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ABSTRACT

The Advanced Liquid Metal Reactor (ALMR) seismic isolation system consists of high
damping steel-laminated elastomeric bearings. This type of bearing is used worldwide to
isolate buildings and large critical components. A comprehensive testing program has
been developed to qualify the use of this system for the ALMR. The program includes
material characterization tests, various scale bearing tests, full-size bearing tests, shake
table tests, and long-term aging tests.

The main tasks and objectives of this program are described in the paper. Additionally, a
detailed assessment of completed ALMR bearing test results will be provided. This
assessment will be mainly based on half-scale bearing tests performed at the Earthquake
Engineering Research Center (EERC) of the University of California at Berkeley and at
the Energy Technology Engineering Center (ETEC). These tests were funded by the
U.S. Department of Energy (DOE). Both static and dynamic tests were performed.
Bearings with two types of end connections were tested: dowelled and bolted.

The parameters examined will include the vertical, horizontal stiffness and damping of
the bearings under different loading conditions up to failure. This will determine the
available margins in the bearings above the design vertical load and horizontal
displacement Additionally, the self-centering capability of the bearings after an
earthquake will be addressed. On the basis of these findings, recommendations can be
made if necessary, to improve current manufacturing procedures, quality control, and
procurement specifications.

1.0 INTRODUCTION

Seismic isolation is used around the world to mitigate the damaging effects of
earthquakes on buildings. It is now generally accepted that seismic-isolated buildings
(excluding flexible high-rise structures) will perform better than a conventional building
in moderate and strong earthquakes [11]. The most commonly used isolation device has
been the steel-laminated elastomeric bearing.
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The ALMR incorporates seismic isolation in the reference design to support plant
standardization, enhance plant safety margins, permit siting in zones with higher
seismicity, and to potentially reduce plant costs. The selected isolation system consists
of steel-laminated elastomeric bearings using a high damping compound [1]. Details of
the specific compound used were presented elsewhere [12,17]. This particular isolator
was selected for the ALMR following a review of available hardware because it is a
simple design and its dynamic response, especially at extreme loading, is easier to
characterize than some of the more nonlinear systems. Furthermore, it has sufficient
inherent damping to eliminate the need for additional energy-absorbing devices which
can complicate the design and the system response. Several investigations have shown
that equipment response in isolated buildings is minimized when elastomeric bearings
with no add-on damping elements are used, and that when frictional or elasto-plastic
dampers are incorporated, they inevitably cause high frequency response and increased
accelerations in equipment and reduce the effectiveness of isolation [4,6,7,8, IS].
Additionally, the bearings selected are self-restoring even after the application of very
large displacements, making them effective during the foreshock, main shock, and after
shocks. Furthermore; bearing mechanical properties are unaffected by cycling.

The isolated ALMR structure and components weigh 13,000 kips and are supported on
25 seismic isolation bearings. The average load per bearing is 525 kips.

2.0 ALMR SEISMIC ISOLATION BEARING DESIGN

The seismic design basis for the ALMR is a design safe shutdown earthquake (SSE) with
a maximum horizontal and vertical acceleration of 0.3 g anchored to a design earthquake
that envelopes the NRC Regulatory Guide 1.60 spectra. The selected criteria is expected
to cover over 80 percent of potential nuclear sites in the U.S. excluding California.
Options for siting in higher seismic zones, with design earthquakes exceeding 0.5 g, were
investigated and were found acceptable.

The main parameters that govern the design of the bearings are the required horizontal
and vertical stiffness and the allowable shear strains for different earthquake levels. The
frequency goals are a horizontal frequency of 0.75 Hz and a vertical frequency of 20 Hz.
The allowable shear strains during an SSE is 50 percent The maximum horizontal
displacement in the bearings for this condition is 7.5 in. The bearing is required to have
a horizontal displacement margin beyond SSE of at least 3. The bearing shall have a
demonstrated vertical load margin of at least 10.

The resulting bearings have a diameter of 52 in. and a total height of 23.1 in. and consist
of thirty layers of rubber 0.5 in. thick bonded to 29 steel shims. The steel shim thickness
is 0.125 in.

3.0 ALMR SEISMIC BEARING QUALIFICATION PROGRAM

Testing has been completed on a large number of elastomeric bearings of various designs
and using different high damping rubber compounds. These tests have been performed at
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two facilities, the Earthquake Engineering Research Center (EERC) at the University of
California, Berkeley and at the Energy Technology Engineering Center (ETEC). The
bearings tested were half-size ALMR bearings. The results of these tests are summarized
in this paper. Numerous other bearing configurations have been tested in support of
other nuclear programs. The results of these tests have been presented elsewhere [10,11,
14,18]. Plans for additional ALMR specific tests are summarized below:

Elastomeric Characterization Tests

Elastomeric specimens made up of the same compound as used in the ALMR bearings
will be tested to characterize aging effects, temperature effects, and other environmental
effects such as responses to low gamma radiation environment A program to expose
elastomeric specimens to low gamma radiation up to a target dose of 107 rads was
initiated in the EBRII sodium purification cell. The maximum accumulated dose
expected during the 60 year plant lifetime is less than 5.25x10^ rads. Based on a recent
study [20], which reports that high damping rubber bearing horizontal stiffness is
affected only after the dose of 5x10^ rads is exceeded, the ALMR radiation field is not
expected to cause problems.

Full-Size Bearing Tests

Five full-size bearings will be tested to evaluate design stiffness and damping properties.
The results of these tests will be compared with the half-scale tests to examine the
validity of extrapolating scaled tests results. These tests will also be used to demonstrate
the required minimum beyond design margins and self centering capability.

System Tests

Shaketable tests will be performed at EERC using a simple sub scale representation of
the ALMR seismic platform and systems supported by the platform. The model will be
subjected to various input earthquake time histories including motions representative of
the SSE and beyond design earthquakes. Responses of key components will be measured
and compared with predicted responses computed using the selected system response
computer programs. These comparisons will verify the computational tools and
demonstrate their effectiveness in predicting the response of isolated structures under
different earthquake conditions.

Aging Assessment Tests

The ALMR has a design life of 60 years. Long term performance data will be collected
from tests on sub-scale ALMR bearings. The bearings will be initially subjected to
benchmark vertical load and horizontal displacement tests. Subsequently, the bearings
will be stored under constant vertical compressive loads in an environment which
simulated both the radiation and temperature environments predicted for the reference
standard plant. Periodically, the bearings will be removed, inspected for general
condition, and retested to monitor creep effects, and any changes in stiffness and
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damping characteristics. After testing, the bearings will be returned to the aging
environment for another residence period. In addition, the effectiveness and validity of
accelerated aging tests, such as ones performed in Japan [13] will be investigated.

4.0 ALMR BEARING TESTS

A program for testing half-scale ALMR bearings at EERC and ETEC has been
completed. The dimensions of the bearings tested are compared with the full-scale
ALMR bearings in Table 1.

Table 1 Comparison of Test and Full-Size Bearing Configurations

CHARACTERISTIC

Outside diameter (in.)
Thickness of end plates On.)
Number of rubber layers
Thickness of rubber layers (in.)
Number of steel shim plates
Thickness of shim plates (in.)
Diameter of shim plate (in.)
Total bearing height (in.)

FULL-SCALE
52
2
30
0.5
29

0.125
46

23.13

TEST BEARING

26
1

30
0.238

29
0.105

23
11.81

Eight half-scale bearings were tested at EERC. These tests were quasi static and were
performed simultaneously on four bearings. The first set of four used dowel type
connections for transferring lateral loads. This was the preferred type of connection in
the U.S. at the time, and was selected for the reference ALMR design. Upon completion
of the tests, it was decided to convert the remaining four dowelled bearings to bolted
bearings by threading the dowel holes and bolting the new end plates to the bearings.
The test series had the following objectives:

• Evaluation of vertical stiffness of bearings.
• Evaluation of horizontal stiffness and damping, and the influence of vertical load

on these characteristics.
• Identification of failure modes under axial load and combined axial and shear

loads.
• Investigation of the effect of end plate connection on the performance and

stability of bearings under extreme loads.

The equipment used at EERC and the important test results have been previously
summarized [9,16,17].

Nine half-scale bearings similar to the ones tested at EERC were also tested at
ETEC [2,3]. Five new bearings were manufactured and tested in the dowelled
configuration. Additionally, the four bearings which were converted to a bolted
configuration and tested at EERC were retested by ETEC. The main difference between
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the EERC and ETEC tests was that the later were performed on individual bearings. In
addition to the above objectives the ETEC tests were performed to determine the
following effects:

• Examine the effect of loading frequency and number of cycles on the horizontal
stiffness and damping characteristics of the bearings.

• Investigate the failure modes of the bearings under combined axial and horizontal
load (These tests could not be performed at EERC due to limitations of the test
equipment).

• Investigate the self-centering capability of bearings after a large displacement
• Develop data from dynamic tests to compare with the results of static tests

performed at EERC.

Axial Load Tests

Several axial load tests were performed at EERC. The tests confirmed the high vertical
stiffness of the bearings. Additionally, it was demonstrated that the margin of safety
against buckling of a single bearing was 28. Details of these tests were summarized
in [17].

Combined Axial Shear Tests

A series of horizontal static and dynamic tests were performed at ETEC. The tests were
repeated for different axial loads which were kept constant during the tests. These loads
were 14 kips, 70 kips, 140 kips (design load for half-scale), and 210 kips. The dynamic
tests were performed for three frequencies; 0.5 Hz, 0.75 Hz, and 2.0 Hz for three
horizontal displacements corresponding to a shear strain of 14 percent, 55 percent, and
100 percent The main results from these tests are summarized in this section.

Figure 1 shows the hysteresis loops for one of the dowelled bearings. The axial load for
these tests was 140 kips, and the loading frequency was 0.75 Hz. Figure 2 shows the
hysteresis loops for a bolted bearing at 100 percent strain for the four axial load levels.
In general it can be concluded that in the range of loads used in the tests, the magnitude
of the axial load had a negligible effect on the horizontal bearing stiffness and damping.
Figures 3 and 4 show the variation of horizontal stiffness and damping for the dowelled
and bolted bearing with axial load and loading frequency. The results are plotted for a
strain of 14 percent It can be seen that the effects of both axial load and frequency are
small. In general both stiffness and damping increase slightly when the frequency is
raised from 0.75 Hz to 2.0 Hz. However, the effect of increasing frequency from 0.5 Hz
to 0.75 Hz did not give consistent results, indicating that there may be some other factors
influencing the results.
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Figure 1 Hysteresis Loop for Cyclic Shear Test, Dowelled Bearing
Axial Load = 140 kips, Frequency = 0.75 Hz
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Figure 2 Hysteresis Loop for Cyclic Shear Test, Bolted Bearing
Axial Load = 14,70,140, and 210 kips
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Figure 5 Variation of Horizontal Stiffness with Strain
Axial Load = 140 kips
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Figure 6 Variation of Horizontal Damping with Strain
Axial Load = 140 kips

Figures 5 and 6 show the variation of horizontal stiffness and damping with strain.
These plots include the averages obtained from the ETEC dowelled and bolted tests, as
well as the EERC test results. It should be noted that the EERC tests were obtained from
static tests. Static tests were also performed at ETEC. The static and dynamic stiffnesses
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at 100 percent shear strain and 140 kip axial load are compared in Table 2. Figure 5 also
includes the predicted horizontal stiffness based on coupon tests and Figure 6 includes
the damping obtained from coupon tests. In general the bearing dynamic damping is
higher than the static damping and both are lower than the damping obtained from
coupon tests.

Table 2 Comparison of Static and Dynamic (0.75 Hz) Stiffnesses
Axial Load-140 kips

STATIC TESTS

DYNAMIC TESTS

DOWELLED
9.1
8.8

BOLTED

8.2
8.1

The effect of cycling was also investigated by testing some bearings up to SO cycles at
0.75 Hz and a displacement corresponding to 100 percent strain. The horizontal stiffness
and damping values were relatively unchanged after the third cycle. Fatigue tests
performed on other similar bearings are reported in [10,14] show that the bearings can
withstand over 1120 cycles of ISO percent strain before failure.

Self-Centering Tests

One concern with seismic isolation systems has been whether they will remain effective
after a large earthquake such as the SSE and continue to provide protection from
aftershocks. To satisfy this condition, it would be necessary to demonstrate that the
bearings self-center after imposing a large displacement while the design axial load is
maintained. To simulate this condition a stack of two dowelled bearings was placed in
the testing machine, and the vertical design load was applied and maintained throughout
the test. The bearings were then displaced horizontally, and after reaching the required
displacement, the actuator was retracted and the residual displacements in the bearings
were measured. These tests were performed for two displacement levels: 4.0 in. (SS
percent shear strain) and 7.2 in. (100 percent shear strain). These were representative of
an SSE and a beyond SSE event The initial residual displacements from these tests were
0.3 in. and 0.6 in. After approximately 200 seconds the displacements were further
reduced by SO percent These tests were only performed for the dowelled bearings.
However based on tests done in Japan on bolted bearings, it is expected that they will
perform as well as the dowelled bearings. These tests demonstrate a major advantage
that these type of bearings have over systems which use hysteretic dampers such as lead
plugs. Tests have shown that the hysteretic elements would prevent the bearings from
self-centering [5].

Shear Failure Tests

For these tests, the bearings were subjected to increasing horizontal displacements up to
failure while maintaining a constant vertical load. Failure for the dowelled bearings was
defined as roll-out, the displacement beyond which the applied horizontal load started
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decreasing with increasing displacement For the bolted bearings, failure was defined as
physical rupture. Two dowelled bearings, and three bolted bearings were tested. For the
dowelled bearings, the tests were repeated three times with an axial load of 140 kips,
210 kips, and 560 kips. The bolted bearings were tested under 14 kips, and 140 kips.
The results of these tests are summarized in Figure 8. Roll-out for the dowelled bearings
was observed at about 200 percent shear strain. This was independent of the magnitude
of the vertical load. No visible damage was observed at die end of these tests. It should
be noted that if lower vertical loads are applied, roll-out will occur at a smaller strain.
For example in the tests performed at EERC, when the bearings were tested with a 70 kip
vertical load, roll-out was observed at 160 percent strain. For the bolted bearings, the
average failure strain was 255 percent It should be noted that these bolted bearings had
been previously tested at EERC to 200 percent strain. The hysteresis loops from the
failure tests for both types of bearings are shown in Figure 9. For comparison purposes
the hysteresis loops obtained from the tests, but for a different axial load are shown
in Figure 10.
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Figure 8 Summary of ETEC Shear Failure Tests

Tension Failure Test

One bearing was tested in tension to failure. Failure was initiated at a load of 165 kips
and a displacement of 1.2 in. (2.4 in. in full-scale). The load translates into a tensile
stress of 400 psi based on the steel shim diameter. The test was continued up to a
displacement of 3.0 in. At this displacement the tensile force was 50 kips. Analysis
results show that the maximum uplift in a corner bearing with a 2.0g input earthquake is
less than 0.2 in. [19] which is considerably less than the tensile strain required to cause
failure.
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5.0 SUMMARY AND CONCLUSIONS

The EERC and ETEC test results and observations confirm the design characteristics of
the ALMR seismic isolation bearings. Additionally, the performance of the bearings for
both dowelled and bolted configurations exceed the goals for design margins. The
following are some relevant observations:

• In the range of axial loads that were investigated, the horizontal stiffness and
damping were not appreciably affected by changes in the axial load

• The effect of loading frequency on the horizontal stiffness and damping is small.
Consequently, when full-size bearings are tested, the design characteristics can be
evaluated from static tests.

• There were some differences between die EERC and ETEC tests. These may be
attributed to the following reasons:
• The EERC test results were the average of four bearings; the ETEC test were

for individual bearings.
• The bearings tested at the two facilities were from two lots manufactured at

different times.
• The particular testing methodology and instrumentation used at each tests

facility.
• The ETEC test results display larger than acceptable variation in stiffness

between bearings of the same type. It is expected that this variation will be much
smaller if current bearing purchase specifications are used. For example, in a
recently completed non-nuclear application, 64 high damping elastomeric
bearings of the same size were procured from a U.S. manufacturer using the
revised specifications. Tests performed on these bearings demonstrated that the
stiffnesses of all the bearings were within ±10 percent of the mean stiffness.

• Properly manufactured bolted bearings have higher horizontal displacement
margins than dowelled bearings. Furthermore, the increase in horizontal stiffness
at high strains observed in bolted bearings is a desirable feature for reducing
displacements for beyond design earthquakes.
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