





der. From the analysis of the measured wave form the apparent primary natu-
ral period was 1.37 sec and the natural period of the building as obtained
from the spectro-ratio (roof top/ground surface) was 1.33 sec. From the
results of measurement of rocking vibrations, the apparent natural period
was 0.13 sec and the period obtained from the spectro-ratio was 0.12 sec,
suggesting that the natural ground properties have relatively little effect
on the period of the building.

Forced Vibration Experiments

Two sets of vibration generators (BCS-B-75 type, maximum vibration genera-
tion power 10 tonf) were installed on the roof top and interlocked to
generate vibrations. The vibration frequency was mainly in the range of 0.3
- 2.0 Hz. Table 1 shows the results of experiments on three cases of forced
vibrations. The sway ratio and the rocking ratio were calculated from the
maximum acceleration ratio of the rooftop (R.FL) and the first floor (1.FL).

Table 1 Results of the forced vibration
frequency damping | sway rocking

l% case 1st 2nd factor ratio |ratio

1 1 ] N-S 0.675Hz |0.905Hz | 0,026 96% %0%

{ H 1 ] E-W 0.7Hz — 0.033 | 98% 6%
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Figure 2 Hysteresis curve of isolator
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The damping constant was calculated from the resonance curve using the 1A/2
method. The resonance points obtained from the torsional oscillations and
the parallel oscillations are significantly close to each other. The vibra-
tion mode shape at the resonance point of the parallel oscillation contained
considerable torsion, making it impossible to completely separate the paral-
lel motion mode from the torsional motion mode. The sway ratios were 967% in
the short axis direction and 98% in the long axis direction, with the
rocking being almost negligible in the both directions. The resonance point
with the PC plate type damper installed was 1.55 Hz.

Free Vibration Experiments

Free vibration was observed by using an oil jack to generate a forced
displacement and installing a notched steel rod designed to break at a
predetermined displacement. Experiments were conducted on a total of five
cases, one without dampers and the others with four different types of
dampers. The relationship between the logarithmic damping constant, the
period (obtained from the wave form of the observed relative displacement of
the foundation and the 1.FL), and the displacement amplitude was investi-
gated. The tendency of change in the damping constant can be classified into
the friction type (where it increases as the displacement amplitude becomes
smaller), the elasto-plastic type (where it inversely decreases), and the
sand and no damper type (where the damping constant stays almost constant
irrespective of the displacement). The period became shorter as the displa-
cement decreased, irrespective of the type of the damper used.

By combining the results of various vibration experiments performed upon

completion of the structural work of the building in January 1983, the

following information was obtained:

1)Regardless of whether or not a damper was used the natural period became
shorter as the displacement amplitude decreased. Where an isolator only
was used, the period changed from the large deformation amplitude to the
microtremors amplitude (i.e. 1.8 sec to 1.37 sec).

2)Regardless of whether or not a damper was used, no abnormalities were
observed in the loading capacity or the restitutive force of the isolator
against the maximum displacement of about 16 cm.

3)In the experiments using a damper, the damping constant was 5 - 20% for
the elasto-plastic damper, 7 - 8% for the sand damper, 10 - 50% for the
friction damper and 10 - 30% for the PC plate damper, shearing their
respective effectiveness as compared with 5.5%Z in the case of the isolator
only. For all cases, the effectiveness was shown from the viewpoints of
a decrease in  the displacement amplitude and shortening of the vibration
convergence time.

FULL-SCALE VIBRATING TABLE EXPERIMENTS
Summary

Figure 3 shows the explanatory drawing of the vibrating table and the super-
structure. The experiments were performed using forced vibration in the
horizontal direction only. For generation of the vibrations, an electric,
hydraulic servo type actuator (maximum vibration generation power *100 ton,
maximum stroke +250 mm) was used and an accumulator was added for the
purpose of maintaining the velocity at the maximum amplitude of 60 cm/sec
for several cycles. The vibrating table was made of a rigid structural
steel frame and was connected to the vibration generator by ball joints. Six
isolators were inserted between the vibrating table and the foundation
thereof and use as bearings for the vibrating table. The specimen used was a
two storey building of precast concrete panel construction, constructed on a
base mat, forming a superstructure, and a base isolation system consisting
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of six isolators and a damper between the superstructure and the vibrating
table.

The isolators used were the same as those used for the house mentioned
above. The damper used was an elasto-plastic spring type damper that makes
use of the plastic deformation of a steel rod (SS41), and has the advantages
of being very simple and dependable in quantifying the energy absorption,
and economical. As shown in Figure 4, this damper is made of combined steel
materials that are bent in a loop and integrated, being annealed after
forming. By integrating four materials the difference in the initial stif-
fness and the strength due to the difference in the direction of the force
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Figure 3 Outline of vibrating table experiment
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could be nullified. Figure 5 shows the hysteresis curve obtained from the
static cyclic experiments performed on the damper.

The natural period calculated from the initial stiffness of the isolator and
the damper and the weight of the building, i.e. 283.3 t, was 1.89 sec
without the damper, 1.19 sec (when 0O50-4C was used) and 1.32 sec (when
045-4C was used). In this experimental device an éexperimental floor with a
response amplification corresponding to an 2-3 storey RC floor was installed
above the vibrating table and a direct vibration comparison between the non-
base isolation system floor and the base isolation system floor was perfor-
med. Two excitations were performed, i.e. seismic wave input and standing
wave excitation with damper and without damper. In the seismic wave input
experiment, the displacement wave form obtained by integration of the obser-
ved acceleration wave form was used as an input.

Results of Experiments

Table 2 shows the maximum response value in the seismic wave input experi-
ment. Figure 6 a),b) show the maximum response value in a dimensionless form
for comparison between with and without a damper. The response multiplier in
the figure was obtained from (1.FL maximum relative displacement)/(vibrating
table maximum displacement) for displacement and (1.FL maximum absolute
acceleration)/(vibrating table absolute acceleration) for acceleration.

Table 2 Maximum value of vibrating table test

Seismic Compo- Table 1.FL R.FL

wave nent | Disp. | Acce. Disp.| Velo. | Acce. | Acce.

- 9.0) 339.7 7.1 35.0] 129.9 135.¢

EL CENTRO | D9 (9.5)(342.5) (7.1)| (33.9)(118.6)|(127.0)
EW 13.6| 173.4 6.8 34.4 | 125.6 132.3

NS 6.1! 107.1 4.8 27.4| 104.0 107.4

9.3| 268.4 7.2 31.5] 115.8( 120.7

TAFT

o 8.1 125.5 5.0 30.6| 105.4 115.0

14.2( 246.0 743 39.0| 120.6 125.5

NS 10,11 257.8 6.1 37.5] 120.0| 127.3

HACHINOHE EW 12.0| 375.9 8.7 20.7| 143.3 149.6
(12.0)1€296.9) (9.1)] (41.8)/(139.0)(144.8)]

TOHOKU NS (12,3)|(516.2)] (9.5)] (40.0)K142.1)|(147.9)

UNIV. EW 9.1 177.7 7.4 35.4| 134.,1| 140.0
Note:values with ( ) indicate maximum values as used [045-4C
UNIT: Acce.(gal), Velo.(cm/sec), Disp.(cm)

when [D050-4C was used when 0O45-4C was used
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Figure 6 Comparision of response magnification
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Figure 7 shows a comparison of the response values (absolute acceleration,
absolute velocity, absolute displacement) of the vibrating table and 1.FL
with damper during inputting of seismic wave of EL CENTRO(NS) , with the
passing of time. In this experiment, by varying the seismic response of the
vibrating table and the base isolation system the effectiveness of the
isolation system was clearly demonstrated both visually and bodily. In other
words, as a result of the input of the observed seismic wave at the maximum
recorded level, the acceleration level of the input to the structure with
the base isolation system was reduced by about half. Also, taking into
account the amplification of the non-isolated structure, the acceleration
response ratio was recognized to be generally 1/4 - 1/6. For the displace-
ment response, while the response multiplier for no damper is scattered in
the range of 0.74 - 2.37 times, depending on the type of seismic wave, the
use of a damper made the multiplier decrease to the range of 0.45 - 0.81
times, i.e. below 1.0, clearly showing the decrease in the relative displa-
cement due to the damping effect. The comparison of the response accelera-
tion of 1.FL and R.FL shows that the amplification was several gals, sugges-
ting that the superstructure was in parallel motion as a rigid body.

OBSERVATION OF SEISMIC MOTION
Outline Of Observation

Earthquake observation using strong motion seismographs was performed in
April 1983, by installing 3 sets of acceleration-type strong motion seismog-
raphs (Lion, SM-10A type: 1 set, SM-10 type: 2 sets) on the foundation, 1F
floor and rooftop(RF), respectively, which were interlocked for simultaneous
recording. In March 1984 an additional 4 sets of velocity-type strong motion
seismographs (Muramatsu Type, Tokyo Sokushin VS-335 type: 3 sets, VS-235
type: 1 set) were installed for observation. The reason for the two types of
measurements being taken was for the purpose of verifying the interchangea-
bility of the measured values of acceleration and velocity as a means of
contributing to the understanding of the displacement behaviors. The veloci-
ty-type seismographs were equipped with a delay device (5 sec). After the
vibration experiments had been completed, a PC plate damper was used as an
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Figure 7 Measured wave (EL CENTRO(NS), 0O50-4C damper)
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oscillation damping device, but was subsequently replaced by a plywood plate
between June 1983 and November 1984. This measure was taken to eliminate the
friction force that acts between the PC plate and the top of the side wall
in the dry area so that the base isolation system would function during a
small scale earthquake, clarifying the behavior thereof.

Observed Earthquake Wave

To date, data for 17 medium and small scale earthquakes have been collected.
The seismic intensities in Chiba City near the site were: 3 times for IV; 5
times for III; and 9 times for IT or below. Of the 17 earthquakes observed,
relatively large scale (magnitude 7 or above) earthquakes with deep-focus
marine epicenters were recorded on January 1, 1984 (hereinafter to be abbre-
viated as YC-840101), and YC-840914. YC-851004 was the earthquake centered
on the boundary of Ibaragi and Chiba Prefectures. Yachiyo City is located
close to the epicenter, and therefore provided a record of a "right-under-

the-seat" earthquake. Figure 8 shows the observed acceleration wave form
records of YC-851004.

Results Of Observation

Figure 9 shows the bar chart of the maximum acceleration values of all
earthquakes observed. From the figure it can be seen that for the seismic
motion records with a maximum acceleration of 20 gal or larger at the
foundation, the response value of the superstructure decreased. Of these,
YC-851004, with a seismic intensity of V in Tokyo, showed a decreased in its
acceleration response multiplier (1.FL/foundation) by about 1/3 - 1/5. In
this case, the amplification of the superstructure was small, showing a
remarkable isolation effect. The maximum relative displacement obtained
using the fourier integral from this acceleration wave form (band-pass
filter Ts=0.02 sec, T1=10 sec) was 12.5 mm.
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NUMERICAL, ANALYSES
Idealization

In examining the behavior of the isolation structure during an earthquake,

the idealization of the structure was performed paying attention to the

following points:

(1)Effects on human beings, such as reactions of residents, habitability,
etc.

(2)Physical behavior, such as the toppling of furniture and other objects in
the building, etc.

(3)Dynamic behavior of the superstructure.

(4)How to evaluate the physical properties of the isoclator.

The viewpoints of items (1) and (2) above are considered the most difficult
and are being investigated. It is, however, considered necessary to obtain
an accurate floor response through dynamic ana1y51s using a vibration model
with as high a level of freedom as possible.

From the viewpoint of the dynamic behaviors of the superstructure in item
(3), the idealization of the model to as close to the actual structure as
possible may be considered necessary. However, from the viewpoint of the
dynamic analysis used as a reference during the design phase, use of a
simplified model is more effective. In this analyses, the idealization of
the model to as close to the actual structure as possible was performed to
obtain basic data.

The idealization of the isolator model in item (4) above uses MSS springs
(Figure 10) with 8 elasto-plastic springs arranged in the horizontal direc-
tion at equal angles. This model attempts to represent the loading displace-
ment relationship of the isolator as accurately as possible, taking into
account the effects (interaction) of the two directional shearing force.
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In this report, the following idealization (Figure 11) is provided:

(a)The superstructure is represented by an elastic three-dimensional rigid
frame structure.

(b)The floor slab is represented by a rigid floor in the horizontal plane.
Three components of displacement, U, V, 8z are considered for each floor.

(c)To take into account the higher modes caused due to the vertical vibra-
tions, mass points at each column position that demonstrate the force of
inertia against vertical vibration are provided.

(d)The isolator uses MSS springs. Taking into account the mutual effect of
the two-directional external force in the horizontal plane, the vertical
direction is made elastic.

Establishment Of Parameters And Building Characteristics

Three seismic waves, i.e. YC-840101, YC-840306 and YC-851004 were selected
for analysis as input seismic motion. The analysis performed using YC-851004
is described below:

The superstructure is represented by an elastic body taking into account the
bending deformation of the frame work, deformation in the axial direction,
shearing deformation and rigid zone with a damping factor of 0.57. The
properties of the isolator were established with reference to the results of
experiments performed previously, and each MSS spring in the isolator was
designed to have bi-linear type properties (Figure 12). The primary gradient
K1 (K1=10.1 tf/cm, Qy=0.178 tf per isolator) was determined considering the
effect due to friction, etc., between the top of the side wall and the cover
on the dry area side. The secondary gradient K2 (K2=0.634 tf/cm per isola-

Virtical displacements Horizontal displacements
Figure 11 Structural idealization and
displacement component

Figure 10 MSS spring

Table 3 Natural period

? Mode With damper Without damper
1 0.55 sec 1.52 sec
2 0.54 1.51
3 0.46 1.27
Qy K2 4 0.10 0.10
5 0.091 0.093
K, 6 0.078 0.078
- § 7 0.066 0.066
8 0.060 0.060
9 0.051 0.051
10 0.041 0.041
11 0.036 0.036
12 0.033 0.033
13 0.031 0.031
14 0.029 0.029
Figure 12 Shear spring 15 0.023 0.023




tor) was determined from the loading-displacement relationship of the isola-
tor itself. The spring constant in the vertical direction was determined to
be Kv=380 tf/cm and the damping constant to be 1.8% in both the horizontal

and vertical directions. Table 3 shows the natural period obtained based on
the established parameters.

Comparison Of Analysis Results And Actual Measurements

Figures 13 and 14 show the measurement records and analysis results. Figure
13 shows a comparison of the results of observation and analysis of the NS
component of 1.FL, and Figure 14 shows a similar comparison of the EW
component of 1.FL, respectively. It can be seen that the maximum value, wave
form, condition of higher order vibration, etc., match closely, even in the
detailed points. In both the NS and EW directions the acceleration response
of 1.FL decreased as compared with the seismic acceleration, showing the
effectiveness of the isolation structure.

Figure 15 shows response spectra which was calculated from the acceleration
wave of observation and analysis of the EW component of 1.FL.
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From the figure, it can be seen that the response of 1.FL in short period
domain decreased as compared with the response of base mat.

Figure 16 shows the results of experiments using a model in which the
superstructure was assumed to be a rigid body treating it as a mass point,
and the isolator alone was considered to deform. Although the maximum value
matches the observation results, it does not necessarily represent the wave
form as a whole because higher order vibrations cannot be represented.
Generally, the superstructure of the isolation structure is designed by an
elastic design method, and in such a case only the maximum response value is
necessary. Therefore, from the viewpoint of structural design this simple

model will suffice.
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CONCLUSION

Since the seismological observation has not yet encountered a large scale
earthquake, the evaluation of the observation data cannot necessarily be
high. However, we consider that sufficiently effective data were obtained
for the studies of the behavior of the base isolation system during medium
to small scale earthquakes. From the results of the full-scale vibrating
table experiments,we were able to establish that the use of an elasto-
plastic damper dramatically reduces the displacement response, and the
effectiveness of such a damper against not only short period component but
also long period component waves was confirmed, verifying the effectiveness
of the base iscolation system. Also we were able to establish that the
dynamic analysis is effective in the evaluation of the base isolation system
and that the roles played by the simplified model and the elaborate model
were well defined.
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