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AN OVERVIEW OF THE U.S. DEPARTMENT OF ENERGY'S PROGRAM 

FOR LIQUID METAL REACTOR SEISMIC TECHNOLOGY 

1. ABSTRACT 

During the past decade, the U.S. Department of Energy 
(DOE) has sponsored the development of seismic design technology 
in support of Liquid Metal Reactors (LMR's). This has been ac
complished through 1) major projects such as the Fast Flux Test 
Facility (FFTF) and the Clinch River Breeder Reactor (CRBR), 2) 
base technology programs and 3) support to the design develop
ment of innovative LMR's, SAFR and PRISM. These developments 
have come in the areas of ground motion definition, soil-
structure interaction, seismic isolation, fluid-structure inter
action and structural analysis methods and criteria for equip
ment and components such as piping, reactor core and vessels. 
The initial developments in seismic design technology by DOE and 
others were directed toward ensuring that the plant, equipment 
and components had sufficient seismic resistance to ensure 
availability after an Operations Basis Earthquake (OBE) and to 
survive a Safe Shutdown Earthquake (SSE). During this period, 
the emphasis on conservative design had significant cost 
impacts. The current focus is directed toward a better under
standing of seismic design margins and the development of 
methods to reduce seismic loads on plant and equipment and to 
enhance siting flexibility. From this perspective, the DOE is 
currently reassessing the needs and priorities for future 
seismic technology development. Coordination with University 
research programs and ongoing seismic technology development 
sponsored by other governmental agencies and institutions is an 
integral part of this planning process. The purpose of this 
paper is to highlight the current status of DOE's seismic 
technology program for LMR's and to provide an overview of 
future areas of interest. 
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2. INTRODUCTION 

The USDOE-sponsored seismic technology activities are 
aimed at establishing a verified, cost-effective seismic design 
technology for the liquid metal reactor (LMR). These activities 
are part of a broader U.S. effort to develop the technological 
base necessary to ensure safe and reliable operation of commer
cial nuclear power plants and to transfer this technology to 
industry in the form of design guidelines, codes, and standards. 

Seismic design and analyses of past U.S. LMFBR nuclear 
projects have cost about six percent of the overnight base 
capital cost [1]. However, seismic design changes and plant 
rework and backfits have had very large leverage on increasing 
plant commodities, delaying construction and licensing, and 
seriously increasing plant lead times and cost3 for light water 
reactor (LWR) plants in the United States. It is a certainty 
that future LMR plants are vulnerable to at least the same 
difficulties as experienced by LWR plants. The commercial 
viability of LMR plants thus needs the reductions in capital 
cost made possible by improvements in seismic design. 

To obtain improvements in seismic design, both improve
ments in the engineering practices with existing technology and 
the development of improved technology are needed. Engineers 
need to optimize * designs for seismic and other requirements. 
For example, large vessels and components that are over-designed 
for seismic adequacy often have thicker walls that are less 
desirable for thermal shock low-cycle fatigue resistance. 
Piping with excessive numbers of supports and seismic restraints 
also cause increased costs of commodities and increased operat
ing costs. 

Seismic technology development is needed because the 
effects of earthquakes in the design of nuclear power plants are 
a major driver, and many of the relevant features of LMR plant 
systems and components differ significantly from those of 
existing commercial LWR plants. 

Several studies have been made to identify and under
stand the reasons for the major impact seismic design has had on 
increasing the costs of nuclear power plants. One major finding 
was that the usual approach to seismic design in LWR plants was 
a highly fragmented effort with seismologists, analysts, 
designers, and regulators each working within their own spheres 
with very little effective coordination between each other. The 
DOE seismic technology program has sought to overcome their 
shortcomings for LMR plants and is increasing its efforts to 
encourage interdisciplinary research and development, ac
complishing this in part by involving leading university 
researchers, national laboratories, reactor manufacturers, and 
architect-engineering firms. 
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3. ASEISMIC DESIGN TECHNOLOGY STATUS 

Early in the 1970*s, the U.S. Department of Energy's 
(DOE's) major reactor design projects, the Fast Flux Test 
Facility (FFTF) and the Clinch River Breeder Reactor (CRBR) 
experienced a very fast changing seismic design technology. 
More detailed and accurate methods of analysis were evolving for 
soil characterizations, soil/structure interaction, and com
ponent response. Some costly changes in plant seismic design 
criteria and design requirements were also experienced. It was 
clear that the technology used for LWR nuclear plant design was 
not sufficient for LMFBR applications. The learning and 
improved methods and criteria provided by the LMFBR projects and 
base technology programs needed to be captured for beneficial 
use and reduced costs of future plants. 

Accordingly, in 1974, a base technology program was 
started to improve seismic design procedures and criteria. The 
early base technology work was aimed at improving the under
standing and methods for ground motion definition, selection of 
earthquake levels for design, such as the Safe Shutdown Earthqu
ake, and soil/structure interactions analysis methods. Many 
studies were accomplished of earthquake records. Statistical 
treatment of earthquake motions were developed and method 
assessments were provided which influenced the requirements set 
forth in the USNRC Regulatory Guides. 

The development of mechanical snubbers and the use of 
heavy, thick insulation on LMFBR piping lead to the need for 
more accurate and cost-effective design methods for piping. The 
LMFBR reactor core designs also needed special study. Accord
ingly, the piping and core seismic design base technology tasks 
were undertaken. 

During the period in which large, pool type LMR designs 
were under development, scoping studies demonstrated the 
significance of fluid structure interaction, and technology 
programs were initiated to address these effects. 

More recently, the DOE's design development has focused 
on smaller, modular concepts as represented by the Sodium 
Advanced Fast Reactor (SAFR) and the Power Reactor Inherently 
Safe Module (PRISM). A major DOE technology program actively in 
support of these concepts has been the identification and 
development of seismic isolation concepts. 

During this time period there has also been a rapid 
escalation in seismic technology development by other agencies 
and institutions, in particular the U.S. Nuclear Regulatory 
Commission (NRC) and the Electric Power Research Institute 
(EPRI). DOE has recently established a team, headed by the 
Energy Technology Engineering Center (ETEC) to develop a plan 
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for DOE which recognizes the current technology development 
plans of others and identifies aseismic design technology needs 
and priorities for LMR's. 

3.1 Design Guidelines 

In 1974, the DOE commissioned Agbabian Associates to 
develop and update seismic design criteria and analysis methods 
as part of the long range program on Breeder Reactor Seismic 
Technology. 

The purpose of the study was to identify the problem 
areas associated with the application of seismic hazard assess
ment procedures and to establish guidelines for design and 
analysis of earthquake-resistant breeder reactor structures, 
equipment, and piping. The result of these research efforts was 
a series of thirty topical reports covering various topics 
related to the overall objective; these reports were produced 
over the span of years 1975-82. 

In order to provide a more convenient and usable 
reference for LMR aseismic design technology, these reports were 
condensed into four volumes issued in 1983 under the general 
title "Seismic Design Technology for Breeder Reactor Structures" 
[2], The four volumes are entitled: 

Vol. 1 Special Topics in Earthquake Ground Motion 

Vol. 2 Special Topics in Soil/Structure Interaction 

Vol. 3 Special Topics in Reactor Structures 

Vol. 4 Special Topics in Piping and Equipment 

3.2 Piping 

A major concern in both LWR and LMR industries has been 
the increased rigidity of piping systems resulting from seismic 
load requirements and proliferation of pipe supports. While 
considerable research has been underway on heavy-walled LWR 
piping, in 1977, DOE initiated independent, though related, 
studies on the thinner wall piping systems used on LMR plants. 
The main areas of investigation under the DOE program were 1) 
damping valves and 2) design criteria, particularly as related 
to the reserve strength margin and energy absorbtion of piping 
under seismic loading. 

3.2.1 Damping 

One of the more important parameters required in 
seismic dynamic analyses of reac to r piping systems i s the 
damping value associated with the par t icular piping system. 
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Damping affects the dynamic amplification of the response 
motion. The damping values which are presently used for sodium 
piping systems are based on regulatory positions, and are 
considered to be conservative. For example, for large diameter 
piping systems, USNRC Regulatory Guide 1.61 specifies damping 
values of only 3% and 2% of critical for the SSE for large 
diameter and small diameter piping, respectively. 

Available test data on some LMR piping systems have 
shown that higher damping exists. These data were derived from 
several test programs performed both in the U.S. and elsewhere. 
In addition, data for LWR piping systems collected in the U.S. 
show damping values higher than those of the Regulatory Guide 
1.61. Higher damping values in seismic analysis have the 
potential to enable substantial reduction in design costs and 
plant capital costs through more economical design of piping 
systems. 

Under USDOE sponsorship, a survey of heavily-insulated 
pipe test damping data has been collected and evaluated. The 
tests accomplished were mostly representative of small bore 
pipe, 200 mm (eight-inch) diameter and smaller with prototypic 
insulation and supports [3, 4], Much higher damping than 
presently specified in Regulatory Guide 1.61 has been found in 
these LMFBR pipe tests. 

The USDOE evaluation developed a technical position and 
justification for LMFBR small bore (i.e., equal or smaller than 
200 mm, eight-inch diameter) insulated pipe damping values 
recommended for design. The USDOE recommendation was developed 
after technical review and consensus of representatives of our 
national laboratories and industry contractors working on LMFBR 
activities. The recommendation is to use a critical damping 
value of 8% for both OBE and SSE design of piping with diameter 
one-inch and smaller, 5% for 200 mm (eight-inch) diameter, and 
linear interpolation permitted between 25 ram and 200 mm sizes. 
The applicability of these higher damping values is based on 
insulation weight and diameter criteria typical of heavily-
insulated LMR piping. 

3.2.2 Design Criteria 

Pipe and support design and installation can be very 
significant cost drivers for nuclear plants. Too many supports 
clutter the plant, add large costs, and actually result in lower 
pipe system operating reliability due to the relatively lower 
reliability of the supports. It is also generally held that 
piping systems, especially the more flexible small bore piping, 
have large seismic reserve strength margins above the present 
design basis requirements. 



-144-

The USDOE has sponsored extensive test programs in this 
area. These programs have included tests to characterize the 
piping restraint elements (i.e., clamps, snubbers, hangers, 
etc.), laboratory tests of 25 mm diameter (one-inch bore) and 
200 mm diameter piping (eignt-inch bore), in-situ tests of small 
bore (one to three-inch bore) piping, and in-situ tests of a 400 
mm (16-inch) bore piping. More recently the USDOE has coor
dinated with the USNRC in a series of piping system fragility 
tests. 

The fragility tests have demonstrated that piping 
systems can withstand much greater seismic loads than permitted 
by current design practice. The initial, unpressurized 3-in 
pipe demonstration system withstood a 35 g ZPA response spectrum 
input without failure and was ultimately failed by a sine burst 
test. The next, 6-in pressurized piping system test withstood 
loadings 20 to 30 times larger than usually specified for SSE's 
of contemporary nuclear power plants. The third test, also a 
pressurized piping system, primarily 6-in pipe, ultimately 
failed at full table capacity with a seismic response spectrum 
input. The piping system did not leak and collapse did not 
occur at a load level about a factor of 34 greater than that 
permitted by the ASME Code Class 1 Level D design criteria. 

3.3 Core Aseismic Design 

During seismic events, LMR core structural components 
are subjected to impact loadings which are complex functions of 
time, [5]'. The evaluation of core components to witiistand these 
loadings addresses dynamic response behavior and the mechanical 
strength under impulsive loading. Establishing the load 
tolerance requires a combination of analysis and experimental 
data. The avoidance of component damage or unacceptable 
retarding of safety rod insertion during an earthquake are 
important to the core integrity, safe operation, and safe 
shutdown of the reactor. 

The principal focus of the LMR core seismic analysis 
methods development-to-date has been the evaluation of the core 
structural response to horizontal seismic excitations. The 
development in the U.S. can be traced back tc the initial core 
seismic analyses for the FFTF, which used finite element 
analysis approach with very coarse representation of the core. 
The need for more detailed core response evaluations was 
identified in the initial system seismic analyses for the CRBRP 
with a larger core where severe inter-assembly seismic loads 
were predicted at the load pads above the core elevation. This 
led to the development of a planar static analysis approach 
which used the acceleration response at the above cere load pad 
elevation as calculated in the reactor system analysis in a 
static analysis of a complete model of the specific horizontal 
load pad plane of the core. In addition, a nonlinear, two-
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dimensional row model (one diametral row of assemblies) was used 
to help substantiate the seismic design method. 

In 1976, a DOE-supported base technology program was 
initiated at ANL to develop core dynamic analysis methods 
capable of modeling the inter-asseably impact as well as fluid-
structure inter-action and the various damping mechanisms. This 
resulted in the development of the SCRAP Code which uses the 
assumed mode method for core dynamic analysis with the as
semblies modeled as beams, the inter-assembly impacts modeled 
through bilinear springs, and near-field fluid-assembly interac
tions modeled through built-in mass and damping matrices. 
Additionally, the code includes models for structural damping, 
fluid damping, and impact and squeeze film damping. In a DOE-
sponsored base program for design application of the SCRAP Code, 
the code formulation was modified for computational efficiency, 
post-processing facility was expanded, and algorithm was added 
for coupling reactivity calculations with the structural 
analyses. This modified code GSCRAP (GEFR-00728, Rev. 1, 1985) 
and the SCRAP Code are available from the National Energy 
Software Center at ANL. 

The mathematical models in SCRAP/GSCRAP have been 
verified and the codes have been used in several sensitivity and 
core design studies which have helped to identify the test 
requirements for code validation, interface requirements for 
reactor system seismic analyses and the reactivity and scram 
time calculations, and the need for analysis and modeling 
guidelines for discretization and grouping of the core as
semblies when applying the codes to analyze full-size cores con
sisting of as many as 1000 assemblies. In the last few years 
the work performed in this program included limited validation 
of the SCRAP Code using experimental data obtained from Japan 
through US-DOE/Japan-PNC technical exchange, development of 
supplemental test data in U.S. and development of seismic design 
criteria and analysis guidelines. 

3.4 Fluid Structure Interaction 

Unlike loop-type reactors, the larger LMR pool reactors 
contain large volumes of sodium and many important individual 
components within the reactor vessel. Recent DOE-sponsored work 
has developed a computer code for evaluating fluid-structure 
interactions using finite element methods. This code, FLUSTR, 
has been used to model internal components such as the core 
barrel, redan, upper internal structure, heat exchangers, pumps, 
fuel storage basket and cold traps, as well as the reactor 
vessel and heads. The hydrodynamic effects on loads, frequen
cies, pressures, and other parameters of the submerged com
ponents are obtained during seismic excitation. 
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Considering the need for additional validation of the 
FLUSTR computer program, ANL is supporting EPRI in their 
collaboration with the Japanese utility research organization, 
Central Research, Institute of Electric Power Industry (CRIEPI). 
CRIEPI has fabricated a 1/10 scale model of a large pool-type 
Liquid Metal Reactor and performed sloshing tests on it under 
seismic simulation, [6]. 

ANL has performed post-test analysis and evaluation on 
the EPRI/CRIEPI sloshing tests. The sloshing responses of four 
test configurations, ranging from a simple tank to a complex 
structure which contains two concentric shells, one upper 
internal structure, four intermediate heat exchangers, and four 
pumps, were analyzed using a simulated excitation of the 1940 El 
Centro earthquake wave as input. Natural frequencies and 
sloshing wave heights and fluid pressures at locations of 
sensors were calculated. The predicted values were compared 
with the experimental data. In all comparisons, the agreement 
was exceptionally good, [7], Currently, ANL is developing a 
computer code using an efficient computing algorithm which will 
reduce both core storage and CPU time. 

4. SEISMIC ISOLATION 

The use of seismic isolation as an approach to aseismic 
design has gained increasing interest as a viable and efficient 
engineering solution to earthquake ground motion both within and 
outside of the nuclear field. Seismic isolation design is 
vastly different from the more current conventional design 
practices. In the conventional approach, seismic loads are 
resisted by making the structures (and associated equipment and 
piping supports), strong enough and with high levels of duc
tility. The use of seismic isolation approaches the problem by 
attempting to effectively decouple the structure (and its 
contents) from the destructive forces resulting from violent 
ground shaking. 

Because LMFBR systems operate at virtually atmosphere 
pressure and must cope with high temperatures and a coolant 
which possesses excellent heat transfer properties, the LMFBR 
vessels, piping, and other components tend to be quite thin-
walled. Since these items usually are made of stainless steel, 
the: e is additional incentive to keep these component structural 
thicknesses low to save costs. The problem, of course, is that 
these thin-walled items have little inherent resistance to 
earthquake effects. 

ANL has developed analytical tools and associated 
methodology to evaluate the response and effectiveness of 
various seismic isolation systems. The results to date show a 
dramatic reduction not only to the input accelerations and 
forces to the reactor structure, but also provided reduced 
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loadings on the contents of the structure. A seismic isolator 
developed jointly by ANL, General Electric (GE), and Bechtel is 
currently a part of the reference GE innovative LMR design and 
is being tested at the ETEC. 

A working task group composed of representatives from 
GE, ANL, ETEC, and Bechtel National Inc. (BNI), have agreed on a 
testing plan that includes demonstrating through testing key 
properties of seismic isolators designed for use on innovative 
reactor plants such as PRISM. The plan calls for testing scaled 
and full size specimens at ETEC with a new dynamic testing 
fixture that represents a significant advancement for testing 
seismic isolators. Design and fabrication of the test fixture 
is scheduled for completion by the beginning of the third 
quarter of Fiscal Year 1988. 

5. CURRENT ACTIVITIES 

Experience has shown that design costs and costs of 
features for resisting strong seismic motion in nuclear power 
plants have been high when current state-of-the-art methods and 
overly conservative regulatory requirements are used. Accord
ingly, DOE has organized a team of seismic design experts 
representing universities, national laboratories, reactor 
manufacturers and architect engineering firms to prepare a 
Seismic Technology Program Plan. 

The plan is intended to address issues affecting the 
safety and economic design of plant structures, equipment and 
components under the influence of seismic loadings. The scope 
ranges from the time of origination of a seismic event, through 
its propagation to the plant site, to the response of plant 
structures to the event as perceived at the site, and to the 
response of plant equipment and components to the influence of 
the event as filtered through plant structures and/or other 
plant equipment and components. Accordingly, categories of 
issues to be addressed by the plan include: 1) ground motion, 2) 
building response and component environment, 3) component 
response and evaluation, 4) probabilistic risk assessment, 5) 
integrated studies and 6) miscellaneous topics. 

Many of the issues identified in the plan are generic 
to nuclear and non-nuclear structures, equipment and components. 
Resolution of these issues will therefore be beneficial to not 
only LMR plants, but also existing and planned advanced LWRs. 
These issues, therefore, are being attacked on broad fronts on 
national and international scales as a result of increased 
earthquake hazard awareness. 

Accordingly, the strategy proposed by the plan for 
resolution of the issues in an efficient and timely manner 
consists of: 1) monitoring and/or participating in joint 



national and/or international seismic research activities, and 
2) advancing where necessary current seismic technology to meet 
both long term and short term LMR needs;, the latter including 
needs related to the proposed standardized, modular, pool type 
SAFR and PRISM LMR concepts. Although the Seismic Technology 
Program Plan has not yet been issued, there are general areas of 
future interest which have been tentatively identified. 

5.1 Long Term and Short Term LMR Needs 

In reviewing the development plans of other agencies 
and private sector organizations it was found that many oL their 
ongoing programs complemented the needs of the LMR program. 
This is particularly true in the areas of ground motion and 
building response. Thus the ongoing and/or planned programs by 
others to address seismic hazard assessment will be utilized in 
the LMR Seismic Technology Program Plan. On the other hand, 
there are some areas which are either specific to LMRs or of 
greater interest to LMRs. Among the areas considered are: 

a) Seismic isolation 
b) Site specific vs. generic design criteria 
c) Fragility of LMR components 
d) LMR piping 
e) Core aseismic design 

The following brief overview of these areas is intended 
to provide the rationale for their further consideration. 

5.1.1 Seismic isolation 

As described previously, seismic isolation is one of 
the candidate methods for achieving economical LMR plants on 
high seismicity sites. This is, accordingly, anticipated to be 
an area of continuing development in the DOE's LMR program. 
Current plans are to construct a test apparatus and test half 
scale and full scale bearings in order to provide a data base 
for design and licensing of these components. 

5.1.2 Site specific vs. generic design criteria 

The current approach to aseisraic design of advanced 
modular LMRs is based on the assumption that the seismic 
features of most sites can be characterized by a generic seismic 
response spectrum. Current investigations suggest that the 
site-to-site variability may be greater than previously assumed. 
If one were to envelope all possible permutations of site 
seismicity, the resulting envelope would be far too conserva
tive. Therefore, development is indicated on approaches which 
would permit the economic and rapid assessment of specific site 
seismic characteristics which exceed, for example, in a narrow 
frequency band, the generic seismic design envelope. 
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5.1.3 Fragility of LMR components 

Probabilistic Risk Assessment (PRA) is becoming one of 
the important technologies for evaluating seismic hazards, par
ticularly the beyond-design-basis event. Information is being 
developed to support PRAs of LWR plants through a combination of 
testing, analysis and expert opinion. A similar undertaking for 
LMR plants is indicated as the advanced plant design progresses. 

5.1.4 LMR piping 

Recent tests have shown that prototypic LWR piping can 
withstand seismic loads an order of magnitude or more greater 
than that permitted by current design criteria. Because LMR 
piping has higher diameter to thickness ratios and much lower 
operating pressures than LWR piping, additional development is 
required to fully take advantage of the apparent over-conser
vatism in the design of LMR piping. 

5.1.5 Core aseismic design 

The design and verification of the seismic resistance 
of the reactor core is one of the more complex design challenges 
for LMRs. It is also one of the more important tasks since it 
is the core that is often both 1) the most vulnerable (or at 
least the most difficult to evaluate without excessive conser
vatism), and 2) the most difficult to modify to increase its 
seismic resistance. Significant advances have already been made 
in the development of core aseismic design as previously 
discussed. However, due to the leverage that the aseisraic 
design of the core has on the remainder of the LMR, additional 
tasks directed toward verification of design methodologies and 
elimination of excessive conservatism are indicated. 

6. SUMMARY 

The DOE initiated a base technology program in the 
early 1970's to address ongoing plant design needs. The major 
features of that program are 1) definition of seismic design 
guidelines applicable to LMRs, 2) development of data on damping 
characteristics and inherent seismic resistance of piping to 
address over-conservatism in piping design, 3) development and 
validation of aseismic design procedures for LMR cores, 4) 
development and validation of analytical techniques for evalua
tion of fluid structure interaction, and 5) identification of 
the characteristics, need, and development requirements for 
seismic isolation devices. Because experience has shown that 
the cost of aseismic design features and retrofitting to 
accommodate changing guidelines can be quite high when the 
fundamental phenomena are not well understood and/or there is a 
lack of data to test and validate procedures, the DOE has 
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comraissioned the development of a Seismic Technology Program 
Plan to comprehensively assess and prioritize LMR aseismic 
design needs. The plan has not yet been finalized but some 
general observations have been discussed above. 
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