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ABSTRACT

The Advanced Liquid Metal Reactor (ALMR) design uses seismic isolation as a cost
effective approach for simplifying seismic design of the reactor module, and for enhancing
margins to handle beyond design basis earthquakes (BDBE). A comprehensive seismic
analysis plan has been developed to confirm the adequacy of the design and to support
regulatory licensing activities. In this plan state-of-the-art computer programs are used to
evaluate the system response of the ALMR. Several factors that affect seismic response
will be investigated. These include variability in the input earthquake mechanism, soil-
structure interaction effects, and nonlinear response of the isolators.

This paper reviews the type of analyses that are planned, and discuses the approach that
will be used for validating the specific features of computer programs that are required in
the analysis of isolated structures. To date, different linear and nonlinear seismic analyses
have been completed. The results of recently completed linear analyses have been
summarized elsewhere. The findings of three-dimensional seismic nonlinear analyses are
presented in this paper. These analyses were performed to evaluate the effect of changes
of isolator horizontal stiffness with horizontal displacement on overall response, to
develop an approach for representing BDBE events with return periods exceeding 10,000
years, and to assess margins in the design for BDBEs.

From the results of these analyses and bearing test data, it can be concluded that a properly
designed and constructed seismic isolation system can accommodate displacements
several times the design safe shutdown earthquake (SSE) for the ALMR.

1.0 INTRODUCTION

The ALMR program sponsored by the U.S. Department of Energy (DOE) uses seismic
isolation to simplify design, to enhance safety margins, and to support the development of
a standardized design for the majority of the available U.S. reactor sites. The ALMR [1],
employs compact reactor modules sized to enable factory fabrication, and shipment to a
wide range of sites. The isolated structure, consists of a stiff rectangular steel-concrete
box structure 52 ft by 91 ft. It supports the reactor vessel, the containment dome and the
reactor vessel auxiliary cooling system stacks, see Figure 1. The reactor vessel has a 20 ft
diameter and a height of 62 ft and is supported from the top. The relatively large height
to diameter ratio of the vessel provides sufficient intrinsic resistance in the vertical
direction to minimize amplifications in the vertical ground motions making vertical
isolation unnecessary.

-278-



CONTAINMENT DOME

CONTAINMENT VESSEL

REACTOR VESSEL

INTERMEDIATE
HEAT EXCHANGER (2)

REACTOR SILO

REACTOR VESSEL
AUXILIARY COOLING
SYSTEM INLET AND
EXHAUST STACKS

^SEISMIC ISOLATOR BEARING

IN-VESSEL TRANSFER MACHINE

EM PUMP (4)

CORE - METAL FUEL

Figure 1 Isometric View of ALMR Plant

The isolated structure weighs 13,000 kips and is supported on 25 seismic isolation
bearings. The isolators consist of steel-laminated elastomeric bearings using a high
damping compound. The average load per bearing is 525 kips. The bearings were
designed to give a horizontal frequency of 0.75 Hz (at SSE level displacements), and a
vertical frequency greater than 20 Hz. Additional details on the design of the bearings are
given in a companion paper to be presented at the meeting [15].

2.0 SEISMIC ANALYSIS PLAN

The seismic response of the ALMR in the horizontal directions is mainly controlled by the
dynamic stiffness of the bearings at different horizontal displacements. At small
displacements, the bearings are stiff and provide inherent wind resistance capacity. As the
displacements increase, the stiffness is reduced and remains fairly constant up to bearing
displacements greater than those expected for the SSE. At very large displacements, the
bearing stiffness increases again, providing a mechanism for limiting displacements during
extreme events. This increase in stiffness occurs due to recrystalization of the rubber
molecules. Shake table test results performed in the past on different building models
have shown that an equivalent linear approach is adequate for predicting the response of
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isolated structures, using this type of isolators for earthquakes resulting in displacements
that are in the range when the bearing stiffness is relatively constant [7].

To date various equivalent linear time history analyses have been performed to assess the
system response of the ALMR. The analyses were performed using the Bechtel structural
finite element program BSAP [2]. The results of these analyses have been used for
preliminary design of the bearings and the isolated structures and components.

More recently, nonlinear time history analysis was performed to model the nonlinear
stiffness of the bearings and to compute the response in the displacement range when the
bearing stiffness cannot be assumed to remain constant Several computer programs are
available and could be used for performing this analysis. For two-dimensional analysis,
DRAIN-2D [6], has been widely used by the structural design community. For three-
dimensional analysis, general purpose programs such as ABAQUS, ANSYS, MARC can
be used. Specialized programs have also been specifically developed for the nonlinear
analysis of isolated structures. These include NPAD [18], SISEC [17], and 3D-BASIS
[10]. Among the latter three programs, 3D-BASIS is the only one currently in the public
domain. For the ALMR analysis, the computer program SeaStar[ 12] was used. This
program was selected because of easy access, and because it is highly efficient on
workstation platforms. Further details of this program and the analysis results are given in
Section 3.

Future plans to support the development of a final design, include additional linear and
nonlinear analyses to evaluate the effects of distant great earthquakes, low magnitude
nearby earthquakes, different earthquake time histories, variations in bearing properties
due to manufacturing and aging, foundation settlement and other effects. Additionally,
three-dimensional soil-structure interaction (SSI) analysis using the computer program
SASSI [8,13] will be performed. The objectives of the SSI analysis are to assess the
effects of various seismic wave types including body waves and surface waves,
embodiment effects, soil layering, SSI effects with emphasis on vertical, rocking and
torsional response, and foundation-soil-foundation interaction effects.

Before final design, the computer programs selected for performing the system analysis
will be validated by comparing the analysis results with the results of shake table tests to
be performed on sub-scale models of the ALMR. Additional comparisons will be made
with the actual response of isolated buildings during strong earthquakes, if such data
becomes available.

3.0 NONLINEAR SEISMIC ANALYSES

The objective of the nonlinear analyses was to evaluate the effects of the high stiffness of
the bearings at small and very large displacements on the response. Modeling these effects
may be necessary for calculating the response for small earthquakes as well as very large
events exceeding the SSE. Additionally, understanding the effect of the increasing
stiffness at large displacements will quantifying the available margin in design beyond the
SSE. Finally, findings of this analysis may lead to changes in the bearing design.
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3.1 Seismic Criteria

The ALMR is designed to accommodate the seismic conditions expected at a wide range
of sites, including deep soil sites with a minimum shear wave velocity of 1000 fps, to stiff
rock sites. The seismic design basis is a safe shutdown earthquake (SSE) with a maximum
horizontal and vertical acceleration of 0.3g specified at the surface of the free-field. The
design earthquake is consistent with the U.S. NRC Regulatory Guide 1.60 spectra [16].
Figure 2 shows a comparison of the RG 1.60 design spectrum with the tentative Japanese
design spectrum developed specifically for seismically isolated FBR [4]. It can be seen
that for frequencies that are important to the response of isolated structures (0.5 to 1.0 Hz),
the two curves are similar. Since the majority of potential ALMR sites are in the Central
or Eastern United States, Figure 2 also shows response spectra more applicable for this
region as recommended by the Electric Power Research Institute (EPRI) in [3]. Spectra
for two sites are shown, a rock site and a deep soil site. This figure shows that the spectra
have stronger high frequency components than the RG 1.60 spectrum which was originally
developed from earthquakes recorded in the Western United States. Although this
difference in spectral values may influence the response of conventional structures, the
response of isolated structures will be smaller for the EPRI inputs. Thus the design
spectrum selected for the ALMR is conservative and it can be concluded that the selected
design spectrum is appropriate for all regions falling within the selected SSE acceleration.
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Figure 2 Comparison of Various Horizontal Design Response Spectra
Scaled to SSE Level (5 Percent Damping)
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3.2 Seismic Input Time Histories

The nonlinear analyses were performed for earthquake levels ranging from one-fourth the
SSE (0.075g input) to more than six times the SSE (2.0g input). The time histories used
for input levels of 0.3g and less consisted of two horizontal and a vertical synthetic
acceleration time histories, whose response spectra enveloped the RG 1.60 spectra. These
will be referred to as the RG input Each time history has a duration of 24 seconds and is
digitized at 0.005 second intervals. The response spectra for these time histories are
compared with the RG 1.60 spectra in Figure 3. These time histories were scaled to three
levels; 0.3g, 0.15g, and 0.075g. These time histories were also used for events greater
than the SSE, in which case the motions were scaled to 0.75g and 2.0g. For these levels
two extra sets of time histories were used. These additional time histories were generated
through numerical analysis for a hypothetical site in California. One set was developed
assuming an earthquake with a moment magnitude of 8.0 and a distance of 12 km to the
source. The resulting peak horizontal acceleration was 0.85g and peak vertical
acceleration was l.Og. The total length of the record considered was 60 seconds, with
about 25 seconds of strong shaking. The response spectra for these motions are shown in
Figure 4 and are compared with the RG input spectra when scaled to 0.85 g. The second
set was developed for an extreme event, where the moment magnitude was raised to 8.5.
This represents rupture of the entire San Andreas fault This condition is very conserva-
tive, but nevertheless represents an upper bound event for California. The resulting time
histories had a maximum horizontal acceleration of 2.0g and a maximum vertical
acceleration of 1.2g. The duration of the record and of strong shaking was 60 seconds.
The horizontal spectrum is shotvn in Figure 5. For comparison purposes the figure also
shows the RG spectra scaled to 2.0g. Additional description of the numerical procedure
and assumptions used in generating the synthetic time histories are given in [14]. The
time histories and the acceleration scaling factors used are summarized in Table 1.

Table 1 Summary of Time Histories Used in the Analysis

NAME

RG 1.60 Compatible
^arge Synthetic
Extreme Synthetic

ABBREVIATION

RG
Synth

Extreme

DURATION

(SEC.)

24
60
60

MAXIMUM HORIZONTAL

ACCELERATION (G)

0.075,0.15,0.3.0.75.1.0,2.0
0.85.1.7

2.0

MAXIMUM VERTICAL

ACCELERATION (G)

Same as Horizontal
1.0
1.2

33 Description of Computer Program

The computer program SeaStar [12] was used for the nonlinear analysis. This program is
a general purpose three-dimensional program for linear and nonlinear structural analysis.
It is based on the ANSR-III program the latest version of the ANSR series of computer
programs [9,11] developed at the University of California, Berkeley. Input can include
both imposed displacements and arbitrary static and dynamic forces. The element library
includes 3-D large displacement beam element, 3-D inelastic beam element, 3-D nonlinear
truss element, contact or support element, and cable element among others. The program
has been extensively verified and is widely used by the offshore industry.

-282-



S

5 * DAMPING
105B DAMPING

1 0 "

S

I

• • • • i
i

i I I I I I I i

FREOJENCY (HZ.)

(a) Horizontal Direction

10* DAMPING
5 * DAMPING

FREQUENCY (HZ.)

(b) Vertical Direction
Figure 3 Comparison of Synthetic RG 1.60 Compatible Time History Spectra

with Design Spectrum

-283-



18 I

6

5

1 -

RG 1.60 COMPATABLE
SYNTHETIC

i I I I I I t \
ie*

FREQUENCY (HZ.)

Figure 4 Comparison of Response Spectra for Synthetic and RG 1.60 Compatible
Time Histories (10 Percent Damping)

6

S

1
1 -

18"

BDBE SYNTHETIC
RG 1.60 COMPATABLE

FREOLENCY (HZ.)

Figure 5 Comparison of Response Spectra for Extreme and RG 1.60 Compatible
Time Histories (10 Percent Damping)

-284-



3.4 Description of Computer Model

The layout of the seismic bearings modeled in this analysis is shown in Figure 6. The
center of gravity for the isolated structure is located 16 ft above the top of the bearings.
In the lateral direction the load is symmetric around the long axis and is offset by 3 ft
around the short axis.

The reactor deck was modeled as an assemblage of rigid beams as shown in Figure 7. This
configuration was based on the lateral dimensions of the ALMR platform. Each node (11
to 25) represents the location of a seismic isolation bearing. Additionally node 40 was
used to connect the platform to the reactor model and the additional lumped mass required
to yield the vertical mass eccentricity defined above. In the lateral direction the lumped
masses were distributed to give a minimum eccentricity of 5 percent of the platform lateral
dimensions in both directions.

The isolators are modeled as individual springs to properly model rocking and torsional
effects. In the axial direction, the springs are linear. In the two lateral directions, the
springs are nonlinear, and have three stiffness segments as shown in Figure 8. Damping of
the isolators is provided as hysteretic damping in the springs. Additional effective
damping of about 1 percent is introduced as Rayleigh damping. A single lumped mass
spring model was used to represent the reactor. The mass was representative of the reactor
weight (1,992 kips), and the spring in the horizontal direction (3,320 kip/in.) was
representative of the reactor vessel stiffness in the horizontal direction giving a horizontal
frequency of 4 Hz. The vertical spring stiffness used was 38,200 kip/in., giving a vertical
frequency of 13.7 Hz.

Previous linear analyses that included the soil flexibility had shown that the soil had very
little effect on the horizontal response of the isolated structure [14]. Consequently for this
analysis The foundation was assumed to be rigid (fixed-base analysis).

33 Cases Analyzed

A parametric study was performed to compute the response of the platform. The
parameters that were modified include the input time history, the peak acceleration, the
ratio of the third stiffness, K3, to the mid stiffness, K2, and the horizontal deflection 6S at
which the bearing stiffness increases (see Figure 9). The values for Kj, K2, and 5y were
kept constant for all cases and were Kj = 1620 kip/ft, K2 = 360 kip/ft, and 5y = 0.167 ft
(2 in.). The parameters that were varied for the different cases are summarized in Table 2.

4.0 ANALYSIS RESULTS

4.1 Summary of Results

The first step of the analysis was to compute the fundamental frequencies of the model
under the initial stiffness state of the isolators (Kj). The first two frequencies were 1.51
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Hz and 1.56 Hz corresponding to the two translational modes, the third frequency was
2.69 Hz corresponding to the torsional mode. The frequencies were also computed for the
softened state, (K2), and the first three frequencies corresponding to the above modes were
0.72 Hz, 0.75 Hz, and 1.23 Hz respectively.

The maximum horizontal displacements across the bearings are summarized in Table 3. In
this paper only the results of large earthquakes, larger than 0.75g are reported. Values for
a typical inner and comer bearing are given. The vertical displacements were computed to
evaluate the effects of rocking, and possible uplifting of the structure from the bearings.
These values are summarized in Table 4 and represent the net vertical displacement
(upward seismic displacement-vertical compression due to dead load. Negative net values
indicate that the bearing is under compression.

The maximum forces in a corner bearing are summarized in Table 5. Additionally, the
forces are normalized by the weight supported by each bearing to get an idea of the
effective horizontal acceleration of the isolated platform these are also summarized in
Table 5.

Figure 6 Layout of Seismic Isolation Bearings
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Figure 7 ALMR Analysis Model

Figure 8 Seismic Isolator Nonlinear Model
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Figure 9 Variations in Isolator Spring Properties

Table 2 Summary of Cases Analyzed

CASE No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14

FILENAME

REV3

REV4

REV6
REV7
REV8
REV9
REV10
REV11
REV12
REVla
REV2a
REV3a
REV4a
REV5a

TIME HISTORY HORIZONTAL
ACCELERATION (G)

K3/K2 6s(in.)

Low Strain (&<&y) Eigen Value Analysis

High StTain (8y<S<8s) Eigen Value Analysis

RG
RG
RG
RG
RG
RG
RG

Extreme
Extreme

Synth
2*Svnth
Extreme

0.75
1.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00
0.85
1.70
2.00

4.2
4.2
4.2
2.8
10.0
1.0
4.2
4.2
4.2
4.2
4.2
4.2

2.5
2.5
2.5
2.5
2.5
N/A
2.0
2.5
2.0
2.5
2.5
1.5

-288-



Table 3 Summary of Maximum Horizontal Displacements (Inches)

CASE
3
4
5
6
7
8
9
10
11
12
13
14

INNER BEARING
X-DISP.

10.3
13.3
33.2
33.2
30.7
35.0
31.7
27.5
25.3
8.2
25.2
23.0

Y-DISP.
12.3
15.1
34.8
36.0
33.9
38.4
35.9
32.7
30.0
13.3
28.6
29.6

MAX-DISP.
12.7
16.7
42.3
43.2
39.8
48.2
40.0
42.4
39.1
13.4
28.7
37.3

CO
X-DISP.

11.5
15.4
37.8
40.2
33.6
44.1
35.8
31.3
29.7
10.6
29.2
27.8

RNERBEA]
Y-DISP.

13.0
17.5
37.9
39.2
35.5
46.3
37.5
35.4
32.8
13.6
32.7
32.4

RING
MAX-DISP.

16.6
21.6
46.0
48.9
40.7
62.5
43.7
47.1
44.2
14.0
33.8
42.4

Table 4 Summary of Maximum Vertical Displacements (Inches)

CASE

3
4
5
6
7
8
9
10
11
12
13
14

MAX-VERTICAL
DISPLACEMENT

-.035
-.026
.041
.035
.061
.019
.099
.126
.092
-.016
.069
.140

Table 5 Summary of Horizontal Force and Peak Effective Acceleration

CASE

3
4
5
6
7
8
9

FORCE-X

(KIPS)

389.4
491.1
1630.5
1557.0
1557.5
1238.2
1975.5

FORCE-Y

(KIPS)

455.4
570.9
1862.5
1668.0
2501.3
1397.9
2418.0

EFFECTIVE

ACCELERATION-X(g)

0.74
0.93
3.1
3.0
3.0
2.4
3.8

EFFECTIVE

ACCELERATION-Y(g)

0.87
1.1
3.5
3.2
4.8
2.7
4.6
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4.2 Discussion of Results

The ALMR bearings were designed for an SSE of 0.3g. The shear strain expected in the
bearing for this earthquake level is about SO percent Tests performed on the half-scale
bearings [IS], indicate that the full-scale bolted bearing are capable of accommodating
displacements around 37 in. (S times margin beyond SSE). This displacement corresponds
to a shear strain of 2S0 percent and is equal to about 70 percent of the bearing diameter.
Based on the test results and results of this analysis, it can be concluded that the current
ALMR bearings are capable of accommodating earthquakes up to l.Og acceleration.
However, for extreme events, when the input is 2.0g, the displacements exceed the bearing
capacity by about 20 percent This is in general a conservative assessment for sites in the
Eastern and Central U.S.. As was mentioned in Section 3.1, the response spectra for the
time histories used in the analysis are significantly higher in the range of frequencies of
interest, than response spectra being used for these regions in other advanced nuclear
projects see Figure 2. If time histories compatible with the Eastern U.S. spectra are used
the margins in the existing bearing designs would be even larger, and earthquakes with
peak accelerations of 2.0g could be accommodated. Inprovements in manufacturing
techniques could also result in bearings capable of accommodating large displacements. It
is conceivable that bearings with the current ALMR geometry can be manufactured which
can displace 45 in.

To examine the effect of the magnitude of bearing stiffness on limiting displacements, the
results for four different K3/K2 ratios are plotted in Figure 10. The input for all for cases
is the RG compatible scaled to l.Og. It can be seen that with no bearing stiffening, the
maximum combined displacement is 62.S in. The displacement decreases as the stiffness
ratio increases. Although the increase in stiffness is beneficial in limiting displacements
this results in an increase in the forces, see Table 4. Another parameter which was varied
was the lateral displacement 8S beyond which the bearing was assumed to stiffen. The
K3/K2 was held constant at a value of 4.2. The analysis was performed with the extreme
input and three value of 8S, 1.5 ft, 2.0 ft, and 2.5 ft The same analysis was performed
with the RG 1.60 input scaled to 2.0g with 8S of 2.0 and 2.5 ft The maximum combined
displacements for the various cases can be seen in Figure 11. It can be concluded from
this figure that the displacements are reduced if the bearing design is such that they are
allowed to stiffen starting from a lower displacement It can also be concluded from this
figure that the two different time histories used result in similar responses.

Finally, it can be seen from Table 4, that when a 2.0g input is specified, uplift in some of
the bearings may be expected. Tests on bearings have shown that larger tensile strains
would be required to damage the bearings. The effect of tension in reducing the shear
capacity of the ALMR bearings has not been considered to date. This type of loading
condition has been considered in Japan and should be included in future testing of ALMR
bearings.
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Figure 10 Effect of Bearing Stiffening on Maximum Combined Displacement
RG 1.60 Input Scaled to 2.0g
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Figure 11 Effect of Varying Displacement at which Bearing starts to stiffen

The next phase of this program will evaluate wheteher the current ALMR bearing design
and seismic gap is adequate. The evaluation will use the results of this analysis, coupled
with the findings of the ALMR half-scale bearing tests to evaluate the current seismic risk.
Hazard curves for Eastern and Central U.S. will be used to determine the probability of the
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seismic gap from closing. If the probabilities are not sufficiently small, the size of the gap
and the design of the bearings may have to be modified to accommodate the increased
demand.
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