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SUMMARY

Many types of electric equipment are vulmerable to earthquake ground
motion. In order to investigate their seismic behavior, full-scale tests
of circuit breakers and lightning arresters were conducted. For improv-
ing the performance of the equipment, steel-laminated rubber cushions
were used to isolate the equipment from the input motioms.

In this paper, the results of these experiments are compared with
the analytical investigations, using a linear model. The agreement
between the analytical and the experimental results is good. The
experiments indicate that the well-designed base isolator can substan-
tially reduce the earthquake response, and in some cases, the reduction
can be 30-507%.

INTRODUCTION

Many substations have suffered serious damage in recent earthquakes.
Some electric equipment, such as circuit breakers, are made of brittle
material and have shown very poor performance in past earthquakes
(Fig. 1). According to the tests conducted on site and in the laboratory,
the natural frequency of these breakers are in the range of 2.2-4.4 HZ,
which approximates the predominant frequency of the earthquake ground
motion. In addition, the small damping of this equipment builds up the
response significantly during an earthquake. The dynamic analysis con-
ducted for 220 KV circuit breaker indicates that the response bending
moment at the bottom due to the 1940 E1 Centro earthquake and the 1976
Ninghe earthquake (0.4g) are 1.68 and 1.85 (T-M), respectively, which are
greater than the average static ultimate capacity 1.39 (T-M) (Ref. 1).
This implies that most of these breakers would be damaged in the El1 Centro
type earthquake or other earthquakes with intensity IX. The major cause
for the damage is the pseudo resonance induced by the earthquake. 1In
order to improve the performance of these equipments, steel-laminated
rubber cushions have been suggested to isolate the ground motion (Ref. 2).
The purpose of the experiment was intended to varify the validation of
the isolator.

DESIGNS OF THE ISOLATORS
The steel-laminated rubber is used as an isolator (Fig. 2). Under

the shear and axial force, the deformation of rubber layer is shown in
Fig. 3, and the horizontal and vertical stiffnesses, kH and kV’ are
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respectively:

k=EG (TR? /h) ey
k,=% & E(TR* /h) (2)

where G and E - static shear and compressive modulus of rubber (in kg/cm?)
R - radius of rubber layer;
h - thickness of rubber layer;
£ ~ ratio between dynamic and static stiffness;
¢ ~ shape factor, which is estimated by

¢

n

1.2 [ 141.65(R/2h)? ]

Let n be the number of rubber layers, then the dynamic horizontal
and vertical stiffnesses, KH and KV’ are respectively:

KH = kH / n (3)

Ky =ky /n (4)

The isolators installed under the breaker can be modeled as a shear
spring and a rotation spring (Fig. 4) with their stiffnesses KB and K@ as

KB =mx KH (5)
K6 m x K, x 22 (6)

where m - number of isolators;
2 - distance from the isolator to the center of the breaker.

i

Two types of isolators, A and B, were used in the experiment. Their
parameters are:

G = 6.8kg/cm?, E =19 kg/cm?, = 1.2,

R

4 cm, h=1.2 cm, 2 = 40 cm.
Hence, for Type A (n=12), the shear and rotation stiffnesses
are, respectively,

g

for typeB (n=9),KB

114 kg/cm, K

]

0 4.84 x 10° kg-cm/rad.

]

152 kg/em, K

g = 6.45 % 10® kg-cm/rad.

DYNAMIC MODEL
The breaker and isolator are modeled as a system of multi-degrees
of freedom (Fig. 5). Under the excitation of ground motion ¥ , the
equation of motion of the system is: g

[M]{Y}+[C]{Y}+[K]{Y}=—{Mo} i&g (7)
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o and B - coefficients

The dynamic response of the system is obtained by the linear
acceleration method.

SHAKING TABLE TESTS

The 220 KV and 110 KV breakers ( SW-220 and SW-110 ) were tested with
and without isolators. ¥Fig. 6 shows the breaker mounted on the table.
Fig. 7 indicates the arrangement of the instruments. Some results of the

test are as follows:
1, The stiffnesses and damping of the isolators (type-A and type-B)
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were measured, and showed good agreement with the estimated values in
design (Table 1).

2, The natural frequencies and dampings of the breakers with and
without isolators were measured. The results are shown in Table 2, in
which the computed values, based on the model of multi~degrees of freedom,
are also listed. The natural frequencies for the circuit breaker with
isolators are reduced to 53% (for SW-220) and 38% (for SW-110) of those
without isolators. The damping is increased by more than 2 times.

3, Sine wave sweep tests and destruction tests were conducted on the
shaking table. Fig. 8 gives the responses of the breakers SW-110 and
SW-110 under 0.025,0.05,0.lg input levels. With the increase of the input
level, the resonant frequency shifted to the lower value, indicating a
slight non~linearity. Fig. 9 shows the comparision of the acceleration
responses between SW-220 and SWB—ZZO. Due to the installation of isolators,
the acceleration response was reduced to less than 0.5 times.

The first two modes of SW-110 obtained in the resonant frequencies
are shown in Fig. 10, where the numbers in parentheses were calculated
from the model. The agreement is good. Note that the breaker moves on
the isolators like a rigid body, the deformation of breaker itself is
negligible.

4, The strain responses at the bottom of breaker to the El Centro
earthquake were recorded (Fig. 1l1). The time histories show apparently the
filtering effects of the system. The dominant frequencies are 2.3 HZ and
1.2 HZ for SW-220 and SWp-220. The response of the circuit breaker with
isolators was significantly reduced, but the displacement was increased.
Table 3 gives the comparison of the responses between the breakers with
and without isolators.

5, Destructive tests were conducted on the shaking table. The
stresses and the bending moments at failure of the breaker are given in
Table 4, where the only data obtained were from the breakers without
isolators. Those breakers with isolators could nmot be destroyed until
the input acceleration reached the limit of the table (0.4g). Fig. 12
shows the broken equipment.

6, The lightning arresters were tested for their dynamic character-
istics. The natural frequency is about 4 (HZ) and the damping is around
2%. The ultimate stress at rupture is mnear the one for the breakers.

CONCLUSION

Based upon the experimental investigations, the following conclusions
can be reached:

1, The damage to the circuit breaker was caused by its pseudo
resonance during the earthquake, resulting in sudden rupture of the
brittle porcelain column.

2, The ultimate stress of the available porcelain column is in the
range of 140-180 kg/cm?®, which can be referred to in aseismic design.

3, The laminatedcushion can isolate the groud motion effectively,
resulting in the stress reduction of 34-53% of the original.

4, The model of multi-degrees of freedom system can be used to
evaluate the frequency and the dynamic response of the system with
reasonable accuracy.
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5, In order to reduce the rotation of the breaker on the isolators,
it is suggested that the vertical stiffness should be increased under
the condition that the shear stiffness in not increased. It can be
achieved by decreasing the thickness of rubber layer.

6, In the area where local soil is soft, it is not recommended
to use such an isolation system.
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Table 1 Table 3
Type shear stiff] rotation stiff. Type of | Penk  acce. 3 . .
of K, (kg/cm) K (kg-cm/rad.) saupLes L:mu:ud ) The weanured ll-:nL ucaled Lo
{80= B Y damping 0.34g acce.
latod M¢4” esti- mea~ esti- ECCE AT top| StTEss at
sured |mated | sured mated (%) A (g) bottom A o
o(kg/cm?)
A | 112 | 114 | 4.8%10%|4.84%10°
6-7 |
B | 144 [ 152 [6.72%10%|6.54%10° SW-220 0.34 1.3 161 131 1ol
SWB~2ZO 0.42 0.56 68.5 0.45 55.4
Table 2 The reduction effectiveness 65.7% 65.6%
lype of | Natural frequency(hz) | measured su-110 0.61 1.35 146.8 0.75 | 81.8
lsample measured Tcalculated dan&;ng SHB-I 10 0.645 0.74 83.0 0.39 43.8
The reducti ffectiveness 0% 5%
Su-110 [4.08-4.4 | 4.01 2.3 £ fuduction eifectiveness 480k | 46.5
SW,~11 1.4 1.43 10.0
A 0 > Table 4
SW_~110 1.60 1.63 5.3-5.9
B No. of Type of Section Size| The ultimacte| The ultimate|
SW-220 (2.16-2.54 2.16 2.0-3.3 samples| input stress moment (T-M)
Su ~220| 1.23 1.19 4.93 (kg/en?)
SW-1 sinosoidal | The outer 164.8 1.76
SW-3 sinosoidal | diameter 141.0 1.51
SW=5 D=2.5cm 142.3 1.52
Sw-4 El center The inner 161.0 1.72
SW-6 El center diameter 181.0 1.94
d=18.5cm
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