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ABSTRACT

; Seismic fragility levels of safety-related elec-
trlcal and mechanical equipment used in nuclear power
plants are discussed. The fragility level is defined
as the vibration level corresponding to initiation of
equipment malfunctions. The test response spectrum is
used as a measure of this vibration level. The fra-
gillty phenomenon of an equipment is represented by a
number of response spectra corresponding to various
failure modes. Analysis methods are described for
determination of the fragility level by use of exist-
ing test data. Useful conversion factors are tabulat-
ed to transform test response spectra from one damping
value to another. Results are presented for switxh-
gear* and motor control centers. The capacity levels
of these equipment assemblies are observed to be
Halted by malfunctioning of contactors, motor start-
era, relays and/or switches. The applicability of the
fragility levels, determined In terms of test response
spectra, to Seismic Margin Studies and Probabilistic
Bisk Assessments is discussed and specific recommen-
dationa are provided.

INTRODUCTION

I
I Safety related electrical and mechanical equip-
ment for nuclear power plants is seismically qualified
by proof testing or analysis whereby the equipment
function is demonstrated for a plant specific earth-
quake excitation level or for an excitation level
trhich envelops the requirements of multiple plants.
Although this qualification approach meets the re-
quirements of a plant or a group of plants, it has an
Inherent limitation in that the qualification data msy
not reveal the equipment capacity level and failure
•odes. In the United States, this limitation has
never b:en felt so acutely as in recent years
primarily due to two reasons.

*The work was supported by the United States Nuclear
, Regulatory Commission.

First, the possibility of earthquakes greater
than the design basis is being considered for many
nuclear plants, especially for the eastern United
States plants. This would require margin studies or
reassessment of the existing qualification In the
light of a higher excitation level.

The second reason stems from the Probabilistic
Risk Assessments (PRAa) being performed on new and
existing plants to evaluate their overall safety.
Such studies have indicated that seismic events are a
non-trlvlal contributor to overall plant-induced risk
or safety to the public and that the seismic behavior
of safety-related equipment plays an important role in
the risk assessment.

In order to include in a realistic manner the
behavior of equipment in the PRA and the tpsrgin stud-
ies, the seismic fragility levels of such equipment
are needed. To this end, usually a qualitative esti-
mate of fragility levels is made based primarily upon
engineering judgment and extrapolation of qualifica-
tion data. Nevertheless, the existing proof or gener-
ic qualification results fail to satisfactorily meet
this need*

! Although the emphasis In the past hss been on
•proof or generic qualification, numerous tests have
been performed at very high seismic levels which
approach the capacity of the tested equipment. Some
^fragility testing has also been conducted in the pro-
cess of development and evolution of the product.
Such testing has been performed by a wide variety of
organizations utilizing various methods and vibration
inputs; however, little has been done to present the
results in a systematic fashion to meet current needs
as mentioned above.

1 To meet these needs, a seismic component frag-
ility research program has been initiated. As part of
this progrsm, existing test data have been collected
for various components. This paper describes the
methodology used to Interpret and analyze these data
in order to obtain the respective fragility levels.
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Fragility data are presented for two electrical
equipment categories, namely, switchgear and motor
concrol centerf^).

DATA EVALUATION

The data have essentially been extracted from
numerous test reports. These tests were conducted to
meet different needs; e.g., qualification purposes,
development of the product, determination of fragility
levels. Accordingly, the test procedures were differ-

1 ent. In addition, a wide spectrum of vibration inputs
and techniques were applied to the test specimens

; studied for collection of data, namely, single-axis,
' multi-axis, single-frequency, multi-frequency, coher-
ent, incoherent, random, sine beat, sine dwell, etc.
Moreover, testing configurations, mountings, addition-

' al supports, etc. were not consistent. The test re-
ports which have been reviewed for collection of the

* data, in general, presented a measure of the vibration
Input and equipment response in the form of response

; spectra, and provided a description of the equipment
. behavior in terms of Its functional and structural
Integrity. The test response spectra, popularly known
as TRS, which are the dynamic response amplitudes of a
aingle-degree-of-freedom system subject to the test
input time history, were obtained and presented in the

_ test reports for damping values that are not necesaar-
*~ lly consistent. In summary, the collected data are
the result of a vide variety of test programs and of-
ten cannot be compared with each other without further
processing. In order to arrive at the generic equip-
ment fragility or performance level from the individu-
al test results, the data have been analyzed by use of
a uniform evaluation technique. The methodology em-
ployed in evaluating the collected data and the stan-
dardization formulas used in comparing them are dis-
cussed in the following paragraphs.

Methodology
The data from various sources for an equipment

family are assembled together in order to assess its
seismic behavior. Test response spectra are used to
compare and evaluate the performance of an equipment.
Aa expected, with the increase in the response spectra
level, the equipment is observed to exhibit various
malfunctions or structural damage. Thus, from testing
of one specimen with gradual increase in the test in-
put, a number of response spectrum curves are obtained
corresponding to various failure modes. Depending
upon the use of the equipment, some types of malfunc-
tioning or partial structural damage may not be con-
sidered to Incapacitate the equipment. Consequently,
the response spectrum level corresponding to such mal-
function or damage cannot be termed as the fragility
{level for that particular application. Therefore, in- ,
•tead of assigning one curve as the fragility level, a
tuMber of curves are presented Identifying the associ-
ated anomalies observed for each response spectrum '
level, so that the user can select the appropriate '
fragility level of the component by considering Its
specific application. Thus, the fragility of an
equipment is described by a group of response spectrum
curves corresponding to various failure modes. The
lower—bound curve Indicates initiation of malfunction-
ing or structural damage; whereas, the upper-bound
curve corresponds to overall failure of the equipment
occurring separately or Interactively. Thus, the fra-
gility level used in this report may not necessarily
1M the ruggedness level, a term that has been used in
the industry to.indicate the highest available quali-
fication level.

Once the fragility of a component is thus estab-
lished by a set of curves for one particular model of
a manufacturer, another set of such response spectrum
curves is prepared for a second model of the same
manufacturer, and compared with the first. This way,
fragility of an equipment produced by one vendor is
defined for all their models. Fragility of the same
generic equipment manufactured by other companies is
similarly obtained. At this point, the relative frag-
ility levels of the products from various manufactur-
ers are compared. If the levels are comparable, all
the curves are assembled into one set and designated
as the fragility level, or more precisely, the fragil-
ity region, of the particular generic equipment. In
case appreciable differences in the fragility levels
are observed for products of one or more manufactur-
ers fragility levels of such products are separately
presented.

Standardization
As mentioned above, the collected data are the

results of numerous test programs that utilized dif-
ferent testing techniques and vibration inputs, and
presented the response spectra for different damping
values. However, for comparison of results from dif-
ferent test programs and for development of a generic
performance level, a specific vibration technique and
a specific damping value are to be used as a standard,
and the responses from a different test program or
with a different damping value are to be scaled up or
down accordingly to convert the results to equivalent
responses in the standard system. To this end, random
multifrequency biaxial vibration Inputs and TRS at the
2Z damping value are considered standard in this
study, since a aajor portion of the collected data be-
long to this group. Consequently, the least amount of
conversion is needed for standardization. The conver-
sion factors and the bases are discussed in the fol-
lowing subsections.

Damping
In general, the test reports, prepared by testing

laboratories, present the vibration input in terms of
TRS at certain damping values Instead of the time his-
tories used. For comparison purposes, it Is Immater-
ial which damping value is used for generation of the
TRS from the tine histories, as long as the same damp-
Ing value is selected for the TRS being compared. As
mentioned above in this study, a damping value of 2Z
is selected for comparison of the TRS. However, in
the data bank, there are some test results that were
analyzed at 1Z, 32 or 5Z damping value. This necessi-
tated the conversion of such TRS data to those at 2Z
damping value for Inclusion in the generic evaluation
of the equipment. For a given time history, the con-
version factor to be aplied on the response magnitude
varies with frequencies as well as damping values.
Moreover, at a certain frequency, the conversion fac-
tor may not necessarily be the same for two different
time histories. Since different time histories are
used in different test programs, and sometimes even
in the same test program, theoretically there is no
single number one can use to convert the test response
from one damping value to another, even at one parti-
cular frequency. However, for comparison purposes, on
a limited basis, one may be satisfied with an approxi-
mate converted response at a different damping value,
understanding that a majority of the TRS Is at the
standard damping value. In this study, depending upon
the availability of test data, one of the following
two methods has been used for standardization of TRS
at different damping values.
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Method 1 - Suppose, in a particular test program, for
one test run, TRS are available at both 2% and 32
damping values; whereas, for another test run, TRS are
available only at 3Z damping. It is required to
standardize the second TRS at 3Z to that at 11. To
this end, the conversion factor is obtained as the
ratio of the response at a particular frequency
corresponding to the two damping values in the first
test run. The conversion factor is then applied to
the response of the second TRS at that frequency, and
by repeating this procedure, the converted TRS are
obtained over the entire frequency range of interest.

, Method 2 - If standardization is not possible by use
of test data from the same test program as described
above in Method-1, the factors shown in Table 1 are
employed for conversion of TRS to the standard damping
value. These factors have been obtained from a study
of a large number of test responses at different
damping values and at various frequencies, based on
numerous vibration inputs used and analyzed by major
testing laboratories in this country. Figure 1
pictorically depicts how an actual test response
spectrum at 2Z damping compares with that transformed
from 5X to XX using the conversion factors shown in
Table 1. Both actual TRS plots, i.e., those at 2Z and
5Z, are taken from a typical test report. It Is
recognized that the conversion factors listed in Table
1 are approximate and may need further refinement.
Also, it is emphasized that the factors in Table 1
have been used for conversion to IX damping and that
they are not recommended for a reverse operation
(e.g., from 22 to 5Z).

TABLE 1

! TRS Conversion Factors for Various Damping Values.

Conversion Damping
Values

Frequency
Range

Multiplying
Factor̂ -

From 5Z to 2Z
1 - 12.5 Hz
13 - 20 Hz
21 - 31.5 Hz

1.4
1.3
1.2

From 3Z to 2Z 1-31.5 Hz 1.2

From 1Z to 2Z 1 - 19 Hz
20 - 31.5 Hz

0.77
0.85

I i- The factors in this table are for conversion to 2Z
daaping and are not recommended for a reverse
operation (e.g., from 2Z to SZ).

Vibration Input
Most of the test programs reviewed for collection

of data, employed random multifrequency biaxial vibra-
tion inputs. However, a fraction of the collected
data corresponds to single frequency and/or single
axis testing. For comparison purposes, in this study,
!random multifrequency biaxial tests are considered
|standard, and any test results otherwise obtained are
I transformed to equivalent results compatible with the
;standard test procedure. Based upon the recommenda-
tlons provided by Kana(l) a multiplying factor of
0.7 is used to transforn a narrowband (e.g., sine
beat, sine dwell, etc.), or a single axis response to
• standard response over the entire frequency range of

Frequency in Hz

Fig. 1 TRS - Actual vs . Transformed

interest. When both the narrowband and the single
axis inputs are simultaneously employed, the multiply-
ing factor becomes a product of dhe cwo i.e., 0.7 x
0.7 " 0.5. There are a few complex vibration condi-
tions other than those discussed above, for which
engineering judgments have been used on a case by case
basis to standardize the test results.

ILLUSTRATION - SWITCHGEAR AND MOTOR CONTROL CENTER

By employing the evaluation technique discussed
above, the test data for various models of switchgears
and motor control centers have been analyzed. The
results are presented in Fig. 2, 3 and 4 as the TRS at
2% damping.

— 2BBVL(Z°A-4.00g)

— 2AU <ZPA"3.«0g)
£. 2BFU(ZPA. 3.25a)

2B8HL (ZPA*2.90g>
— 2AFVL(ZPA"2.30g)
— 2ASL<ZPA'2.15g)

2BFL(ZPA.1.50g)

e S 10 20 30 40

Frequency in Hz

Fig. 2 TRS at 2Z Damping for Low Voltage Swltchgear
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The bounding TRS plots for low voltage switch-
gears are shown in Fig. 2. Curve 2AFVL represents the
lower-bound fragility level enveloping the front-to-
back (FB) and Che vertical (V) TRS for three specimens
of one major manufacturer; whereas curve 2ASL is the
corresponding side-to-side (SS) TRS. These curves
indicate the input level at which minor structural
damage and electrical malfunction (e.g., chattering)
initiated. Curve 2AU is the upper bound for the same
manufacturer's products in all three directions. This
level corresponds to major structural and electrical
naifunctions. However, the breaker was operable even
at the level of 2AU. A second manufacturer's basic
product withstood the level of curve 2BFL without any
damage, whereas it failed completely at the level of
curve 2BFU, both in the FB direction. When the unit
was modified and stiffened, the evolved product with-
stood without any anomaly the levels of curves 2BBHL
and 2BBVL in both horizontal directions and the ver-
tical direction, respectively.

The fragility TRS plots for medium voltage
switchgears are shown in Fig. 3. Curve 3AL is the
lower envelope fron three different test programs of
one major manufacturer. This curve corresponds to
initiation of minor problems, e.g., chattering of
devices, limited cracking of a plate or a structural
element. At this level, the power circuit breaker
performed its intended function. Therefore, such
minor anomalies could be accepted for some applica-
tions. Curve 3AU shows the lower-bound of all the
horizontal curves corresponding to which major pro-
blems were encountered. As such, this idealized curve
indicates the initiation of significant structural
damage and/or unacceptable electrical malfunctions,
e.g., inoperable breaker or other devices. However,
this does not imply that no specimen from this parti-
cular manufacturer will withstand a level higher than
curve 3AU. For example, curve 3AUU shows a horizontal
TRS plot for a product of the same manufacturer, which
satisfactorily survived a test at this level with no
breaker malfunctioning or any unacceptable structural
damage.

-3AL (ZPA*2.i0g>

-3B(ZPA»1.80g)

2 4 6 « 10 20 30 40

Frequency In Hz

3 Horizontal TRS at 2Z Damping for Medium
Voltage Switchgear

Curve 3B shows a composite horizontal TRS for a
medium voltage switchgear specimen from another major
manufacturer. The manufacturer reported that the
equipment will survive this test level provided
certain relays are not used. Curve 3C presents the
capacity level of a medium voltage switchgear model
from a third major manufacturing company. Major
electrical malfunctions and structural damages,
including breaker tripping, structural cracks, etc.,
were reported corresponding to this level-

In summary, the following failure modes have been
observed for the low and Che medium voltage
switchgears discussed above:

a) Chattering of relays and switches
b) Change-of-state of switches and relays
c) Tearing of device enclosure plate at

connection
d) Inoperability of relays and switches
e) Damage of indicating lights
f) Tearing of switchgear enclosure place
g) Tripping of power circuit breakers
h) Failure of breakers to respond to remote

control
i) Sliding of fuse blocks
j) Crack of switchgear mounting weld

Test data for eight motor control centers from
four major manufacturers have been analyzed. Figure 4
shows a lower-bound envelope corresponding to contact
chatter problems. With the increase of vibration
levels, the first anomaly experienced by most motor
control centers is the malfunction of motor starters
and contactors. A starter may misbehave in one or
more of the following ways:

a) Chattering
b) Dropping out load
c) Inadvertently changing state
d) Failing to change state on command
e) Erratic behavior

ZPA=l.lg

10 20 30 40

Frtqutney In Hz
F i g . 4 TRS a t 21 Damping for Motor Control Center
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Reference Response
Spectrum

- 5 A (ZPA= i.aog)
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ZPA-1.7Og)

- 5 0 (ZPA. I.20g>
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ZPA* 0.90g)
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Fig. 5 Representation of TRS by "Reference Response
Spectrum and Equivalent ZPA (All Curves at
5% Damping)

Among these, chattering of the auxiliary inter-
lock of the starters and contactors is the most common
phenomenon. This is especially true for the normally
closed de-energized state. Another common malfunction
is a time setting problem with time delay relays.
Stripping out of self-tapping screws has been observed
for the cabinet structural frame. Crack formation in
the frame and in the mounting weld has also been ob-
served at a higher vibration level.

APPLICATION TO PRA'S AND MARGIN STUDIES

The fragility description In the form of TRS data
as presented above is not readily appliable for use in
Probabilistic Risk Assessments (PRAs) and seismic mar-
gin studies In their current forms. These studies
•ccept only a single g-value as a fragility descriptor
for an equipment category. The most common descriptor
Is the ZPA (zero period acceleration) of the time his-
tory. Since the equipment structures and the devices
are sensitive to the frequency content of the test in-
put motion, It has been observed that representation
of a fragility test response spectrum by the ZPA alone
night lead to a gross error. To this end, the authors
reconaend the use of a reference response spectrum,
Che peak to the ZPA ratio of which Is maintained con-
stant and the frequency band shifted to envelope the
equipment and the device natural frequencies. Figure
5 Illustrates the use of the reference response spec-
trum. Curves 5B and 5D are the reference response
spectra used to match the actual TRS curves 5A and 5C,
respectively. Note that for TRS curve 5A, the equiva-
lent ZPA Is comparable to the actual ZPA; whereas, for
curve 5C, the equivalent ZPA is appreciably lower.

The reference spectrum approach discussed above
could be made more flexible by disassociating the

spectrum with the ZPA. In this alternate but similar
approach, a mean value of the test spectral accelera-
tions at a selected damping ratio is obtained over the
frequency band of interest and Is used Co represent
the TRS.

Obviously some engineering judgment will be re-
quired to effectively implement either of these two
approaches.

CONCLUSIONS

It has been observed in various test programs
that certain electrical devices were weak against the
induced vibration and needed replacement. Therefore,
the fragility data presented in this paper are appli-
cable to those equipment pieces which do not contain
such devices. Moreover, the test data used to derive
the fragility curves were obtained from tests per-
formed since the old-seventies. Since the later
models of many equipment pieces and devices have been
observed to be selsmically stronger, caution should be
exercised when applying the fragility data presented
in this paper to earlier products.

Finally, the fragility study is continuing. It
is expected that the fragility information for the
equipment families presented in this paper will be
further enriched with additional data and similar
curves will be developed for other Important equipment
families as well.
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