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1 INTRODU CTION

current practice for the design of

structures and major equipment such as
gteam generators, calandria and fueling

machines in a CANDU plant against damage
due to earthquake includes numerical

modeling to determine the dynamic
characteristics. A field verification of

the analytical models is desirable for a

comprehensive gseismic design. A common
practice for such verification requires

artificial excitation of the equipment by
large exciters. This approach may require a
plant shut down and is expensive, and runs
the risk of causing structural damage
during testing. The use of background
vibration to determine the dynamic
characteristics is therefore appealing.

The

Wwind induced vibration has been used to

predict the dynamic proPerties of tall

et R (1,2,3,4). Luz, et al (5) used
excitation by environmental noise for
identiﬂca’tim of natural frequencies
::tn:hﬁp'ﬂﬂ in a nuclear power plant.
Inth o et al (6) used traffic and wind-
nduced vibration to determine the dynamic

and

:h‘rlctariatics of two suspension bridges:
n this work the response measurements were
chosen

reference measurement point- gpectral tech~

N-q‘mmre then used to estimate natural
In this paper.

:;:qmm_ and mode shapes-
concept of structural relative dis-
' loped to allow a

+ios from acceleratio

n
e apalytical method wasmiés?rements without any knowledge of th ‘ '
L Tatuits show that thi;lfiii in the laboratory on a randomle excitatdlon

‘ . method of y exclte
d to confirm | of modal ana
seismic analysis of major equipmentysiis f’éi‘; N i =
a DJ plant.

more accurate determination of dynamic
characteristics.

Background vibration data from the various

CANDU ?nd.ether power plants of Ontario
Hydro is studied to establish if this

data

would be useful for further analysis.
Analysis using spectral techniques in
random vibration are then developed tO
determine the structural response from
which natural frequencies and mode shapes
are determined manually. A curve-fitting

technique is then used interactively to
1 frequenciles, mode

rately(7).

The method of analysis was verified in the
laboratory. The experimental results are
presented and compared with other methods

of analysis. The results show that the

method for analysis of background vibra-
and can be practically

, BACKGROUND VIBRATION IN B CANDU PLANT

plant equip-

transmitted
and duct

bration of power
from vibrations

through gtructural supports, pipe
connections, and vibrations qenerated

within the equipment. The main sources of
are the rotating equipment

Background vi

such vibrations

guch as fans, compressors, pumps turbo~-

generator, and flow through pipes and
587
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The elements of the pay, fo*mﬁ Noa, ™
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o

the 60 to 100 Hz range. o
the natural frequencies in the rang
2 to 50 Hz are of interest

that the backgrﬂun_
BN % pensegni by the vicinity of

bration frequencies are in :
this range. X ; : i

The other prerequisite for utilizing back=-

ground vibration is that the amplitude of where mj = mass a s e
vibration should be significantly higher th

ing matrix [¢] ; the o

To determine whether background vibration  the 4 -

in a CANDU plant meets these two prerequi- ki = sum of the element ;
sites, plant vibration data from Ontario DRSS Matyix [}; v of

Hydro was studied. This data had been re- S ] in the 4 o

corded during routine troubleshooting and

commissioning in the plant and was not The static component kiX, and the

specifically carried out for this study. A
majority of the accelerations were recorded component Ciio of the force p1 : ;

in the 2 to 20 kHz range and were of no i
interest for seismic analysis. However S A0 De.mmall relative o, ..
several data records show response fre- dynamic component my¥, and can be

quencies in the 0 to 50 Hz range which are neglected, thus
of interest for seismic analysis. These

include vibrations measured at the r !
eacti- } = 2
vity and liquid zone control unit (0.38 to {Fi} {Fi} {mi o
?;Sgsg); feeder pipe (0.5 g) and guide tube
th;t ags:lf;irf‘dw g eiinss vl comsemommon The system of coupled Equations (2) can i
e S Ciently high level of back- uncoupled to the form
ot Tkl :iation of interest for seismic
3
THEORY by using the transformation
The 'tmﬂm iﬂ ’
consi X =
damped N-degree of fre:;::d as a ]_ig'h.tly { } [¢ir] {Yr}

::fruented by a masg utn:in“r System =
Iotrix [C], ang Stiffnegg o, damping where {Yr} is a new set of modal coor=™
ion of the Btmc‘tur matrix [K] « The a rhs
forc:, {,} P \‘-‘h:hen excited by a:h Nir] is the modal matrix where ==
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(5) represents equationsg of

D
le degroe of freedom in the me :tn”
Gt aa

{rﬂ1 r213 ----- R) and th@fr{l....
Fourier transformation to tth

fﬂfe ency doma in

Equﬂtion
far'giﬂg
| rainnte 4

' (f s
§ - Hr(f’1Fr( )/Mr (7)

Hr(f) igtﬁhe frequency response func-

re ,
ﬂ;‘:n ¢or the I mode and is defined by
t
SR : 9
> :
. V=1
where jEr = damping ratio
¢ yom Equationﬁ (6) and (7) the structural
sjative displacement at node i in the |
;requeﬂCY domain 1is given by
R
g (£ " ) ¢irHr(f)Fr(f)’mr (9)
1 r=1
(the superscript 1 to represent relative
digplacement igs deleted for convenience)

e same way the structural relative

in th
acceleration in the frequency domain can be
obtained
R
- i ¥
Refy = § 8, I(0) PO (10)
r=1
- e 2 *
shere I f) = (2nf) “Hp(£) is _the

structural inertance in the r mode.

The generalized exciting force FL(f) in the

th
mode consists of two components

ferenc
‘ence acceleration %, have

o -l - ‘h l t- F" 1
t a a‘ - e N A -H - i- --"S r _n ..-h. - ro -.._..-1 at‘-i— .

bet

-Lween st

-n e rllr:tl

X4 (£) iral response acceleration

and
if{f) Cnd the reference acceleration
Egp;f ?n be expressed in terms of
=_CCra 3
v Fé densities G calculated directly
St Fourier Transformation (?FT);

G &4 2 Nt =
PP Rl [‘ﬂ-gtf) R D)
20ceTr=
Q0 N* G{f) XD(f) (13)

2 0t
8 - {fy ="===IR:{$ 1
st . o( )Fk(t‘)

wh

: ere A and N' are the time interval and
?mber of acceleration records, respec-
tively.

Performing these operations on Equation
(12) we obtain

R N
- (E).» I Of)
) 6, T LCL 0 G, (£)

ol
=1

N
i B ol ¢m‘;\/M' (14)

If the reference node o is chosen such
that the acceleration Xo 18 statis-
tically uncorrelated with any of the
unknown exciting forces Fx then the
cross-spectral densities Gok(f) are
zeros. Thus the following simplified

relation can be obtained

r
. R * :
;o W = fY MG f (15
S {¢ir} {Fi} o it __2'1 Bt ot e ad
N N o
=k21 ¢krFk(f)-xo(fiE1 P r™x LB Mr= _)_:1 ¢krmk] 3. 8

The first term represents the unknown
exciting forces and the second on
gents the fictitous component resulting
from the consideration of relative
displacements. From Equations (10) and (11
the structural response acceleration can
thus be expressed as

X () = (12)

i i 4
' zgirzr(f)[ ) akr?k(n-xo(f)i %rmk] oy

f?1 k=1 k=1

If the unknown exciting force i B e

e repre-

constant associated with the mode T-

and G . W€

Having spectral densities Goi i

compute the ratio

)

" i(f) » (16)
O
ai(f) 3 G 2 Air r( )
ool f) r=1

is the amplitude of ai(f)

where A, = ¢i£ﬂr

he structure corres=

node i1 on
at tﬂ“ﬂ tﬁf Th£EEHM?Lrtudes

ponding to the I

mode.
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The success of
this method de
proper choice ©O

amplitude Ajr-

rs: :
I the damping ratlos

natural frequences fr and
£, from the digital represen

ratio aj(f) = Goi(f)/Goo given by
Equation (16). The ratio, ai(f) 1s
obtained as a series of complex numbers

a,(f,) = Re[ai(fk)] + jIm[ai(fk)] for each

node i, and f) are the points on the
frequency scale. Equation (16) relates the

modal parameters to the ratio aj(f)
obtained from measurements. By substitut-
ing from Equation (8) and (10) for

inertance I,(f), Equation (16) is
rewritten in the following form

tation of the
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The general arrangement of the experiment
is shown in Figure 2.

The structure was excited by random vibr-

tion of the shake table in the 2 to 50 &
range with a peak displacement of 2.5 m
The horizontal accelerations perpendicular
to the paper at four positions on the
structure were measured at 0.01 s inter-
vals for 150 s and stored. The position
of the accelerometer located on the shak
table wasg considered as the reference
node. The tests were repeated several
times without changing the position of tot
accelerometers. The position of three ?f
the accelerometers was changed twice whi*
keeping the reference accelerometer o o
shake table and the tests repeated.

:h‘ stored acceleration data was thel p
r::““"d to give acceleration at each ’fnake
ative to the reference node on thes gort

SARLHT i spectral density functi®
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-alculated by using a FFT algorithm. The
scceleration records were partitioned into

samples of 512 points long. Another
512 points with zero magnitude were added

+o each sample for better frequency
resolution and the resultant frequency
interval for spectral density estimates was
0.098 Hz. At each node the ratio of the
cross spectral density function of the
relative nodal acceleration with the
reference acceleration and the spectral
density of the reference acceleration was

then calculated.

The interactive curve-fitting technique was
used to fit a curve to the computed spec-
tral density ratios at each node (Figures 3
and 4) from which the modal amplitude at
that node, natural frequency and damping
ratio were calculated.

The modal amplitudes for the various modes
were then combined to constitute the mode

shapes.

The natural frequencies and mode shapes

wvere also extracted manually from the
spectral density ratio plots and also cal-
Culated by a finite element program SAPA.

l.mim of the natural frequencies,
lM mode shapes calculated by the three

¥ IMAGC INARY PAR]
E"i RE AL PAS
i 1 i T U
- 1 AMFL 1 TUDE FREQUENCY DAMP INC
|I O et T 1 . HEG 0. 006
o 0.051 B.01 0.006
0. 319 10. 44 0.007
0. 0350 15.59 0.040
-
o
'hu:-r‘ J
u:_‘.* e’ H_ - __“
| b
> |
ol ‘
|
T B T — T
0.00 4 .00 8.00 l:TDG 5 16 .00 | 20 . 00 : :nrrur. Dy ;:;f:': 3 y2 .00 Ve
FREQUENCY (HZ)
FIG.3 LEAST SQUARES CURVE FIT - NODE 3
L
'5.'!_
E ® |[MAGCINARY PARIT
N o REAL PART
8t P + AMPL1TUDE
AMPL 1TUDE FREQUENCY DAMPING
-0.373 1 .86 0.006
-0.090 8.0\ 0.006
-0.464 10.44 0.007
-0.027 9. 55 0.040
B ~
w0 e —“ —
: >
P
D
9
o T I | 1
. q T : 1 1 1 T ' s 1 e - 16
'9.00 ' 4.00 " 8.00 12-00 16.00 20.00 24.00 28.00 32.00 36 .

FREQUENCY (HZ)

FIG.4 LEAST SQUARES CURVE FIT - NODE 7

4 TH MODE
( TORSIONAL )

MODE
| ST MODE 2 ND MODE 3RD
(LATERAL ) { TORSIONAL ) ( LATERAL )

: =
I o,
1
|
4
d
i
h{::iitzﬁ
?
i
e we e (O.AT M2
g : — = RO.SEN
i b LR L ——-—::Hir R o e u’::‘“:
s | DR M e gy i ;;HL
FE— Wy A e
H-;H I DAMPING n.“:::r y + 004
359 y + 0 00% ¥
 Adipins LEGEND
o WNDEFORMED STRUCTURE
e = QAP &
e+ = MANUAL
e PURYE FITTING
TH CROSSBARS

Wi
FiG.5 MODE SHAPE AND NATURAL FREQUENCY OF THE BEAM

591




6y. R. HcClLamore, G. C. B

a

| e 5 | _ : 3

chown 1in !‘i'_il“f:,ﬂ even 1. R. Stubbs, jgm_ S
of Two Suspension Brig

v the na | Stmctural iniﬁif}ﬂ,
10.4 Hz. Ag:g, 2557"2562-

7¢. phan and Z. Wzniak, 194

shape and Natural Ffeﬂuerm: e
kxground tdentification for Seism:. .
cXg | ; . ie An,
feasible to use ba o deter- packground Vibration, oy N

¢ struc- control Board of Canada

P

The phase II. R

natural frequen<
e extracted

A more elaborate curve-fitting

interactively to
tios in addition to

and mode shapes.
tive to the

lection of

o manually.

. technique can be used
ik determine the damping ra

+he natural fregquencies .

. The method of analysis is sensi

. noise in the data and proper Se€

s the reference node.

gk

| The method of analysis is reliable as

. | demonstrated by the laboratory tests and

i its application in a CANDU plant is there-
5 fore recommended.
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