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E A R T H Q U A K E R E S P O N S E O F HIGH V O L T A G E C I R C U I T B R E A K E R S 

W I T H N O N - L I N E A R F O R C E - D E F L E C T I O N C H A R A C T E R I S T I C S 

R. L. M a y e s * and H . C. H i t c h c p c k * * 

S y n o p s i s 

The New Zealand Electricity Department has 
purchased a number of high voltage circuit 
breakers with prestressed porcelain columns on 
which the manufacturers have carried out shock 
and vibration tests to determine strength and 
damping characteristics and .to make some 
estimate of earthquake resistance. This paper 
presents a detailed study of the behaviour of 
such circuit breakers when subjected to earth­
quakes and steady-state sinusoidal forging 
functions. The system, assumed to be single-* 
degree of freedom, has a bilinear force-
deflection relationship. The system parameters 
that varied in this study were: natural period? 
damping, yield strength and elastic character­
istics. All investigations were conducted with 
the aid of an IBM 36ofUO and an IBM 1 1 3 0 digital 
computer using Jenning's Pseudo-Earthquakes^' . 

I n t r o d u c t i o n 

The New Zealand Electricity Department has 
in recent years specified that the high voltage 
circuit breakers it purchases shall have a 
breaking strength at least twice that necessary 
to withstand a horizontal seismic load of 1 . 5 
times its weight or some lesser value may be 
accepted if evidence is submitted as to the 
amount of equivalent viscous damping inherent 
in the equipment. The requirements are based 
on a set of standard response s p e c t r a ' a n d 
are quite satisfactory for many items of 
equipment but become rather indefinite for 
structures with non-linear characteristics^ 

The Department has purchased a number of 
high voltage circuit breakers which have a high 
earthquake strength because their porcelain 
columns are prestressed by an inner insulating 
tension member as indicated in Fig, 1* The 
makers had subjected the breaker to shock tests 
which induced accelerations up to 1 . 6 g at the 
top of the breaker and this was judged to 
provide a satisfactory degree of earthquake 
resistance. 

However, with this type of construction 
circuit breakers have distinctly non-linear 
force-deflection characteristics with very low 
damping effect at large deflections. The Ph. D 
work of the first author has provided this 
opportunity of examining in greater detail the 
earthquake response of this unusual type of 
structure. 
S t r u c t u r e a n d S t r u c t u r a l P a r a m e t e r s 

The structure under consideration was the 
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high voltage circuit breaker shown in Fig. 1 , 
which in service is mounted on a very rigid 
base. For the purpose of this study it was 
assumed that the ground motion is passed through 
this rigid base without modification, allowing 
the circuit breaker to be analysed as a single 
degree of freedom oscillator. 

Force deflection tests define the bilineal 
characteristics which arise when the bending 
overcomes the pretension and the porcelain 
column rocks on its heel. Forced vibration 
tests Fig. 2 and 3 Show, for the 3 3 0 KV version 
of the circuit breaker, the resonant frequencies 
dynamic amplification and equivalent damping. 
They also show the shift in resonant frequency 
with amplitudes that exceed the "yield" point 
and the manufacturers have pointed out that 
"resonance" beyond yield point can only be 
achieved by controlling the displacement 
response and varying the input amplitude to 
suit, 

The graphs indicate that damping is small 
at low amplitudes, increases briefly to about 
5% with amplitudes just below "yield" point and 
becomes very small again with amplitudes above 
"yield1* point. This is a long way from "viscous 
damping behaviour and it is believed by the 
authors that for the purposes of this study the 
damping is best represented by a "Coulomb 
Damping Force" operative only up to "yield" 
displacement and of a size which gives the 
same energy dissipation per cycle as 2% viscous 
damping with an amplitude of vibration reaching 
yield point. 

The preceding analysis of test results 
provides approximation of the force-deflection 
and damping characteristics of the circuit 
breaker. These factors were used for the more 
detailed earthquake analysis. The resultant 
force-^deflection curves for this type of cir­
cuit breaker are shown in Fig, k. 

Symbols used in the paper are listed in 
Table I. 

Using the vibration test results together 
with information provided by the manufacturers 
on the masses of various components the values 
of these parameters were calculated for the 3 3 0 
kV version of the circuit breaker and were 
deduced for the 2 2 0 kV version. In each case 
values were obtained for the circuit breaker 
with and without the resistors (Item 2 Fig l) 
which are not required for certain applications. 
The values of the key parameters are given in 
Table II. 

Because of limited computer time a full 
analysis was carried out only on the 220KV cir­
cuit breaker with resistors. 
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S t e a d y - S t a t e O s c i l l a t i o n 

The dynamic response of structures to 
steady-state sinusoidal excitation can be 
obtained exper imentally. Thu s a study of the 
response amplitude as a function of frequency 
and maximum ampii tude of the forcing function 
would be useful in e i ther determining or veri­
fying the parameters of the structure^ 

The steady-state solut ion of a single 
degree of freedom system with Coulomb damping 
has been studied for an elastic system'^'. A 
single degree of freedom system with a bilinear 
force-deflection relation has been studied by 
the method of siowly-varying parameters^ ' «, A 
single degree of freedom system with Ramberg-
Osgood force-deflection relation has been 
studied by both the energy method ( 5 ) . and by 
slowly varying parameters(5> '. The energy 
method is limited in scope for it gives the 
response at resonance only as it is only at 
this condition that the phase angle between the 
excitation and response is TT. The results of 
the siowly-varying parameter method are consid­
ered in this section. This approach gives the 
steady-state response for all values of ^jr 
i.e. forcing frequency to the undamped natural 
frequency, and can be used to plot amplitude 
against frequency curves. 

Apply the method of siowly-varying para­
meters^ ' (Appendi x 1 ) , equa t i on s 3 and k 
result in 

c ( — ) + 
X — 
y 

cl 
( 1 - -)R - D ) ( 5 ) 

X 

X 
y 

2 
Tf d - e ) ^ 

X o 

( 1 - £ ) Cos" 7T ( 6 ) 

The accuracy of equation 5 depends how 
close the actual response resembles a sinusoid, 
which itself depends upon the nature and amount 
of damping present. This will be discussed in 
a later section. 

R e s p o n s e t o R a n d o m E x c i t a t i o n 

The equation of motion for the circuit 
breaker represented as a single degree of free­
dom oscillator in Fig. 5 is -

+ Q(x) + F„ F( t) - F Cos co t 
o 

(I) 

where Q(x) is the elastic force and is a function 

The more important response of the circuit 
breaker is that to an earthquake excitation. 
There are three methods of solution of the 
resulting non»linear equation of motion. The 
most common is that by the Runge-Kutta method 
which has been used by several different 
investigators for various force-deflection 
relationshipsf^j7j8 , 9j 1 0 ) 0 

force and is also a function of displacement, 
and + sign holds for mass moving in the positive 
x dire ct ion, F Q is the force ampli tude and CJ 
is the frequency of the excitation. 

Lett ing p - x m 
y 

T = pt 

Another method developed by Clough and 
Wi1 son( 1 2 ) , for multi^degree of freedom systems 
and non-linear force-deflection relationships 
uses a step-by-step integration procedure. 
This procedure is one of the most powerful 
digital computer techniques available for cal­
culating the response of lumped-mass systems to 
arbitrary dynamic loads. 

The equat ion become s 

F CosTiT o ( 2 ) 

Expressed in dimensionless form the equation of 
motion becomes 

^2 v x ; 

dT y 
where 

Q Cos T\X ( 3 ) 

Q 
Q(x) 

y y y 

Letting the solution f or equat ion 3 be 

2L_ = _ ° cos 9 
X X 
y y where 0 = ( T\T + (f) ) and ^o and phase angle (f) are 

x 
y 

siowly varying parameters o f T • 

A method most auited to single degree of 
freedom systems and several times faster in 
most cases than the Runge-Kutta process, is a 
step-by-step process where the displacement and 
velocity at the beginning of a small interval 
of time are used to find the displacement, 
velocity and acceleration at the end of the 
interval^ 1 1' 0 This was the method chosen for 
the analysis of the circuit breakers, it assume s 
that the earthquake accelerogram obeys a linear 
relationship between time intervals, so that 

At 

t i+i 

a-i + i 

t 

( 7 ) 

( 8 ) 

( 9 ) 

The equation of motion for the single 
degree of freedom oscillator represented in 
Fig 5 is 

m ( ' x + y ) + Q { x ) + F c = 0 ( 1 0 ) 

where +ve sign holds for mass moving in +ve 
direction. 

The step by step solution of the above equation 



for [x| ^ jxy| : -
x ~ A( 1 , 1) .x. + A( 1 , 2 ) . x. + B( 1 , l).a. + 

B( 1 , 2 ) • a . + C( 1 , 1 ) , (+f ) ( 1 1 ) i + i — c 1 

i + 1 
A( 2 , 1).x . + A ( 2 , 2 ) c x. + B ( 2 , l).a. + 

B( 2 , 2 ) a i - f l + C( 2 , l) . (+f c l) 1 2 ) 

1 3 ) 

for Jx j > I * y | : -

x = D( 1 , 1 ) . x . + D( 1 , 2 ) . ^ + E ( l , l ) c a 1 + 

E( 1 , 2 ) . a i + 1 + F( 1 , 1 ) . (± f c 2 + a y) ( 

x . , = D( 2 , 1 ) . x . + D ( 2 , 2 ) c x. + E( 2 , 1 ) „ a-: + 
i + l i i 

E ( 2 , 2 ) , a i + , + F ( 2 , 1 ) . ( + f c 2 + a y) ( 1 5 ) 

= - (P £ x . + 1 + a y + f c 2 ) ( 1 6 ) 

The + ve sign of a is for x > x . - ve 
y y 

s ign is f or x < - x^. 
Matrices A, B, C, D, E & F are functions 

of p, it, £ and are derived in Appendix II 0 

The preceding equations were solved on an IBM 
3 6 0 / ^ 0 digi tal computer. As the maximum value s 
of the re sponse were of pr imary concern, rather 
than their complete time history, the computer 
was instructed to re cord the maximum value s 
while evaluating them at , 0 2 5 sec, time inter­
val s. 

V e r i f i c a t i o n o f steady - S t a t e R e s p o n s e 

Using a sinusoidal f orcing func ti on in 
the step-by-step equation we are able to obtain 
the response time history of the circuit 
breake rs, and compare the re suits with tho se 
obtained by the method of siowly-varying para­
meters. By summing the square of the difference 
between the actual response and the theoretical 
sinusoid with the same amplitude over 1 cycle, 
we obtain the square of the difference (SQD), 
which indicates how close the time history 
re spon se is to a perf ect sinusoido 

From Table III it is quite clear that the 
method of slowly-varying parameters is not a 
good method of finding ĵo if there is no damp™ 

x y 
ing in the bilinear region (R - 0 ) 0 By 
examining the appropriate values of SQD, it is 
obvious that the assumption made, that the 
re sponse is approximately sinusoidal is not 
valid in thi s case* However, if the damping 
is uniform in all regions (R = 1) then the 
method of slowly varying parameters is very 
useful as xt gives a close approximation of _o_ 

xy 
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found by the step-by-stop method because in 
this case the assumption that the response is 
approximately sinsuoidal is valid as can be 
seen by examining the appropriate values of 
SQD. 

Earthquake Accel erograins 

When single body response spectra are used 
to define a design earthquake, they provide: 

(a) an averaging of the responses to a number 
of different earthquakes (natural or 
artificial) of a size likely to occur with 
significant frequency, 

(b) a smoothing of these averaged values to 
indicate the probable average responses 
to a ve ry large variety of similar ear th-
quake s 0 

In using the response spectra it is 
essential to remember the wide range of possible 
response values which are implied especially 
when dealing with brittle structures. 

The same point arises when using earth­
quake acceleration records to estimate the 
response of special structures not amenable to 
analysis with standard re spon se spectra. 

The present study aims to use a number of 
ear thquake records but a t the time of wr i t ing 
has used only two - B 1 and D1 of Jennings 
series ( 1 ) . 

The B 1 earthquake represent s the shaking 
to be expected near an 7 earthquake and has 
the same spectral intensity a s El Centro ljkO • 
The D1 ear thquake represent s the shaking to 
be expected in the epicentral area of a shor t 
shallow earthquake of Mo k to M c^. 5 magnitude 
and has a maximum ground acceleration of . 5 g 
(similar to that recorded at ParkfieId, Calif, 
in 1 9 6 6 ) . 

Examination of Re suit s 

The two earthquake s we re applied to the 
ma themat i cal mode1 repre sent ing the 220 kV 
version of the circuit breaker and the effect 
of design variat ions was explored by varying 
the primary natural period and the damping. 
The re sult s, pre sented in Figs ? to 1 0 , 
indica te :« 

( 1 ) The re sponse of thi s type of structure 
appears to be as much or perhaps more affected 
by changes in parameters and earthquakes than 
that of the single linear elastic body. 

( 2 ) In Figs ? and 8, reducing the yield level 
(or increasing the earthquake size ) generally 
gives an increase in response but with a 
tendency to a rather sudden increase when the 
yield level is taken lower than about . 6 g . 

( 3 ) In Figs 9 and 1 0 , reducing the damping 
force generally gives a slight increase in 
response - again with a tendency to a sudden 
increase at some low value of damping* 

( U) There is a pronounced selective effect 
with each ear thquake -B 1 excites the . 2 1 5 sec 
st rue ture much more st ro ngly than the . 1U3 sec 
or the .2 8 6 sec whereas D1 clearly gives the 
. 1^3 sec. structure the great e st exci tati on. 
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Conclu sions 

If the e s t imat es of t he parame t er s of the 
2 2 0 kV breaker (fitted with resistors) are 
reasonably correct, its . 8 5 g acceleration 
response to the B 1 (El Centro sized) earthquake, 
its 1 , 0 5 g response to the Dl (nearby small) 
earthquake toge ther with its 1 . 6 g tested strength 
suggest that has a considerable margin of 
strength to cover the wide variations of actual 
earthquakes from the El Centro sized earthquake 
on whi ch Department s specif icat ion is based 0 

The correct representation of damping is 
clearly very important and further comparison 
of calculated and measured response to a known 
sinusoidal excitation is needed to clarify the 
nature of the ene rgy di spersal mechani sm. 

Some variant s of thi s type of con struct ion 
with 1ower yield levels and different spring 
stiffne sse s could be expected to experience 
considerably greater relative def1ecti ons in 
similar sized ear thquake s. Effecti ve earthquake 
resistance would therefore depend not only on 
being able to withstand an induced acceleration 
at about the 1 . 5 g level but also on being able 
to wi thstand a large number of excur sions 
beyond yield wi thout signif icant damage ei ther 
to itself or to equipment connected physically 
to it. 

Acknowledgement 

Institute of Technology. Earthquake 
Engineering Re search Laboratory, 19 6 8 . 

1 2 . Wilson E. L. and Clough R 0 W., "Dynamic 
Response by the Step-by-step Matrix 
Analysis'1, Symposium on Use of Computer s 
in Civil Engineering, Li sbon, Por tugal, 
Oct. 1 9 6 2 . 

A p p e n d i x t 

Equati on 3 is 

dT y ^y y ^y ^y 

Le 1 1 ing the solution of 3 be 
x 

X O ^ 
= cos 9 2 A 

X X 
y y whe re O - T]T + (f) and X o and phase angle 0 are 

siowly varying parameters of T. 

i L = _ _£ n s i n e + -2_ cos 9 - — ^'Sin 9 3A 

As is done in Lagrange's method of variation 
of parameters the last two terms are set equal 
to zero. 
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1 sin e = 0 
y y 

From equat ion 3A and ^A 
x "v 

x" _o _ 2 

X X 
y y y 

Substituting 2A and 5A into 1A 

R 2 c o s O - — 2 — n sin 0 - — (f)' cosQ 5A 
X - X y 

o 2 Ti cos 6 - T\ si.nO - — £ T\ • cos 6 + 

6A 
x x F F 
^ Q ( _ £ c o s e ) ^ c o s n T 

y y > > 

multiply kA by - r\ cos G and 6 by sin O and 
add. 

- T\ sin 9 cos 9 - — T\ ( sin G + cos 0 ) + 

x x 
y y 

x x F - I Q ( ^ c o s 0 ) e S i n O -f S i n ^ = Q x — Q 

— cos TiT sin 6 7A 

mul t iply kA by i\ sin Q and 6A by cos Q and add 

_2 n o j . , . 2x> , 2* - —r\ cos u - — t \ ( p % { sin B + cos 6) + 
x y x y 

8A 

Q ( — cos 9 ) . Cos^ + _£ cosO = cos r\X cos & 

http://si.nO


As — and <fi are slowly varying parameters the 
y 

average of equations 7 and 8 are satisfied 
instead of the equation itself 0 Averaging over 
1 cycle, the damping terms must only be averaged 
over the portion they actually act, equation 
7A and 8a become 
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S(x„ 
x 2 _ 

(IT*) I (( l-€) + £ z ) d Z 

2Tl 

k F c l 
TT G 

X o 2 
- — n 

y 

i 
Tf 

-/ o 

Define S 

A 
TT 

•2TT 
x 
-3- Q( X o cos <9 ) 0sin6> , d<9 y x Jo y 

1)R) = sin 6 9A 

Q(-£. c o s ^ ) 0 c o s 6 .da = c o s ^ 10A 
x y y 

(x 0) 
and C, . as 

d o ) 

zdz + 
1 

(€z-( l-€) )dz 

.% S(x ) = 0 . 
0 .TT 

Ida 

c(x ) = JL . 4 o x ft o 

X X 
i Q ( 4 cos 9 ) . cosO 0 d 0 f r o m 
Q y X y H A 

With the same substitution as for S(x ) 

( ( 1 - 6 ) +€z) 
x 2 r 

C ( x ) = - (-Jt) 4 o x x 7T 
zdz 

x 2 _ 
- z 2 

j(x 0) TT 

/-2 7T x x 
Q(^£ Cos 0 ) . c o s 5 c d 8 1 1A 

y x y 

s , ) = J . 
TT 

r 2 7 r x 
-£ Q(,_° cosa).sin< 9 ,{10 1 2 A 
"y y 

For steady-state re s,ponse , t ime derivatives 
of X q and $ are zero: Hence steady-state 
equations, from 9A and 10A are 

" y o o y y 

x _ x F 
o 2 , o o 

.— r\ +• — C( x ) - —— cos t x w x x o 7 Q 
y y y 

Squaring both sides, and add. 

F 
li (1.(1 - . 

, y y 

.-, i 
zdz ( y 

y 

zda 
(£z-( !-£)) 

C(x ) = 

APPENDIX II 

x 2 
{ i - £ ) r * / M r * ) - d ^ J c o s - 1 ! - ! ) 

17A 

The resulting non-linear equation for the 
single degree of freedom oscillator represented 
in Fig. 5 subjected to a random excitation is 

m(x + y) + Q(x) + F c = 0 . 0 . IB 

where + ve sign holds for the mass moving in 
the + ve x direction 0 

Aa. 
y = a i + s t ; i* - v • 2 B 

< X
0 / X y > 2 

„\ x + q(x) + f c = 
Aa. 

a. - — i (t - t.) i At. v i 1 • 3 B 

N
2 = (S) = C(x ) + 
L p o — 

s<x ) = -y . o X o 

s < x o > - 1 S r 1 - ^r> R 

y y J 

-l2 
15A 

-JL q (_£ c o s 9 ),sinS . d @ from 
y y 12 a 

where q(x) and f obey the following relation­
ships o 

N ^ x x < -x^ r 

q(x) = Pj x 

f = f 1 c cl 

q(x) ' a y + P 2 X ) 

f = f « = R f -C c2 cl 

— cos 0 from 
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q { x ) -

f - f 

a + P _ 
y 2 

R.f ., 
c 2 c 1 

+ fc holds for x -f vo 

- fc holds for x - vo 

B( 2 , 1 : 

B(2 5 2) 

P j At t l p, At 

^ — Cosfp^t) - 1 
P1 At P x At 

The solution of equation 3B depends on the 
region of Lhe elastic force Q ( x ) . 

A. Elastic Region | x | < C |x | 

Eijuat ion of motion becomes 

2 
x + p . x + f . 

M 1 — c 1 

A a . 

a. - -r-i ( t 
I A t . 

The full solution of this equation is %-

x = A ,Cos(p 1(t-t.)) + B»Sin(p 1(t-t i)) -

C( 1 , 1 ) - — ^ Cos( p ^ t ! 
Pi 

S i n ( P l A t ) 

Bo Bilinear Region | x | ; > | x ^ j 

Equation of motion becomes 

C( 2 , 1 ) = _ 

x + p x + a + f 
2 — y — c 2 

d a . 
Li " TT (t - 1, .9B 

: ± f c ^ i 
2 4t . (t-t, ) 5B where + a holds for x "> x y ^ y 

+ f 0 holds when x is + »vc 
c 2 * 

X - - A ?
P l S i n ( P l ( t - t i ) ) + B'p x C o s ( P l ( t - t . ) } - - a holds for x <" - x 

y . y < 

JLtlL 
2 At. 

6b 
f 0 holds when x is - ve. c2 

Ful1 solution of this equation is 

at t = t. and 

, +fc . a . 

X i 2 2 
P l P l 

x. 1 A a i _ + _ 
P l P l 

x = A"Cos(p d(t-t )) + B»Sin(p d(t-t )) - ^ 
2 

P l e 

2 2 2 At. 
p i £ p i £ p i £ 

( t - t , ) . . . 10B 

A"P d Sin(p d(t-t. ) ) + B»p d Cos(p d(t-t i) ) 

substituting A f and B 1 in 5B and 6b gives x 
and x at t = ^ i +1 * 

x. 1 = A( 1, l).x. + A( l,2).x + B( 1, l) 0a + 

B( l,2)oa. + 1 + C{ 1, l)o (+f c l ) • 7B 

2 At. 
Pi £ 

c
 k

2 P 2 ^ where t = — = - and p d - p 
1 Pi 

1 IB 

X i + 1 = A(2,l).x i + A(2,2),i i + B(2, 1) ̂  + at t = t. x = x . and x = x . 

i i i 
B(2,2).a i + l + C(2,1).(+f c l) 

where At = t. , 1 - t . 
I +1 i 

. . . 8B a (+f Q ) a. 
x . + 2

 + — 2 + — 

P d P d P d 

A( 1, 1) = C o s ( P l A t ) A(2, 1) = - P l S i n P l A t 

A( 1,2)=—Sin( P lAt) A( 2,2 ) = Cosp.it. 

B( 1, 1) = = S i n ( p J t ) 
P / A t 

B( 1,2) = — i — Sin(p At) 
P l

3 A t 1 

x. , 4a. 
B» - — + -i i . 

P d P d 3 - t l 

a t * = ti. + i x = x i + i x = x i + i 4 t = tt + i - " 

x . + 1 = D(1,1). x ± + D(l,2). + E(1,1). a. + 

E( 1 . 2 ) • a . + 1 + F( 1, 1). (+f c 2 + a y ) . . 12B 

http://Cosp.it
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D(2, 1 ) . x . i -1 

E(2,2). .,. + ] 

where D( 1, 1 ) 

D ( 2 , 2 ) c x . t K ( 2 , 1 ) c a . + 

- K(2,1). (;fc2 

Cos( p d At ) 

13B 

D( 2, 1 ) - - p d Sin ( p d At ) 

D( 1,2) — Sin ( p . A t ) 

D(2 S 2) = Cos ( p d A t ) 

E{1,1) = ~ Cos ( P d A t ) - — S i n ( p d A t ) 
pd p " At 

E(l,2) = i — Sin ( P d 4 t ) - - ~ 

P D -A t P D 

E< 2, 1 ) - — Sin (p,At) 
PH D 

E(2,2) - 2 Cos ( p d A t : 
P d ~ A t P d

2 A t 

F( 1, 1) — C o s ( P dAt ) - -ig 

F{2, 1 — Sin (p A t ] 
PH D 
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T A B L E I 

L I S T OF S Y MBOLS 

k - spring constant 
m = m a s s 
p = Jk. m ~ natural frequency 
Q( x) - elastic force ( function of x) 
Q v = yield force 

- Q ' m - yield force per unit mass 
F = Coulomb d a m p i n g force 

fc - ¥ c m Coulomb d a m p i n g force per unit m a s s 
F Q - magnitude of forcing function 
x - displacement 

- displacement at yield 
Subscript I for region jxj ^ 
Subscript 2 for r egi on jx j > x 

y i 

f = k k 
o 2 1 

A v ~ Intercept on force axis see Fig. k 
2 

a y - qy - p^ Xy - Intercept on force per unit 
ro a s s axis 

O J - frequency of f o r c i n g function 

n = c u / p 

TT - time parameter 
0 phase angle 
t " time 
a - acceleration 

x 1 , x » ) 
) 1 s t and 2 n d d e r i v a t i v e s with respect to TT 

x» ) ; ) 
0 ) 



TABLE I 1 

330 kv 220 k V 

WJ HI Wi thout Wi 1 h W i thoui 
Re si stors Re si s 1 or s Resistors Ro si s t o r s 

Primary N a t u r a 1 
Period (Sec) (p) . 2 0 ^ v i ^ n . 3 16 

Equivaicni M a s s , v 

( k 6 ) ( r a ) 8 0 ? 587 83 1 5 57 

Yield Foroe Un it 
Mas s (fraciion . 72 -99 . 9 0 1 . 3 5 
of g) (q y / g ) 

S t i f f n e s s ra ti o 
- k2/kl (£) . 128 . 128 . 10 . 10 

Coulomb F o r c e / 
Unit M a s s 
(fracti o n of g ) 

Up 1 o Yi eld ( f c i / g ) . 0226 .03 1 . 0 2 8 1 .0422 

Be y ond Y i e 1 d ( f r 2 / g ) 0 0 0 0 



TABLE III 

f c l - 0 . 1 and l £ = 1 . 0 
F G 

f , = 0 . 1 and ~ ^ 1 . 0 
"y 

2 = g 
kl 

0 . 1 0 , 2 5 

*cl " R 

0 1 . 0 0 1 , 0 

<«>* • 5 1 0 0 1 . 5 2 o 0 2 . 5 * 5 1 . 0 1 . 5 2 . 0 • 5 1. 0 1 . 5 2 . 0 2 . 5 . 5 1 . 0 1 . 5 2 . 0 2 . 5 

X 
— (Step-by 
X y Step). 

9 - 6 5 5 2 . 8 1 3 1 . 5^8 ° 9 ^ 7 . 6 ^ 8 5 . 2 8 5 2 . 3 6 7 1 . ^ 5 9 . 9 8 2 0 6 ^ 8 6 . ^ 5 8 3 - 7 ^ 5 1 . 6 2 8 • 9 3 9 . 6^8 7 . 6 9 3 2 . U 8 4 1 . ^ 9 3 . 9 6 7 a6U8 

X o (SIowly-
x Var. 

y P a r . ) 

5 . 3 7 2 2 . 3^2 1 , ^ 6 8 . 9 6 9 . 6 5 9 5 - 3^2 2 . 3 3 5 1 . ^ 6 ^ . 9 7 0 . 6 6 7 7 . 8 7 5 2 . 5 7 2 1 . 5 0 ? »969 . 6 59 2 . 5 6 2 l . 503 = 9 7 0 .66? 

Square of 
Difference 

SQD 
3 3 - 6 1 . 3 ^ . 20 . 0 1 . 0 0 ^ . 0 1 . 0 3 . 0 0 5 . 0 0 ^ . 0 0 ^ 20.8 6 . 3 9 . 13 . 02 . 0 0 ^ . 03 0 02 . 0 0 5 . 00-;4 . 0 0 ^ 
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Fig. 3 Forced wbrat/o/? fes/s 330 kj/ Org/// Breakers. 
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Note: 

Earthquake Response of 220 kV Circuit Breaker 
with Prestressed Porcelain Columns and Coulomb 
Damping - Effect of Varying Yield Level and 

Damping 

Figs 7 and 8 - Curves a - Primary Period = .143 sees 
11 b - 11 " .215 sees 
" c - " '» = .286 sees 

- All Curves - Coulomb Damping fcl = • .0283g 

Pigs 3 and 10 

All Figures 

Curves a - Period - .143 sec Yield Level =• ,9g 
b - " = ,215 sec " " = .675g 

k 2/k t = .1 Pc2 = 0 

X = Response for Actual Circuit Breaker 
= ,f " Similar Circuit Breaker but 

with different Parameters. 


