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Résumé

Le problème de la qualification sismique de divers instruments élec-
triques montés dans des armoires de type courant est examiné et la
solution économique suivante est décrite en détail. Un modèle
analytique de la charpente de l'armoire est développé et vérifié par la
comparaison avec les résultats d'essais sur table à secousses d'un
prototype d'armoire. Une analyse modale est ensuite effectuée pour
calculer les spectres d'entrée pour essais sur table à secousses
pour qualifier les instruments individuels qui sont montés aux
hauteurs requises dans l'armoire. Le spectre d'entrée le plus
défavorable et approprié pour qualifier chaque instrument est en-
suite indiqué aux fournisseurs.

Cette solution permet d'éviter d'avoir à éprouver chaque configura-
tion d'armoire à l'état assemblé pour la qualifier. Elle permet égale-
ment d'éviter les essais excessifs inutiles des instruments. Des ar-
moires d'instruments de sûreté des centrales CANDU-PHW 600
MWe et Pickering-B ont été qualifiés avec succès de cette manière.
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SEISMIC QUALIFICATION OF SAFETY-RELATED
INSTRUMENTATION CABINETS FOR NUCLEAR
GENERATING STATIONS: AN ECONOMICAL
APPROACH

by R.G. Sauvé*, R.P. Bell*, J.M. Cuttler

Abstract

The problem of seismically (qualifying different electrical in-
struments, mounted in cabinets of a standard design, is discussed
and the following economical approach is described in detail. An
analytical model of the cabinet structure is developed and validated
by comparison with the results of shake table tests on a prototype
cabinet. Modal analysis is then used to calculate the input spectra
for shake table tests to qualify the individual instruments that are
mounted at the required elevations in the cabinet. The worst input
spectrum, appropriate to qualify each instrument, is then specified
to the suppliers.

This approach avoids the need to test each cabinet configuration in
an assembled state in order to qualify it. It also avoids unnecessary
overtesting cf instruments. Safety-related instrumentation cabinets
in the CANDU-PHW 600 MWe and Pickering-B stations were suc-
cessfully Qualified in this manner.
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1. INTRODUCTION

The design of safety systems in CANDU nuclear power
reactors includes the requirement for seismic qualifica-
tion of certain safety-related instrumentation. Category
"B" is specified, which means in this case that the
equipment must maintain its functional operability dur-
ing and after a design basis earthquake (DBE).

The initial approach in dealing with this new require-
ment was somewhat confused. Although the designers
were given the floor response spectrum, they did not
know how to test the individual electrical instruments.
The key factor was the structural design of the cabinet
(or panel) into which the instruments were to be-
mounted. Another important consideration was the
method of connecting the cabinet to the floor.

Due to the long lead time required to design, test and
manufacture these special instruments, it was
necessary to start procurement of the instruments well
before actual seismic requirements could be determin-
ed. In order to perform seismic qualification tests, con-
servative estimates had to be made of the acceleration
levels the instruments would experience in a DBE,
when mounted in their cabinets.

A prototype cabinet for seismically qualified systems
was designed and fabricated late in the design. It was
loaded with shutdown system relay logic modules,
mounted in their bins and completely wired up. This
cabinet assembly was subjected to seismic tests on a
shake table to the DBE level, while the performance of
the trip logic was continuously monitored.

It was felt at the time that, in addition to qualifying
the logic, the response characteristics of the cabinet
should be measured in detail. Accelerometers were
mounted on the cabinet at several elevations and the
cabinet was subjected to an exploratory vibration test
consisting of a continuous sine sweep in the frequency
range from 1 to 33 Hz at a fixed intensity of 0.2g.* The
sweep rate was held below 2 octaves per minute ensur-
ing that all resonances in this band were fully excited.
This test was carried out in three mutually orthogonal
directions, two horizontal and the vertical. These
measurements yielded transmissibility curves, one for
each direction, which describe how the table motion is
amplified by the cabinet at each elevation. From these
curves the resonant frequencies could be determined,
as well as the damping factors.

The next problem was to verify that the estimated ac-
celeration spectrum used to qualify each individual in-
strument was adequate. The acceleration spectrum
would depend on the weight and elevation of the instru-
ment, as well as that of the other instruments. In the
Pickering-B Generating Station, approximately twenty
different configurations of instrumentation are loaded
into seismic cabinets of the same basic design. It
would be expensive and awkward to perform a seismic

qualification test on each of the twenty different
cabinet loads.

The approach taken was to develop an analytical
model of the basic cabinet and calculate the dynamic
response for each of the twenty loadings (configura-
tions) oi instrumentation. The calculated résulte 1or the
trip logic would be compared against the measured
response (transmissibility curves) determined from the
exploratory test, to check the validity of the analytical
model.

The objective of this process was to determine the
expected vibration to which each instrument will be
subjected in a DBE, and to compare it with the accelera-
tion levels at which the instrument was actually tested.
If the test vibration turned out to be inadequate, the In-
strument would either be retested to qualify it to the
calculated vibration level, or reinforcing members
would be installed in the cabinets to reduce the
amplification factor.

Another important piece of information required for
seismic qualification of the instrumentation was the
loading on the bolts, holding the cabinet to the floor,
during a DBE. If the provision for restraining a cabinet
were not adequate, not only would the contents be
damaged, but neighbouring cabinets could also be
damaged in a seismic event. The analytical model
allowed the dynamic loads on the floor bolts to be
calculated.

2. METHOD OF ANALYSIS

2.1 Structural Model

The cabinet is modelled as a structural continuum us-
ing beams of equivalent properties1. Careful attention is
given to the bolted/flange connections at the base since
these are apt to have a significant contribution to the
horizontal rocking mode of the cabinet structure.
Classical as well as finite element techniques2'3i 4 are
used to model the lower cabinet structure and obtain
the stiffness coefficients at the base. A typical finite
element model is shown in Figure 1.

The mass distribution is computed by considering
the weight of the empty cabinet as a uniformly
distributed load and lumping each instrument module
weight at its appropriate location within the cabinet.
This is shown in Figure 2.

Once the stiffness and mass parameters are cal-
culated, the natural frequencies and normal mode
shapes are evaluated and compared to test data to en-
sure a compatable analytical model. Subsequently a
modal analysis is performed, as described in Section
2.3. In order to choose the appropriate floor response
spectrum for modal analysis, the damping factor must
be calculated from the test data. This is described in
Section 2.2.

g = 9.806 65 m/s2



2.2 Method of extracting damping coeffi-
cients from transmissibility curves (test
data) s, e

The damping coefficient C is defined as:

C = 2/J«NM

where: p = -=— damping factor
C c '

o)N = natural frequency

M = mass

Referring to the sample transmissibility curve in Figure
3, at the resonant frequency u>N

Z = +q •••• 2.3.3

Substitute 2.3.3 into 2.3.1, and pre-multiply by <|>T

<S>TM<>q + $TC+q + 4>TK<h =H>TMlzZg(t) --2.3.4

Also

+TM<|> = I = unity
--2.3.5

[""2 ~ " i l _
2.2.1

•TK+ « co2

where: i = identity matrix

Assuming a diagonal damping matrix

*TC+ = [20*,] x I

The n equations are now:

qj + 20jû>jqj + toj2qj =-r-jZg(t)

-2.3.6

-2.3.7

where r-K is defined as the modal participation factor6

where co1 and a>2 are the half power points as shown in f o r a Pa r t i c u l a r m o d e '
Figure 3. foTMI,

2.3 Modal Analysis

Consider the multi-degree of freedom system shown in
Figure 4.

The equations of motion for the system may be
represented by:

-2.3.8

Upon determination of the natural frequencies, cor-
responding mode shapes and the modal participation
factors, each of the n equations can be solved in-
dependently using the response spectrum method.

The solution of equation 2.3.7 yields the Duhamel
(convolution) integral:

MZ + CZ + KZ = -M ' 2 Z g (t) ---2.3.1

where: M = mass matrix
K = structure stiffness matrix
C = matrix of damping coefficients

Z, Z, Z = relative acceleration, velocity and displace-
ment vectors respectively.

Zg(t) = floor acceleration

l z = vector with zero values for all non Z-direction
degree of freedoms and unit values for Z-direction
degrees of freedom

In solving equation 2.3.1 the normal mode method5'7

is utilized (modal analysis). To implement this method
the eigenvalue problem must first be solved. The eigen-
value problem6 associated with equation 2.3.1 is:

" = K4> --2.3.2

Zg(ï)sin coj(t — T) e
- C U i P i (t - T)

-2.3.9

The acceleration (Sa), obtained from the response spec-
trum corresponding to a frequency w\ for trie i t n mode,
is the maximum response7 of a single degree of
freedom oscillator due to a time history input, thus:

Sai = [«I

Therefore:

2, = V

C
-,Sa.i

sincu.(t
—co.p.{t

- T) e ' ' 1
Jmax

—2.3.10

--2.3.11

The solution of equation 2.3.2 yields a diagonal matrix
ot eigenvalues co2 and a modai matrix 4> (eigenvectors or
mode shapes). The equations of motion for the multi-
degree of freedom system can now be decoupled. The
modal displacements q of the decoupled degrees of
freedom are now defined by:

where Sa = spectral acceleration corresponding to
natural frequency cu; obtained from the response spec-
trum. (See Sa in Figure 3 ).

Once the max/mum acceteraffon response 2\ is ob-
tained for each mode, the total response is obtained by
combining the peak modal responses by the square



root of the sum of the squares, as shown by equation
2.3.12.

-2.3.12

where K = number of modes.

Account must be made for closely spaced modes (i.e.
adjacent frequencies within 10% or less) when, combin-
ing modal responses with equation 2.3.12.

The eigensolution (i.e. extraction of natural frequen-
cies and mode shapes) was accomplished using the
power method (iteration method). The results render the
peak accelerations at various locations in the cabinet
structure.

2.4 Development of input spectra for shake
table testing

A table input spectrum for the instrument can be drawn
using the j t n level peak response Zj computed from the
modal analysis of the cabinet. This input spectrum can
be used to perform seismic qualification testing of in-
struments mounted at level ' j \

Referring to Figure 5, the frequency range for the
peak of the floor response spectra is located between
points b and c.

A line of constant acceleration af is drawn from
point b to point c, and with the acceleration response Z-.
from point d to point e, which is extended further into
the rigid range h (i.e. a> > 33 Hz). The points d and e are
obtained by broadening the cabinet resonant frequency
by ±15%. The table input spectrum could be tapered off
beyond point e, but is shown sustained at Z-. for conve-
nience and conservatism.

The floor acceleration â  is obtained from the floor
response spectrum as the zero period acceleration or
for frequencies greater than 33 Hz.

At the low frequency end, point 'a' is selected from
the floor response spectrum. The shake table input
spectrum for each instrument can now be obtained as
shown in Figure 5.

3. MATHEMATICAL MODEL AND
VERIFICATION

The mathematical models used for comparison are
based on the cabinet tested. Two models were set up,
one for the 'Front io Back' mode and the other for the
'Side to Side' mode. These models and the mass
distribution are shewn in Figure 2. The section proper-
ty calculations and stiffness calculations are carried
out using methods outlined in Section 2.1. The damp-
ing factor was calculated in accordance with Section
2.2 and the result is shown in Figure 6. Since response
spectra for these damping factors were not available,
a 2% factor was used instead of the 4.9% value
calculated, thus some conservatism was introduced.

On the test specimen, three peaks are apparent in

the transmissibility plot shown in Figure 6 for the front
to back motion, in the region of the fundamental reso-
nant frequency.

Apart from the overall cabinet fundamental which is
taken as the dominant peak ( ~ 14.4 Hz), the closely
spaced peaks represent the possible local resonant
conditions in the cabinet, and resonant frequencies in
the test structure.

These may occur due to an accelerometer mounted
on a locally flexible component such as a cover plate,
a low stiffness structural connection producing a
secondary dynamic system, etc.. These do not alter
the overall structural resonant frequency.

To illustrate this phenomenon, a model of the
cabinet is shown in Figure 7. This analytical model is
subjected to a sinusoidal floor motion and
transmissibility plots are obtained analytically. Damp-
ing is taken to be 4.9% of critical as per Figure 6.

In this model, a small, secondary one degree-of-
freedom mass/spring system is attached to node 8.
The model is subjected to the floor motion with and
without the local spring/mass attachment.

As can be seen from the computer output plots in
Figures 7 and 8, the transmissibility curves show that
the cabinet fundamental frequency is not altered and
only a secondary peak results.

Thus, for the evaluation of the various cabinets only
the primary dynamic characteristics are included; the
secondary effects are assumed to be negligible as
well as ill-defined in the test results.

The natural frequencies (in the range from 1 to 33
Hz) and mode shapes were computed using the com-
puter code. They were compared to the test results.
The mode shapes obtained from the test were the
peak values of the transmissibility curves at the ac-
celerometer locations, normalized to the peak trans-
missibility obtained at the top of the cabinet. These
values are compared to the mode shapes obtained
analytically at the corresponding locations in the
analytical model shown in Figure 2.

COMPARISON OF FREQUENCIES (Hz)

ROCKING MODE

Front to Back

Side to Side

TEST
(Hz)

14.4

12.5

ANALYTICAL
(Hz)

14.65

13.00

COMPARISON OF MODE SHAPES (Front to Bac

DEGREE OF (Ref. Figure 2)
FREEDOM

19

17

11

TEST

•
1.0

0.83

0.52

ANALYTICAL

•
1.0

0.81

0.49



COMPARISON OF MODE SHAPES (Side to Sida)

DEGREE OF (Rsf. Figure 2)
FREEDOM

19

17

11

TEST

•
1.0

0.91

0.53

ANALYTICAL

•
1.0

0.91

0.58

As can be seen, the results from the analytical
models agree quite well with the test results,
validating the procedure used.

4. ANALYTICAL RESULTS

With the basic structural model established and
verified against test results, a series of panel con-
figurations consisting of different instrumentation
modules can be analyzed using the methods previous-
ly outlined.

For the panel considered in Figure 2, the dynamic
response and input spectra for shake table testing of
instruments mounted on the various levels, is obtained
and is shown in Figure 9A. The floor response spec-
trum from which this is derived is shown in Figure 9B.

The maximum table input acceleration for the par-
ticular instrument occurs at the highest position
(elevation) in the cabinet. In the range from 1 to d iHz
this acceleration is less than 0.4g; above 8 Hz, it in-
creases to just under 1.0g.

The peak dynamic loading on the cabinet and foun-
dation bolts can be obtained from the acceleration
response Z\, at each degree of freedom in the struc-
ture. On each of the six foundation bolts, the peak dy-
namic load is typically 1000 pounds force (= 4500 N).

The bolts must be preloaded to prevent rocking from
occurring under severe seismic conditions. (Rocking
will lower the fundamental frequency of the cabinet
and increase the response).

The overall cabinet qualification procedure is sum-
marized by the flow chart shown in Figure 10.

5. CONCLUSION

Once the basic cabinet is modelled, and the analytical
model verified by prototype testing, it is relatively
simple to calculate the input spectra for shake table
testing of individual instruments. Only their masses and
elevations (in the cabinet) are required. Each instrument
type can be designed, manufactured and seismically
tested independently by a supplier prior to delivery. Dif-
ferent instruments from different suppliers can be
assembled later into the cabinets. Of course, due care
must be taken to ensure that the components are
mounted properly and the wiring is well supported and
protected so that the arrangement corresponds to the
conditions under which the individual instruments were
qualified.

The analytical model also allows the calculation of
the maximum dynamic load on the mounting bolts so
that adequate means can be provided to restrain the
cabinets during a design basic earthquake.

The approach described in this paper was suc-
cessfully applied to seismically qualify safety-related
instrumentation for the standard CANDU-PHW 600
MW(e) and the Pickering 'B' Nuclear Generating Sta-
tions. The method avoids the need (and cost) for
repeated shake testing of similar cabinets with different
loads.
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FIGURE 1 TYPICAL FINITE ELEMENT MODEL OF THE CABINET BASE
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106.3/48.2

93.3/42.3

116.2/52.7

RIGID BEAM .t
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FOR BASE CONNECTION
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L # L #
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FIGURE 2 ANALYTICAL MODEL OF THE INSTRUMENTATION CABINET
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