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Procedures for establishing physical similarity include comparison of
the following:

1. Assumption of the most probable mode of malfunction.

2. Determination of the critical location on the support structure
whose dynamic response most probably affects the malfunction.

3. Establishment of a critical transfer function by test, analysis,
or experience between the support structure's excitation point
and the determined critical location,

4. Development of a critical frequency range over which critical
transfer functions are compared.

5. Assurance that the peak magnitude of the candidate item's
critical transfer function is not larger than those of the
experience data base.

The comparison of dynamic responses is the ultimate basis of physical
similarity. It includes comparison of component functionality and 1s
related to component fragility through the typically dominating role of the
candidate device equipment transfer function.

Applications of these procedures allow such practical efforts as the
development of composite qualification response spectra for groups of
equipment, demonstration of qualification by using similarity, and
extension of qualification spectra beyond their previously existing levels
and ranges. Examples of such usages with actual test records, as well as
with hypothetical two degree-of-freedom systems show more clearly the
procedural steps to be used,

The qualification methodology essentially uses the approach currently

being supported by the Electric Power Research Institute (EPRI), which
develops composite spectra called Generic Equipment Ruggedness Spectra
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the equipment and the existing data. However, certain fundamental
principals must be applied in any case. A development and discussion of
these principles is presented herein, along with more spacific steps which
lead to practical applications. General terminology follows that ror
Reference [2], except for some new terms defined herein.



2. FRAGILITY BASIS FOR SIMILARITY

Herein, we postulate that the ultimat. basis for similarity principles
recides in the general concept of fragility for an equipment item [3], as
depicted in Figure la. That is, the fragility function RF(f), which
describes failure or malfunction of an item in terms of excitation
parameters, is dependent on characteristics of the excitation Rx(f), a
particular primary structure critical transfer function Hp(f), and the
nature of the failure or malfunction mechanism Mf(f). Note that herein
time is included implicitly as a given number of event durations, so that
all indicated parameters are functions of frequency only. Furthermore, the
critical transfer function Hp(f) pertains to a primary structure location
whose dynamic response can be directly related to the malfunction of the
equipment. Likewise, in accordance with procedures defined in
Reference [2], the fragility response spectrum RF(f) corresponds to the
elevated level approached by the excitation represented by Rx(f), when
the failure response corresponding to Rf(f) approaches the failure
mechanism fragility function Ff(f). Of course, Rf(f) and Ff(f) are
never determined explicity in a qualification, but instead are inherently

cluded in the observation of the function/malfunction behavior of the
equipment. They are included in Figure la merely as a convenierce for
conceptually describing the fragility behavior of equipment.

To put these definitions into perspective, a specific example of the
fragility concept is shown in Figure 1b. An electrical cabinet is excited
in a given direction by an acceleration time history ax(t), whose
response spectrum is Rx(f). The interior pan2l of the cabinet contains
several devices whose functions are safety-related to the operation of a
nuclear plant. As the amplitude of the excitation is increased on each of
several successive test runs, the primary structure response ay(t) at the
critical device location also increases via the critical transfer function
Hp(f). A1l of the safety-related devices continue to function properly
through their runctional mechanisms Mp(f), until eventually at some
excitation level one of the devices (which is designated as the critical
device) malfunctions. The excitation response spectrum Rx(f) for this



PRIMARY

EXCITATION PRIMARY STRUCTURE FAILURE FAILURE
AT x STRUCTURE RESPONSE MECHAI{ISM RESPONSE
AT y
Re(F) f—mmd H () f—ml R() Me(F) bl R (f)

No Failure Occurs For:

Rf(f) < Ff(f)
Failure Occurs For:

Re(F) > F(f)

Fragility Bourdary Definition:

For Re(f) = Fe(f) » R (f) = R(f)

Rx(f) Excitation Response Spectrum at Point x

Hp(f) Primary Structure Critical Transfer Function
Ry(f) Primary Structure Response Spectrum at Point y
He(f) Failure Mechanism Transfer Function

(Not determined explicitly)

Re(f) Failure Mechanism Response Furiction
(Not determined explicitly)

Fe(f) Failure Mechanism Fraglity Function
(Not determined explici:ly)

Re(f) Excitation Fragility Response Spectrum

Figure la. Conceptual definition of equipment fragility for time-independent
failure.
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Figure 1b Specific example of equipment fragility



excitation level is further designated as the fragility response spectrum
RF(f). Note that the malfunction is not determined by a measure of

Mf(f) or Rf(f) per se, but simply by an observation of a related
response, such as relay chatter or trip,

Although response spectra are used for motion descriptions in

Figure la, power spectra can also be used. For example, if the critical
transfer function Hp(f) is linear, one can write:

a; =2, IHp(fn) |Rx(fn) (2.1)

or

L 2
6,(f) = al(f) 6, (f) (2.2)

where l I denotes magnitude of the enclosed function. These two equations
are expressed in forms that can be useful for both test and analysis
purposes. At this point, they are used only generically to lend credence
to the fragility concept displayed by the diagram in Figure la. However,
they are often used directly for analytical qualification or support of
combined analytical and test qualifications. Some additional comments
about the specific forms of these equations are appropriate to provide a
further understanding of some limitations that apply to the equipment
fragility concept as described in Figure la.

*
In Equation (2.1), ay is the peak acceleration that occurs at the

critical response point y. The relationship is valid, providing that a



single mode with resonance frequency fn and modal damping ¢ dominate

the primary structure response. This equation, which includes the critical
transfer function value Hp(fn) at frequency fn' is derived fu

Reference [4]. It is an alternate form of the more tamiliar response
prediction equation which includes a modal participation factor, typically
used by analysts. The modal participation factor Yi which corresponds to

a single point input for mode-n, and the corresponding critical transfer
function value Hp(fn), are related by:

ch

n=¢ny)

¥ (2.3)

Ho(f )

where on(y) is the mode-n eigenvector (which results from a typical modal
analysis) evaluated at the response point in question. Furthermore, if
more than one mode is present, then some combination of the multimode
effects must be employed. In Equation (2.2), Gy(f) is the response PSD
(power spectral density) at point y, while Gx(f) is the excitation PSD

that corresponds to the excitaticn spectrum, Rx(f). Furthermore, if the
excitation has a Gaussian distrioution which infers a given peak/RMS ratio,
then the response is also Gaussian and infers approximately the same
peak/RMS ratio. Cxtensive development and use of Equation (2.2) is given
in Bendat and Piersol [5], and various other texts.

[t may be noted that Equation (2.1) is not a direct relationship for
calculation of input and output response spectra, as Equation (2.2) is for
power spectra, in conformance with Figure la. In fact, no such simple
direct relationship exists for response spectra. The relationship must be
used 1) indirectiy by a time history method, whereby a response spectrum
Ry(f) is produced from a calculated response time history; or 2)
indirectly whereby Equation (2.2) is used to calculate a response power
spectrum Gy(f), and this parameter is subsequently transformed to the
response spectrum Ry(f) [(6].



If the nature of the primary structure is nonlinear (which occurs to
some degree in most equipment), Equations (2.1) and (2.2) do not apply
directly, but are only approximations to the actual governing equations.
Nevertheless, approximate linear evaluations are almost always used in
analysis, since nonlinear approaches very quickly become impractical,
except for special cases. Thus, quasi-linear developments which include
evaluation of Hp(f) at a given response level may be appropriate when
Hp(f) is a function of excitation amplitude. Furthermore, analytical
expressions for Ry(f), Mf(f), and Rf(f) may be very complex and, in
fact, are never determined explicitly. Also, Mf(f) represents a
malfunction process that can be especially varied in the diversity of
equipment used in nuclear plants. Usually, this process will apply to some
critical device that is attached at an elevated position on the primary
structure, as presented in Figqure 1b. However, it could also represent the
stress level at some critical location in the primary structure itself.
Some examples of how a critical process or device can malfunction are:
exceeding threshold response for displacement, velocity, acceleration or
stress; relay chatter or trip, etc. Thus, Mf(f) may be linear,
nonlinear, or of logic form, which is difficult to write as a mathematical
relationship. Nevertheless, the general ccncept depicted in Figure la is
applicable in any case, and will be used in developing similarity
principles without having to establish any mathematical relationships. In
dofng this, fragility is inherently included by consideration of the
function/malfunction of the equipment, rather than by development of exact
fragility functions.

The use of the critical transfer function Hp(f) for the primary
structure 1s inherent in all qualification scenarios by use of similarity
principles to be used in this report. In Figures la and 1lb, these transfer
functions have been defined as those relative to a base motion excitation,
which typically may have been acquired from experimenta)l resonance searches
in previous qualifications. Herein, all applications and exampl2s will be
based on this type of transfer function, since it corresponds di ‘ectly to
excitation by earthquake ground or floor-level motion. However, it is
apparent that the similarity procedures cutlined in this report can also be



carried out by means of base-fixed transfer fuactions. This type of
transfer function is typically measured by in-situ tests, or can readily be
developed by analytical methods. Note that either type of transfer
function can be used, but they cannot be mixed in the process of carrying
out similarity arguments.

Different variations of Figure la will be drawn to represent different
qualification scenarios, each of which relies on one of the three forms of
similarity to be defined, or some combination of them. However, they must
all rely on fragility as the basis for establishing qualification, no
matter which form of similarity is employed. This basis for similarity
will be referred to repeatedly in the discussion to follow. Furthermore,
when used as a basis for establishing qualification for a proof test
condition, of course actual failure or malfunction does not occur, so
continuity of equipment function becomes the criterion. Therefore, the use
of generic or elevated-level qualification data as lower bound estimates
for fragility [3] becomes an appropriate consideration, and the concept
shown in Figure la still applies.



3. TYPES OF SIMILARITY

A broad definitior is given in Reference [2] for three types of
similarity that are appropriate for use in equipment qualification. In
this section, portions of these broad definitions will be paraphrased, and
further developed into a correspondence with the general concept of
equipment fragility defined in Figure la. Each development will include,
first, a definition of corresponding equality which, although it may be
obvious, is the principle on which heretofore equipment qualification
methodology is based. Then, followe a corresponding definition of
similarity, so that the essential differences in equality and similarity
can readily be established.

3.1 Excitation Similarity

3.1.1 General Definition

"Similarity of excitation constitutes likeness of parameters such as
spectral charazteristics, duration, directions of excitation axes, and
location of measurement for the motions relative to the equipment
mounting,"[2]. Figure 2 provides an elaboration of this definition for
application to a typical equipment qualification scenario, where a single
equipment item with critical transfer function Hp(f) is alternately
subjected to two different excitations corresponding to Rxl(f) and
sz(f). However, first consider this diagram as a representation of the
current approach to qualification of a single equipment item not previously
qualified, and then the similarity concept can be shown to be a direct
extension of that approach. That is, in Figure 2, consider Rxl(f) to be
a RRS (Required Response Spectrum) that is prescribed for qualification of
the item. If sz is the TRS (Test Response Spectrum) for a test, then
the current enveloping requirement is:

sz(f) > Rxl(f) for all f.

The requirement is that not only excitational equality, but conservative
similarity of excitation must exist at all frequencies.

10



ey
R (f) Ih- g Ryl(f) el R, ()

RxZ(f)

M (f)

Ryz(f) — ~i= sz(f)

Given Hp(f) and some indication of M¢(f),

Excitational Equality:

If Rxl(f) = sz(f).
Then Ryl(f) = Ryz(f) and Rfl(f) = sz(f)
so that

RFl(f) = RFz(f) for all f

Excitational Similarity:

If Rxl(Af) = sz(Af),
Then Ryl(bf) x Ryz(af) and Rfl(bf) = sz(Af)
so that

Rey(af) = RFZ(Af) for given af,

which means “approximately equal response
within a specified frequency range af".

Figure 2. Definition of excitation similarity.
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Now consider a different practical situation in which the enveloping
requirement will be relaxed somewhat. That is, given that a single
equipment i1tem has been qualified to excitatiou Rxl(f), what are the
dynamic characteristics of excitation sz(f) that must be similar to
Rxl(f) so that the item is also qualified to sz(f)? The intent behind
the above quotation from Reference [2] becomes much clearer after referring
to Figure 2, in which a more precise definition is hbased on the implied
effects that the excitation has on the equipment. That is, the excitation
causes some critical dynamic response via the equipment critical transfer
function, and this response triggers some form of damage level in the
equipment. However in contrast to the above described IEEE 344
requirements in which overall excitational equality is required,
excitational similarity is defined whereby two spectra are required to be
only approximately equal in certain discrete increments of the freguency

range. Thus, a similar excitation is one which produces a similar damage
level, even though the excitations are not identical at all frequencies,
This can only occur if dynamic characteristics of the equipment also
satisfy certain conditions. Therefore, the degree of similarity that must
be shown in the excitation characteristics depenus on what, if anything,

can be predetermined about the equipment critical transfer function Hp(f)
and the ‘orm of malfunction in the equipment in question. This leads to
the definition of physical similarity, which is discussed hereafter. The
implication is that two of the three types of similarity are necessary for
qualification to be established when excitational identity is not present.

3.1.2 Waveform Similarity

As defined in Figure 2, excitational similarity requires two spectra
to be approximately equal within a designated bandwidth Af, but not outside
this band. Intuitively, it is apparent, however, that differences of the
spectra outside this band cannot be unlimited. This leads to the concept
of waveform similarity, which assures that overall frequency bandwidth
is sufficiently similar for two spectra, so that essential dynamic behavior of
a system to which the excitation is applied is not changed dramatically

12



outside the frequency band Af. Therefore, waveform similarity may be
assured providing that the ZPA/RMS (Zero Period Acceleration/Root Mean
Square) ratio for the two excitations are nearly the same [5].

The RMS value of a waveform can be computed directly from a time
history. However, usually only the response spectrum is available in
qualification scenarios. The RMS value which corresponds directly to a
given response spectrum can be computed by transfer of the response
spectrum to a power spectral density, and determining the area under the
PSD curve [6]. This RMS corresponds to the strong motion portion of the
excitation waveform. However, this process requires use of a digital
computer program, and may be more elaborate than appropriate for similarity
procedures. Therefore, waveform similarity can be established
approximately by comparing the maximum spectral acceleration to ZPA ratio

*
(Rx(f)/ZPA) for two response spectra. It has been shown in Reference [3]

that this amplification factor varies with damping of the oscillator, and
the bandwidth of the waveform. For example, at 5% damping, the
amplification varies from 10.0 for a steady state sinewave, about 7.5 for a
ten cycle per beat sinebeat, to about 2.6 for a random signal which matches
a R.G. 1.60 spectrum. Therefore, waveform similarity of two spectra may be
approximately assured when the maximum spectral amplification factors are

nearly equal. Appendix A of this report includes further support of this
approximate approach.

3.1.3 Excitation Axes

The orientation of horizontal excitation is usually specified relative
to principle geometric axes, i.e., front-to-back and side-to-side. The
direction of excitation can have a significant bearing on the operation of
various equipment. This direction of excitation has always been identified
for qualifications in the past. Herein, it will be reccgnized throughout
that subsequent use of data from such qualifications will include allowing
for proper excitation orientation.

13



To summarize, when considering excitation similarity, the following
specific items must be included:

(1) Frequency distribution (response spectrum or PSD)

(2) Peak amplitude

(3) R.(f)/ZPA factor

(4) Time duration

(5) Axes of orientation
(6) Point of application

3.2 Physical Similarity

3.2.1 General Definition

"For a complete assemb similarity may be demonstrated
through comparison of make, mo z211al numbers, and consideration of
dynamic properties and construction. Since the end objective of
qualification by the similarity method includes a consideration of the
expected dynamic response, a rational approach can be used to establish
similarity of dynamic structural properties by an investigation of physical
parameters of equipment systems. This can be done by comparing the
predominant resonant frequencies and mode shapes," [2].

One explicit method to satisfy the above requirements includes
development of transfer functions at iocations important to the performance
of the system. Therefore, herein, for the purpose of establishing physical
similarity, the equipment will be characterized by a critical transfer
function Hp(f), which will be determined explicitly; and its failure or
malfunction mechanism Mf(f), which will only be determined implicitly
(i.e., by a pass/fai) observation). This approach is consistent with

14
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B b (F) B R () B M () B R (1)

28,7

af Ccl cl

cl
R, (£)

i i 3

Afc2 3 2"czfcz

Given Rx(f).
Physical Equality:
If Hfl(i) = Hfz(f) and le(f) B sz(f).
Then Rfl(f) - sz(f) and Ryl(f) B Ryz(f)

Afcl = Afcz
su that

RFl(f) z RFZ(f) for all f

Physical Similarity:

If Hfl(Af) = Hfz(bf) and le(Af) = sz(Af)
Then Rfl(Af) ~ sz(Af) and Ryl(Af) = Ryz(Af)

Af , = Af

c2
vith Afcl and Afcz both contained in Afcc

cl

so that
\Fl(AfCC) = RFZ(Afcc) for given &f
where

af = Preselected composite critical frequency
bandwidth

Figure 3. Definition of physical similarity.
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TRANSFER FUNCTION (Hp(f))

FREQUENCY

LARGE SIMILARITY: Items 1, 2

SMALL SIMILARITY: Items 1, 3
Items 2, 3

ofci is bandwidth at half-power amplitude
(i.e., 0.7 peak amplitude)

Figure 4. Degrees of physical similarity.
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physical similarity present. Thus, large similarity denotes more nearly
identical critical transfer functions for two items. Furthermore, it must
be emphasized again that the critical transfer function Hp(f) is not just
any dynamic response indicator, but in addition it must correspond to a
critical location, whose response is directly associated with the
function/malfunction of the equipment. Therefore, this descripticn is
totally sufficient, in that it includes a!l information nacessary to
describe the dynamic, functional, and fragility characteristics of the
equipment, as required by Reference [2].

It may be noted that the indicated definition of physical similarity
allows relaxation of the dynamic characteristics to where only approximate
(but conservative) equality exists in certain discrete areas of the
frequency range. The respective critical frequency fci is one that would
represent the minimum on a narrowband fragility function [or peak of
Hp(f)], and Afc1 is taken as the frequency bandwidth of Hp(f) at the
half-power response level. This selection of AfC1 is relatively
arbitrary, but is done to concentrate on a dominant bandwidth in which most
of the response occurs. Use of the half-power bandwidth, as indicated in
Figure 4, provides a simple relationship with the modal damping and
critical frequency, or with the peak magnitude of Hpi(fci)‘ as will be
indicated shortly. Note also that the composite critical bandwidth AfcC
will be wider than Afcl and Afcz, as it must include them both, as
indicated in Figure 4. Furthermore, only frequencies, bandwidths, and peak
amplitudes of the critical transfer functions enter the essential part of
the aefinition, as will be explained later. The degree of similarity, or
extent of cuch commonality of approximation in frequency bands necessary to
establish qualification in a given case also will depend on details of the
excitation, as will be described later.

3.2.2 Procedure to Establish Physical Similarity

In order to establish physical similarity between one equipment item
(designated as Item 1) and another item (designated as Item 2), the
following is one procedure that may be used:

18



(1) Assume the most probable mode of malfunction for Item 1, and show
by experience or deductive reasoning that this mode of failure is
essentially alike that of Item 2.

(2) Determine, by experience or deductive reasoning, a critical
location on Item 1 whose dynamic response most probably affects
the malfunction. Likewise, make this determination for Item 2.

(3) Cstablish by test, analysis, or experience, a critical transfer
function Hp(f) between the excitation point and the critical
response point for both items. The degree of detail of this
transfer function will vary considsrably, depending on the method
used and the accuracy of the data available. The most essential
information is the critical frequency fci’ the critical
bandwidth af ., and the peak magnitude IHpi(fci)l for the
critical transfer tunction. Note that:

af ;= 4f at 0.7 'Hpi(fci)'
which can be obtained from an experimental plot, or
AfC1 = chifci which can be calculated if the modal
damping Ses is available.
(4) Verify that the critical transfer function peak magnitudes satisfy:
3
|le('cl)| s |Hp2(fc2)|
(5) Within the assumptions of mode of failure and critical location,
the two items can be defined to be physically similar in a
bandwidth up toc a composite critical bandwidth Afcc' where

Afcc = (fcl - I/ZAfcl) to (fC2 * l/ZAfcz). (3.1)

The exact approach by which the above steps are performed will vary
significantly depending on the kind of data available, and the nature of

19



the two equipment items. Furthermore, the process must be repeated if more
than one mode of failure is suspected to be present, unless all critical
bandwidths AfC1 are shown to be included in the composite bandwidth

Afcc' Note also that the magnitudes of the critical transfer functions
Hp1(f1) are influenced both by equipment damping and modal

participation factors. Thus, if the equipment is dynamically similar
(i.e., stiffness, mass, boundary conditions), then similarity of modal
participation is assured. Furthermore, if damping is approximately equal,
then physfcal similarity is assured within a given Afcc simply by showing
that the various fc1 fall within that band. The useful part of Afcc as
defined above will depend on how the available excitation energy fis
distributed in the frequency band that corresponds to AfcC for the
equipment in a given case, as will be shown later.

3.3 Dynamic Response Similarity

When used in combination, excitation and physical system similarity
are probably sufficient to address most practical problems that will arise
in equipment qua]ification; However, dynamic response similarity is a
concept that may be used to extend the qualification by experience even
further. "A physical system response can be described through the same
quantities as excitation (e.g., duration, frequency content, amplitude,
etc.) or through failure modes of the system." Figure 5 provides a more
precise definition of dynamic response similarity. That is, given that
similarity of response and malfunction behavior can be established, what
further can be concluded about the similarity of the excitation and/or the
physical system? The implication is that dynamic response similarity can
be used in an inverse approach along with physical similarity to establish
excitation similarity, or along with excitation similarity to establish
physical similarity. This all follows from the interrelationship of the
excitation, physical system, and response characteristics as depicted in
Figure 1. The various detailed ways in which this interrelationship can be
applied to solve practical problems is still very much under development.
Some of these applications follow, herein.
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i [F) [ Ny (f) e R, (f)

e

Rxl(f)

|

Given two independent experiments,

Response Equality:

If Ryl(f) = Ryz(f) and Rfl(f) = sz(f)
along with
Method: A) le(f) = sz(f) or B) Rxl(f) B R‘z(f)
and Mfl(f) = Nfz(f) then le(f) = sz(f)
then Rxl(f) - sz(f) and Nfl(f) = Ifz(f)
so that

RFX(C) H RFZ(f) for all f

Response Similarity

If “,1(“) ~ Ryz(Af) and R”(Af) N sz(Af)

along with
Method: A) H,,(af) ~ H o(af) or B) R,,(af) = R, ,(af)
and  M¢, (af) = Mg, (af) then Ko (sf) ~ H ,(af)
then Rxl(Af) = sz(Af) and Hfl(af) = "fZ(Af)

uith‘Afcl and AfCZ both contained in Afcc

so that
Rey(8f o) = Reo(af ) for given af .

where

af e Preselected composite critical freguency
€€ bandwidth

Figure 5. Definition of response similarity.
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4. SIMILARITY APPLICATIONS

There are many conceivable practical qualification scenarios to which
the previously developed principles may be applied. Within this section,
several typical hypothetical scenarios will be described, and details given
for use of the principles for providing a solution to a typical problem.
Examples which include data taken from actual qualifications will follow in
Section 7.0.

4.1 Composite Soectra

Generation of composite spectra fs one of the most fundamental
requirements for equinment qualification by similarity. One typical
objective may be to extend the qualification of a single
previously-qualified item. Another typical objective may be to develop a
generic data base for use in qualifying other equipment (candidate items)
whose physical similarity can be established relative to
previously-qualified equipment (reference items), whose available data ire
used to generate the composite spectrum. In accordance with Reference [2],
a composite spectrum is defined to be formed within the envelope of several
reference spectra (i.e., TRSs for several reference equipment items), and
is 1ikely to produce equal or less response than any one of the individual
reference spectra. The procedure for generating the composite must i-clude
consideration of al! equipment vibrational modes which are significant in
determining its structural integrity and functional operabiiity. This
section contains several scenarios which include generation of a composite
spectrum.

4.1.1 Composite Spectrum for Physically Identical Equipment

For simplicity, a composite spectrum will first be developed for a
case which involves only a single item of equipment. Generation of a
composite spectrum will be described by the example shown in Figure 6.
That 1s, given a single equipment item that has been qualified to Rxl(f)
and also to sz(f), demonstrate that it is also qualified to the
composite spectrum Rx3(f)‘ This requires the following steps:
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Afopt.
Optimum band for
- - selecticn of Afcc

FREQUENCY, f

Figure 6. Development of corposite response spectrum
for physically identical equipment.
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(1) Establish the critical transfer function Hp(f) for the item as
performed in Paragraph 3.2.2. In this case, physical equa’ .y
exists since only a single item is involved. The critical
frequency range Afcc is taken as the bandwidth of Hp(f) at
0.7 times the peak value, or chfc1 (i.e., Afc1 = Afcc).

(2) Satisfy excitation similarity by confirning that R’B(f) is
equal to or less than both Rxl(f) and sz(f) within Afcc‘

By this requirement, the approach is conservative within the
critical bandwidth.

(3) Confirm that the ZPA for Rx3(f) is equal to or less than the
largest ZPA present. By this regquirement, the approach is
conservative for rigid body respcnse.

(4) Satisfy waveform similarity by cunfirming that the ZPA/RMS ratio
or the maximum spectral amplification factor for the composite
spectrum is within the range of those for the individual
constituent spectra.

(5) If the absence of multimode interaction cannot be justified
(i.e., when the constituent spectra represent sinewave, sinebeat,
or other narrowband waveforms), the composite spectrum must be
multiplied by 0.7 [7].

It should be noted that the complete determination of the critical
bandwidth Afcc is accomplished in Step 1. However, the utility of the
final process is greatly influenced by how the thereby determined Afcc
matches with Afopt' the "optimum band for selectior of Afcc", as
indicated in Figure 6. This has implications on how a data base can
optimally be developed from various response spectra that may be available
from previous gualifications. Fui:ihermore, if the individual constituent
spectra Rxl(f) and sz(f) are based on relatively broadband waveforms,
then use of the 0.7 factor is not warranted. Evidence fur what constitutes

sufficiently broadband waveforms will be developed in Paragraph 4.4.
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4.1.2 Composite Spectrum for Physically Similar Equipment (Direct Method)

Consider now development of a composite spectrum RxS(f) for a case
where one reference item has heen qualified to Rxl(f) and a second
reference item has been qualified to sz(f), where the three spectra are
as given in Figure 6. Physical similarity for the two reference items will
be established by means of Paragraph 3.2.2, which involves direct
consideration of equipment dynamic characteristics.

(1) The critical transfer function Hpi(f) for each item must be
established by the S-step physically similar process described in
Paragrapn 3.2.2. For illustration, assume that they correspond
%o le(f\ and sz(f), respectively, in Figure 4. Establish
the composite critical bandwidth Afcc by use of Equation (3.1),
which results in the bandwidth Afcc (1,2) in Figure 4. Thus,
physical similarity exists within AfCC (1,2).

(2) From this point, Steps 2-5 of Paragraph 4.1.1 for physically
identical items are also required to generate the composite
spectrum for this case.

Note that in view of Step 2 of Paragraph 4.1.1, knowledge about variation
in the peak magnitudes on the transfer functions (i.e., Step 4 of Paragraph
3.2.2) is not nucessary for generating the composite spectrum. However,
use of this step will be necessary for further use of the composite
spectrum for qualifying other candidate similar equipment. Furthermore,
the comments at the end of Paragraph 4.1.1 which relate to AfOpt as the
"optimum bandwidth for selection of Afcc are again very pertinent.

4.1.3 Composite Spectrum for Physically Similar Equipment (Response Method)

Again, consider the case where one equipment item has been qualified
to Rxl(f) and a second equipment item has been qualified to sz(f),
where the two spectra are as given in Figure 6. No detailed resonance
search data were acquired at elevated response locatfons on the primary
structure during the original qualifications. However, elevated response
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(4) From this point, Steps 3-5 of Paragraph 4.1.1 are again required.

Note that again Step 4 of Paragraph 3.2.2 is not employed for
generating the composite spectrum. However, that step is necessary for
subsequent use of the composite spectrum for qualifying other candidate
similar equipment. In all three examples (4.1.1, 4.1.2, and 4.1.3), the
qualification data has been considered as a lower bound for the respective
fragility response spectra. Furthermore, the latter two examples represent
a procedure whereby a reference data base for a similar set of equipment
and its associated composite spectrum can be generated. In both cases, an
optimum selection for the reference equipment and associated spectra will
be possible, depending on the relationship of the Afcc developed from inhe
eritical transfer functions and the distribution of frequencies in the
response spectra.

4.2 Qualification by Similarity

Assume that similarity for a group of existing reference equipment has
been established according to Paragraph 3.2.2 and a compnsite spectrum
based on test .ata for this equioment has been gercrated according to
Paragraph 4.1.2 or 4.1.3. To qualify an additiona) candidate item for
which no previous qualification has been performed, it must be shown that
Afc1 for the candidate items falls within Afcc for the data base
items (and, .herefore, within Afopt for the data base excitation
spectra). The procedure is as follows:

(1) Establish physical similarity between the candidate item and at
least one reference item according to Paragraph 3.2.2.

(2) Note that Step 4 in Paragraph 3.2.2 is satisfied providing that
the peak transfer function magnitude for the candidate item is
less than or equal to that for at least one reference item in the
data base, and the composite spectrum is relatively flat within
Afcc' Magnitudes can be shown by measu.ements or by
similarity of modal participation and damping. Furthermore, the
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critical bandwidth Afc1 for the candidate item must fall within
the composite critical bandwiath Afcc for the group of
reference equipment.

(3) Qualification of the candidate item to the composite snmectrum for
the groug of reference equipment ic therefore accomplished.

4.3 Spectrum Extension

In the past, enveloping of a RRS by a TRS has been an absolute
requirement in all qualification scenarios [2], to assure the presence of
cnnservatism. However, the concepts presented herein indicate that
absolute enveloping is necessary only within the critical frequency band
ATy
establishea. At the same time, some bounds must be placed on the amount of
nonenveloping outside the critical frequency band. This leads to the
concept of spectrum extension, which can be used effectively in some
practical qualificat1on‘scenar1os. An extended spectrum is one which
produces equal or less response than another spectrum that it does not
completely envelope.

for an equipment item, providing that thi: ,ind can be

4.3.1 Qualification Extension for Physically Identical Equipment

Consider first the possibiiity of extending the valility of
qualification for en item for one specified spectrum to other different
spectra. For example, in Fijure 7, given that an equipment item has been
qualified to Rxl(f)’ can the qualification be extended to sz(f) and/o~
Rx3(f)? This requires the following steps, which are based on the
previous concepts and further development initially published in Reference

[8].

(1) Establish tne critical frequency response function Hp(f) for
the tem by the 5-step physical similariiy process in Paragraph
3.2.2. In this c..e, physical identity exists. The critical
frequency range Afcc is taken as the bandwidth of Hp(f) at
0.7 times the peak value, or chfc.
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(2) Note that Rxl(f) is equal to or greater than sz(f) and
Rx3(f) within Afcc (see Figure 7).

(3) Confirm that the ZPA for Rxl(f) is equal to or greater than
that for sz(f) and Rx3(f).

(4) Confirm that the ZPA/RMS ratio or the maximum spectral
amplification factor for sz(f) and Rx3(f) is approximately
equal to that for Rxl(f)'

(5) Confirm that sz(f) or Rx3(f) does not exceed Rxl(f)
X A Rp(f) where A Rp(f) is the normalfzed narrowband
fragility function obtained fiom the critical transfer function by

AR(f) = %35 o oy (4.1)

and the constant "A" is chosen to make the minimum value of

A Rp(f) equal to 1.0. Example plots for Rxl(f) and A Rp(f)

are shown in Figure 8. Note that for this plot, Rxl(f) should
be calculated at the same damping ratio as that of the equipment,
f.e., B = e

Equation (4.1) represents the frequency sensitivity of the equipment
item in terms of a narrowband (sinewave input) fragility response
spectrum. Thus, it gives some quantitative indication of the extremes to
which the excitation spectrum Rxl(f) can be extended outside the critical
frequency band

Afci ’ zccifci

This requirement is necessary, but not sufficient to assure qualification
to the extended spectrum. A bound on the RMS value must also be included,
which is assured by Steps 3 and 4 above.
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The equipment ftem is, therefore, qualified to any extended spectrum
that satisfies the above requirements. This procedure is especially useful
to demonstrate that qualification is satisfied for an actual earthquake
event whose spectrum is sz(f), which occurs after the item had been
qualified to Rxl(f)‘

4.3.2 Qua]ification_Extens1on For Physically Similar Equipment

Consider now the case where Rxl(f) in Figure 7 represents a
composite spectrum that has been generated for physically similar items as
described in Paragraph 4.1.2. The 5-step process described in Paragraph
4.3.1 can now be applied to extend the qualification of the entire set of
equipment. However, in this case, note that in carrying out Step 5, the
normalized fragility function A Rpi(f) for each item of the data base
must be considered. The lower envelope of these functions would be
appropriate for use for the entire set. Such a procedure is somewhat
analogous to the inverse of generating a composite response spectrum.

4.4 Application tc Simple Primary/Seco-dary Systems

Application and validity of the previously-described principles will
be demonstrated by means of a hypothetical support-excited two degree of
freedom, damped oscillator system. The support is excited by some
prescribed motion whizh is transferred to the first damped oscillator of
natural frequency f1 and mass Ml' and then to the second damped
oscillator of natural irevuency f2 and MZ' Both oscillators are
assumed to have a damping coefficient of B = 0.05. Such a system was used
in Reference [7] for demonstrating eft=cts uf modal interaction on
fragility data. If Ml = 1000 1b and Mz = 100 1b, the system
approximately represents a secondary component (transformer) supported on a
primary structure (cabinet or rack). 1If Ml = 1000 1b and M2 = 10 1b,
the system approximately represents a 1ightweight secondary device (relay)
supported on a primary structure (cabinet).

In order to demonstrate the principles, the three typical spectra
shown in Figure 9 will be utilized. Rxl(f) contains relatively low
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frequencies, sz(f) high frequencies, and Rx3(f) rather broadband
frequencies. The latter spectrum is based on R.G. 1.60. For each
spectrum, an acceleration excitation time history was developed, and
applied to the support for the simple primary/secondary system, Each time
history was synthesized so that its ZPA/RMS ratio was nearly 3.0 for its
strong motion. This ratio, as well as the maximum spectral amplification
factor, is given for each of the spectra in Figure 9. The system was
assumed to include various mass and natural frequency combinations, and the
peak acceleration response at each of the two masses was calculated for
each of the three acceleration excitations. Results are tabulated in
Table la for Ml = 1000 b and Mz = 100 b, and five natural frequency
combinations. Further results are tabulated in Table lb for "1 = 1000 1b
and M2 = 10 b, and five natura)l fregquency combinations. Furthermore,

the transfer functions for the former mass ratio and each of the five
frequency combinations are shown in Figures 10a-e, while similar data are
shown for the latter mass ratio in Figures 1la-e. In these plots, Hp(f)
denotes a primary structure critical transfer function, while Hs(f)
denotes a secondary structure critical transfer function. Only Hp(f)

will be used directly in the exampies. Furthermore, resonances indicated
by these transfer functions do not exactly coincide with the indicated
natural frequencies f1 and f2‘ since the latter represent uncoupled,
undamped frequencies for the respective individual oscillator. Various
parts of these data will now be used to demonstrate application and
verification of the previous principles. At the same time, results are
sought which incicate how spectral bandwidth influences whether a 0.7 modal
interaction factor should be applied. In al) cases, the criteria for
qualification will be values for peak acceleration response at Mass 1 or
Mass 2.

4.4.1 Composite Spectrum

Example 1 - Identical Equipment

Consider Hp(f) of Figure 10a as the critical transfer functicn that
was measured for an equipment item that is assumed to be subject to peak
acceleration failure. It has been qualified to Rxl(f) and sz(f) in
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TABLE 1.

PEAK~g ACCELERATION RESPONSES FOR SIMPLE PRIMARY/SECONDARY SYSTEM

Table la. Ml = 1000 1b, Mz = 100 1b, By = By = 0.05

f1 = 10 f1 = 10 = 10 f1 = 7.5 fl = 12.5

fz = 7.5 f, = {9 = 12.5 fz = 10- fg-= 10
Rxl(f) 1.035 1.035 1.035 1.035 1.035
Ml 2.016 . 362 3.096 3.098 2.035
Mz 6.759 7.435 5.989 5.627 5.661
sz(f) 1.145 1.145 1.145 1.145 1.145
Hl 3.200 2.817 3.231 1.737 4.102
M, 4.895 9.656 8.587 4.317 10.049
RxB(f) 1.110 1.110 1.110 .110 1.110
My 1.916 997 2.547 427 1.685
M, 4.932 5.270 4.236 513 4.599

Table 1b. M, = 1000 1b, M, = 10 1b, By = B, = 0.05

f, = 10 4 & 10 = 10 f1 = 7.5 f1 = 12.5

tg = 7.9 fz = 10 = 12.5 f2 = 10 fz = 10__
Rxl(f) .035 1.03% 1.035 1.035 1.035
M .628 2.697 2.811 3.626 1.880
Mz 7.874 9.882 4.760 7.817 4.685
an(f) 1.145 1.145 1.145 1.145 1.145
M 3.946 3.311 3.936 2.156 5.012
M, 6.306 22.139 11.812 6.161 12.185
Rx3(f) .110 1.110 1.110 1.110 1.110
Ml 295 2.242 2.421 2.773 1.957
M2 .838 10.506 5.404 5.566 5.475
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Figure 9, and its qualification to R’3(f) ‘s to be determined. This is

an application of Paragraph 4.1.1. For this case from Figure 10a,

Afci = Afcc and is about 1 Hz bandwidth centered at about 10.5 Hz
(although two peaks are present, the dominant one fs selected). By
referring to Figure 9, the maximum spectral amplification factors are all
similar (i.e., compared to 7.5 and 10.0, respectively, for a sinebeat or a
sinewave). Thus, Steps 1-4 of Paragraph 4.1.1 are all satisfied and, if
Step 5 1s applied to Rx3(f). the procedure asserts that the item is also
qualififed to at least 0.7 Rx3(f)' This assertion can be verified by
referring to Table la. Mass Ml has olready been subject to 2.016 g by
Rxl(f) and 3.200 g by sz(f). It 1s subject to 1.916 g by Rx3(f).

Mass 2 is subject to 6.759 g by Rxl(f)’ 4.895 g by sz(f), and 4.932 g

by Rx3(f). Thus, each mass very nearly has been subject to more
acceleration by both of the original spectra than is demanded by Rx3(f).
Therefore, the assertion that the equipment is qualified to the composite
Rx3(f) is verified, even if the 0.7 factor of Step 5 is not applied.

This result appears to indicate that Rxl(f) and sz(f) are sufficiently
broadband for this case so that no modal interaction correction is necessary.

This example can be applied by assuming Hp(f) to be any one of the
primary transfer functions from Figures 10a-e, and using the corresponding
peak acceleration data from Table la. It will be found that all equipment
ftems, except for that in Figure 10d, are qualified to Rx3(f), even
though Step 2 of Paragraph 4.1.1 is not quite satisfied in some cases and
Step 5 is not applied (1.e., some conservatism appears to be present in the
procedure for these cases). The 0.7 reduction factor of Step 5 must be
applied to the Figure 10d item for the procedure to produce a valid
qualification. However, it is suspected that significant violation of Step
2 is the major reason for difficulty with this case, rather than narrowness
of the spectra.

Now consider Example 1 to pe applied similarly to the set of equipment
whose results are indicated in Figure 11 (i.e., M1 = 1000 1b,

Mz = 10 1b). By referring to Table 1lb, it is found that for equipment
whose critical transfer function is represented by Hp(f) in Figure 1la,
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peak accelera‘ions for both M1 and M2 are less for Rx3(f) (i.e.,

2.295 g and 5.838 g) than they are for both Rxl(f) (i.e., 2.628 g and

7.874 q) and sz(f) (i.e., 3.946 g and 6.306 g) Thus, for this case,
qualification wc Rx3(f) is assured without applying any reduction factor
for modal interaction. However, if the equipment is to be represented by
any of Figures 1lb-e, it will be found that a reduction factor,of 0.7 must
be applied to make qualification of all cases valid. By comparing the
critical bandwidth Afcc for items represented by Figures 11b and llc and
the optimum bandwidths in Figure 9 (i.e., 8 Hz to 11.5 Hz2), it appears that
Step 2 of Paragraph 4.1.1 has been satisfied, so that genuine moda)
fnteraction necessitates use of the 0.7 factor. However, a similar
comparison for items represented by Figures 11d and lle show that Step 2 is
violated, which probably is the major reason for a recuction factor to be
necessary.

Example 2 - Similar Equipment

Consider that le(f) of Figure 10a is the critical transfer function
that was measurec for an equipment Item 1 that has been qualified to
Rxl(f)‘ Consider further that sz(f) of Figure 10c is the critical
transfer functian that was measured for an equipment Item 2 that has been
qualified to sz(f). Qualification of both items to a composite spectrum
Rx3(f) 1s now to be determined. This is an application of Paragraph
4.1.2. For item 1, Afc1 is a 1 Hz bandwidth centered at about 10.5 Hz.
For Item 2, Afcz is about 1 Hz bandwidth centered at about S Hz. Thus,
Afcc extends from 8.5 to 11.0 Hz. The procedure now asserts that both
items are qualified to at least 0.7 Rx3(f). This assertion is checked by
referring to Table la, Columns 1 and 3, where it can be seen that both
masses of both ftems are subject to less peak acceleration by Rx3(f)
directly than by their respective initial spectra (except where only a
slight difference exists for "2 of Item 1, i.e., 4.932 g > 4.895 g).
Thus, the assertion is very nearly true, even though the 0.7 factor is not
applied, and is definitely true when this factor is applied. It appears
that bandwidths of the spec.-a are not an issue in this case
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qualification of Item 3 to 0.7 Rx3(f) is assured. For this to be true,
first the peak accelerations of both masses for excitation by 0.7 Rx3(f)
shouid be equal ¢r “ess than those for both Rxl(f) and sz(f). when

each excitation is applied to Item 3. Note from Vable la, Column 2, that
for "1' 0.7 (1.997) g is less than 2.362 g or 2.817 g; for MZ’ 0.7

(5.276) g is less than 7.435 g or 9.656 g). Second, the response to 0.7
Rx3(f) for hoth masses of Item 3 should be less than those of the
respective masses for Items 1 and 2, when subject to Rxl(f) and

sz(f). Note that for Mass 1, 0.7 (1.997) for Item 3 (Column 2) is less
than 2.016 g or 3.200 g for ‘tem 1 (Column 1) and 3.096 g or 3.231 g for
Item 2 (Column 3). Furthermore, for Mass 2, 0.7 (5.270) for Item 3 (Column
2) is less than 6.759 g or 4.895 g for Item 1 (Column 1) and 5.989 g or
8.587 g for Item 2 (Column 3). Note that verification of the qualification
for Mass 2 would not be possible without application of the 0.7 factor.
This result clearly indicates that it is not always obvious when the 0.7
modal interaction factor can be omitted.

Example 3 may similarly be applied to equipment represented by
Figures 1la [Item 1 qualified to Rxl(f)]' Figure 1lc [Item 2 qualified to
sz(f)], which are used to generate a composite which is 0.7 Rx3(f).

For Item 1, Afc1 is a 1 Hz bandwidth centered at 10 Hz; while for Item 2,
Afcz is also a 1 ¥z bandwidth centered at 10 Hz. Thus, Afcc extends

only from 9.5 to 10.5 Hz. Qualification of Item 3 (Figure 11b) is now
sought. It may be noted that Hp3(f) in Figure 1lc is somewhat wider than
Afcc = 1 Hz, centered about 10 KHz. Therefore, physical similarity does
not exist, and it may be suspected that Item 3 will not qualify. By
consulting Table 1b, Column 2, it is found that for Mass 1, 0.7 (2.242) g
{s less than 2.697 g or 3.311 g; but for Mass 2, 0.7 (10.506) g is not less
than 6.306 g or 4,760 g. Thus, Item 3 indeed does not qualify to 0.7
Rx3(f)' since this violates the second condition prescribed in the above
paragraph.

Example 4 - Broad Bandwidth

Consider that le(f) of Figure 10d is the critical transfer function
that has been measured for an equipment Item 1 that has been qualified to
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Rxl(f)' Consider further that sz of Figure 10e is the critical

transfer function that has been measured for an equipment Item 2 that has
been qualified to sz(f). Determine qualification of both items to
Rx3(f). From the transfer functions le(f) and sz(f), Afcc

extends from about 6.5 to 14.5 Hz, which is a comparatively brcad
banawidth, It may be noted from Figure 9 that excitation similarity does
not exist throughout this entire range (i.e., Paragraph 4.1.1, Step 2 is
not satisfied). Nevertheless, the results in Table la indicate that both
items are qualified to 0.7 Rx3(f), since peak accelerations for both "1
and "2 which result from 0.7 Rx3(f) are less than their respective

values when subject to their initial spectra. (i.e., From Table la for
Item 1 in Column 4, 0.7 (2.427) g is less than 3.098 g or 1.737 g, and 0.7
(4.513) g is less than 5.627 g or 4.317 g. Furthermore, fur Item 2 in
Column 5, 0.7 (1.685) g is less than 2.035 g or 4,102 g and 0.7 (4.598) ¢
is less than 5.611 g or 10.049 g.) However, it is again suspected that the
0.7 factor in this case has simply compensated for the violatien of
physical similarity. In fact, one may further consider other equipment
ftems whose critical transfer functions are given by Figures 10a, b, and
¢. Peak accelerations for each of the masses are less than those of Item
1, Column 4, and Item 2, Column 5, providing that the composite spectrim is
reduced by a 0.7 factor. Thus, use of such a factor appears to allow some
stretching of the requirements for similarity. This could be of use when
suitable reference data were not available.

Application of Example 4 to items identified by Figure 1. 1ay now be
pursued. Consider that le(f) of Figure 11d is the critical transfer
function for Item 1, qualified to R‘l(f). Let sz(f) of Figure lle be
the critical transfer function for Item 2, qualified to R‘z(f). Verify
qualification of both items to 0.7 R‘3(f). It may be noted that Afcc
extends from about 6.5 to 13.5 Hz, Here, 0.7 Rx3(f) is less than the
other two spectra throughout this frequency range. By consulting Table 1b,
it can be seen that qualification is assured, providing that the 0.7 factor
is applied to ﬂx3(f). as indicated. It also appears that other items
represented by Figures 1la and llc also are qualified, providing that the
0.7 reauction factor is applied. Note that an item represented by
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Example 6 - Similar Equipment

Consider that the Hp(f) for Figures 10b, 10c, and 10e each represent
equipment items that have been qualified to sz(f). For this case,
\fcc extends from 7.5 to 14.5 Hz. For these similar equipment items,
the qualificaticn can be extended to both Rxl(f) and Rx3(f), according
to Paragraph 4.3.2 (even though Step 2 of Parigraph 4.3.2 is violated
somewhat for Item 10b). This can be verified by consulting Table la,
Columns 3 and 5. Note that for each of the three equipment items, both
Ml and MZ have experienced greater peak accelerations for sz(f) than
they would for Rxl(f) and Rx3(f). Thus, the assertion is verified, It
may be noted that the other two equipment items (10a and 10d) cannot be
included, since attempting to extend Afcc down to 6.5 Hz excessively
violates excitation similarity required by Paragraph 4.3.1, Step 2.

To apply this example to a lightweight secondary device on a primary
structure, let Hp(f) for Figure 11b, 1llc, and lle each represent items
that have been qualified to sz(f). For this case, Afcc extends from
8.5 to 13.5 Hz. Can this qualification be extended to R‘l(f) and
Rx3(f)? By corsulting Table 1b, Columns 2, 3, and 5, it can be seen that
both Ml and "2 experienced greater peak accelerations for sz(f) than
they would for the other two spectra. Thus, application of the procedure
fn Paragraph 4.3.2 is verified. Here also, the gqualification cannot be
extended for items represented by Figures 1la and 11d.

It is apparent from Examples 5 and € that Steps 2 and 5 of Paragraph
4.3.1 are most important in determining whether a spectrum extension can
successfully be achieved in a given case. These two steps preclude most of
the other equipment represented by the transfer functions of Figures 10 or
11 from having spectrum extensions applied with the three spectra as given
fn Figure 9. However, it is obvious that if these spectra were changed in
amplitude, other possibilities would arise. The obvious conclusion is that

how the response spectrum energy matches with the critical transfer
function peaks is most important.
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5. RELATIONSHIP TO PREVIOUSLY PUBLISHED WORK

Some of the earliest impetus for development of qualification by
experience data has been published by EPRI/ANCO (9], and has bLeen aimed
primarily at qualification of existing equipment in operating plants.
Nevertheless, the information is also appropriate for equipment
qualification in general, providing that the date is used appropriately.
Since these developments preceded the recent standard IEEE 344 [2] as well
as the recent corresponding draft standard for mechanical equipment [10],
some note of terminology differences is necessary. In particular, the
early work refers to generic classes of equipment, and these classes are
sometimes subdivided into groups with common degrees of diversity. Herein,
we note that generic classes are synonymous with general physical
similarity and low diversity is synonymous with high physical similarity,
etc. Furthermore, although the method outlined herein for establishing
physical similarity was not used per se in Reference [9], we will describe
how the two methods are analogous in concept, but differ in the degree -7
details required.

Table 2 shows a 1ist of equipment (from Reference 9) for generically
similar classes which were based on the function/malfunction of the items,
dynamic similarity, and geometric similarity. A judgment of similarity was
based on parameters of weight, size, manufacturer, operating principle,
etc. (We may add at this point that some example checklists for evaluating
prysical similarity by judgment also are given in the Appendix to Reference
(10]).) Thus, although the details of the selection of the equipment
classes is not given in the EPRI/ANCO report, it would appear that the
method for establishing physical similarity outlined in Paragraph 3.2 in
effect was employed. However, critical frequencies and bandwidths, modal
participation, and damping characteristics were established from physical
properties, rather than from documented transfer function data.

For each equipment class identified in Table 2, Reference [9] gives a

corresponding composite spectrum generated from experience data. Thsse
spectra are termed "Generic Equipment Ruggedness Spectra" (GERS). The
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TABLE 2.

FROM REFERENCE [9]

SPECIFIC EQUIPMENT CLALSES COVERED IN EPRI/ANCO STUDY

Batteries on Racks
Battery Chargers
Inverters

Motor Valve Operators
Electrical Penetration Assemblies
Pneumatic Timing Relays
Distribution Panels
Low=Voltage Switchgear
Medium=Voltage Switchgear
Transformers

Motor Control Centers

Control Panels

Low-Voltage Contactors
Auxiliary Relays-Socket
Protective Relays=Panel
Auxiliary Relays-Hinged Arm
Auxiliary Relays-Industrial
Switches

Transmitters

Instrument Rack Components
Solenoid=-Operated Valves
Air-Operated Valves

Safety Relief Valves

Automatic Transfer Switches
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conceptual approach for development of the GERS appears to be similar to
the methods outlined herein in Paragraph 4.1.2, although sufficient detai)
is not presanted to allow a point-by-point comparison. Generally,
attention was paid to the frequency range which includes the natural
frequencies noted in the low-level resonance tests for the equipment judged
to be in a common subclass. This approach is analogous to what herein has
been called noting the optimum frequency band for selection of Afcc (see
Figure 6). One possible difference of the two methodologies lies in the
weighting factors used to account for differences in test procedures. It
is stated that a 0.7 modal interaction factor was used for narrowbanded
(sine) data, while 1.0 was used for biaxial random data. The results
presented herein in the examples of Paragraph 4.4 indicate that a 0.7
factor also may be appropriate for some especially-narrowbanded floor-level
spectra, even though the tests may have been performed with random
waveforms. Likewise, no details have been given herein relative to
accounting for single-axis excitation. The 0.7 factor allowed in the GERS
approach appears to be reasonable, and would similarly be applicable for
the methods outlined herein. Finally, the methodology outlined herein
generally uses success data for construction of composite spectra, while a
GERS may include failure data as well. In both approaches, the composite
spectra are based on proof test data and, as such, may be considered lower
bound fragility data with an unspecified amount of cunservatism included.

An example of a GERS developed for one- and two-step racks with
stationary batterfes is shown in Figure 12. Details of the logic behind
how the composite spectrum (GERS) was drawn are not entirely clear from the
report. However, as pointed out in the EPRI/ANCO approach, the degr:ze of
similarity of the equipment within the class has an important bearing on
the process. That is, the "more similar" the data base equipment, the more
liberal one can be in raising the level of the composite spectrum,
providing that the component spectra allow an appropriate match within
Af . As previously mentioned, the indicated optimum frequency range

opt
Afopt was established from judgments about the equipment dynamic
characteristics. Likewise, a 0.7 correction factor was employed for
reducing narrowband qualification data to an approximate equivalent

broadband set which includes modal interaction.
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It now becomes appropriate to ask how does one use the above data
base? More specifically, how does cone show that a new candidate item, for
which no fragility (or qualification) data is available, is also qualified
to the data base spectra? It becomes appropriate to consider the approach
described in Paragraph 4.2, and show how the critical transfer function for
the candidate item is similar to those of the data base egquipment. Again,
these details of the evaluation are not given in the EPRI/ANCO report. How
ever, it would appear that the generic class of equipment includes various
ftems, whose individual Afc1 aii fall within 4 Hz < Afop,L < 20 Hz, as
indicated in Figure 12. Furthermore, similarity of peak magnitudes for
corresponding transfer functions in effect are approximately judged from
weight, stiffness, and damping characteristics. Thus, the EPRI/ANCO
approach and the similarity approach outlined herein appear to be analogous
in principle, but the present approach emphasizes use of more detaiied data.

A second example for generation of composite spectra taken from
Reference 9 is given in Figure 13. Originally, the various component
spectra correspond to equipment of low diversity (i.e., high similarity).
If one were to generate the composite GERS by using the method proposed
herein insteau, only those component spectra that are above the GERS in
Afcc would be used. Furthermore, it would be necessary to verify that
Afcc falls within the optimum banrdwidth Afopt indicated in the
figure. Thereafter, those items whose component spectra are below the GERS
in Afcc also would be considered qualified to the GERS level, providing
that their .1dividual Afc1 fall within Afcc' and peak magnitudes of the
Hpi(fci) ha e appropriate values. Thus, a more precise definition of
Afcc and of critical transfer functions in this bandwidth constitutes
the major difference between the present method and the EPRI/ANCO
approach. For efther approach, no matter how little data is used to
generate the composite spectrum, comparison with additional data is very
rorthwhile to add confidence to the results.

Another approach to generic classification of equipment according to
physical similarity has been reported in References [12,12]. Broadband
fragility data are being generated for several classes of equipment. Moda)
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conservative to some unknown degree. Then, from Figure 14, the cabinet is
Judged to be a simple flexible item since only one dominant mode is
present. Along with this, the item is judged to be failure-prone by a peak
acceleration levcl that would occur primarily at the defined critical
location. Therefore, in view of these judgments, adjustments to the TRS
can be considered by means of spectral extension.

The critical transfer function in Figure 14 has a maximum

amplification of 5.0 L 12 Hz and a damping c€ 5%. Therefore, A =5 for
A Rp(f) defined in Paragraph ¢.3.1. Furthermore, by assuring that Steps
1-5 of the same paragraph appiy, two potential adjusted conditional
fraoa ‘ty functions are shown in Figure 16. The adjusted site-specific FRS

f manry ror which the equipment can be qualified. This spectrum
€. «u have resulted from a new application or from the occurrence of an
actua’ earthquake. The common requirement is that the peak spectral
amplification ratio level of each corresponding waveform is nearly the same
as that for the initial FRS, and the spectral values within Afcl at 13 Hz
do not erxceed that for the initial FRS. It may be noted that the peak
spectral values for the adjusted Site Specific FRS in Figure 16 have beer
Towered compared to Figure 14 of Reference [8]. Thic was done to make the
spectrum more compatible with waveform similarity requirements as defined
herein. An adjusted standardized FRS is also shown. It is drawn by
fitting a R.G. 1.60 spectrum to the original TRS also, so that the peak
spectral amglification and spectrum requirements at 13 Hz are observed.
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6. SAFETY MARGIN APPLICATIONS

The developments in this document have been aimed primarily for use in
typical equipment qualification scenarios. However, some indicated
applications are appropriate for use in safety margin applications as
well. Several programs are currently in progress to develop methods of
determining seismic margin available in a nuclear plant. Two basic methods
under development are described in References [14,15] and are identified as
the Conservative Deterministic Failure Margin (CDFM) Method and the
Fragility Analysis Method. Both methods allow the determination of whether
a plant (as an aggregate of its equipment components and structures) can
withstand a normal plus review seismic level earthquake. The review
earthquake level is a maxim.m estimated leve) that could reasonably be
expected to occur beyond the SSE (Safe Shutdown Level) and, at the same
time, provide an indication of available marg‘n. The Fragility Analysis
Method requires generation of fragility data for groups of equipment, while
the COFM method avoids the requirement of actua! fragility data, in that
lower bound (or the usual proof qualification) data is used for the
capacities of all of the various equipment and components. Specifically
for equipment, in both methods composite spectra are required for groups of
similar equipment. Composite spectra are formed and constitute an Input to
development of a High Confidence of Low Probability of Failure (HCLPF)
acceleration value for each item or group of items of quipment.

To date, the use of GERS as a compesite spectrum as developed in
Reference [9], or composite fragility data as described in References
(12,13], are typically used for the above described margin reviews. It 1.,
obvious that the procedures for composite spectra developed herein may also
be considered. In particular, it is appropriate to determine whether the
methous outlined herein provide any significant increase in seismic review
level (i.e., increase in levels of the composite spectra). This can only
be determined by a review of typical GERS and see whether the present
methods allow development of mare liberal composites. Furthermore, it is
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highly likely %hat che concept c¢f specirum extension will be especially
useful in this applicati.n, since composite spectra may be extended to
various site specific equipment locations. Again, a potential increase in
equipment capacity level may result, with corresponding increase in
probability of satisfactorily meeting a highe caismic review level.
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7. DEMONSTRATION OF METHODOIC.:Y

The previous :xamples of methodology application introducad in this
report have been based on what may be considered typical hypothetical
equipment qualification scenarios. As such, some details which relate to
actual equipment ay therefore not have been included. Accordingly,
several applications which deal with actual equipment and data available
from its qualification will now be discussed. The examples are bas2d on
generic groups of equipment whose functional (operational) charicteristics
are very similar,

7.1 Instrument Pznels

Given that a selection of existing qualification data for instrument
panels is available, it is desirable to organize the data into a form that
can be used to qualify by experience various subsequent designs of
instrument panels, and to develop appropriate justification for the
process. This means that similarity of the equipment group must be
established and a composite spectrum developed. Basically, the principles
outlined in Paragraph 4.1.2 are to be applied. However, when various data
fs available, more must be said about optimum selection of the data on
which the composite is to be based.

Physical data for thrce wall-mounted and one floor-mounted instrument
panels are given in Table 3. Additional qualification data for these
panels are given in the subsequent figures. A1l panels indicated are of
similar design, in that they include very nearly the same instrumentation
devices mounted on different primary structures. Furthermore, Panels 1-3
are wall-mounted, while Panel 4 is floor-mounted. Nevertheless, it is
stipulated that the critical functioning of each item is governed by a
device rounted at the respectively-indicated critica) locations, whose
transfer functions coincicde with those given in the available data. Note
that not much physical data is given in the tables. In fact, not much is
needed, since the primary description necessary to establish similarity
resides 11 the critical transfer functions.
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TABLE 3.

PHYSICAL DATA FOR INSTRUMENT PANELS

Panel 1

Description:

Dimension:

Weight:

Response Location:

Failure Mode:

Panel 2

Description:

Dimension:

Weight:

Response Location:

Failure Mode:
Panel 3
Description:

Dimension:

Weight:

Response Location:

Failure Mode:

Wall-mounted electric control panel with approximately
30 comprnents. Critical device located on an internal
swing-out panel.

Enclosure:

36" (wide) x 16" (deep) x 48" (high)
Swing-out panel:

36" (wide) x 20" (high)

175 1b (Panel) + 75 1b (Components)

Near critical device located in the center of an
internal swing-out panei. Swing-out panel located in
the upper panel.

Relay chatter on critical device during and after
seismic event for front-to-rear (X-axis) excitation.

Wall-mounted electric control panel with approximately
20 components. Critical device located on an internal
swing-out panel.

Enclosure:

36" (wide) x 16" (deep) x 48" (high)
Swing-out panei:

36" (wide) x 24" (hizh)
180 1b (Panel) + 59 ib (Cumponents)
Same as above.

Same as above.

Wall-mounted electric control panel with approximately
35 components. Critical device located on an internal
swing=-out panel.

Enclosure:

36" (wide) x 16" (deep) x 60" (high)
Swing-out panel:

36" (wide) x 24" (high)
220 b (Panel) + 85 1b (Components)
Same as above.

Same as above.
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TABLE 3. (continued)

Panel 4

Description:

Dimension:

Weight:

Response Location:

Failure Mode:

Floor-mounted electric control panel with
approximately 105 components. Critical device located
on an internal swing-out panel.

Enclosure: 60" (wide) x 24" (deep) x 72" (high)
Swing-out panel: 30" (wide) x 26" (high)

1050 1b (Panel) + 260 1b (Components)

Near critical device located in the center of an
internal swing=-out panel. Swing-out panel located in
the top right of the enclosure.

Same as above.
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Figure 17a. Resonance search for Panel-1, X-axis, accelerometer on
back of swing-out panel between Controllers, input 0.2 g
peak, sweep 1.0 octaves/minute
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Figure 19a. Resonance search for Panel-3, X-axis, accelerometer
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test spectrum failed by the panel has a response of about 30 g within
Afcc‘ which exceeds the response of about 20 g for the composite

spectrum in this frequency band. Note also that the 30 g response in
Afcc for Figure 21b also exceeds the approximate 25 g response for

Figure 17b, as one would also expect, since Panel 1 passed the
qualification. Thus, a verification of the process is provided.
Furthermore, the fragility .evel for all four panels within the frequency
increment Afcc(l,Z) has been established by this data. It is very likely
that the spectrum of Figure 17b can be considered a good approximate
lower-bound fragility response spectrum from these developments.

7.2 Motor-Operated Valves

Table 4 presents physical data for three motor-operated valves, and
corresponding previous qualification data are given in Figures 22-24.
These data were selected from various other qualification data in existing
files. An inability for an operator to open or close its valve within
prescribed time limits was considered the primary mode of failure. In all
cases, the transfer functions were acquired at a location near the
motor-operator. Thus, they represent critical transfer functions for the
respective items.

For this example, consider that Valve 1 and Valve 2 are reference
items. For this, a composite critical bandwidth Afcc(l,Z) extends from
about 9.5 Hz to 15 Hz. The qualification spectrum for Valve 1 (Figure 22b)
is very high, even though it is computed at 5% danping. It completely
envelopes the spectrum for Valve 2 (Figure 23b), which is computed at 2.5%
damping. Thus, Figure 23b becomes a composite spectrum at 2.5% damping.

It is not reduced by a 0.7 factor, since both spectra are broadband. As a
composite spectrum, it can be used to qualify other similar valves. This
can be verified by the data from Valve 3, which can be seen to be similar
by examining its critical transfer function (Figure 24a). The procedures
assert that Valve 3 is also qualified to the composite spectrum

(Figure 23b). This assertion is verifiea by noting that Valve 2 was
previously qualified to the spectrum in Figure 24b, and the latter spectrum
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TABLE 4.

PHYSICAL DATA FOR MOTOR-OPERATED VALVES

Valve 1
Description:
Dimension:

Weight:

Response Location:

Failure Mode:

Valve 2
Description:
Dimension:

Weight:

Response Location:

Failure Mode:

Valve 3
Description:
Dimension:

Weight:

Response Location:

Failure Mode:

3 inch, 150 1b control valve with operator.
48 inches high.

180 1b (Valve with oparator)

Valve yoke near stem/operator interface.

Inability for operator to open and close gate (plug)
during and after seismic event for X-Z excitation.

3 inch, 900 1b control valve with operator,
54 inches high.

350 1b (Valve with operator)

Valve yoke near stem/operator interface.

Inability for operator to open and close gate (plug)
during and after seismic event for X-Z excitation.

3 inch, 900 1b Buttweld control valve.
60 inches high.

375 1b (Valve with operator)

Yalve yoke near stem/operator interface.

Inability for operator to open and close gate (plug)
during and after seismic event for X-Z excitation.
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TABLE 5.

PHYSICAL DATA FOR LOCAL PANELS

48" Local Panel

Description:

Dimension:

Weight:

Response Location:

Failure Mode:

30" Local Panel

Description:

Dimension:

Weight:

Response Location:

Failure Mecde:

72" Local Panel

Description:

Dimension:

Weight:

Response Location:

Failure Mode:

48" wide Mock Local Instrument Panel. Approximately

12 instruments and dummy instrument weights were
mounted on the panel (see Figure 25) for first
qualification. Twelve (12) dummy instruments were
installed for second test series,

48" (wide) x 30" (deep) x 94" (high).

650 1b (Panel) + 36 1b (Instruments)

Left front corner approximately two-thirds up from base.
Switch chatter on Yarway 4418C Indicator due to high

peak acceleration for X-Z (front-rear/vertical)
excitation.

30" wide Mock Local Instrument Panel. Approximately 6
dummy instrument weights were mounted on th~ panel.

30" (wide) x 30" (deep) x 94" (high).
550 1b (Panel) + 20 1b (Instruments)
Left front corner approximately two-thirds up from base.

Mechanical failure due to high peak acceleration for
X-Z (front-rear/vertical) excitation.

72" wide Mock Local Instrument Panel. Approximately
19 dummy instrument weights were mounted on the panel.

72" (wide) x 30" (deep) x 24" (high).
720 1b (Panel) + 138 1b (Instrumerts)
Left front corner approximately two-thirds up from base.

Mechanical failure due to high peak acceleration for
X-Z (front-rear/vertical) excitation,
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range Afcc of 11 Hz to 90 Hz, and the respective ZPAs must be less than
that for Rxl(f) (i.e., 1.51 g). By examining the spectra, the following
reduction factors must be used: within bandwidth Afcc, reduction = low
point of Rxl(f)/high f0int of sz(f).

"

30" Panel (Tigure 32) reduced by 1.51/12
72" Panel (Figure 33) reduced by 1.51/8.5

0.13
0.18

By inspection, it is estimated that Step 5 of Paragraph 4.3.1 is satisfied,
s0 that these panels are now qualified to Rxl(f) and their respective
reduced spectra, when they have the actual devices installed.
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8. DISCUSSION

The principles outlined herein should provide a significant step
forward in extending the rather broad guidelines outlined in the revised
IEEE 344 [2] and currentiy developing ASME Standard [10]. They also are
useful for comparing with methods used by the Seismic Qualification
Utilities Group (SQUG) for qualifying equipment in existing plants. The
former guidelines lack sufficient deta!l to be workable, while the latter
methods are viewed by some to lack sufficient rigor for use in new plants.
Thus, the methods herein are intenced to show a path whereby a compromise
between the two may be pursued. They are further intended to provide
detailed procedures for use by anyone who has available appropriate
experience data.

It is apparent that the major difference between qualificaticvs by
experience and more conventional methods lies in significantly greater use
of what may be called "justifiable judgment”. The methods developed herein
are intended to be a basis for justification of judgments that typically
will be made in 1ieu of detailed analyses or tests to carry out various
qualification scenarios. There are several elements that form the essence
of this basis. It is asserted that two of the _hree forms of similaricy
usually must be satisfied for a vaiid application. Furthermore, the two
types of similarity must correspond within a critical frequency range in
which the considered equipment is most susceptible tu malfunctinn., Outside
this bandwidth, the similarity reauireme~ts are much less stringent, but of
course not unlimited. By using whatever means possible, the quzlification
engineer's job must be to predict what an equipment item's dynamic
characteristics ave, especially within the critical frequency band; and
from thet, show that the item's bebaviur would be essentially the :.me as
other equipment in a data base whose dynamic characteristics are simiiar,
By concentrating on Sehavior only within the critica' frequency band, much
more freedom is alloved in the qualificaiion.

A major concern lies in the detail to which physical similariiy must
be established. In effect, this means tc what detail the critical transfer
function must be established. Picking the critical location on a primary
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structure requires the assumption of the most likely form of malfunction.
But even beyond this, what constitutes sufficient data for the transfer
function at this location? It is our judgment that resconance search data
of the type obtained from typical expluratory tests is quite adequate for
this important step. If no such data is available, the transfer function
must be estimated from comparisons of stiffness and mass properties (i.e.,
modai participation characteristics), and damping. From the examples given
herein, it is obvious that the more generic the initial constituent
response spectra, *4“e broader the critical bandwidth Lfcc can be made

and, correspondingly, the less important is tne accuricy of the estimate on
the equ‘pment critical transfer function. Conversely, the less generic
(1.e., more site specific) the initial data, the narrower will be Afcc’

and the more accurate the critical transfer function must be established.
Thus, the most apprupriate approach to a given qualification scenario will
depend on the nature of the data and equipment characteristics which form
the data base.

The examples developed for the simple primary/secondary system are
usefu) to demonstrate and validate the similarity principles under Lhose
conditions assumed for malfunction. Extreme care should be exercised in
generalizing the results .o other conditfons. In particular, for all
cases, perk acceleration was assumed to be the source of malfunction. Even
for the simple system, other parameters such as peak displacement, peak
stress (relative displacement), or other paramet-rs may be appropriate.
Furthermore, the use of a time history method includes inherent variations
in results due to statistical properties of spec:fic time histories.
However. inclusion of any potential modal interaction was desired, and
could oniy be done by further approximation if response spectrum
combination methods were considered. At the same time, a point must again
he made that any qualification by experience data inherently requires
assumption of the most 1ikely form of malfunction, and a location in the
primary structurs whose response is relatec to that malfunction.
Obviously, the qualification is valid only within the accuracy of those
assumptions. An equally significant result from these examples has been
that some modal interaction correction is necessary even for random
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waveforms when relatively narrowband components are present. Thus,
composite spectra generated from especially narrow floor=-leve! biaxial test
spectra may still need tn be reduced by the 0.7 factor. Furthermore,
although no multiaxis correction has been emphasized hererin, it should be
understood that a 0.7 factor is also appropriate for data generated under
single~axis conditions.

The adequacy of maximum spectral amplification factor for approximate
determination of waveform similarity needs to be explored further.
However, significant support for the use of this parameter has been
developed in Appendix A. This ratio is especially easy to determine from
given response spectra; therefore, more knosleage of 1ts overall affect on
the qualification problem would be useful to allow more freedom in its
use. Waveform similarity exists for spectra whose corresponding data fall
into similar regions of a curve such as given in Figure A-9. It appears
that the requirement that similar ratios exist for composite and
constituent spectra constitutes a major difference between the methodology
developad herein, and those previously published.

The outlined spectrum extension approach is essentially new.
Typically, in the past, qualification test runs were repeated wnare only a
very slight undershoot of a RRS by a TRS occurred. it 1s believed that
this approach will be most important in a variety of scenarios for
extending use of already existing data, even beyond those mentioned in this
report. In effect, the approach represents the inverse of qualification by
similarity. That is, if one is convinced that a composite spectrum can be
developed from a group of different individual spectra, then one must also
accept the inverse as being vilid. Both concepts rely on some prior
know)edge about the critical transfer functions of the ecuipment involved.

The principles outiined herein rely heavily on the establishment of a
critical transfer function and its use to demonstrate physical similarity.
Inherently, the use of low-input level transfer func’ ¢, such as
typically meas..ed during resonance search, are co .~ed appropria‘e.
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However, should significant nonlinearity be suspected in a specific case,
ther additional measures could be implemented to develop quasi=linear
transfer functions. One approach would be to develop the data ‘rom fast
Fourier transforms of the time histories of both excitation and response
locations during the actual test events, if such data were available.
Howeve-, in general, it is doubtful that any accuracy gained from such an
approach would warrant the effort. In fact, virtually all known analytical
qualification schemes are tased on such linearity in any event,

Examples presented herein teny to support two important assertions;
(1) the critical transfer function can be determined on a primary structure
and, (2) the 0.7 factor is conservatively adequate for allowing for modal
interaction. Nevertheless, care again must be exercised in generalizing
these assertions Lo other type applications. The data herein provides more
information where, heretofore, little or no information existed. On the
other hand, it is conceivable that on certain types of secondary devices,
the critical transfer function may have to be defined directly cn the
secondary device, rather than on the primary structure. That is, the
natural frequencies of the devices and their inherent sensitivity may be
significantly different from that of the primary structure. For any
equipment in which this type of behavior sccurs, the methodology described
herein is still applicable. However, the critical transfer function must be
defined at the location whose response is most directly related to the
failure of the equipment. Herein, emphasis has been placed on transfer
functions for the primary structure, since this approach appears to be
adequate for many types of equipment, and also allows use of most existing
data acquired during previous qualifications.

Finally, in view of the principles and evidence presented in this
report, it is appropriate to ask what specific information is most
important to include in a report of a given qualification scenario. Some
appropriate information is as follows:

(1) Identification of the t,pe of equipment which forms a data base
and general physical characteristics of each item. (Note that
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APPENDIX A
SIMILARITY OF EXCITATION WAVEFORMS

Al. INTRODUCTION

In the past, various waveforms have been used to represent seismic
excitation for equipment qualifications. Documentation of a qualification
has usually been given in terms of the response spectrum computed from the
given test waveform, rather than a time history of the waveform itself. To
be used for qualification by experience, such conrstituent response spectra
may be formed into a composite. Since the nature of a given waveform can
have a significant bearing on the outcome of a qualification, consideration
must be given to the similarity of various corresponding waveforms to
assure compatibility of the composite spectrum with the constituent
spectra. In other words, a waveform which corresponds to the composite
spectrum must be similar to the waveforms which correspond to the
respective éonstituent spectra. Therefore, this appendix presents a method

whereby similarity of various excitation waveforms can be established by an
approximate method.

Generally, severa)l parameters are necessary to characterize the
dynamic properties of a waveform which describe its frequency content,
stationarity, and amplitude distribution. For typical signals (including
sine dwells, sine beats and random signals of various bandwidths and
duration), parameters such as powe: spectral density, probability density,
and Peak/RMS ratios can be used to characterize the signals and the
response of linear systems to which they may be applied [Al].‘ However,
the response spectrum, rather than any of the above, is the typical
parameter available from qualification reports. It is possible to estimate
the former parzmeters which would cerrespond to a given response spectrum,
but the methods are relatively elaborate [A2], and the accuracy required to
show waveform similarity probably does not warrant their use. Therefore,
an approximate approach to demonstrate waveform similarity will be based on

a. References are given at the end of this appendix.
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constant for a spectrum which is flat in the frequency band of concern,
some average value for one which is sloped, and some weighted value for
complex spectra that include multipie peaks. Hence, the analysis herein
begins first with simple spectra that represent flat random energy
excitation in & single frequency band of specified widt!.. This allows a
better initial grasp of the physical significance and importance of
waveform similarity. A1l analyses will be based on 5% damping for the
various spectra, a value representative of equipment. Subsequently, further
discussion will be included to indicate the effects of more complex types
of response spectra, and other values of damping.

For this analysis, it is assumed that the duration cof a time history
which corresponds to a composite spectrum is similar in length to those of
the constituent spectra. In addition, it is assumed that energy in the
various amplified regions is present during the entire strong motion
portion of the signal. This concept of stationarity i. consistent with the
‘equirements for random motion testing defined in IEEE-344 [A4]. Only
waussian random motion 1s considered in this analysis, since the data for
other types of motion (1.e., sinedwells or sinebeats) are not often
presented in terms of a response spectrum. Determination of similarity of
these types of waveforms is easier to accomplish directly, rather than
using the response spectrum or other parameters mentioned above.

A2. SIMPLE FLAT RESPONSE SPECTRA

For this part of the analysis, maximum amplification factors are
studied for various simple response spectra that are essentially flat in
the amplified region of a single frequency band. Corresponding time
histories are developed for various spectra having different single
bandwidths and center frequencies. The data are ultimately plotted to show
varfation of maximum amplification factor (i.e., labeled as Peak/ZPA) as a
function of bandwidth and center frequency. The corresponding time
histories are used to determine ZPA/RMS ratios for comparison. Up to five
corresponding time histories are developed for each response spectrum to
indicate statistical influences on the results.



The procedure utilized to generate a time history to match a specified
response spectrum is an adaptation of that described in Reference [A5]. It
is an iterative procedure in which the time history is developed for a
weighted l1inear sum of nonstationary narrowband pseudorandom noise signals.
The nonstationarity is associated with the envelope (5 second buildup, 15
second hold, and 10 second decay) used to represent the earthquake signal.
For this program, a series of 99 narrowband pseudorandom noise signals were
generated at even frequency intervals from 1.0 to 50.0 Hz, i.e., a
bandwidth of 0.5 Hz each. An initial guess of the required weighting
factors used in the summation was made and the time history generated. The
response spectrum for this time “istory was then calculated and compared to
the one required. Adjustments were then made to the weighting factor fer
each bandwidth, and the procedure repeated until an acceptable match was
achieved. /At this point, the RMS value for both tne entire time history
and the strong motion portion (15 second hold) were calculated. In
addition, the time history was plotted along with the corresponding
response spectrum. Each time history was generated with a sample rate of
512 samples/second over the duration of the signal.

Using the signal generation procedure cescribed cbove, it was possible
to devalop spectrally-compatible time histories having energies only in a
preselected bandwidth, which could be related to & given spectrum, This
was done by forcing to zero all weighting factors for frequency bands
outside the preselected bandwidth., This approach is consistent with the
requirements of Reference [A4], which states that energy above the required
response spectrum ZPA cutoff frequency should not be included in the time
history. However, even yith this capability to limit the bandwidth ¢~
excitation, it is not physically pcssible to cenerate a time history w ‘ch
produced a response spectrum with sharp break-over points. This has to do
with the nature of the responss spectrum calculation and bleed-over of
values. Therefore, the valies for bandwidth presented represent the energy
bandwidth as defined above, which corresponds to about 0.8 times the
calculated maximum response spectrum values,
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noting that Figure A-9 represents a Cross plot of data from Figure A-1 at a
damping value of B = 5%. This result alone can be useful in synthesizing
signals to represent given response spectra.

By further comparing Figures A-1 and A-9, it is easy to estimate what
happens for values of damping other than 5%. A family of curves would
result, with those for lower values of damping falling above that for 5% in
Figure A-9, and those for higher values of damping falling below the 5%
curve. For a given value of damping, each curve represents a convenient
means to show waveform similarity for given response spectra. This will
now be demonstrated for the 5% curve given in Figure A-9.

In Figure 9 of the main report, Rxl(f) and sz(f) are two
constituent spectra for which a composite is to be drawn. The maximum

*
amplification factors, Rx(f)/ZPA, for these curves are given in the

tigure. The bandwidths and associated center frequencies for each spectrum
can be obtained at 0.8 of the peak response values. Thus, for Rxl(f),

the bandwidth and center frequency are, respectively, about 8 Hz and 7 Hz
with BW/CF = 1.14; while for sz(f)’ they are about 7 Hz and 13.5 Hz with
BW/CF = 0.52. By entering Figure A-9 with these parameters, along with the
respective amplification factors, it can be seen that buth sets of data
fall near the curve, and the spectra represent random motion. Any
composite spectrum developed from these spectra must also fit this region
of the curve in Figure A-9. Therefore, if its peak spectral value is
chosen to be about 2.0 g (so as to be enveloped by both Rxl(f) and

sz(f) in the bandwidth 7.5 Hz to 12 Hz), what choices of bandwidth and
center frequency are compatible with Rxl(f) and sz(f)? By entering

Figure A-9 at a R:(f)/ZPA ratio of 2.0, it can be seen that BW/CF = 1.7 to

1.9 is an appropriate value. Therefore, a composite having bandwidth from
2.0 to 23 Hz centered at 12 Hz is acceptable (i.e., BW/CF = 1.75).

Based on the analysis of data for simple, flat response spectra, the
following conclusions can be made:
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*
use of the average spectral value fn calculating the Rx(f)/ZPA ratio

produces data which lies on the curve for a flac response spectrum of the
same center frequency. Therefore, to show similarity for sloped response
spectra, the limited data indicate that it is only necessary to determine
the average spectral value for a given center frequency and bandwidth. The
bandwidth is determined again at 0.8 times the average peak spectral value.

A3.2 Multipeaked Response Spectra

It 1s now appropriate to look at more complex response spectra and
determine how the simplified theory defined atove can be adapted to them.
In the general case, multiple amplified regions can occur in qualification
response spectra. The spectral level and bandwidth of these individual
amplified regions can be any relation to each other. The first condition
studied was one in which the spectral values of each of the amplified
regions were equal. Example response spectra and corresponding time
histories are given in Figures A-1Z to A-15. Summary data for these cases
are given in Figures A~16 and A-17.

-
The most obvious observation from the Rx(f)/ZPA data is that the value

for the zero bandwidth condition does not approach the 1/28 lavel
previously given in Figure A=7. When one looks at the time histories for
these conditions, Figure A=12 for example, the reason is obvious. Because
of the presence of two widely separated frequencies, the signal never
anproaches the sinusoidal excitation condition. In fact, the level of the
signal with three distinct amplified regions does not reach that of the
signal with two amplified regions. The data tends to indicate that the
leve)l of the zero bandwidth approaches & value given by:

R:(f)/ZPA(bw - 0) = (1/28)/N (A-6)
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