and again, the ratio Arms/Am' The considerations are as follows:

(i)

§

(ii)

(iii)

The characteristic shape of the CRF for real seismic floor
motions has been illustrated in Fig. 5.6 and the smoothed shapes
of test motion CRF's are shown in Fig., 6.2, It is readily
apparent that distribution of power over time i1n a real seismic
floor motion is simulated reasonably well only by a sine beat
motion, /

The occurrence of the maximum acceleration in a real seispic
floor motion is only a transitory phenomenon and this fact should
be taken into account in the selection of a single frequency test
motion. The brief excursion to maximum amplitude is more
realistically simulated using a4 sine beat or decaying sinusoid
rather than the sustained amplitudes of a limited duration sine.

A previous recommendation (in section 6.2.5;706;séd input test
levels on a ratio Arms/Am = 0.4, While this ratio cannot be
achieved by any of the three single frequency methods, the
decaying sinusoid and the sine beat provide the closest
simulations with ratios of Arms/Am = 0.53 and 0.6, rgspectively.
These motions maintain a realistic relationship between the

levels of average power and the peak amplitudes,

From this study it is concluded that the sine beat motion is

capable of providing the most realistic test simulation of seismic floor

motion. The second preference would be a decaying sinusoidal motion and

the third ranking test, the one which least simulates a réal seismic
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environment, is the limited-duration constant amplitude sine.

6.3 Equivalency in Single Frequency Tests

A great deal of freedom is generally permitted in the selection
of a suitable test procedure. To quote fr;m CSA N289.4, section 1.0,
"The test procedures described herein are the common methods currently
in use, and do not preclude the use of other equivalent methods, where
Jjustified", Again, from section 5.8, "Other tests tﬁat conservatively
simulate the expected seismic enviromment ... may be used to seismically
qualify components, Such tests must be carefully specified and the
basis for equivalency adequately demonstrated‘pefore being permitted".
A major obstacle is that very 1little indication is given on what
"equivalency" is, or on how it can be estaglished. The theoretical
analysis from Chapter 4 has been used ini this section to aid in
formulating a set of proecedures for establiéhing equivalency in seismic
qualification amongst a sine, sine beat and decaying sine test, More
precisely, two single frequency tests will be considered equivalent when
there is agreement in the following parameters:
(i)  strong phase RMS acceleration
(ii) duration of strong motion
(iii) cumulative damage parameter, Neq
(iv) maximum spectral ordinate at resonance,
Theoretical considerations have shown that RMS acceleration is

capable of providing a potentially more useful description of the

acceleration levels in an earthquake motion than a single peak value,
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especially when amplitudes may fluctuate in a rather random manner. The
basis of equivalency is to require that equivalent test motions have
equivalent RMS accelerations. Oncg this is established, equivalency in
other parameters can be found.

It 1is convenient to define a reference sine motion having n

cycles of motion at maximum acceleration A to use in developing
equivalent sine beat and equivalent decaying sine motions. Therefore,
the reference values are, Neq = nj Arms = 0.707&; duration of strong
motion is n cycles, and the spectral ordinate at resonance is g = SK
where 5 is evaluated for n cycles and % damping.

-

Procedure for an Equivalent Sine Beat Motion

Step 1: Establish the maximum amplitude Am of the sine beat motion so

that the RMS acceleration is equal to the reference RMS acceleration:

thus

707 A
.6

A = = 1.184

m

Step 2: Evaluate the quasi-resonant amplification Q, for the sine beat
which will result in the same spectral ordinate S as in the reference
sine motion, Since Am for the sine beat is greater than l. a lower

amplification is required to achieye the S level; thus

S

0

"
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Using this value of Q and 1% damping the required number of cycles per

beat N, can be found from Fig. 4.6.

Step 3: The number of cycles of strong sine beat motion is

2
Nm ='§N

R ]

Step 4: The cumulative damage parameter is evaluated from Fig. 4.7 and
normalized from Am = 1.18 A to Am = A for comparison with the original

sine motion. pAY

‘As a numerical example consider a 5-cycle reference sine motion
with maximum amplitude 1.0g. For 1% damping Q = 13.5 (Eq. 4.14),
therefore S = 13.5g. The equivalent sine beat will require a maximum
amplitude of 1,18g (Step 1). To achieve a response épectrum ordinate of
13.5g requires Q = 13.5/1.18 = 11. 4. From Fig. 4.7, 7 cycles per beat

are required, to give Q = 11,4 (Step 2).

The duration of strong motion is %(7) x 5 cycles (Step 3). From
Fig. 4.7, Neq = 3.5 f‘or B = 2, and norjmalizing to A = 1.0g gives Neq =

5 (Step 4). This completés the derivation of an equivalent sine beat
motion. Steps 1 and 2 involved the actual derivations, steps 3 and 4
were checks on the last two parameters. The real importance of this
example has been to show that two different motions can be equivalenced
with respect to several major parameters with only minor disagreement
(18%) in the maximum acceleration.

A similar procedure can be applied to  find a decaying sine

b e o S
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equivalent to the reference sine motion.

Procedure for an Equivalent Decaying Sine Motion

Step 1: Establish the maximum amplitude Am of the decaying sine motion

as

m 53 = 1,324

Step 2: Evaluate the required quasi-resonant amplification

]
s
Q= 1,32
with the appropriate spectral damping, and use Fig. 4.13 to find the

required decay parameter u.
Step 3: The number of cycles of strong motion is

1

O ettt
-

New = 70,

where u is a decimal percentage.

Step u: ﬁormalize the Neq value for .n cycles of sine moﬁion at
émplitude‘; into ﬁeq at amplifhde 1.32;. Using this value ofﬁﬁeq, and
Fig. 4.14 (with u and 8 as above) find the number of cycles of decaying
' sin§ motion required ho_be equivalent to the Eeference nuber of cycles
of sine motion. ir N cannot be achieved by a single decaying

eq
sinusoid, the test may be repeated until the sum of the individual ﬂeq

R NP

s whn o = i carmnnn Y i =
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values equals the required Neq' When repeated tests are used the number
of cycles N in each test should be at least equal to Nsm in Step 3 so
that the strong motion durations of sine and decaying sine are

equivalent in each run.

Continuing with the previous example, an equivalent decaying sine
motion can be developed, To match the RMS acceleration of the sine
motion, the decaying sine must have Am = -Z%% A = 1,320 (Step 1). To

achieve the 13.5g response spectrum ordinate at 1% damping Q = 13.5/1.32

= 10.2, The decay parameter for this Q value and 1% structural damping =

is u = 3% (Step 2). Consequently there will be 3.3 cycles of strong
motion (Step 3). Normalizing the 5 cycles of '1g peak sine motion to a
peak of 1,32g gives Neq z 5/(1.32)2 = 2.87 (8=2). Interpolating from
Fig. 4.14, for y = 3% (i.e., uB = 6), the requirement is 11 cycles of
decaying sine motion (Step U).

The two example motions derived above are summarized in Table
6.2.

As current testing specifications do not provide direct guidance
on test equivalences, the above procedures should enable some basic

comparisons and evaluations to be made of simple test motions.
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TABLE 6.2 EXAMPLES OF EQUIVALENT MOTIONS
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CHARACTERISTIC SINE SINE BEAT DECAYING SINE

REFERENCE EQUIVALENT EQUIVALENT
No. of cycles 5 T 11
Maximum acceleration 1.0g 1.18¢ 1.328
Strong phase RMS
acceleration 7078 .707g “ .707¢g
Response Spectrum
ordinate (1% damping) 13.5¢ 13.58 13.5¢
Duration of Strong,
Motion (cycles) 5 5 3.3

5 5 5

Neq (norm, to 1g)

»




CHAPTER 7

SUMMARY AND CONCLUSIONS

The main purpose of this research program has been to develop
parameter characterizations of seismic floor motions and to subsequently
apply these parameters to examine single frequency seismic qualification
test procedures.

A review of earthquake engineering literature was made to select
a set of techniques which could be applied to characterize seismic
time-history records. The techniques included measurement of peak
accelerations, calculations of response spectra, concepts of cumulative
damage processes, root-mean-square acceleration, cumulative RMS
functions and durations of strong motion. A theoretical §tudy examined
each technique in detail and provided valuable information on the
characteristics of scme simple forms of harmonic motions. A significant
feature in considering harmonic motion was that complete
characterizations could be developed by analytical solutions rather than
by numerical procedures.

Ig order that valid and realistic recommendations and conclusions
could be drawn, the study relied entirely on real seismic data and
incorporated an actual structural dynamic model used in the design of
CANDU nuclear power plants. Twelve earthquake ground motion Trecords
were selected from western USA events as being broadly representative of
the ground shaking which could occur on a wide range of soil conditions
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at 20-40 km from the epicentre of a 6.5 magnitude earthquaye. These
records were input to the CANDU mathematical model to produce an
ensemble of floor responses at two floor‘levels within the structure.
Additionally, seismic responses of two single-degree-offreedom systems
were calculated to provide information for Some special studies on
simplified modelling of parts of the CANDU structure.

An ensemble of seismic motion parameters were obtained by
characterizing the ground and floor motion time-histories by each of the
techniques obtained in the 1literature survey. After some graphical
comparisons and reviews of this data it was possible to obtain both
qualitative and quantitative descriptions of seismic floor motions
within a CANDU structure. Qualitative characteristics were apprppriate
for describing response spectra and cumulative RMS functions since, in
the context of this investigation, they were most useful as graphical
indications of the frequency and power content, respectively, of the
seismic motions. For the other parameters investigated; BRMS
acceleration (in conjunction with maximum acceleration), cumulative
damage processes, and duratior’ of strong motion, it was possible to
recommend Specific numerical values based upon the statistical data
summaries, |

In the final stage of the research program. cﬂaracteristics of
both real seismic motions and the harmonic motions were considered
together in exzmining and making recommendations on current procedures
fo} single frequency .seismic qualification testing.

Detailed results of the theoretical analyses and seismic motion
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characterizations have been presented in Chapters 4 and 5 respectively,

and recomendations for testing have been discussed in Chapter 6. The

main conclusions pertaining to the overall objectives stated at the

outset of this research program are as follows:

(M)

(2)

Single parameter descriptions provide only a limited zamount of

_information about seismic motions and are, by themselves, largely

inadequate fdr the complex considerations in seismic equipment
qualification. Multi-parzmeter descriptions have the inhereht
capability to describe a seismic motion in much greater detail,
therefore, by a careful selection of parameters information can
be r:tained which 1is of direct apblicability to seismie
qualification testing. Each of the paremeters develeped in
previous stages of this research have demonstrated a vaiidgty and
usefulness in.being included as part of a multi-parzmeter
characterization of seismic floor motions.

Very little indication is provided in the current seismic
qualification test guides on the gppropriate uses of different

forms of single fréquency test motions. Based upon the results

of some strong theoretical analyses and comparisons with

characteristics of real seismic motions, it is cancluded thaf the

.sine beat motion can provide a more realistic simulation of

actual sei=pde flobiAmotions than either a decaying sinusoid or a

limited-duration constant cmplitude sine motion.
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(3 Multi-parameter characterizaeion provides ,a means to develop
equivaleneies between different types of test motions. yBy making
a basic assumption that‘ equivalgst test motions_have eguivalent
RMS accelerations #over their respective durations of strong
motion. it haé béen demonstrated that ’it- is generally possible to

develop other single f‘requency test motions with characteristics

similar to the original motion,
¢

\

i 4
) Despite the fact that real CANDU reactor buildings are complex

multi-degree-of-freedom systems, certain parts of their

*
-

structural 'éystem can be simplified into equivalent SDOF sg'rstems.
This i; possible when the displacements of a str\uctural system
are primarily restricted to a single shape. The capability of
pérforming’ p0arémetric. studies of seismic floor motions using SDOF
systems at‘fords considerable savings and simplic,tty over havéng

to perform a f‘ull time-his'cory analysis each time on a multi—

degree—of‘-freedom CANDU model,

Seismic qualification is 'a relatively new area - of earthquake

3

engineering and the nuclear power inatistry is placing ‘n increasing

emphasis on the need to achieve” valid. seismic qualification tests both

'f‘or safety and economic reasons. - To the bresent time, t}ie éommon

practice has been to address ‘probléms of seismic qualification using

. 'standard and f...miliar techniques of struct.ural and meehanical

engineering, suoh ‘as. the response spectrum. HoweVen, the complex

4,

v
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~/
cor;siderations involved with the rgsponse of structural and mechanical
systems i'n an earthquake enviromment demand that more innovative and

realistic approaches be taken in the future in order that acceptable

solutions may be found. The research program undertaken here is one

step in that direction.
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