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This paper summarises the test results obtained from a small scale
seismic isolation system consisting of a laminated steel/natural rubber
bearing and a viscodamper. Dynamic characteristics of the system; e.g.,
stiffness and damping, were measured for a variety of loading condi-
tions. The results are suitable for developing a mathematical model of
the isolation system and providing data for use in the design of larger
scale bearings and viscodampers.

Introduction

Over the last decade the concept of seismic isolation applied to nuclear

power plants has generated a great deal of interest worldwide and a number of

comprehensive reviews on the topic have been published.1' Understandably,

most of the design and research and development (R&D) effort on seismic isola-

tion has come from countries where larger magnitude earthquakes are an ever-

present problem; e.g., Japan, USA, etc. In some areas of these countries

seismic isolation may in fact present the only feasible design solution for

potential sites of Liquid-Metal-Cooled Reactors (LMR's).

In an LMR, thermal loadings impose severe restrictions on the allowable

metal thicknesses because temperature transients in the liquid-metal coolant

can introduce large thermal stresses in components unless thin-walled sections

are used. As a consequence, seismic resistance cannot be increased by simply

adding material to account for the additional seismic loads. Thus, the thin-

walled components become vulnerable to seismic loads with potential buckling

failure being of particular concern.

In areas of low-to-medium seismicity, 0.2 to 0.3-g zero-period ground

acceleration, e.g., UK and North Western Europe, the feasibility of LMR

construction is perhaps not in question; however, here seismically isolated

structures hold the promise of reduced costs through lower design and

component qualification costs, increased margins of safety, and the potential

of plant design standardization. The emphasis on quality control is now

shifted more to the isolation system and less to equipment qualification.

With seismic isolation the design strategy is to decouple the structure

fron the potentially damaging earthquake motions. One practical method of
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seismie isolation is to mount the foundation raft of the nuclear island
complex on a matrix of vibration isolation units. A base-isolation system of
this type usually consists of a specially designed support system of laminated
elastomer bearings which act as low-pass filters to the earthquake horizontal
motion and reduce high-frequency loads on the structure. In addition, damping
devices, either outside, inside, or inherent within the bearing, can be
included to minimize resonance effects.

It is to this type of base-isolation system that most effort has been

directed within the UK nuclear power industry over the last five years.

It was alsc recognized during this period that there are many potential
basemat-isolation designs, each having a number of unresolved questions but
worthy of further consideration. This fact had also been recognized by the
power industries of Japan and the USA and subsequently a tripartite R&D
agreement was signed between EPRI, CRIEPI, and CEGB to collaborate on seismic
isolation research.

The UK contribution to the tripartite agreement has covered a number of

areas; e.g., consideration of the consequences of seismic isolation on

probabilistic risk assessment and effects of low-frequency ground motions for

beyond design-basis conditions. The main focus of the collaboration to date,

however, has been concentrated on the testing of reduced-scale seismic isola-

tion systems to investigate in detail the characteristics of potential

isolation systems prior to full-scale testing.

This paper presents a summary of the test results obtained on a small-scale
model of a seismic isolation system considered for use in areas of low to
medium seismicity such as in the UK and North Western Europe.

Description of Seisaic Isolation Systea

The isolation system studied in the UK and submitted for inclusion in the
Joint USA-Japan-UK R&D program consisted of two discrete elements (Fig. 1):
laminated-steel natural-rubber bearing {Manufacturer: ANDRE Ltd. (UK)], and
operating with a GCRB viscodamper.

•"Viscodamper" is a registered trademark of GERB (West Germany).
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The bearing's function was to provide load-bearing capacity with well-

defined stiffness characteristics. The viscodamper was required to provide

energy dissipation at the design frequency to limit shear strains to the

design target.

Design guidelines exist for laminated elastomer bearings,^ and such

bearings have been used in various applications for many years, thereby giving

confidence in the feasibility of such a design to last for the lifetime of any

nuclear station. The use of viscodampers to minimize vibration amplitudes is

also Hell known and many applications of their use can be witnessed. The

viscodamper can be designed to give well-defined damping characteristics over

a range of displacements up to 100 mm making the system practical for areas of

medium seismicity.

Separation of the isolation system into two elements also allows attention

to be focused on optimising the performance of each individual element without

compromising the performance of the complete system. Testing of each element

is also simplified and with careful design nonlinear damping and stiffness

characteristics can be minimized; hence, confidence is increased in the

system's ability to perform in a stable and highly predictable way.

The reduced-scale system tested was a 0.3 scale bearing operating with a

viscodamper sized to provide 8 to 10$ of critical damping using a damping

fluid of the same type proposed for full-scale units {Figs. 2 and 3).

Research and Development Test Prograa

The objectives of the test program were:

1. To confirm the following abilities of each element under various test

conditions:

- low shear stiffness and high vertical stiffness of the laminated

elastomer bearing

- energy dissipation of viscodamper.

2. To investigate the effect of the number of cycles and displacement

ar.plitude on the damping and stiffness properties of the viscodamper under

cyclic loading.

3. To exanine the effect of the vertical loads on the hysteresis of the

iaaimated elastomer.
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«n. To investigate the failure modes and ultimate capacity of the laminated

elastomer,

§. To verify the restoring effects (self-eentering) of the isolation system

after a seismic event.

To meet these objectives, a comprehensive test program was devised which

investigated the following parameters: vertical load, shear displacement

(static and dynamic), number of cycles, cyclic frequency, eccentricity of

piston in viseodamper, and ambient temperature.

Description of Test Rig

Testing of the reduced-scale seismic isolation system was performed by

Mitsubishi Heavy Industries with funding from CRIEPI.

1. Figure 4 illustrates the schematic view of the test apparatus equipped with

the following characteristics which are designed to accomplish the purpose

of cyclic loading tests:

(a) Under the condition where the vertical load is imposed, the cyclic

loading in the horizontal direction can be simultaneously applied on

the test specimen.

(b) The vertical and horizontal stroke of the test apparatus is 100 and

±150 nan, respectively.

(c) An actuator of the test apparatus can provide a constant vertical load

up to 100 tons and 100 mm in stroke as well as the sinusoidal

horizontal load up to 50 tons and 150 mm in stroke.

(d) The test specimen (laminated elastomer - viseodaraper) is installed

between the base plate and the load plate which is kept horizontal by

parallel linkage mechanism, so the simple shearing deformation can be

imposed on the test specimen. Since sliding friction in the mechanism

cannot be eliminated completely, the resistance force due to sliding

friction was measured prior to the specified tests.

(e) Figure 5 illustrates the schematic view of the test rig for cyclic

test with viscodamper.

To perform the recovery test, the test apparatus described in Fig. 5 was

slightly modified to eliminate the effect of friction force.

In this test, a t00-ton horizontal hydraulic Jack with 500-nm stroke was

employed.
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For the failure mode tests a 100-ton hydraulic jack with SQQ-mm stroke was

instead of the 50-ton horizontal actuator.

Test Results

J. Laminated Elastomer Bearing

The bearings, both three- and five-elastomer layers, were designed in

accordance with British Standard BS 5100. Using the design equations in BS

5^00 it was possible to predict the static stiffnesses of the bearings under

shear or compressive loadings. The bearing stiffnesses could also be deter-

mined using the experimental rig shown in Fig. 1. The compressive stiffnesses

determined by static tests were 104 MN/m (five layer) and 156 MN/m (three

layer) for the five- and three-layer elastomer bearings, respectively. The

compressive stiffnesses predicted by BS 5400 were 92 and 151 MN/m which

compares well with the measured stiffness values (Fig. 6).

The shear stiffness measurements were made both statically and dynamically.

The parameters of the dynamic tests were: vertical load, cyclic frequency,

and shear strain amplitude.

The results of these tests are illustrated graphically in Figs. 7, 3, and

9.

From these dynamic tests it is clear that while there is some scatter

between individual bearings to a first order approximately, the shear stiff-

ness is independent of: shear strain y < 100$, vertical load P < 200J rated

load, and frequency F < 3 Hz. The BS 5100 design equation predicted static

shear stiffnesses of 0.555 MN/m (five layer) and 0.917 MN/m {three layer)

which are in good agreement with the test values.

High cycle testing (100 cycles) was carried out on the bearings operating

in conjunction with the viscodamper. In these tests the shear stiffness was

monitored and found to be independent of cycle number.

The dynamic tests recorded the load-displacement hysteresis loop (Fig. 10),

and it can be seen from these figures that the equivalent viscous damping

ratio is low and calculated to be only six percent. Again the damping was

found to be largely invariant with vertical load.
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A final set of tests was carried out on the elastomer bearings which

determined the failure modes of the bearings (Fig. 11).

In the case of the five layer, bearing failure arose due to overturning of
the bearing unit at a shear strain approaching 400g. The overturning arose
because the bearings were fixed only by dowel pins in the test rig and at
large shear displacements the dowel pins tended to skip out of the location
holes. It is likely that by using a positive fixture; e.g., bolting, the
shear displacement could be increased even further before failure occurred.

In the case of the three layer, bearing ultimate failure occurred around

450 to 500$ shear strain when the steel-rubber laminate bond failed in the

bearing. It is clear from these results that a maximum design shear strain of

250$ will provide sufficient margin to failure of the laminated elastomer

bearing.

2. Viscodamper Unit

The GERB-type viscodamper, as shown in Fig. 3, consists of a cylindrical

piston and a damper housing filled with a high viscosity liquid. Relative

motion between the two cylinders leads to energy dissipation within the

damping liquid. A number of displacement controlled tests were carried out on

the test specimens to investigate the effect on the damping coefficient of

amplitude, frequency, ambient temperature, and eccentricity.

The design amplitude was 10 to 15 ran and for these amplitudes the damping

coefficient was stable at a prescribed frequency; i.e., area enclosed by

hysteresis loop was constant over 20 cycles (Fig. 12).

The equivalent damping coefficient was found to be frequency dependent, as

shown in Fig. 13.

When beyond design amplitudes were considered, two effects were recorded:
"sloshing" behavior of viscous fluid, and local temperature rise adjacent to
moving piston. The net result of both effects is to reduce the effective
energy dissipation of the viscodamper. The "sloshing" effect leads to a
reduction in the effective area of the moving cylinder in contact with the
fluid, hence the area available for frictional energy dissipation is reduced.



After a few cycles of large displacement motion the temperature of the

fluid local to the moving piston increases which leads to a subsequent drop in

local fluid viscosity which again leads to a reduction in the effective energy

dissipation (Pig. 1*0,

These effeets once identified can be significantly reduced by design

changes.

The effect of ambient temperature is a problem and for this type of

viscodamper studied a rise in ambient temperature of 15°C will reduce the

energy dissipation -5OJt. To counter this effect in practice it is necessary

to put upper and lower bounds on the prescribed damping resistance energy

dissipation and accept some variation between first- and last-cycle damping

resistance or, alternatively, maintain the viscodamper units in a controlled

environment.

The effect of damper piston eccentricity was found to be small for

eccentricities up to lOjt of the available radial clearance.

3. Combined Bearing and Viscodamper Tests

A number of tests were performed with the bearing acting in combination

with the viscodamper. These tests confirmed that the performance of the

system could be predicted from a knowledge of the results from the separate

unit ttists. In particular it could be seen that: the stiffness of the

isolation system was provided by the bearing, and the energy dissipation of

the isolation system was a combination of the dissipation in the individual

bearing and viscodamper units.

Recovery tests were carried out where the combined isolation system was

statically deflected by a horizontal shear load. The shear load was suddenly

removed and behavior of the isolation system noted. It was found that the

system had excellent recovery characteristics as it returned to its undeformed

state within one second (Fig. 15).

Endurance tests were carried out to determine the stiffness and damping

characteristics with increasing numbers of shear cycles.



These tests showed that the stiffness of the bearing was constant with

increasing shear cycles up to at least 100 cycles. The viseodamper damping

coefficient reduced significantly with increasing cycles at large displace-

ments; i.e., beyond design basis until at the end of 100 cycles the visoo-

damper contributed -\Q% of its initial damping coefficient. The viscodamper

regained its original properties after a short time when the damping liquid

temperature returned to ambient temperature. The bearing damping contribution

was also slightly reduced. The final bearing damping coefficient being some

70S of the original value.

Conclusions

From the tests on the small scale laminated elastomer bearing and visco-

damper, the following conclusions can be drawn:

1. The eompressive stiffness and shear stiffness of the laminated elastomer

bearing was found to be highly predictable and relatively constant over

the useful working range; i.e.,

Shear Strain
Compressive

Frequency

No. of Shear

Load

Cycles

100$
200$ Rated Load

3 Hz

100

2. Inherent energy dissipation in a laminated natural rubber bearing is low.
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