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Fourth DOE Natural Phenomena Hazards Mitigation Conference

This was the fourth conference on Natural Phenomena Hazards Mitigation
that the Department of Energy has sponsored. The first conference was held in
October 1985, the second conference in October 1989, and the third conference in
October 1991. Attendance at these conferences has indicated a department-wide
interest in Natural Phenomena Hazard Mitigation. Four years between conferences
is too long, thus we have gone to a two-year cycle. In the past two years, there have
been many changes within the DOE and a conference to discuss progress in the
natural phenomena area is timely. Due to the overwhelming response, 125 abstracts
were received, we held parallel sessions for the first time.

The conference allowed an interchange in the Natural Phenomena area
among designers, safety professionals, and managers. The conference was
organized into presentations, panel, and poster sessions from abstracts received
throughout the DOE community.

These sessions included an Overview of Activities at DOE; DOE Standards;
Lessons Learned and Walkdowns; Wind; A Special NRC Session; three sessions on
Waste Tanks; Ground Motion; Testing and Materials; two sessions on Probabilistic
Seismic Hazard; Testing, Material and PRAs; Base Isolation and Energy
Dissipation; Lifelines and Flood; Volcanoes; Piping and Components;
Geological/Geotechnical; Equipment; Related Codes and Standards; two sessions
on Analysis; Upgrades and a Poster session.

Luncheon speakers included Rich Stark, DOE, discussing DOE's efforts in
Policy and Standards; Bob Barber, DOE, discussing NPH Mitigation Efforts; and
Dick Wright, NIST, discussing the Interagency Committee on Seismic Safety in
Construction. Master of Ceremonies Jim Beavers, Martin Marietta Energy Systems
(MMES), introduced banquet speaker Peter Yanev, who discussed lessons learned
from recent earthquakes in Japan and Guam.

A special presentation was made in the opening session that recognized
special natural phenomena hazards mitigation and preparedness efforts of DOE and
contractor personnel. Certificates of Appreciation, signed by Joseph E. Fitzgerald,
Deputy Assistant Secretary for Safety and Quality Assurance, Office of
Environment, Safety, and Health, were awarded to 26 individuals by Jim Hill, DOE
NPH Project Manager.

Finally, I would like to thank the conference participants, session chairs,
organizing committee, conference staff, and paper and poster presenters for their
efforts in making the conference a success.

Robert C. Murray
Conference Chairman
Lawrence Livermore National Laboratory
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INTRODUCTION

James R. Hill
Seismic Safety Coordinator
U.S. Department of Energy

Germantown, MD

WELCOME

Good morning and welcome to DOE's 4th
Natural Phenomena Hazards Mitigation
Conference. After a few opening remarks, I want
to focus, briefly, on three questions:

Why are we gathered here; what are the
opportunities?

What do we have to offer to others? What's
our worth? What's our corporate worth?

Who has helped make our world a safer
place? If we can find out who they arc, lets
recognize their efforts.

This conference marks the largest gathering
of DOE, M&O contractor, and other engineers,
scientists, safety analysts, operators, etc.,
involved in the mitigation of natural hazards at
the Department's facilities. Our Conference
Administrator tells me that over 200 of you are
here! I'm pleased that so many have responded to
an effort backed by a commitment of the
Department to not only provide an opportunity
for us to exchange technology, but also to
expand a strong and viable NPH program that
includes safety in the work place. Senior
managers from EH and NIST will discuss the
need for commitment and cooperation as they
highlight Agency and National issues in their
talks.

Before I get wound up too much I'd like
you to join me in applauding those who have
worked to make this conference a success. We
have several groups of people to recognize! All
of you in some measure are contributing to the
success of this conference, but your recognition
will come later as you implement ideas shared
here or elsewhere. Several of you supported me
with your ideas and many months of work to
make this conference happen. I would like all
who worked on the planning and technical
committees and those who are leading conference
activities and sessions to sland and be recognized
by your fellow professionals. Especially I'd call
your attention to Bob Murray, Lilian Decman,
Dawn Matz, and Rosa Yamamoto of LLNL; to

Howard Eckcrt and Jeff Kimball who, together
with their organizations, provided resource
support; and to V. Gopinath, my colleague on
the Nuclear Safety side.

Why are we gathered here today?
What are the opportunities? For some it's to
renew professional friendships. For others you
are here to represent, your organization! Maybe
it's part of your job? ,>;>me may be hopeful of
learning how to fix a 'ixnmunity problem like
vulnerable schools or hospitals. Or is it because
you want to find out more about the Red,
White, and Blue of DOE's policy to save lives,
reduce properly loss, and protect friends and
family (usually called the public and
environment). I hope you have more than one
reason because there is still a lot to fix at DOE
sites and in nearby communities. There is
another reason that some are here, but that's a
surprise I'll tell you about in a few more
minutes.

Meanwhile I want you to keep the following
in mind as you participate and become involved
in the sessions and activities of this conference.
Keep your aiming point on what needs to get
done, both at work and in the community.
Deliver your effort to make natural phenomena
hazard resistant communities a reality and not an
obituary.

What do we have to offer others?
Let's start with ourselves. Arc we worth a pound
of technical BS or an ounce of technical NPH
mitigation? What about skills that you learned
in college and the technology gained from your
profession and job. Let's go corporate and add
the experiences of several DOE and private
organizations representing nearly 200,000 people
and about 30,000 buildings and other structures
at some 800 DOE sites. I'd like to see each of
you go back and talk about what you find out
this week - the new and reused tools you've found
to fix the needs at your site. Don't forget
networking - you could be a telephone call away
from a quick solution. And especially don't
forget several hundred documents developed by
DOE and other organizations for reducing the
impacts of natural events. We do have a seismic
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safety program that was recognized in a recent
assessment of Federal Agencies to be "exemplary
and a model for other agencies to follow." LCL'S
share it. If you really can't find something to do,
hand your associate a copy of Phenomenal
News.

Now we come to the third question I posed.
Who has helped make our world a safer
place to be? There are at least 26 of you out
there that are going to be up front with me in a
few moments because someone thought about
you as someone who made this world a bit safer
from the effects of NPH. They took the time to
nominate their organization's "Engineer or
Scientist of the Year." While many of the
nominators couldn't attend, they sent a letter
describing the mitigation actions accomplished
by you, the "NPH Mitigaior."

THE DOE NPH SITE CHAMPION

EH's Office of Safety and Quality Assurance
is pleased to recognize these individuals wiLh a
Department of Energy Certificate of
Appreciation. Joseph Fitzgerald, Deputy
Assistant Secretary for Safely and Quality
Assurance encouraged me to lake the actions
needed to provide recognition as an important
conference event, a recognition of NPH "points
of light". The mention of "points of light"
reminds me of a quote from one of my mother's
relatives and a favorite author of mine. We knew
him as Samuel Clemens, but most remember
him as Mark Twain. He said "Thunder is
awesome. Thunder is loud, but it's lightning
that gets the job done."

Let's look at some of the lightning that's
been happening within the Department and at its
sites. Today we recognize 26 individuals and
their nominators. (See Lists of DOE NPH Site
Champions.)

A summary of the qualifications of this
group of individuals was prepared as a
justification for the recognition and award of the
Department Certificate of Achievement.

JUSTIFICATION FOR PRESENTING
CERTIFICATES OF APPRECIATION
FOR SIGNIFICANT ACCOMPLISH-
MENTS IN NATURAL PHENOMENA
HAZARDS MITIGATION

Several DOE and contractor staff need to be
recognized for their outstanding individual efforts
that have resulted in significantly mitigating the

effects of natural hazards at DOE sites and
facilities. Major accomplishments have been
made throughout the Department and at its field
sites by:

developing an understanding and awareness
of natural hazards affecting DOE sites,
facilities, energy infrastructure, and people;
developing creative and documenting cost-
effective technology and tools for evaluating
existing as well as new buildings;
developing and implementing successful
mitigation plans;
developing, conducting, and documenting
natural phenomena hazards mitigation
technology transfer through training
activities, workshops, conferences, and
technical newsletters;
successfully interacting with other Federal
agencies, National Academy of Sciences and
Engineering, universities, national standards
organizations, and international entities to
achieve improvements in mitigation of
specific natural hazards with unique
application in DOE;
developing policies, requirements, standards,
and methods that provide the basis for the
Department's development of design,
construction, operation and maintenance of
facilities to provide enhanced safety for
workers, reduction in loss of Federal
property, and significant protection of the
public and environment.

The Department's implementation of the
National Earthquake Hazards Reduction Program
and its related Seismic Safety Programs have
been judged by the Federal Emergency
Management Agency (FEMA evaluated all
agencies and reported the results to the President
and to Congress 12/92) to be "outstanding and
exemplary in all areas and a model for other
Federal agencies to follow." The
accomplishments of the nominees and their
organizations have been noted in reports and
presentations by the Department's Seismic Safety
Coordinator. The Department has been
recognized as a leader and a doer in natural
phenomena hazards mitigation by national and
international groups as a result of these efforts.

It is appropriate for the Departmeni lo call
attention to the efforts of these individuals during
the United Nations and United Slates endorsed
International Decade for Natural Disaster
Reduction. The recognition received by few, will
be shared by many in efforts to further reduce
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suffering and losses from natural hazards in our
nation.

DOE NPH SITE CHAMPIONS

The Citation on your Award for the NPH
Professional of the Year 1993 and for the DOE
Decade for Natural Disaster Reduction is as
follows:

CERTIFICATE OF APPRECIATION

In recognition of your outstanding
contributions to the Department of
Energy Natural Phenomena Hazards
Mitigation Programs and significant
effort to ensure safety in the work
place, reduction in property loss, and
protection of the public and
environment from the effects of natural
hazards at DOE sites. Your dedication
over many years has made our Seismic
Safety Program outstanding and
enhanced the United States involvement
in the International Decade for Natural
Disaster Reduction.

The certificate was signed by Joseph B.
Fitzgerald, Jr., Deputy Assistant Secretary for
Safety and Quality Assurance on October 13,
1993, which was Disaster Awareness Day in the
United Stales.

The 26 individuals presented with the DOE
Certificate of Appreciation represent 7 DOE
organizations, 16 DOE M&O Contractor
organizations, and 3 consulting firms. The
presentation package included the Certificate in a
gold-embossed DOE folder, the nominating
letter, and a letter of congratulations from the
DOE Seismic Safety Coordinator.

Arrangements were made for individual
recognition of those not able to attend the 4th
DOE NPH Mitigation Conference.

Ceorge A. Antaki

Frederick T. Angliss

Kamal Bandyopadhyay

Terry G. Burley

Thomas J. Conrads

Richard M. Drake
Gary E. Freeland

Jamie N. Gardner

Robert Garrett

Brent J. Gutierrez

R. Joe Hunt

Suzette Jackson
Robert 0 . Johnson

M. Dean Keller

Leon Kcmpncr

Robert P. Kennedy

Jeffrey K. Kimball

Thomas A. Nelson

Ronald W. Ruckert

Bobby W. Price

Ralph W. Seidensticker

Robert J. Sccondo
Stephen A. Short

Victor Terkun

Evert D. Uldrich

H. Elwyn Wingo, Jr.

Westinghouse Savannah
River Co.
Lawrence Berkeley
Laboratory
Brookhavcn National
Laboratory
Western Area Power
Administration
Westinghouse Hanford
Company
Fluor Daniel, Inc.
Lawrence Livermore
National Laboratory
Los Alamos National
Laboratory
Sandia National
Laboratory, Livermorc
Savannah River
Operations Office
Y-12 Plant, Martin
Marietta Energy
Systems
EG&G Idaho
Oak Ridge National
Laboratory
Los Alamos National
Laboratory
Bonnevillc Power
Administration
RPK Structural
Mechanics Consulting,
Inc.
Department of Energy
Defense Programs
Lawrence Livermore
National Laboratory
Oak Ridge Operations
Office
Oak Ridge Operations
Office
Argonne Nationnal
Laboratory
Idaho Operations Office
EQE Engineering
Consultants
EG&G Rocky Flats
Plant
Westinghouse Idaho
Nuclear Company
Westinghousc Savannah
River Co.
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DEPARTMENT OF ENERGY
NATURAL PHENOMENA HAZARDS MITIGATION POLICY

by

V. Gopinath
James R. Hill

U.S. Department of Energy
Washington, D.C.

ABSTRACT

This paper outlines a program to establish policy requirements and develop standards
and guidance for systematically evaluating the behavior of structures, systems, and
components (SSC) in all Department of Energy (DOE) facilities located across the
United States when subjected to natural phenomena hazards (NPH) initially focused on
wind and earthquakes.

The policy requirements were established in the "Natural Phenomena Hazards
Mitigation", Order DOE 5480.2&. Criteria arc summarized for those standards which
implement ihe order.

NATURAL PHENOMENA POLICY ORDER

As part of a coordinated effort to ensure proper
performance of DOE facilities subjected to natural
phenomena hazards (NPH), the Natural Phenomena Hazards
Mitigation Order DOE 5480.28 [1] was developed and
approved. This order establishes (1) policy requirements
for mitigation of NPHs at DOE facilities, (2) requirements
consistent with building codes and national standards
including the NEHRP provisions for all DOE facilities,
and (3) NPH requirements appropriate for facility
characteristics and objectives within a graded approach.
The order embodies the principles established by "The
General Design Criteria" Order DOE 6430.1 A, and NPH
Design and Evaluation Guidelines UCRL-15910, which
have been in use at DOE facilities for more than seven
years. In addition, it establishes as requirements good
practices that have been used at many of the DOE sites.
The requirements cover the following:

Assessment of NPHs for new and existing sites
Natural phenomena effects to be considered
Design of new facilities
Evaluation and upgrade of existing facilities
Design of additions and modifications
Target performance goals
Graded approach and performance categories
Interactions and common cause effects
Instrumentation.

The goals of the order are to (1) provide for safe
workplaces, (2) protect against property loss or damage, (3)

provide for continued operation of essential facilities, and
(4) protect public health and the environment against
exposure to hazardous materials-all in a cost-effective
manner. To assist in implementing the new policies, a
series of DOE standards is being developed.

The key standards required to implement the order are
summarized in the next sections. The first, DOE-STD-
1020-XX, [2] is based on UCRL-15910, NPH Design and
Evaluation Guidelines". DOE-STD-1021-93, [3] "Natural
Phenomena Hazards Performance Categorization Criteria
for Structures, Systems, and Components," was issued in
July 1993. Standards 1022 [4] and 1023 [5] will provide
criteria for site characterization and hazard assessment; they
should be available by the end of 1993. This order also is
consistent with other DOE standards as well as national
codes and standards. (See Figure 1.)

DOE-STD-1024-92, [6], provides guidance, developed
by a DOE Seismic Working Group, in the use of seismic
hazard curves developed by Lawrence Livermore National
Laboratory and Electric Power Research Institute for
estimating seismic hazard at DOE sites for the evaluation
of new and existing facilities. This standard was issued in
December 1992.

DOE-STD-1025-XX, [7], provides the guidelines,
methodology, and procedures for prioritizing the existing
facilities for Natural Phenomena Hazards evaluation and
mitigation purposes. This standard is not expected to be
complete until 1994.

i)urth DOE Natural Phenomena Hazards Mitigation Conference -1993
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ORDERS
DOE 5480.28
DOE 6430.1 A

STANDARDS
DOE

DOE-STD-1020-XX
DOE-STD-1021-93
DOE-STD-1022XX
DOE-STD-1023XX
DOE-STD-1024-92
DOE-STD-1025-XX

National, Federal, and Industry

ASCE 4 and 7
ACI, AISC
UBC, NEHRP
ASME

GUIDANCE DOCUMENTS
DOE

Seismic Safety Guide
Suspended Ceilings
Walkdown Guide
Seismic Hazard Studies
Wind Hazard Studies
Flood Hazard Studies
Seismic Detailing
Wind Detailing
Equipment Tiedown
High-level Waste Tanks
Basis for Seismic Provisions

National, Federal, and Industry

SQUG, EPRl, GIP
NUREG 0800
DOD Manuals
ATC Manuals
FEMA Manuals

Figure 1. Documents used in DOE NPH Mitigation Program

For new facilities, the order becomes effective on the
date of issuance. For existing facilities, implementation is
planned over several years because of resource constraints
and programmatic mission considerations. To start the
process of evaluating and upgrading existing facilities, the
order requires contractors/operators to establish an
implementation plan that contains a prioritized schedule for
evaluation of current and future NPH mitigation actions.
This plan is to be submitted to the DOE Headquarters
Program Office within one year after all standards have
been issued. Workshops are planned to cover the

requirements o<" the order
implementation.

and the guidance on its

The issuance and implementation of DOE Order
5480.28 provides the framework for meeting Presidential
Executive Order 12699 for seismic-hazard mitigation of
new federal facilities. An Executive Order under
development, will require inventory, screening and
evaluation of existing facilities. A DOE NPH rule for
nuclear facilities is being developed (based on DOE
5480.28) as part of Title 10, Code of Federal Regulations.
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NATURAL PHENOMENA HAZARDS DESIGN
AND EVALUATION CRITERIA STANDARD

Design and evaluation criteria to implement the order
are provided in the Standard DOE-STD-1020-XX. UCRL-
15910 provides the technical basis for this standard. The
standard has undergone extensive revision and review and
comments are being addressed.

The DOE policy established a graded approach for
NPH requirements by defining performance categories
(numbered 0 through 4), each with a qualitative
performance goal for behavior (i.e., maintain structural
integrity, maintain ability to function, maintain
confinement of hazardous materials) and a quantitative
target probabilistic performance goal (expressed as an
annual probability of exceedance of acceptable behavior
limits [i.e.. behavior limits beyond which damage/failure
is unacceptable]). DOE-STD-1020-XX provides four sets
of NPH design and evaluation criteria (explicit criteria are
not needed for performance category 0). These criteria
range from those provided by model building codes for
performance category 1 to those approaching nuclear-
power-plant criteria for performance category 4. Table 1
illustrates how DOE-STD-1020-XX criteria for the
performance categories defined in DOE 5480.28 compare
with NPH criteria from other sources.

Design and evaluation criteria in DOE-STD-1020-XX
are deterministic procedures that establish SSC loadings
from probabilistic NPH curves; specify acceptable methods
for evaluating SSC response to these loading; provide
acceptance criteria to judge whether the computed SSC
response is acceptable; and provide detailing requirements
such that behavior is as expected, as illustrated in Figure 2.
These criteria are intended to apply equally to the design of
new facilities and to the evaluation of existing facilities.
In addition, the criteria are intended to cover buildings,
equipment, piping, and other structures and combines
probabilistic and deterministic methods to achieve
performance goals.

The annual probability of exceedance of SSC damage
as a result of an NPH event (i.e., performance goal) is a
combined function of the annual probability of exceedance
of the event, factors of safety introduced by the
design/evaluation procedure, and other sources of
conservatism. The ratio of the hazard annual probability of
exceedance and the performance goal annual probability of
exceedance is called the risk-reduction ratio, RR in DOE-
STD-1020-XX. This ratio establishes the level of
conservatism to be employed in the design or evaluation
process. For example, if the performance goal and hazard
annual probabilities are the same (RR = 1), the design or
evaluation approach should introduce no conservatism.
Howe%er, if conservative design or evaluation approaches
are employed, then the hazard annual probability of
exceedance can be larger (i.e., more frequent) than the

performance-goal annual probability (RR > 1). Seismic
criteria arc provided in DOE-STD-1020-XX lhal achieve
risk-reduction ratios, RR,OI"2, 10, and 20.

A new report entitled "Basis for Seismic Provision of
DOE-STD-1020-XX" demonstrates that performance goals
are achieved when (1) the design/evaluation basis
earthquake is defined from probabilistic seismic-hazard
curves as the larger of the value at the hazard-cxccedance
probability or a specified coefficient, fa, times the value at
the performance-goal probability and (2) conservatism in
acceptance criteria results in less than about 10%
probability of unacceptable performance at a scaled DBE
equal to a factor of safety, FR , times the DBE. The DBE
probabilistic definition is used to account for the potential
wide variation in site-specific seismic-hazard curve slopes
while using a single deterministic acceptance criteria for
the range of all potential hazard curve slopes. DOE-STD-
1020-XX will encourage obtaining site-specific
probabilistic NPH assessments, especially for facilities
w.th performance-category 3 and higher SSCs.

The required factor of safety, F R , to achieve risk-
reduction ratios, RR, of 2, 10, and 20 is a function of the
hazard curve slope and uncertainties in seismic capacities of
SSCs. For the potential range of hazard curve slopes and
capacity variabilities, values of F R have been evaluated for
each desired RR. For performance-categories 1 and 2, the
risk-reduction ratio, RR^ of 2 is achieved by F R of unity
which, in turn, is judged to be achieved by following a
seismic-acceptance criterion in accordance with recent
editions of the Uniform Building Code (UBC). For
performance-categories 3 and 4, risk-reduction ratios, RR,
are 10 and 20, respectively. The required F R values for
these values of RR are achieved in the seismic-acceptance
criteria by specifying conservative material strengths,
structural capacities, inelastic energy-absorption factors,
and a seismic load factor.

DOE-STD-1020-XX seismic provision will differ
from past editions of UCRL-15910 in that a single value
of inelastic energy absorption factor, Fu , will be specified
for both performance-categories 3 and 4, and a seismic-load
factor that differs from performance categories 3 to 4. This
change was needed because the old UCRL-15910 specified
Fu of 1.0 for brittle modes for both moderate and high
hazard categories. As a result, different performance goals
for each category were not achieved for these brittle-failure
modes. In the DOE standard, performance goals will be
met for brittle-failure modes by introducing a seismic load
factor, Ls, which has a larger value for performance-
category 4. Fu specified in DOE-STD-1020-XX will be
about the same value as the moderate-hazard values from
the old UCRL-15910. By this change, seismic criteria for
performance-category 3 SSCs are not affected (i.e., they
will be the same as the moderate-hazard seismic criteria).
For performance category 4, this change results in slightly
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Table 1. Comparison of performance categories from various references.

Reference

DOE-STD-I020-XX

Uniform Building Code

DOE Tri-Service Manual
for Seismic Design for
Essential Buildings

Nuclear Regulatory
Commission

SSC Categorization

0

No Life
Safety

1

General
Facilities
For Life
Safety

2

Essential
Facilities
for Continued
Operation

3

High Risk

Evaluation
of NRC
fuel
facilities

4

Evaluation
of existing
reactors

Probabilistic
basis

Hazard Assessment
based on 5480.28

Deterministic basis

KMfHMttC
evafaatioa

Acceptance
criteria

Conservatism added

Meet
performance

goal

Detailing
Requiremnts

Figure 2 DOE-STD-1020-XX combines probabilistic and deterministic
methods to achieve performance goals.
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more liberal criteria for ductile-failure modes and slightly
more conservative criteria for brittle-failure modes.

Another change incorporated into DOE-STD-1020-
XX includes damping levels provided at several response
levels to be used in structural evaluations for the purpose
of determining in-structure response spectra or interaction
displacements. In the DOE standard, seismic interaction is
explicitly addressed.

STANDARD ON PERFORMANCE
CATEGORIZATION FOR NATURAL
PHENOMENA HAZARDS

Engineers and plant managers responsible for the
design or evaluation of structures, systems, and
components (SSCs) need to select the level of natural
phenomena hazard (NPH) and corresponding amount of
conservatism in NPH design and evaluation criteria that are
appropriate for the SSC design. The design criteria are
selected on the basis of the failure-consequences of the
SSC. For example, if the failure of a large dam may wipe
out a city, ii is likely to be designed for a large recurrence-
period precipitation. In contrast, because far fewer
potential fatalities would result from the collapse of a
warehouse roof, that roof may be designed for a much
smaller recurrence-period precipitation. Still, if both
designs are optimally performed, members of the public
would be exposed to the same level of risk.

To attain similar uniformity in risk from the
potential failure of various SSCs that arc present in DOE
facilities, the new DOE order on NPH mitigation requires
the placement of all SSCs in one of the five performance
categories (PC); performance goals for these categories are
specified in terms of "target" annual failure probabilities.
A standard (DOE-STD-1021-93), has been prepared to
provide guidelines and methods for placing SSCs into
these performance categories. The basic categorization
process presented in this standard (excluding system
interaction effects) is outlined in the flow chart in Figure
3.

The standard uses the results of SSC safety
classification, facility hazard classification, and accident
analyses that are performed in conformance with DOE
Orders.

Performance Category 4 (PC-4) SSCs have been
defined as the safety class SSCs in facilities with sufficient
quantities of radioactive/hazardous materials and energy
that, if released, can potentially .jsult in offset prompt
fatalities.

Performance Category 3 (PC-3) SSCs have been
defined as the safety class SSCs in facilities with sufficient
quantities of radioactive/hazardous materials and energy that

require on site emergency planning.

Performance Category 2 (PC-2) SSCs will include
the safety class SSCs in facilities with sufficient quantities
of radioactive materials to be reportablc to the
Environmental Protection Agency. Additionally, PC-2
SSCs must perform their emergency functions to preserve
the health and safety of workers and coworkcrs.

Building structures or components with potential
human occupancy and SSCs whose failure can potentially
cause a life-threatening situation to workers or collocated
workers will be placed in Performance Category I (PC-1).
SSCs that are not important from safety, mission, or cost
considerations need not be designed to withstand NPH
loads and should be placed in Performance Category 0 (PC-
0).

DOE-STD-1021 -93 places special emphasis on
considering system interaction effects while performing
NPH categorization. Simple-to-use, but conservative,
rules have been provided to preclude adverse effects of
lower category SSCs (sources) interacting with higher
category SSCs (targets). These rules satisfy the basic
requirement that the performance goal of the target SSCs
must not be compromised. Several examples have been
provided to illustrate the use of the interaction rules.

NATURAL PHENOMENA HAZARDS SITE
CHARACTERIZATION CRITERIA
STANDARDS

The purpose of this standard is to provide criteria for
developing site characterization and identify site-specific
information needed for design and evaluation of DOE
facilities subjected io natural phenomena hazards. The
standard covers geological, scismological, geotechnical
(GSG), hydrological, and meteorological aspects of site
characteristics. The seismic-related hazards include site
earthquake ground shaking; tectonic site deformation;
ground failure induced by ground shaking including
liquefaction, differential compaction, and land sliding; and
earthquake-induced flooding.

Considerations of geological and seisinological
aspects include identifying and characterizing seismic
sources and resulting site ground motions, evaluating the
potential for tectonic and other site deformation and
earthquake-induced Hooding, and evaluating volcanic
hazards. Major considerations of geotechnical aspects
involve defining site soil properties needed for hazard
evaluation and seismic engineering analyses, evaluating
site soil-amplification effects on ground motions,
conducting seismic soil-structure interaction analyses, and
evaluation the potential for site ground failure induced by
ground shaking.
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c SSCperforms a safety function in a HC1 or HH Safety System
Yes

PC-4

c
I

SSC performs a safety function in a HC2 or MH Safety System

JNe

a. SSC performs a safety function in a HC3 or LH Safety System, or
b. SSC must perform its intended emergency function to preserve health

and safety of workers or co-located workers, or
c. SSC is part of building for assembly of more than 300 persons in

one room.

Yes
PC-2

JNO

a. SSC is a building structure with potential human occupancy, or
b. SSC failure causes life-threatening situation to workers or co-located

workers, or
c . SSC failure can be prevented cost-effectively by NPH design

No

Notes:

Yes
PC-1

SSC = Structure, System and Component
HC = Hazard Category
HH = High Hazard Facility
MH = Moderate Hazard Facility
LH = Low Hazard Facility

Figure 3. Basic Criteria for Preliminary NPH Performance Categorization of
Structures, Systems, and Components.

Hydrological and meteorological aspects of site
characterization criteria are also important. Site studies of
hydrological aspects include determination of ground-water
conditions, flood runoff, drainage, and other hydrological
characteristics that could influence the design or operation
of DOE facilities. Ground-water conditions include
ground-water levels, flow pattern, permeability, porosity,
and gradients at the site, as well as the chemical analysis of
the ground water. Site studies on meteorological aspects
should be performed to provide sufficient information for
the design and evaluation basis of wind and tornado
hazards. Seasonal weather conditions o'. the local site and
region, including temperature, precipitation, relative
humidity, and prevalent wind direction need to be indicated.
The occurrences and intensity of heavy rain, snow, ice

storms, and thunderstorms, as well as strong wind,
tornadoes and hurricanes, need to be provided.

The scope and degree of detail of investigations to
address these natural hazards depend on several factors,
including the hazard classification of the facilities; the
subsurface conditions at the site; the seismologic,
hydrologic, and meteorologic environments of the site
region; and the extent of prior knowledge, investigations,
and data regarding the site and site region. An appropriate
scope of investigation should be developed for a particular
facility considering these factors. For example, although
more detailed investigations are generally appropriate for
facilities having higher hazard classifications,
investigations of lesser scope and detail may be appropriate
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when existing knowledge of the site and region is high.
Similarly, although less-detailed investigation would
generally be commensurate with lower-hazard facility
classification, more comprehensive investigations may be
needed ;f investigations to define the hazards have not
previously been conducted.

NATURAL PHENOMENA HAZARDS
ASSESSMENT CRITERIA STANDARD

DOE Order 5480.28 requires a probabilistic
assessment of the likelihood of future NPH occurrence.
The level of probabilistic NPH assessment to be conducted
is appropriate for the performance categories being
considered in a manner consistent with the graded approach.
For sites containing facilities with SSCs in performance-
categories 3 and 4. a site-specific probabilistic NPH
assessment shall be conducted. For sites containing
facilities with SSCs only in performance-categories 1 and
2 and having no site-specific probabilistic NPH
assessment, it is sufficient to utilize NPH maps from
model building codes or national consensus standards.

The purpose of DOE Standard DOE-STD-1023-XX is
to provide criteria for NPH assessments to ensure that
adequate design-basis loadings are established for design
and/or evaluation of DOE facilities. DOE-STD-1023-XX
provides general assessment criteria for all NPHs, as well
as specific criteria for the assessment of seismic hazard,
wind, tornado, and flood. The emphasis will be on the
site-specific probabilistic NPH assessment, i.e., the
development of NPH curves. Criteria for the development
of design-response spectra to define the seismic input
motion are also be provided in DOE-STD-1023-XX.
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SUMMARY

The overall program has currently established a
foundation by developing the NPH Order and
implementing standards.
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ABSTRACT

Seismic design and evaluation criteria for DOE facilities are provided in DOE-STD-
1020-XX. The criteria include selection of design/evaluation seismic input from pro-
babilistic seismic hazard curves combined with commonly practiced deterministic
response evaluation methods and acceptance criteria with controlled levels of
conservatism. Conservatism is intentionally introduced in specification of material
strengths and capacities, in the allowance of limited inelastic behavior and by a seismic
load factor. These criteria are based on the performance or risk goals specified in DOE
5480.28. Criteria have been developed following a graded approach for several per-
formance goals ranging from that appropriate for normal-use facilities to that appropriate
for facilities involving hazardous or critical operations. Performance goals are comprised
of desired behavior and of the probability of not achieving that behavior. Following the
seismic design/evaluation criteria of DOE-STD-1020-XX is sufficient to demonstrate
that the probabilistic performance or risk goals are achieved. The criteria are simple
procedures but with a sound, rigorous basis for the achievement of goals.

INTRODUCTION DOE-STD-1020-XX will supersede UCRL-15910 [2].
This new standard provides the necessary criteria to imple-

Design and evaluation criteria in DOE-STD-1020-XX [1] m e n t the natural phenomena hazard (NPH) policy and
are intended to apply equally to the design of new facilities mitigation requirements given in DOE 5480.28.
and to the evaluation of existing facilities. In addition, the
criteria are intended to cover design and evaluation of PERFORMANCE GOALS AND CATEGORIES
buildings, equipment, piping, and other structures for
earthquake, extreme wind, and flood. Only the seismic Requirements for earthquake mitigation at DOE facilities
criteria from DOE-STD-1020-XX are discussed in thispaper. a r e established in DOE 5480.28 within a graded approach in
These criteria are deterministic procedures that establish order to provide the appropriate level of seismic protection
earthquake loadings from probabilistic seismic hazard f° r :

curves; specify acceptable methods for evaluating response
totheseloadings;provideacceptancecriteriatojudgewhether 1.Occupant and public health and safety
computed seismic response is acceptable; and to provide Z.The environment
detailing requirements. The criteria include controlled 3.Production and research objectives
intentional levels of conservatism based on the target pro- 4.Potential property losses.
babilistic performance goals as illustrated in Figure 1. . . . , . • • • . • - , •
Meeting performance goals is desirable because they are ,A faded "PprOaC

t
h '?. O n e l n w h l c h s e ' s m i c d e s l ? n '

needed foVcompliance with DOE risk-based safety policies e v a I u a t l 0 n ' *«d construction requ.rements have varying
and they are a rational approach for assigning the level of confrvatlsm a n d "S o r - F° r D 0 E . . «« Shaded aPP'°ach is
conservatism for design or evaluation. implemented by defining five performance categories each

with a performance goal. Performance goals for each
performance category are presented in DOE 5480.28.
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Deterministic
Basis

Detailing
Requirements

Meet
Performance

Goal

Probabilistic
Basis

Reasonable Level
from Seismic
Hazard Curve

Conservatism Added

Figure 1 DOE Seismic Criteria Combines Probabilistic and
Deterministic Methods to Achieve Performance Goals

DOE-STD-1020-XX provides four sets of seismic design
and evaluation criteria, one for each performance category
numbered 1 through 4. Performance Category 0 covers items
which have negligible safety, mission, or cost significance
such that no seismic criteria are needed. These criteria range
from those provided by model buildingcodes for Performance
Category 1 to those approaching nuclear power plant criteria
for Performance Category 4. Table 1 illustrates how
DOE-STD-1020-XX seismic criteria for these performance
categories compare with seismic design and evaluation cri-
teria from other sources. DOE seismic criteria for Per-
formance Categories 1 and 2 are similar to that from the
Uniform Building Code [3]. DOE seismic criteria for
Performance Category 3 is similar to that from the Depart-
ment of Defense seismic criteria for essential buildings [4]
and also to that used for the evaluation of commercial
plutonium facilities licensed by the Nuclear Regulatory
Commission [5]. DOE seismic criteria for Performance
Category 4 is similar to that used for the evaluation of existing
commercial nuclear power plants [6].

MEETING PERFORMANCE GOALS
BY DOE SEISMIC CRITERIA

The details of meeting performance goals by DOE seismic
criteria are described in "Basis for Seismic Provisions of
DOE-STD-1020-XX" [7]. The basic principlesare described
below. Performance goals are expressed in terms of desired
behavior and the probability of exceeding structure, system,
or component damage levels to the extent that the desired
behavior goal may not be achieved. The means of meeting

performance goals may be illustrated by examining the
probabilistic seismic hazard curve shown in Figure 2.
Probabilistic seismic hazard curves display the likelihood of
future earthquake ground motion as they relate probability
of exceedance to ground motion levels (such as peak ground
acceleration as shown in Figure 2). For example, the annual
probability of ground motion level aPI, being exceeded is PH.
Probabilistic seismic hazard curves also display the required
capacity needed to achieve various probabilities of seismic-
induced damage. For example, if the performance goal
probability is PF, the structure, system, or component under
consideration must have the capacity to withstand ground
motion level, aPF without damage to the extent that the desired
performance cannot be achieved.

If the seismic loading is established at probability of
exceedance P,, and the performance goal probability is PF,
there must be conservatism in the seismic design process such
that there is increased capacity from the seismic load level
to the required capacity level and such that there is reduced
risk from the hazard probability level to the performance goal
probability level. Hence, the basic approach of DOE seismic
criteria to achieve performance goal, PF is: (1) specify the
design/evaluation basis earthquake (DBE) seismic load, aPM,
on a probabilistic basis at hazard probability, PH and (2)
include sufficient intentional conservatism in the other steps
of seismic criteria (i.e., response evaluation methods and
acceptance criteria) to provide increased capacity, Ic from
DBE level, aPH to required capacity level, aPF or to reduce
the risk by RR from PH to PF.
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Table 1 Comparison of Seismic Criteria by Various Sources

Source

DOE-STD-1020-XX

Uniform Building
Code

DOD Tri-Service Manual
for Seismic Design of
Essential Buildings

Nuclear Regulatory
Commission

Performance Category

1

General
Facilities

2

Essential
Facilities

-

3

-

High Risk

Evaluation of NRC Fuel
Facilities

4

-

Evaluation of
Existing Reactors

Seismic Hazard
Curve

0.2 0.3 0.5 1 2

Peak Acceleration (g)

Figure 2 Representative Probabilistic Seismic Hazard Curve

The risk reduction ratio, RR establishes the level of
conservatism to be employed in the seismic design or eval-
uation process. For example, if the performance goal and
earthquake hazard annual probabilities are the same (RR =
1), the seismic design or evaluation approach should intro-
duce no conservatism. However, if conservative design or
evaluation approaches are employed, the earthquake hazard
annual probability of exceedance can be larger (i.e., more
frequent) than the performance goal annual probability (RR

> 1).

Table 2 provides a set of seismic hazard exceedance
probabilities, PH and risk reduction ratios, RR for Perform-
ance Categories 1 through 4 required to achieve the seismic
performance goals specified in DOE 5480.28. The seismic
hazard exceedance probabilities, PH, shown in Table 2
produce ground motion levels which are: (1) consistent with
UBC levels for Performance Category 1; (2) consistent with
DOD and Pu facility evaluation levels for Performance

Category 3; and (3) consistent with nuclear power plant safe
shutdown earthquake (SSE) levels for Performance Category
4.

DOE SEISMIC CRITERIA

DOE seismic design and evaluation criteria are summa-
rized in Table 3. Seismic design and evaluation criteria are
comprised of the following steps:

1) Establish design/evaluation basis earthquake (DBE)
loads.

2) Evaluate seismic response.

3) Compare response to acceptance criteria.

4) Provide design details.
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Table 2 Seismic Performance Goals & Recommended Seismic Hazard Probabilities

Performance
Category

1

2

3

4

Seismic Performance
Goal, PF

1x103

5x10-"

lxlO<

lxlO5

Seismic Hazard
Exceedance Probability, P,,

2x10'

lxlO3

1x10-3

2xlO-4

Ratio of Hazard to
Performance Probability, RR

2

2

10

20

Establish DBE Loads - Evaluation of the DBE is more
complex than just utilizing ground motion at the hazard
probability level, PH, because the risk reduction ratio, RR,
resulting from the prescribed conservative seismic acceptance
criteria depends on the slope of the seismic hazard curve. If
all seismic hazard curves had the same slope, it would be
sufficient to have a single specified seismic hazard exceedance
probability, PH, and single set of conservative seismic
acceptance criteria corresponding to risk reduction ratio, RR,
in order to meet target seismic performance goals, PF.
However, to account for the range of potential seismic hazard
curve slopes and to utilize a single set of conservative seismic
acceptance criteria, a definition of the DBE using both hazard
and performance goal probabilities, PH and PF, has been
employed for DOE seismic criteria. By this definition, the
DBE is defined from probabilistic seismic hazard curves as
the larger of the value at the hazard exceedance probability,
PH, or a specified coefficient, fa, times the value at the
performance goal probability, PF.

DBE>a PH

DBF>/aaFF

(la)

(1b)

where a FH and a PF are the mean ground motions at the
seismic hazard probability, P,,, and performance goal prob-
ability, PF, respectively, and f, is a DBE factor specified in
Table 3 as a function of the specified risk reduction ratio,
RR. The basis for this DBE definition is described in
Reference 7. Criteria for developing site-specific probabil-
istic seismic hazard curves are provided in DOE-STD-
1023-XX [8]. Guidance for estimating mean ground motion
from modern seismic hazard curves is given
DOE-STD-1024-92 [9J.

in

Ideally, it is desirable for the DBE response spectrum to
be defined by the mean uniform hazard response spectrum
associated with the seismic hazard annual frequency of
exceedance specified in Table 2 over the entire frequency
range of interest (generally 0.5 to 40 Hz). Alternatively, it
is permissible to utilize a DBE response spectrum defined by
a deterministic smooth and broad frequency content median
response spectrum shape scaled so as to be anchored to the
mean DBE peak ground acceleration (PGA) and peak ground
velocity (PGV) values established using Equations la and lb.

Preferably, the median deterministic DBE response spectrum
shape should be site-specific and consistent with the expected
earthquake magnitudes, and distances, and the site soil profile
and embedment depths. When a site-specific response
spectrum shape is unavailable then a median standardized
spectral shape such as the spectral shape defined in
NUREG/CR-0098 [10] may be used if such a shape is either
reasonably consistent with or conservative for the site
conditions.

Response Evaluation Methods - For Performance Cate-
gory 1 and 2 SSCs, DOE seismic design and evaluation
criteria employ the UBC provisions with the exception that
site-specific information may be used to define the earthquake
input excitation used to establish seismic loadings. Maximum
ground acceleration from probabilistic seismic hazard curves
and site-specific ground response spectra are used in the
appropriate terms of the UBC equation for base shear. Use
of site-specific earthquake ground motion data, if they are
available, is considered to be preferable to the general seismic
zonation maps from the UBC. UBC provisions for buildings
require a static or dynamic analysis approach in which
loadings are scaled to the base shear equation value. In the
base shear equation, inelastic energy absorption capacity of
structures is accounted for by the parameter, Rw. Elastically
computed seismic response is reduced by R ,̂ values ranging
from 4 to 12 as a means of accounting for inelastic energy
absorption capability in the UBC provisions and by these
criteria for Performance Category 1 and 2. This reduced
seismic response is combined with non-seismic concurrent
loads and then compared to code allowable response limits
(or code ultimate limits and code specified load factors).

For Performance Category 1 and 2 systems and compo-
nents, design or evaluation may be based on the UBC
provisions. By the UBC provisions, systems and components
must be designed to withstand the total lateral seismic force,
F , as given by:

(2)

where Z is the peak ground acceleration, I is an importance
factor ranging from 1 to 1.5, Wp is the weight of the system
or component, and Cp is a coefficient depending on the
characteristics of the system or component. The lateral force
determined using Eq. 2 should be distributed in proportion
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Table 3 Summary of Earthquake Evaluation Provisions

Hazard Exceedance
Probability, PH

Risk Reduction
Ratio, RR

DBE factor accounting for
hazard curve slope

Response
Spectra

Damping

Acceptable
Analysis

Approaches

Importance
Factor

Load
Factors

Inelastic
Energy Absorption

Ratios

Material
Strength

Structural Capacity

Peer Review &
QA Program

Performance Category

1

2xlO3

2

2

lxlO3

2

Not Used

3

1x103

10

f. = 0.5

4

2x10^

20

f, = 0.45

Median amplification
(no conservative bias)

5%

Static or dynamic
force method normalized
to code level base shear

1=1.0 1=1.25

Code specified load factors appropriate for
structural material

Accounted for by Rw
in UBC base shear

equation

Post yield levels

Dynamic analysis

Not used

Ls = 1.0 L s = 1.15

Fv value by which elastic seismic response
is reduced to account for

permissible inelastic behavior

Minimum specified or 95% exceedance in-situ values

Code ultimate or
allowable level

Code ultimate
or limit-state level

Required within a graded approach
(peer review not required for Performance Category 1)

to the mass distribution of the element or component and
applied in the horizontal direction that results in the most
critical loadings for design/evaluation of the component and
its anchorage.

For Performance Categoiy 3 and 4 SSCs, DOE seismic
design and evaluation criteria specify that seismic evaluation
be accomplished by dynamic analysis. The recommended
approach is to perform an elastic response spectrum dynamic
analysis to evaluate elastic seismic demand on SSCs.
However, inelastic energy absorption capability is recognized
by permitting limited inelastic behavior. By these provisions
for Performance Category 3 and 4, inelastic energy
absorption capacity of structures is accounted for by the
parameter, F^. Elastically computed seismic response is
reduced by F ̂  values ranging from 1 to 3 as a means of
accounting for inelastic energy absorption capability for more
hazardous facilities. F\ values are much lower than ^
resulting in larger values of the risk reduction ratio, RR. The
same /"„ values are specified for all Performance Categories

of 3 and higher. In order to achieve different risk reduction
ratios, RR appropriate for the different performance catego-
ries, the reduced seismic response is multiplied be a seismic
load factor, Ls. Seismic load factors Ls are specified for
Performance Category 3 and 4. The resulting factored
seismic response is combined with non-seismic concurrent
loads and then compared to code ultimate response limits.

For Performance Category 3 and 4 systems and compo-
nents, seismic design or evaluation shall be based on dynamic
analysis, or testing. Evaluation of existing systems and
components may be based on past earthquake or testing
experience data. In any case, the input to systems and
components supported within a building is determined from
in-structure response spectra at the component attachment
point in the building. In addition to evaluating seismic
capacity of Performance Category 3 and 4 systems and
components, it is also important to evaluate potential seismic
interaction with lower category SSCs. Seismic interaction
includes lower category items collapsing, overturning, slid-
ing, or displacing sufficiently to impact the higher category
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system or component. Another form of seismic interaction
occurs where distribution lines such as piping, tubing,
conduit, or cables connected to an item have insufficient
flexibility to accomodate relative movement between the item
and adjacent structures or equipment to which the distribution
line is anchored.

Performance Category 1 or 2 SSCs may be seismically
evaluated using the simplified approaches specified in the
UBC seismic provisions since these provisions achieve an RR

ratio of about two or greater. However, for Performance
Category 3 or 4, the seismic evaluation must be performed
by a dynamic analysis approach. A dynamic analysis
approach requires that:

1) the input to the SSC model be defined by either a
design response spectrum, or a time history input
motion.

2) the important natural frequencies of the SSC be
estimated, or the peak of the design response spec-
trum be used as input.

3) the resulting seismic induced inertia! forces be
appropriately distributed with the SSC and a load
path evaluation be performed.

The words "dynamic analysis approach" are not meant to
imply that complex dynamic models must be used in the
evaluation. Often equivalent static analysis models are
sufficient so long as the above listed three factors are
incorporated. This dynamic analysis approach shouldcomply
with the seismic response analysis provisions of ASCE 4-86
[11].

Acceptance Criteria - For Performance Categories 1 and
2, acceptance criteria from the Uniform Building Code and
UBC referenced material standards are followed. DOE
seismic design and evaluation criteria for Performance
Categories 3 and 4 have intentional conservatism introduced
which achieve the target performance goals by:

1) establishing material strength properties at the 95%
exceedance strength associated with the time during
the service life at which such strengths are mini-
mum;

2) basing capacities upon code-specified minimum ulti-
mate or limit-state capacity levels with the appropri-
ate capacity reduction factor (e.g., concrete -
ACI-318 or ACI-349 ultimate strength approach,
structural steel - AISC-LRFD limit-state strength
approach or AISC plastic design approach, ASME
components - ASME Service Level D);

3) permitting limited inelastic behavior by specifying
inelastic energy absorption factors, F ̂  by which
elastic response may exceed capacity (Fv values, are

provided or may be estimated as the value associated
with a permissible level of inelastic distortion speci-
fied at about the 5% failure probability Jevel);

4) using a seismic load factor, Ls, of 1.0 for Perform-
ance Category 3 and 1.15 for Performance Category
4; and

5) requiring equipment qualified by test to be tested at
the required input spectrum scaled by a factor of
1.4LS.

To summarize load combinations and acceptance criteria
by the DOE seismic design and evaluation provisions, the
elastic-computed seismic demand Ds should be modified by
the appropriate inelastic energy absorption factor F^and by
the appropriate seismic load factor Ls to obtain an
inelastic-factored seismic demand Ds, by:

Ds (3)

The total inelastic-factored demand DT, is then given by:

DTI = DNS+DS, (4)

where DNS represents the best-estimate of all non-seismic
demands expected to occur concurrently with the DBE.
Equation 4 represents the DBE load combinations equation.
The seismic capacity is adequate when the capacity Cc

determined as defined above exceeds DTI, i.e.:

CC>DTI (5)

Equation 5 represents the seismic acceptance criterion
appropriate for the DBE. No load factors are needed on DNS

in Equation 4. The non-seismic demand DNS should be
defined at its best-estimate level as opposed to an unlikely to
exceed or conservative level. The conservatism embodied
in defining Cc, FIL , and Ds are sufficient to achieve the
specified RK ratios without additional sources of conservatism
being required.

Ductile Detailing - For all performance categories, the
design detailing provisions from the UBC, which provide
ductility, toughness, and redundancy, are required such that
SSCs can fully realize potential inelastic energy absorption
capability.

SUMMARY AND CONCLUSIONS

The Department of Energy utilizes deterministic seismic
design/evaluation criteria (DOE-STD-1020-XX) developed
to achieve probabilistic performance goals. Four separate
sets of seismic design/evaluation criteria have been presented
in DOE-STD-1020-XX each with a different performance
goal. In all these criteria, earthquake loading is selected from
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seismic hazard curves on a probabilistic basis but seismic
response evaluation methods and acceptable behavior limits
are deterministic approaches with which design engineers are
familiar.

By these criteria, earthquake loads are established at
seismic hazard probabilities which are consistent with UBC
ground motion for Performance Category 1, with DOD
ground motion for Performance Category 3, and with SSE
levels for Performance Category 4. In the DOE seismic
criteria, a conservatism level is introduced which is sufficient
to achieve the performance goals. This conservatism
increases from Performance Category 1 to 4. For Per-
formance Categories 1 and 2, conservatism should be
consistent with the Uniform Building Code. For Performance
Category 3, conservatism should be consistent with that of
the DOD seismic design of essential buildings manual or with
that used for evaluation of commercial plutonium facilities.
For Performance Category 4, conservatism should approach
that used for nuclear power plants. For analytical eval uations,
conservatism has been introduced through the use of con-
servative inelastic demand-capacity ratios combined with
ductile detailing requirements, through the use of minimum
specified material strengths and conservative code capacity
equations, and through the use of a seismic load factor. For
evaluation by testing or by experience data, conservatism has
been introduced through the use of an increase scale factor
which is applied to the prescribed design/evaluation input
motion.
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PERFORMANCE CATEGORIZATION OF STRUCTURES
SYSTEMS & COMPONENTS AND

RELATED ISSUES

Quazi A. Hossain
Lawrence Livermore National Laboratory

7000 East Avenue
Livermore, CA 94550

ABSTRACT

Provisions of DOE-STD-1021-93 on performance categorization of structures,
systems and components (SSCs) subjected to natural phenomena hazards
(NPHs) are summarized. The interrelationship among safety classification >f
SSCs (per DOE 6430.1 A and DOE 5480.30), facility hazard
categorization/classification (per DOE 5481.IB and DOE 5480.23), and NPH
performance categorization of SSCs (per DOE 5480.28 and DOE-STD-1021-93)
is discussed. The compatibility between the safety goals in the Department of
Energy Safety Policy, SEN-35-91, and the numerical NPH performance goals of
DOE 5480.28, as presented in UCRL-ID-112612 (draft), is examined.

INTRODUCTION

The effects of natural phenomena hazards
(NPHs) on the design of structures, systems, and
components (SSCs) have been receiving increased
attention from facility designers, owners, and
regulators since potential seismic and tornado related
hazards in nuclear power plants became a major issue
in the early seventies. Seismic safety concerns
resulted in Nuclear Regulatory Commission's
(NRC's) issuance of 10CFR100, Appendix A
(Reactor Site Criteria), Regulatory Guide 1.29
(Seismic Category 1 SSCs), and many other related
guidelines. Safety requirements in these documents
were primarily driven by concerns for radiation
exposure to offsite public, and all safety-related SSCs
that are to be designed to withstand seismic loads
were grouped into a single "Seismic Category".

The seismic safety program at the
Department of Energy (DOE) started somewhat later,
but learning from NRC's experience, it started with a
more rational approach that has the following
distinctive features:

• It recognized the probabilistic nature of the
natural phenomena hazards more explicitly
than conventional and NRC's approach.

• For seismic or NPH categorization of SSCs,
it introduced the need to consider issues
other than the offsite public radiation
exposure issue, such as mission importance,
cost-benefit ratio, etc.

• It introduced the "graded" approach to
design, in which the stringency of the NPH
design criteria is explicitly linked with the
importance of an SSC.

These features were first introduced in
UCRL-15910 (Reference 1), and subsequently
incorporated in DOE 5480.28 (Reference 2), draft
standard DOE-STD-1020-XX (Reference 3), and in
standard DOE-STD-1021-93 (Reference 4).

One of the key steps in the implementation
of this new DOE approach is the determination of
NPH performance category of SSCs, because Die
criteria to be applied for the design/evaluation of an
SSC depend on its NPH performance category.
Standard 1021 provides guidelines for such
performance categorization. The major provisions of
this standard will be summarized and discussed in
this paper.

NPH performance categorization of SSCs
depends heavily on SSC safely classification (per
DOE 6430.1 A and DOE 5480.30), and facility safety
analyses and hazard categorization/classification (per
DOE 5481.IB, DOE 5480.23, DOE-STD-1027-92,
and proposed DOE-DP-STD-3005-93). The
interrelationship among the various provisions of
these documents is also presented and discussed here
in the context of SSC performance categorization.
How the provisions of these documents compare with
DOE's safety policy of SEN-35-91, and how the
safety policy can be used to develop a perfonnance-
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goal based NPH design/evaluation criteria, as
suggested in draft UCRL-ID-112612 (Reference 5), is
also presented.

MAJOR PROVISIONS OF DOE-STD-1021-93
The essential and major provisions of DOE-

STD-1021-93 are described under the following sub-
headings:

• Data Sources
• SSC Safety Classification
• Basic Categorization Criteria
• System Interaction Effects

Data Sources
The primary source of data for NPH

performance categorization will be the design basis
system studies, accident analyses, and calculations
performed for the purpose of preparing the safety
analysis report of the facility. Such studies, analyses,
and calculations are performed in accordance with
DOE 5481.IB, DOE 5480.23, DOE-STD-1027-92,
and DOE 5480.30.

SSC Safety Classification
The DOE Standard 1021 requires that the

definition of safety-related SSCs shall be the same as
that of safety-class SSCs in DOE 5480.30: "SSCs
including primary environmental monitors and
portions of process systems, whose failure could
adversely affect the environment, or safety and health
of the public as identified by safety analysis." The
standard also requires that, for the purpose of
determining the NPH performance category, a list of
safety-related SSCs will include only those SSCs that
are required for preventing, mitigating, or monitoring
the effects of an NPH or the effects of accidents that
may result from an NPH. Thus, for example, even
though certain SSCs may be required for maintaining
operating parameters within safety limits during
normal operations, these may not be included in the
NPH safety list unless these are essential per above
NPH requirements. For example, an SSC that
provides radiation shielding to operating personnel
during normal operation of the facility, even though
designated as a safety class SSC, may not need to be
seismically qualified, if during and following an
earthquake it is not required to perform any radiation
shielding function.

The NPH safety list includes SSCs whose
failure may adversely affect an operator action that is
required for safety during and following an NPH
event. The list will also include an SSC that, by
itself, may not be a safety item by the above
definition, but its common-cause failure or interaction
with one or more SSCs may result in the non-

performance of a required safety function.

Basic Categorization Criteria
The basic NPH performance category,

before system interaction effects are considered, will
be determined in accordance with the flowchart
shown in Figure 1. The following two points are
worth noting while determining the preliminary NPH
performance category using this flow chart:

• It is essential that SSC function and safety
classification and the facility hazard
category/class are known before NPH
performance category can be determined.

• For nuclear and other hazardous facilities,
all the safety-related SSCs do not need to be
placed into the highest NPH performance
category applicable for the facility; the SSC
performance category should be
commensurate with the severity of the
consequence of its failure as determined
from safety or accident analysis. Thus, if the
failure of a safety-related SSC in a Hazard
Category 1 nuclear facility results in a
release below the threshold limits for a
Hazard Category 2 Facility (say per DOE-
STD-1027-92), it is not necessary to place
the SSC in Performance Category 4 (even
though it is permissible and conservative to
do so); it can be placed in Performance
Category 3. Another example: Say in a
Hazard Category 1 (HC-1) facility, there are
two safety-related SSCs that are essential
during and following an earthquake. Say,
SSC 1 failure would have significant offsite
consequences, and so it would be NPH
Performance Category 4 (i.e. PC-4). But, if
SSC 2 failure has only onsite consequences,
and no significant offsite consequences, it
can be placed into PC-3, even though it
performs safety function in a HC-1 facility.

System Interaction Effects
System interaction effects, commonly

termed as "two-over-one issue," is discussed at length
in DOE-STD-1021-93. The primary requirement is
that if, during or following an NPH event, the
behavior of an SSC (the "Source") may adversely
affect the performance of another SSC (the "Target"),
additional NPH mitigation shall be undertaken.

If the adverse interaction occurs before die
source exceeds its acceptable behavior limits,
adequate measures shall be taken to preclude
interaction. An example: Stiffen a cabinet support so
that it does not deflect to impact and impair a fire-
suppression component, or provide a barrier to
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protect the target.

If the adverse interaction occurs after the
source exceeds its acceptable behavior limits, either
adequate measures, as above, shall be taken to
preclude interaction, or the source shall have
additional NPH requirements corresponding to the
performance category of the target, if the failure
probability of the target, given the failure of the
source, is greater than one percent (i.e., not
negligible). However, DOE-STD-1021-93 permits
some deviation from this guideline in consideration
of cost-effectiveness and uncertainties in determining
target failure probability numbers.

Another important principle in evaluating
system interaction (SI) effects is that the application
of Si-related additional NPH requirements can be
restricted to the source behavior or source failure
modes related only to the adverse interaction and not
to its functional and design requirements. This
principle can be best illustrated by an example: Say,
in a HC-1 facility, there is a building that has been
preliminarily placed into PC-2 (before SI is
considered), because it houses some emergency
handling operations. Inside the building there is a
glove box that has some radioactivity confinement
function, i.e., the glove box is a PC-3 SSC. How the
final seismic performance category and seismic
adequacy of the building should be determined
considering SI effects is discussed below.

Assume that, if the building collapses during
an earthquake, the probability for the glove box to get
damaged is very high. Also, assume that the building
is a PC-2 SSC. According to Article 2.5(c)(i) of
STD-1021, the building shall have additional NPH
requirements corresponding to the performance
category of the glove box (i.e. PC-3) such that it
would not "collapse" more frequently than PC-3
performance goal (i.e. 1(H per year). Thus, the
additional requirements can be restricted to building
failure mode related to "collapse". Then, the
appropriate way will be to evaluate the building for a
seismic motion that corresponds to PC-3 performance
goal divided by a risk reduction ratio, RR, that
corresponds to PC-1, and using design acceptance
criteria applicable to PC-1 SSCs, because PC-1 level
RR and design criteria preclude collapse. Thus, the
building will be subjected to a O.5xlO4 level seismic
hazard, and evaluated in accordance with PC-1 level
design criteria. Alternatively, it can be subjected to a
PC-3 level seismic hazard (i.e. 103/yr) and PC-3
level design criteria. The later will provide additional
conservatism, and will not only ensure that the
building will not "collapse", but will also ensure that
its deformation under seismic load would remain very
small to satisfy "confinement" function.

This particular provision of STD-1021 (i.e. restricting
the SI effects evaluation to the source failure modes
related only to the adverse interaction, and not to the

functional and design requirements of the source)
provides the user with the flexibility that is useful to
reduce unnecessary conservatism in a rational and
defensible manner.

INTERRELATIONSHIP AMONG
SAFETY CLASSIFICATION, HAZARD

CATEGORIZATION, AND PERFORMANCE
CATEGORIZATION

The NPH performance category of an SSC
in a nuclear or other hazardous facility is determined
on the basis of hazard category/class of the facility
and the safety classification of the SSC. The hazard
category of a nuclear facility is determined in
accordance with DOE 5480.23 and DOE-STD-1027-
92. Nuclear hazard categories are:

• Category 1: Facilities with significant
offsite failure consequences.

• Category 2: Facilities with significant onsite
failure consequences.

• Category 3: Facilities with significant
localized failure consequences.

The hazard class of a non-nuclear hazardous
facility is determined in accordance with DOE
5481.IB. Hazard classes are:

• High Hazard: Facilities with large onsite
and offsite impacts.
Moderate Hazard: Facilities with
considerable onsite impacts, but at most only
minor offsite impacts.

• Low Hazard: Facilities with minor onsite
and negligible offsite impacts.

Hazard categorization/classification is
determined without any in-depth consideration of the
engineered design features that are provided to
mitigate the accident effects. These classifications
are inventory-based, and thus are indicators of upper-
bound risks only. In-depth system and accident
analyses are required to prepare safety analysis
reports in accordance with DOE 5480.23, DOE
5481.IB, DOE-STD-1027-92, and DOE 5480.30.
Some guidance is also provided in DOE 6430.1 A
(now under revision as 6430.IB). Such systems and
accident analyses identify the safety-related SSCs
whose failure can result in unacceptable
consequences. However, none of the above-
mentioned documents provide a clear definition of
"unacceptable consequences," except DOE-STD-
1027-92 (which lists the threshold release amounts
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for hazard categorization purposes only) and the
proposed DOE-DP-STD-3005-93 (which addresses
accidental radiological and toxicological exposure
criteria for offsite public, co-located onsite workers,
and workers). In any case, once the facility hazard
category/class and SSC safety class are known, and
the subset of safety class SSCs that are required to
function during and following an NPH event are
identified, the NPH performance category of an SSC
can be determined in accordance with Standard 1021.

COMPATIBILITY BETWEEN DOE's SAFETY
GOAL AND NPH PERFORMANCE

CATEGORY

NPH design and evaluation of SSCs in DOE
facilities are performed using SSC performance goals
that vary with the SSC performance category. These
performance goals have been specified in terms of
annual probability of exceeding acceptable behavior
limits. To what extent these performance goals meet
the intent of the DOE safety policy, SEN-35-91, was
examined and discussed in a draft Lawrence
Livermore National Laboratory (LLNL) document,
UCRL-ID-112612 (Reference 5). Here the
discussion that is applicable to only nuclear facilities
is summarized.

DOE nuclear safety policy, SEN-35-91, sets the
following two quantitative safety goals:

a) The risk to an average individual in the
vicinity of a DOE nuclear facility for prompt
fatalities that might result from accidents
should not exceed one-tenth of one percent
(0.1%) of the sum of prompt fatalities
resulting from other accidents to which
members of the population are generally
exposed. For evaluation purposes,
individuals are assumed to be located within
one mile of the site boundary.

b) The risk to the population in the area of a
DOE nuclear facility for cancer fatalities
that might result from operations should not
exceed one-tenth of one percent (0.1%) of
the sum of all cancer fatality risks resulting
from all other causes. For evaluation
purposes, individuals are assumed to be
located within 10 miles of the site boundary.

In addition to setting these two goals, SEN-35-91 also
provides the following guidance:

• DOE recognizes there are large
uncertainties in the data and available
methods for assessing risk levels especially
with respect to potential health effects from

nuclear facility operations. Therefore,
reasonable analyses based on available data
using standardized approaches may be
employed while more rigorous approaches
and better data are developed.

• DOE s xfety goals are aiming points.

• The adoption of safety goals should not be
construed as a requirement to conduct
probabilistic risk assessments.

The most widely-quoted offsite dose limit is
the one given in 10 CFR 100 that essentially specifies
the limits for accidental or emergency dose as 25 rem
whole body and 300 rem to the thyroid. The general
design criteria, DOE 6430.1 A, uses similar dose
limits.

A different accidental offsite dose limit (5
rem to the whole body or to any organ) has been
specified in 10 CFR 72 for Independent Spent Fuel
Storage Installations. Yet another offsite dose criteria
(0.5 rem or more) was used to define "Important-to-
safety" SSC in 10 CFR 60 for the design of High
Level Radioactive Waste Repositories.

Since the above dose limits were specified
without any reference to safety policy, an attempt was
made in Reference 5 to determine/estimate off-site
doses that are compatible with the DOE's numerical
safety goals. It was recognized that there are large
uncertainties in the data and in the methods for
assessing health/life risks. As such, the compatible
doses estimated are approximate, but for
categorization purposes, these can provide a rational
way of determining the relative safety importance of
SSCs.

To estimate compatible doses, only prompt
fatality risk goals were considered because these
provide more conservative dose limits (Reference 6):

The annual prompt fatalities from all
accidents in the United States is approximately
93,500 (Reference 7). If the total population of the
United States is assumed to be 250 million, and if it is
assumed that all individuals within one mile of the
site boundary are at equal risk, then the safety policy
compatible risk is about (.001 times 93,500 + 250 x
10^ = ) 3.7 x 10"7 per year. However, the intent of
the policy is to compute this number on an average
basis, biologically as well as locationally (Reference
6).

Thus, if locational distribution (due to wind,
dispersion, and distance from the site boundary) is
considered, it is very likely that the maximum
permissible risk to a biologically-average individual
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would be several times higher than the 3.7 x 10"^ per
year value. A factor of 2 is assumed conservatively,
which sets the risk level to 7.4 x 10"^ per year.

This value, when divided by ihe
performance goal values for various SSC
performance categories, provides the prompt fatality
risk (probability) values for compatible doses. These
risk values are shown in Table 1 (3rd column). Thus,
for example, the compatible dose for a PC-4 SSC
should correspond to a 7.4 percent prompt-fatality
risk and for a PC-2 SSC should correspond to a 0.15
percent prompt-fatality risk.

Too few data are available that correlate
dose received versus probability of prompt fatality
(PPF). Those that are available are often
inconclusive. The relationship between dose and PPF
is very complex, and is influenced by many
parameters. However, for the purpose of determining
performance goal - compatible doses, an approximate
range of values was considered adequate.

After reviewing recent study and research
results, Reference 8 recommends that the radiation
dose corresponding to a 50% PPF be taken as 430
rem. Reference 9 shows that the 50% PPF dose is
between 400 - 500 rem. Reference 8 also indicates
that between 100 to 200 rem exposure, the prompt
fatality rate is below 10 percent. Reference 10
indicates that the whole body exposure in the range of
100 - 200 rem is "rarely" fatal. Considering these
recommendations and observations, in Reference 5,
the dose corresponding to 7.4% PPF was taken as 250
rem, as shown in the 4th column of Table 1.

Reference 8 shows that below 50 to 100 rem
exposure, PPF is almost negligible. Reference 9
indicates that at low dose regions for which direct
observational data are not available, the relationship
between dose and PPF can be conservatively assumed
to be linear.

DOE standard STD-1027-92, using WASH-
1400 as the basis, has set 100 rem as a conservative
dose corresponding to a PPF of 0.01 or 1 percent.
Using this as one node point (i.e., dose =100 rem,
PPF = 0.01), and the zero node point (i.e., dose =
0 rem, PPF = 0.0), and linearly interpolating in-
between, in Reference 5, the compatible radiation
doses for other performance categories were set as
shown in the 4th column of Table 1.

Thus, the dose for Performance Category 4 SSCs that
is compatible with the safety goal is approximately
250 rem, if it is assumed that the particular SSC
failure is the only contributor. But, in general, many
SSCs from more than one facility in the site can

potentially contribute, and SSC failure may be caused
by more than one internal and external design basis
events. If these are considered, the safety-policy
compatible doses should be much smaller than those
shown in the 4th column of Table 1. These
considerations are very complex, and can be
determined by performing a probabilistic risk
assessment (PRA) of the facility. But for generic
evaluation purposes. Reference 5 accounted for the
effect of possible risk contribution from multiple
failures by conservatively lowering the doses shown
in the 4th column of Table 1 by an order of
magnitude. Accordingly, the radiation doses in
Column 5 of Table 1 are set by dividing column 4
doses by 10. Thus, it was observed that the 25 rem
dose for PC-4 is compatible with the DOE's safety
policy. Column 5 of Table 1 shows the compatible
doses for other performance categories. These values
are recommended by this author for use as optional
guidelines in the performance categorization of SSCs
in DOE's nuclear facilities. These can be used when
reduction of unnecessary conservatism is essential
from cost considerations.

The use of Table 1 dose guidelines
optionally for performance categorization purposes,
has several advantages. The primary advantage is
that it provides a rational basis for grading safety-
related SSCs in proportion to the relative severity of
SSC failure consequences. If doses or some other
measures of SSC failure consequence are not used for
performance categorization, all SSCs in a given
facility, whose failure may result in a loss of
confinement/containment, would have to be placed in
the same category irrespective of the size and the
consequence of the release. This would not be an
appropriate use of the "Graded Approach."

It is recognized that dose calculation may
sometimes lead to a sizable and expensive effort.
But, in certain cases, the optional use of dose
guidelines as a categorization parameter can be cost-
effective. For example, consider a facility with a
large inventory of radioactive materials [or which the
facility has been assigned a Hazard Category 1 status.
Assume that the design of the facility is such that the
HVAC system of the facility may leak when
subjected to the design level hazard loads, but the
potential release at the site boundary would be a very
small fraction of 10CFR100 limits. If dose limits are
not used in performance categorization, ihe HVAC
system must be assigned to PC-4, even though its
failure is essentially inconsequential from exposure
considerations. This may unnecessarily lead to a very
expensive design upgrade. On die olher hand, if dose
guidelines are used, the HVAC system would be
assigned to a lower performance category, the design
hazard level for which may be such mat no design
upgrade would be necessary.
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The need for some standardized guidelines
linking performance categorization and radiation
doses can also be recognized when one compares the
dose limits that are presently being used at various
DOE sites. A sample review of categorization
criteria documents of a few DOE facilities will show
a wide variation of dose limits used. Such a wide
variation among various facilities can be eliminated if
safety-policy based dose limits are used.
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Table 1

SEN-35-91 and DOE 5480.28 Compatible Prompt Fatality Risk Values
and Radiation Doses at Site Boundary

Performance
Category

4

3

2

1

Performance
Goal^>

10-5

10-4

5xlO-4

10-3

Compatible
Prompt Fatality

Risk (%)

7.4

0.74

0.15

0.07

Compatible
Total

Radiation Doses

(rem, EDIs)

250

50

10

5

Recommended
Radiation Doses

for NPH
Categorization (2)

25

5

1

0.5

Note 1: From DOE 5480.28

Note 2: For use as optional guidelines when reduction of unnecessary conservatism is essential from cost
considerations.
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Figure 1. Basic Guideline for Preliminary NPH Performance Categorization of Structures
Systems, and Components

( SSC performs a safety function in a Hazard Category 1 or
I High Hazard Safety System

Yes

JNo

PC-4

SSC performs a safety function in a Hazard Catagory 2 or Moderate Hazard
Safety System

Yes PC-3

"TN«

a. SSC performs a safety function in a Hazard Category 3 or Low Hazard Safety
System, or
b. SSC must perform its intended emergency function to preserve health

and safety of workers or co-located workers, or
c. SSC is part of a building for assembly of more than 300 persons in

one room.
"TNC

JNC

PC-0

Yes
PC-2

a. SSC is a building structure with potential human occupancy, or
b. SSC failure causes life-threatening situation to workers or co-located

workers, or
c. SSC failure can be prevented cost-effectively by NPH design

Yes PC-1

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

27



SITE CHARACTERIZATION AND HAZARD ASSESSMENT CRITERIA

FOR NATURAL PHENOMENA HAZARDS AT DOE SITES

J. C. Chen, S. C. Lu, T. S. Ueng, and A. C. Boissonnade
Lawrence Livermore National Laboratory

7000 East Avenue
P. O. Box 808

Livermore, CA 94550

ABSTRACT

This paper briefly summarizes requirements for site characterization and hazard
assessment of Natural Phenomena Hazards for compliance with DOE Order 5480.28.
The site characterization criteria for NPH evaluation are provided in a draft DOE-STD-
1022-XX and the assessment criteria of natural phenomena hazards are provided in draft
DOE-STD-1023-XX.

INTRODUCTION

The Department of Energy (DOE) has been
establishing policy and requirements for natural
phenomena hazards (NPH) mitigation for DOE sites
and facilities using a graded approach by DOE Order
5480.28 [1]. Performance Categorization Criteria for
Structures, Systems, and Components (SSCs) at DOE
facilities subjected to NPHs are provided in DOE-
STD-1021-93 [2]. NPH site characterization criteria
are provided in DOE-STD-1022-XX [3]. The
purpose of this standard is to provide criteria for site
characterization to provide site-specific information
needed for implementing DOE 5480.28 requirements
Appropriate approaches are outlined to ensure that
the current state-of-the-art methodology is being used
in the site characterization. Natural phenomena
hazards assessment criteria are provided in DOE-
STD-1023-XX [4]. The purpose of this standard is to
provide guidelines for NPH assessments to ensure
that adequate design basis load levels are established
for design and/or evaluation of DOE facilities.

The requirements are given in two categories:
general requirements which apply to all NPHs, and
detailed requirements which specify criteria for a
specific NPH.

•This work was performed under the auspices of the
U.S. Department of Energy by the Lawrence
Livermore National Laboratory under contract W-
7405-Eng-48.

SITE CHARACTERIZATION CRITERIA
(DOE-STD-1022-XX)

GENERAL REQUIREMENTS

The meteorologic, hydrologic, geologic,
seismological and gcotechnical characteristics of a
site and its environs shall be investigated in sufficient
scope and detail to provide reasonable assurance that
they are sufficiently well understood to permit an
adequate evaluation of the proposed or existing site,
and to provide sufficient information to support the
evaluations required by other DOE standards for
implementation of NPH mitigation requirements
specified in DOE 5480.28. The size of the region to
be investigated and the type of data pertinent to the
investigations shall be determined by the nature of
the region surrounding the proposed or existing site,
and shall be consistent with the performance category
of the facilities.

For sites containing facilities with SSCs in
only Performance Category 1 or 2, at a minimum,
sufficient site information shall be collected so that
the NPH assessment (DOE-STD-1023-XX) and the
design and evaluation of the facilities (DOE-STD-
1020-XX [5]) can be conducted by following the
procedures provided in model building codes or
national consensus standards (e.g., hazard zone maps,
site coefficients, etc.).

For sites containing facilities with SSCs in
Performance Category 3 or 4, more extensive site
characterization shall be carried out to obtain the site
information for the site-specific natural phenomena
hazard assessment, and design and evaluation of
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DOE facilities in accordance with DOE-STD-1023-
XX and DOE-STD-1020-XX, respectively.

DETAILED REQUIREMENTS

Criteria are presented in this standard for
meteorological, hydrological, geological,
seismological, and geotechnical studies to
characterize the site and to assess natural phenomena
hazards. The scope and degree of detail of
investigations to address these natural phenomena
hazards depend on several factors, which include: the
performance categories of the SSCs comprising the
facilities; the subsurface conditions at the site; the
meteorology, hydrology, and seismotectonic
environment of the site region; and the extent of prior
knowledge, investigations, and data regarding the site
and site region. Although more detailed
investigations are generally appropriate for facilities
having higher performance categories, it should be
kept in mind that investigations of lesser scope and
detail may be appropriate when the existing
knowledge of the site and region is extensive and up-
to-date. Similarly, although less detailed
investigations would generally be commensurate with
lower performance categories, more comprehensive
investigations may be needed if a critical site hazard
exists and/or if investigations to define the hazards
have not previously been conducted. The detailed
requirements in this paragraph are applicable for
obtaining the site information which is needed for
implementation of DOE NPH requirements.

METEOROLOGY
The meteorological-related hazards include

wind hazards due to storms and tornadoes, and flood
hazards due to intense precipitation and snow.
Meteorological data to be collected include: (1) wind
speeds and direction (straight winds, hurricane, and
tornado winds), and (2) precipitation and rainfall
records. The extent of meteorological data needed to
be collected is dependent upon the performance
categories of SSCs comprising the facilities.

For sites containing facilities with SSCs in
Performance Category 1 or 2, it is sufficient to utilize
results of previous probabilistic wind hazard studies,
if available, or to utilize information provided in
model building codes or national consensus standard
such as ANSI/ASCE 7-88 [6]. For sites containing
facilities with SSCs in Performance Category 3 or 4,
and for which no up-to-date site-specific probabilistic
wind hazard studies have been performed in
accordance with specifications in DOE-STD-1023-
XX, site-specific characterization criteria are
provided in Section 5.2 of the draft siandard DOE-
STD-1022.

HYDROLOGY
The hydrologic hazards include flooding cither

from surface water or ground water. The sources of
flood hazard include stream flooding, flood runoff,
flood drainage, dam failure, levee or dike failure,
storm surge, tsunami, seiche, wave action, volcano-
created natural dam failure, and ground water rise.
Collection of the characteristic data of these sources
which could impact the site shall be performed. The
impact of these hydrologic hazards shall be defined
with respect to their proximity of the site and its
elevation.

The extent of the data to characterize potential
sources of flooding is dependent upon the
performance categories of the structures. For sites
containing facilities with SSCs in Performance
Category 1 or 2, it is sufficient to utilize results of
previous site-specific probabilistic flood hazard
studies (e.g., [7], |aj, [9], and [10]), if available, or to
utilize information provided in the flood insurance
studies by Federal Emergency Management
Administration (FEMA).

For sites containing facilities with SSCs in
Performance Category 3 or 4, and for which no site-
specific probabilistic flood hazard studies have been
performed in accordance with specifications in DOE-
STD-1023-XX, site-specific characterization criteria
are provided in ihis standard, Section 5.3.

Requirements are given in details for
considering hydrological data collection; flood
history; river flooding; dam, levee, or dike failure;
storm surge; tsunami; seiche; wave action; landslide
and volcano created natural dam failures; flood
runoff/drainage; and ground water hydrology.

GEOLOGY AND SEISMOLOGY
The seismic-related hazards include site

earthquake ground shaking, tectonic site deformation
(fault rupture and associated tectonic surface
deformation), ground failure induced by ground
shaking including liquefaction, differential
compaction and landsliding, and earthquake-induced
flooding. Other geological hazards to be addressed
include nontcctonic site deformation and volcanic
hazards.

The extent of the investigation to characterize
the seismic-related hazards is dependent upon the
performance categories of the structures, the
geological and seismotectonical environment of the
site region, and the local soil conditions at the site.
Experienced geologists, seismologists, geophysicists,
and gcotcchnical engineers should be consulted for
defining the program of the investigation.
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For sites containing facilities with SSCs only
in Performance Category 1 or 2, it is sufficient to
utilize results of previous site-specific probabilistic
seismic hazard studies, if available, or to utilize
information provided in the model building codes or
national consensus standards (e.g., seismic zone
maps). For sites containing facilities with SSCs in
Performance Category 3 or 4, and for which no site-
specific probabilistic seismic hazard studies have
been performed in accordance with DOE-STD-1023-
XX, site-specific characterization criteria are
provided in this standard, Section 5.4. Criteria
described in 10 CFR Part 100 Appendices A [11] and
B [12] are also acceptable.

.Seismic Sources
Seismic sources define areas where future

earthquakes are likely to occur. Geological,
geophysical, and seismological investigations
provide the information needed to identify and
characterize source parameters, including the
location, size, and geometry of the seismic sources,
maximum earthquake, and frequency of occurrence
of earthquakes of various magnitudes (earthquake
recurrence). Seismic sources may include a region of
diffuse seismicity (seismotectonic province) and/or a
well-defined tectonic structure (active fault), which
may or may not cause surface displacement. Seismic
sources in the site region that could cause significant
ground shaking at the site shall be identified and
characterized. U.S. NRC Draft Regulatory Guide
DG-1015 [13] and U.S. NRC NUREG-1451 [14] also
provide guidance for identificaiion of the region to be
investigated.

The items shall be considered in collecting
data for seismic source identification are: 1. area of
invesligations, 2. type of investigations, 3. source
zones, 4. active faults, 5. source-to-site distance. The
details of these items are provided in Sec. 5.4.1.1 of
the draft standard. The details of seismic source
characterization are provided in Section 5.4.1.2 of the
draft standard.

Vibratory Ground Motions
In general, the factors that influence site

ground motions include the characteristics of the
earthquake source, the travel path between the source
and the site, and the local site conditions.
Assessment of the influence of local soil conditions is
described in site amplification analysis, Sec. 5.5.2.
The attenuation effect of the geological materials in
the travel path (e.g., Q factor) shall be estimated by
regional seismology studies or based on the strong
ground motion data, if a sufficient data base is
available. The effect of local geology and rock
conditions on the ground motions shall also be
considered. With respect to the first two factors (i.e.,
earthquake source and travel path), it is currently

believed that one or both of these factors can result in
significant differences in earthquake ground motions
in three broad tectonic regimes in the United States -
the Central and Eastern U.S. (EUS), Western U.S.
(WUS), and areas in the vicinity of subduction zones.
Precise geographic limits for the regions are not
defined, but the WUS and EUS are generally west
and cast, respectively of the Rocky Mountains, while
subduction zone earthquakes in the United Slates
occur only along coastal northwest California,
Oregon, Washington, and southern Alaska. Thus,
care must be taken and uncertainties must be
recognized in utilizing data bases, relationships, and
methodologies applicable to each region.

Earthquake-Induced Flooding
Earthquake-induced flooding at a site can be

caused by a variety of phenomena including seiches,
tsunamis, failures of dams and levees, landsliding
within or into bodies of water, and tectonic uplift or
subsidence. Criteria of site characterization for these
hazards are specified in this standard. Sec. 5.4.3.

Other Geologic Hazards
Other geologic hazards that should be the

subject of appropriate geological investigations
include volcanic hazards and non-tectonic surface
deformation, Sec. 5.4.4 of the draft standard DOE-
STD-1022-XX.

GEOTECHNICAL STUDIES
Geotcchnical studies may include

investigations for: (1) defining site soil properties as
may be required for hazard evaluations, and
engineering analyses and designs; (2) assessing local
soil amplification effects en ground motions; (3)
carrying out soil-structure interaction analyses; and
(4) assessing potential of soil failure or deformation
induced by NPHs (liquefaction, differential
compaction, landsliding, etc.). Guidelines are given
in detail in "Guidance for Geolechnical Studies for
DOE Facilities subjected to Natural Phenomena
Hazards" (in preparation). USNRC Regulatory
Guides 1.132 [15] and 1.138 [16] also provide
guidelines for site investigations and laboratory
investigations.

The extent of investigation to determine the
geotechnical characteristics of a site depends on the
performance categories of the facilities, the
subsurface conditions, and the extent of available
information. For facilities with SSCs in Performance
Category 4, the geotechnical studies shall include, at
a minimum, all the investigations specified in this
standard. Reduced scope of investigation is allowed
for sites containing facilities with SSCs in
Performance Category 3 or lower, if the additional
uncertainties resulting from the less extensive
investigation are acceptable and justified based on
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analyses by the project team. By working with
experienced geotechnical engineers and geologists,
an appropriate scope of investigations can be
developed for a particular facility.

Requirements are given in details (Sec. 5.5) for
1. site investigations, including subsurface
exploration and laboratory tests, 2. site amplification
analysis, 3. soil-structure interaction analysis, 4.
ground failure evaluations, including soil
liquefaction, subsidence, and slope instability.

ASSESSMENT OF NATURAL PHENOMENA
HAZARDS

(DOE-STD-1023-XX)

GENERAL REQUIREMENTS

Natural phenomena hazard design and
evaluation require a probabilistic assessment of the
likelihood of future NPH occurrence. The level of
probabilistic natural phenomena hazard assessment <JO
be conducted will be appropriate for the performance
categories of the structure, systems, and components
(SSCs) being considered in a manner consistent with
the graded approach.

The likelihood of occurrence of a natural
phenomena hazard is usually expressed by a natural
phenomena hazard curve, which is a frequency plot
that characterizes the natural phenomena hazard at a
specific site by giving the return period or annual
probability of exceedance as a function of a
parameter used to characterize the level of the natural
phenomena hazard. The mean NPH hazard curve
shall be used to determine the design basis NPH
event for the design and/or evaluation of DOE
facilities.

For sites containing facilities with SSCs in
Performance Category 3 or 4, a site-specific
probabilistic natural phenomena hazard assessment
shall be conducted. This NPH assessment shall
include adequate site-specific information as
discussed in DOE-STD-1022-XX.

For sites containing facilities with SSCs in
only Performance Category 1 or 2 and having no site-
specific probabilistic NPH assessment, it is sufficient
to utilize natural phenomena hazard maps from model
building codes or national consensus standards. For
sites which have site-specific probabilistic NPH
assessments, the SSCs in Category 1 or 2 shall be
evaluated or designed for the greater of the site
specific values or the model code values unless lower

site specific values can be justified and approved.

DETAILED REQUIREMENTS FOR SEISMIC
HAZARD ASSESSMENT

GENERAL REQUIREMENTS

Design and evaluation criteria for DOE
facilities against seismic hazards are provided by
DOE-STD-1020-XX. In accordance with this
Standard, a Design/Evaluation Basis Earthquake
(DBE) in terms of a design response spectrum shall
be defined in order to carry out the design/evaluation
process.

The purpose of this Standard is to provide
guidelines for a probabilistic seismic hazard
assessment (PSHA) in order to produce the required
seismic hazard curve for determining the peak ground
acceleration for the DBE and the acceptable design
response spectral shape.

In accordance with DOE-STD-1020-XX, the
DBE shall have a median deterministic site-specific
response spectrum shape anchored to the peak ground
acceleration (PGA) determined from the mean
seismic hazard curve (SHC). When a site-specific
response spectrum shape is unavailable, a median
standardized (generic) spectral shape, such as the
spectral shape defined in NUREG/CR-0098 [17] may
be used.

For sites containing facilities with SSCs in
only Performance Category 1 or 2, it is sufficient to
utilize seismic hazard maps from model building
codes or national consensus standards if no site-
specific probabilistic seismic hazard assessment has
been conducted for the sites. For sites which have
site-specific probabilistic seismic hazard assessments,
the SSCs in Performance Category 1 or 2 shall be
evaluated or designed for the greater of the site
specific values or the model code values unless lower
site specific values can be justified and approved.

For sites containing facilities with SSCs in
Performance Category 3 or 4, a site-specific
probabilistic seismic hazard assessment shall be
conducted to determine the DBE.

Site-specific probabilistic seismic hazard
assessments for 25 DOE sites were conducted and
summarized in UCRL-53582 [8]. DOE Order
5480.28 [1] requires that the need for updating the
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site seismic hazard assessment be reviewed at least
every 10 years. The DOE Seismic Working Group
interim standard, DOE-STD-1024-92 [19], indicates
that the approach used in UCRL-53582, which are
more than 10 years old, are out cf date relative to the
current state of ihe art. However, in accordance with
DOE-STD-1024-92, it is permissible to establish
DBE ground motion levels and response spectra for
Performance Categories 3 and 4 based on UCRL-
53582 in the interim until a modern site-specific
seismic hazard assessment becomes available.

Guidelines for a modern site-specific
probabilistic seismic hazard assessment are provided
in Sections 5.1.2 and 5.1.3 of the draft Standard
DOE-STD-1023-XX. Section 5.1.2 addresses the
development of site-specific seismic hazard curves
while Section 5.1.3 deals with the development of
design response spectral shapes.

Guidelines for the evaluation of earthquake-
induced ground failure modes such as fault offset,
liquefaction, slope instability, lateral spreading, and
subsidence are provided in Section 5.1.4.

DEVELOPMENT OF SITE-SPECIFIC SEISMIC
HAZARD CURVES

Two options are available for the development
of seismic hazard curves. The first option is to utilize
existing probabilistic seismic hazard studies. The
second option is to conduct a new modern site-
specific probabilistic seismic hazard analysis. They
are addressed in Sections 5.1.2.1 and 5.1.2.2,
respectively in DOE-STD-1023-XX.

Five fundamental elements characterize the
state of the art of a probabilistic seismic hazard
analysis: (1) Representation of Experts' Judgment
Diversity - There may be a genuine difference of
opinions among experts regarding the earthquake
occurrence process and the propagation of the energy
from an earthquake source to a site. That diversity
has to be reflected in the estimates of the seismic
hazard by using multiple experts' judgments and an
appropriate mathematical representation; (2) Data
Used in the Hazard Modeling; (3) Hazard Model; (4)
Characterization of Uncertainty in Parameters of the
Hazard Model; (5) Model (or Handling) of
Uncertainty and Diversity among Experts.

The standard steps in the methodologies
employed by a probabilistic seismic hazard analysis
are summarized as follows:

Step 1: A zonation map, (with possibly
additional information on the spatial distribution of
earthquakes in any given zone). The zonation is a
partition of the entire area of interest into independent
zones. Each zone is a unique source of earthquakes.

Step 2: The occurrence rate and magnitude
distribution functions is defined for each zone. This
step quantifies the total number of earthquakes
greater than magnitude M o expected to occur during
the period of interest (usually one year), and it
describes the relative frequency of all the magnitudes
greater than Mo . In addition, an estimate of the
maximum magnitude shall be provided.

Step 3: The ground motion model provides the
probability that g is exceeded at the site when an
earthquake of magnitude m has occurred at a given
location. Usually, the direction of the origin of the
earthquake is neglected and only the distance to the
site is considered in the ground motion modeling.

For a site where the ground motion model is
not specifically applicable to the local geology and/or
soil characteristics, a site correction should be
applied. The site correction is a sensitive parameter
for the determination of which the utmost care should
be taken. Many recent studies have amply
demonstrated that in the realm of site specific
corrections, approximate or simplified analyses are
often inappropriate for Performance Category 4
facilities.

An appropriate site correction study should
start by a well constructed field investigation,
sampling and testing as described in DOE-STD-
1022-XX. Depending on the methods of analysis, the
site correction is applied directly on the ground
motion model ([20], [21], and [22]) or on the
resulting hazard curve [23]. Both methods are
acceptable.

Step 4: Calculating the hazard curve by
integrating the effects of all possible earthquake
locations and all possible earthquakes with
magnitudes greater than Mo within each zone and all
zones.

DEVELOPMENT OF DBE RESPONSE
SPECTRA

Earthquake vibratory ground motion to be used
as input excitation for design and evaluation of DOE
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facilities, according to DOE-STD-1020-XX, is
defined by a median deterministic site-specific
response spectrum anchored to the mean peak ground
acceleration determined from the mean seismic
hazard curve. When a site-specific response
spectrum shape is unavailable, a median standardized
spectral shape such as that defined in NUREG/CR-
0098 [17] may be used so long as such a spectrum
shape is either reasonably consistent with or
conservative for the site conditions.

The DBE ground motion at the site shall be
specified in terms of smooth and broad frequency
content response spectra in the horizontal and vertical
directions defined at a specific control point. The
location of the control point shall be specified at the
ground surface for deep soil sites where the
properties of the sites smoothly vary with depth. For
sites composed of thin layer soil deposits (less than
100 feet) overlying rock or stiff soil, the control point
shall be specified at the surface of the outcrop of the
rock or stiff soil.

Methods that can be used for the development
of site specific response spectra are described in
Section 5.1.3.1 of this Standard. Alternatively,
methods commonly used for the development of
standardized response spectra based on general site
conditions instead of a site-specific geotechnical
study are described in Section 5.1.3.2 of this
Standard.

For those sites that choose to develop a
deterministic site-specific spectral shape, information
contained in the probabilistic seismic hazard analysis
should be used to establish the appropriate
magnitudes and distances for the controlling (or
dominant) earthquakes. Controlling earthquakes are
those earthquakes that have the greatest effect on the
ground motion at a site. There may be several
controlling earthquakes for a site, e.g., a moderate
nearby earthquake may control the high-frequency
portion of the ground motion spectrum or the PGA, a
large distance earthquake may control the low-
frequency portion (e.g., below 1 hertz) of the
spectrum or the peak ground displacement (PGD),
and a third earthquake with a different combination
of magnitude and distance may control the 1 to 5
hertz portion of the spectrum or the maximum
spectral velocity (MSV), which is an amplification of
the peak ground velocity (PGV).

The analysis conducted to determine the
controlling earthquakes shall be completed at least for

the following two ground motion parameters, e g., the
peak ground acceleration (PGA) and the maximum
spectral velocity (MSV) best associated with a lower
frequency range (e.g., 1 to 5 hertz). For sites that
have SSCs which are sensitive to the low-frequency
response (e.g., below 1 hertz), it may be necessary to
include the controlling earthquake determined from
the PGD.

The recommended steps for the development
of a deterministic site-specific DBE response
spectrum shape are outlined below:

Step 1: Select from the site-specific
probabilistic seismic hazard analysis the mean
seismic hazard curve that shows the annual
probability of exceedance as a function of the PGA.

Step 2: Using the appropriate annual
probability of exceedance level (PE) , enter the hazard
curve of Step 1 at Pg to detennine the corresponding
PGA level.

Step 3: Deaggregate the mean PGA seismic
hazard curve as a function of magnitude and distance
by calculating the contribution to the hazard for all of
the earthquakes in a selected set of magnitude and
distance bins of size MxN to determine the relative
contribution to the hazard. This requires the
calculation of the annual probability of exceedance,
H(mj, rj), for each of the bins centered at magnitude
mi and distance rj, i.e., i=l,2,...,M and j=l,2,...,N.

Step 4: Compute the magnitude M(l) and
distance R(l) of the controlling earthquake for the
mean estimate of PGA using the contributions H(mi,
rj) computed in Step 3 in accordance with the
equations given in the standard.

Step 5: Select from the site-specific PSHA the
mean seismic hazard curve for the ground motion
parameter MSV, i.e., the maximum spectral velocity
in the frequency range 1 to 5 hertz, and use the same
PE and Step 1 through 4 as above to determine the
magnitude M(2) and distance R(2) that control the
MSV.

It is recommended that the stability of the M:R
combinations be assessed at other probabilities (such
as 5 to 10 times lower than the probability of interest)
given the issues raised with the UHS as described in
DOE-STD-1020-XX.

Step 6: Develop the (deterministic) median
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normalized response spectra for both M(1):R(1) and
M(2):R(2) combinations. Available methods are
described in Section 5.1.3.I.e. of the standard.

Step 7: Scale the normalized spectrum for
each M:R combination to the corresponding ground
motion parameter value associated with the
appropriate annual probability from DOE-STD-1020-
XX. For example, scale the median spectrum for
M(1):R(1) to the PGA with the appropriate annual
probability, and scale the M(2):R(2) spectrum to the
MS V with the same annual probability.

Step 8: Envelop the two resulting spectra to
create a single response spectrum. The
engineer/designer may either use the above single
envelope spectrum or analyze twice, one for each
M:R combination, using the more conservative result
for design purposes.

EARTHQUAKE-INDUCED GROUND
FAILURE ASSESSMENT

In addition to ground shaking, earthquakes can
cause a number of ground failure modes such as
liquefaction, slope instability, fault offset, lateral
spreading, and subsidence at a site. A probabilistic
assessment of any one of the ground failure modes
may be conducted to determine the annual probability
of occurrence of the ground failure mode at the site
for any given number of earthquakes. If the annual
probability of occurrence of the ground failure mode
is greater than the performance goal of interest, the
particular ground failure mode shall be mitigated
either by avoiding the site or by taking other
necessary mitigation measures.

Alternatively, a deterministic ground failure
assessment may be conducted in accordance with the
following steps:

Step 1: Using the appropriate annual
probability of exceedance associated with the
performance goal (e.g., 10-5 for Performance
Category 4 SSCs), determine the corresponding PGA
level from the site-specific seismic hazard curve, or
seismic hazard maps from model building codes for
Performance Category 1 or 2 if a site-specific seismic
hazard curve is not available.

Step 2: Perform a deterministic analysis to
determine if the particular ground failure mode will
be induced by the earthquake with a PGA level
determined in Step 1. If so, the particular ground

failure mode shall be mitigated either by avoiding the
site or by taking other necessary mitigation measures.

DETAILED REQUIREMENTS FOR WIND
HAZARD ASSESSMENT

Design and evaluation criteria for Department
of Energy facilities against wind hazards are provided
by DOE-STD-1020-XX. In accordance with DOE-
STD-1020-XX, (1) the recommended basic wind
speed for all Performance Categories; (2) the
atmospheric pressure change (APC) associated with a
tornado for Performance Category 3 or 4 SSCs; and
(3) windborne missile criteria (size, weight, and
speed) for Performance Category 3 or 4 SSCs; shall
be defined in order to carry out the design/evaluation
process.

Guidelines for the atmospheric pressure
change and recommended windborne missiles are
contained in DOE-STD-1020-XX.

The recommended basic wind speed shall be
determined from a mean wind hazard curve
developed for the site in accordance with the hazard
annual probability specified in DOE-STD-1020-XX.
The recommended basic wind speeds for 25 DOE
sites are currently defined in DOE-STD-1020-XX.
DOE Order 5480.28 requires that the need for
updating the site wind hazard assessment be reviewed
at least every 10 years. Therefore, for sites where
existing wind hazard assessments are either
unavailable or considered out of date, a new wind
hazard assessment shall be conducted.

The purpose of this section of the Standard is
to provide specific guidelines for the DOE facilities
with respect to the wind hazard assessment. The
guidelines are provided to ensure that a consistent
approach across DOE sites is achieved for
design/evaluation of DOE facilities against wind
hazards.

In performing the wind hazard assessment,
Section 4.a of this standard shall be complied with,
i.e., a probabilistic wind hazard shall be conducted at
a level appropriate for the performance categories of
the SSCs at the site.

For sites containing facilities with SSCs in
only Performance Category 1 or 2, missile effects and
atmospheric pressure change due to tornadoes need
not be considered. Therefore, the only wind hazard
design parameter to be established is Ihe basic wind
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speed and it shall be determined in compliance with
Section 4.e of the standard, i.e.,

1. For sites having no site-specific probabilistic
wind hazard assessment, it is sufficient to utilize
model building codes, or national consensus
standards, such as ASCE [6], to define the basic
wind speed.

2. For sites which have site-specific probabilistic
wind hazard assessment, the SSCs in
Performance Category 1 or 2 shall be evaluated
for the greater of the site-specific values or the
model code values unless lower site-specific
values can be justified and approved.

For sites containing facilities with SSCs in
Performance Category 3 or 4, S< ;tion 4.d of the
standard shall be complied with, i.e., a site-specific
probabilistic wind hazard assessment shall be
conducted to establish the wind speed for design
and/or evaluation of the facilities.

The results of the probabilistic wind hazard
assessment shall include a mean wind hazard curve
and other information regarding the uncertainty in the
hazard assessment. The wind hazard curve represents
the annual probability of exceedance as a function of
wind speed at the site.

There are three types of winds: Extreme
(straight) wind, hurricane, and tornado. Extreme
(straight) winds are non-rotating such as those found
in a thunderstorm gust front. Tornadoes and
hurricanes both are rotating winds. All three types of
winds shall be considered in the wind hazard
assessment.

For practical purposes, the effects of
hurricanes are treated the same as those of straight
winds in accordance with DOE-STD-1020-XX. As a
result, both hurricane winds and straight winds will
be represented by a single straight wind hazard curve
although different wind hazard models are used for
straight winds and hurricanes.

The site-specific probabilistic wind hazard
assessment is characterized by the following traits:

(1) Probabilistic wind hazard assessments shall
performed for straight winds, hurricanes, and
tornadoes in accordance with guidelines
specified in the standard.

(2) The wind hazard assessments for straight winds
and hurricanes shall be combined to pi auce a
single straight wind hazard curve by assuming
the two types of winds are mutually exclusive
events. A composite probability distribution
may be used to assess probability of exceedance
of wind speeds [25]. It is recommended to use a
Gumbel distribution [26] to model straight wind
hazards and a Weibull distribution [27] to
model hurricane wind hazards.

(3) A transition wind speed is defined by the
intersection point of the combined straight wind
hazard curve and the tornado wind hazard
curve.

(4) The combined straight wind hazard curve is
used as the actual wind hazard curve for wind
speed up to the transition wind speed while the
tornado hazard curve is used as the actual wind
hazard curve for wind speed above the
transition wind speed.

(5) The transition wind speed also determines if
other tornado effects (e.g., APC and tornado
missiles) need to be considered based on criteria
specified in DOE-STD-1020-XX.

DETAILED REQUIREMENTS FOR FLOOD
HAZARD ASSESSMENT

Design and evaluation criteria for Department
of Energy facilities against flood hazards are
provided by DOE-STD-1020-XX. In accordance
with DOE-STD-1020-XX, a Design Basis Flood
(DBFL) shall be established in order to carry out the
design/evaluation process. The DBFL is a flood
level determined from the mean flood hazard curve
and the hazard annual probability of exceedance
specified in Table 5-1 of DOE-STD-1020-XX. A
probabilistic flood hazard assessment is required to
develop the flood hazard curve at the site.

The purpose of this section of the Standard is
to provide specific guidelines to assess flood hazards
for DOE facilities. The guidelines are provided to
ensure that a consistent approach across DOE sites is
achieved for design/evaluation against flood hazards.

In accordance with Section 4.d of the standard,
for sites containing facilities with SSCs in
Performance Category 3 or 4, a site-specific
probabilistic flood hazard assessment is required. A
site-specific probabilistic flood hazard assessment at
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a site shall involve the following two steps: submergence, waves and runups.

Step 1: Perform a flood screening analysis to
evaluate the magnitude of flood hazards that may
impact the SSC's under consideration. Specific
criteria for a flood screening analysis are provided in
Section 5.3.2 of this Standard.

Step 2: Perform a comprehensive flood hazard
assessment, if needed, based on the results of the
flood screening evaluation. Specific criteria for a
comprehensive flood hazard assessment are provided
in Section 5.3.3 of this Standard.

In accordance with Section 4.e of the standard,
for sites containing facilities with SSCs in only
Performance Category 1 or 2 and having no existing
site-specific probabilistic flood hazard assessment, it
is sufficient to utilize flood insurance studies or
equivalent to estimate the DBFL.

However, for sites containing facilities with
SSCs in Performance Category 2, a reduced-scope
site-specific probabilistic flood hazard assessment is
required because most flood insurance studies
available have not been conducted at a level which is
compatible with the hazard annual probability of
exceedance (10'^) associated with Performance
Category 2 SSCs. A reduced-scope site-specific
probabilistic flood assessment shall contain only Step
1, i.e., a flood screening analysis, of the site-specific
probabilistic flood hazard assessment as specified in
Section 5.3.1.C of the standard.

For sites which have site-specific flood hazard
assessments, the SSCs in Performance Categories 1
and 2 shall be evaluated or designed for the greater of
the site-specific values, flood insurance studies, or
equivalent unless lower site-specific values can be
justified and are approved.

The flood hazard assessment shall consider all
the phenomena that can cause flooding (e.g., river
flooding, storm surge, dam failure). The identification
of potential sources of flooding is addressed in
Section 5.3.2.1 of this Standard.

For each identified source of potential
flooding, the flood hazard assessment shall consider
all effects of flooding including submergence, waves
and runups, debris, and hydrodynamic effects (e.g.,
peak flow velocity). For sites containing facilities
with SSCs in Performance Category 1 or 2, it is
sufficient to consider flood levels due to

For determination of the DBFL, the flood
hazard assessment shall consider the possibility of
simultaneous occurrence of Hood events as specified
in Section 5.3.4 of this Standard.

In completing a flood hazard assessment, it is
extremely important that an accurate site-specific
data base be available. DOE-STD-1022-XX provides
criteria for the types of data that shall be collected
and compiled for such a data base.

SUMMARY

Two draft DOE Standards for compliance with
DOE Order 5480.28 for natural phenomena hazard
mitigation at DOE site have been prepared and issued
for review. DOE-STD-1022-XX provides criteria for
site characterization and specifies the data needed for
NPH assessment. DOE-STD-1023-XX provides
criteria for hazard assessment to ensure that adequate
design basis load levels are established for
design/evaluation of DOE facilities subjected to
natural phenomena hazards. The development of the
draft standards is based on the state-of-the-art
methodologies and procedures as well as the most
recent available information and data. The drafts
standards have been reviewed by DOE Community
and the review comments are being resolved.
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ABSTRACT

This paper presents a draft generic prioritization
methodology to evaluate seismic hazards for existing
facilities at Department of Energy (DOE) sites. This
methodology will help DOE Operations Offices in preparing
the Natural Phenomena Hazards (NPH) implementation plan as
required by DOE Order 5480.28, and will be consistent with
future actions required of all Federal Agencies. The
methodology presented for the prioritization is simple and
utilizes existing data and evaluations. It incorporates
four attributes for each facility: mission importance,
failure consequences, remaining life and building
vulnerability measured in terms of both seismic hazard and
building capacity. As part of these proceedings, the draft
methodology is being provided to all DOE organizations for
review prior to development of the official prioritization
document.
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BACKGROUND

It is the policy of the DOE to
design, construct, and operate DOE
facilities so that workers, the
general public, and the environment
are protected from the occurrence of
NPH. To achieve this policy, DOE has
established requirements that are
contained in DOE Order 5480.28,
"Natural Phenomena Hazards
Mitigation", dated 1/15/93. These
requirements are consistent with the
safety policy and goals of DOE Orders
such as the Safety Analysis Report
Order 5480.23, and Executive Order
12699 related to National Earthquake
Hazards Reduction Program (NEHRP)
studies and provisions for design and
evaluation of Federal facilities.

The NPH Order includes requirements
for the evaluation and upgrade of
existing DOE facilities, including
the development of an implementation
plan. The plan should incorporate a
prioritized schedule for evaluation
of existing SSC's because it is
recognized that there are time,
funding and programmatic mission
considerations.

In particular, the NPH Order requires
that existing facilities be
reevaluated if the facility was
designed and constructed without
adequate standards. Many DOE
facilities were designed prior to the
establishment of modern building
codes which contain adequate seismic
provisions. Because of this, these
older facilities may be deficient and
potentially represent an unacceptable
life-safety hazard. Because DOE has
such a large inventory of these
facilities, and in order to conform
to the NPH requirements, there is a
need to establish a prioritization
process and method that is
consistently applied to all DOE sites
and that can be used to identify the
most hazardous facilities and aid in
determining the scope of potential

upgrades. The purpose of this paper
is to present a draft generic
prioritization methodology for DOE
facilities.

INTRODUCTION

The NEHRP Reauthorization Act (Public
Law 101-614) states that the
President must adopt, not later than
December 1, 1994, standards for
assessing and enhancing the seismic
safety of existing buildings
constructed for or leased by the
Federal Government that were designed
and constructed without adequate
seismic design and construction
standards. The Interagency Committee
on Seismic Safety in Construction
(ICSSC), of which DOE is an active
member, has been working to establish
guidance on which codes constitute
adequate seismic design criteria and
how existing buildings should be
evaluated. The ICSSC is in the
process of developing a document
entitled Standards of Seismic Safety
for Existing Federal Buildings. The
ICSSC is also developing an Executive
Order, to be signed by the President,
which will be the implementing
authority for the final Standards
document.

Although these documents are still in
draft form, it is evident that DOE
will be required to investigate the
seismic design adequacy of its
existing facilities. This is
consistent with the requirements for
existing facilities described in the
DOE NPH Order.

PRIORITIZATION METHODOLOGY

The DOE prioritization method must
recognize that DOE has an extremely
large inventory of facilities at many
sites that are exposed to a wide
range of seismic hazard environments.
Thus, an overall objective of any
prioritization approach would be to
identify potentially hazardous
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facilities while screening out as
many facilities as possible to
minimize the expense of detailed
evaluations. Additionally, an
attempt has been made to minimize
sophistication and complexity, and to
establish a method that uses existing
information. Finally, an approach
that favors decisiveness and
practicality while remaining simple
would be more meaningful in terms of
implementation.

The approach selected is a generic
ranking process that uses numerical
scores for four attributes. This
approach allows for one of several
variables (described below) to be
used to screen out facilities making
the number of future detailed seismic
evaluations more manageable. Once
facilities are prioritized, the most
hazardous facilities would undergo
more detailed evaluations consistent
with the ICSSC Standards of Seismic
Safety for Existing Federal
Buildings.

The first decision needed to develop
a generic prioritization methodology
was to select the attributes to be
used to rank facilities. The
attributes were selected with the
intent that the attribute could be
ranked with available information
with little new evaluation required.
Additionally, the attribute was
required to provide a measure that
would identify those facilities that
are most hazardous with respect to
potential seismic deficiencies.
Finally, the ranking approach
specified for each attribute was
selected to be non-linear to ensure a
spread in facility priority and to
identify the most deficient
facilities. Four attributes were
selected: Failure Consequences;
Remaining Life; Building
Vulnerability; and Mission
Importance. Using these attributes,
facilities can be screened out based
on either no failure consequence

(nuclear, chemical, or life-safety),
little remaining life, or low seismic
vulnerability as represented by low
seismic hazard or rugged building
design.

Each of these attributes is vital in
determining the overall priority
ranking of a facility. The goal is
to achieve the greatest nuclear,
chemical, or life-safety improvement
for the least funding, within the
shortest length of time. Each of the
attributes is discussed below.
Figure 1 presents the overall process
of prioritizing DOE facilities while
Figure 2 illustrates the details of
each attribute and will be referenced
below as part of the attribute
discussion.

ATTRIBUTE 1 Remaining Life (RL) of
the Facility:

The remaining life of the facility is
primarily a quasi-screening tool with
facilities with a short remaining
life being effectively screened out
or assigned a very low priority. As
shown in Figure 2, the RL attribute
is assigned scores ranging from 0 to
10 based on the years of remaining
life. If a facility has a remaining
life of less than 5 years, its
priority score will be zero. If the
anticipated length of time required
to complete the NPH evaluation,
mitigation and implementation of the
upgrades exceeds the remaining life
of the facility, then naturally it is
meaningless to prioritize such a
facility. As such, the proposed
ranking approach scores facilities
with less than 25 years remaining
life as 3 or lower, with those
facilities having a remaining life of
equal to or greater than 25 years as
a 10. It should be emphasized that
one needs to determine the "as-isB

remaining life prior to new
modifications and not the design or
originally declared life of the
facility. For those sites with a
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large number of personnel in office
buildings that are approaching 30 to
40 years old, if there is no
identified project to replace these
buildings with modern structures,
then a longer remaining life should
be assumed.

ATTRIBUTE 2 Failure Consequence (FC)
of the Facility:

The analysis of the adverse
consequence of failure of the
facility will consider existing
information in the form of hazard
category and building occupancy.
Within the DOE complex, facilities
are grouped into various hazard
categories as part of the overall
safety analysis assessment. These
provide an indication of the
significance of the failure
consequence of the facility. As
shown in Figure 2, scores are
assigned for both hazard category and
building occupancy. The greater
numerical score of these two shall be
used as the failure consequence (FC)
score. The higher the hazard
category or the higher the building
occupancy, the higher the score. The
smallest number of occupants in a
building is set at anything larger
than zero as long as the occupancy is
continuous for more than two hours
each day (see draft Standards of
Seismic Safety for Existing Federal
Buildings). The use of 300 people as
a cutoff is consistent with the
definition of a special occupancy
structure in the 1991 version of the
Uniform Building Code. The two
intermediate building occupancy
numbers simply represent order of
magnitude changes in the number of
occupants. Similar to the remaining
life attribute, the scores are non-
linear.

ATTRIBUTE 3 Building Vulnerability
(BV):

Seismic experience data has shown
that the largest percentage of
structural failures for buildings in
active earthquake areas have taken
place in unreinforced structures and
reinforced frame structures designed
prior to 1976. The ductile
reinforced concrete concepts in
engineering design and national model
codes were being introduced during
this time frame. This knowledge can
be used as an excellent screening
tool, particularly in terms of
identifying potentially deficient
buildings. Table 1 lists post-
benchmark years which can be referred
to for twelve different building
types and five different national
model codes for seismic design
provisions. The twelve different
building types are listed in Table 2.

The ranking approach for the Building
Vulnerability attribute shall be
determined based on assigning the
condition of the facility as good,
fair, poor, and very poor. This
qualification will be based on one of
two approaches depending on the
quality of existing information. For
the case where existing seismic
structural analyses have been
completed, the ranking will be based
on the capacity/demand ratio
considering several sub-attributes
described below. If there is
insufficient existing seismic
analysis, the approach will be to
follow the guidelines contained
within the 1991 Edition of the NEHRP
Recommended Provisions for the
Development of Seismic Regulations
for New Buildings. Figure 2 displays
a summary of the ranking criteria for
this attribute.

When using the capacity/demand ratio
to rank the Building Vulnerability
attribute the following sub-
attributes will be considered:
seismic hazard level, type of
building construction, adjacency
(interaction), and engineering
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analysis/design documents. Each of
these sub-attributes will contribute
to and collectively assist in
determining the appropriate
capacity/demand ratio, which will
determine the overall condition of
the facility. Each of the sub-
attributes is discussed below.

Seismic Hazard Level: In the
case of seismic hazards,
factors such as peak ground
acceleration, soil stiffness,
liquefaction potential,
landslides, fault rupture and
deformation shall be considered
as applicable only if the
factor is important to the
specific site. Wherever
possible the latest seismic
hazard information shall be
utilized in assigning the
capacity/demand ratio,
including any recent work to
update the probabilistic
estimate of seismic hazard.

Type of Building Construction:
For seismic ruggedness, various
building structure types are
listed in Table 2, and from
Table 1 a quick determination
of the seismic code provisions
can be made. Other important
factors such as the building
height, story height, soft
story (with due consideration
to the openings), eccentricity
and load distribution, plan
irregularity, short columns,
and soil-structure interaction
shall be considered in
determining the capacity of
facilities to resist seismic
shears and moments. A rapid
walkthrough combined with a
quick review of building plans
and drawings and interviews
with appropriate plant
seismic/structural engineers
may be adequate to evaluate
building capacity.

Adjacency (interaction): The
potential for structural
pounding between two adjacent
buildings needs to be
considered. More than often
there is not an adequate
separation of the buildings due
to various constraints. A
building nearby which is poorly
built may fail under a
postulated earthquake and impact
the adjacent facility, thereby
affecting its structural
integrity. Above and
underground piping connecting
adjacent buildings creates a
potential situation where domino
effects may be a concern.
Situations similar to the so-
called II over I concerns and
evaluation criteria which are
very typical in commercial
nuclear industry are also found
in many DOE facilities.

Engineering Analysis/Design
Documents: The availability,
accuracy, and recency of seismic
analysis/design related
documents shall be considered in
determining the capacity/demand
ratio. The quality and type of
the documentation such as design
criteria, specifications,
analysis and design
calculations, independent peer
review reports, design
modification drawings and the
as-built updates, and the level
of effort needed to locate,
retrieve, and perform a cursory
but meaningful and up-to-date
review of these documents are
very critical in this phase to
establish proper priorities.

For those cases where there is
inadequate existing information, the
procedures described in ATC-14, FEMA-
178 (formerly ATC-22) and the 1991
NEHRP Provisions may be used to
establish the Building Vulnerability
ranking. For example, Table 3 shows
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that those building types that are
not permitted per the 1991 NEHRP
Provisions should receive a very poor
ranking in most areas of the Unites
States. In these cases, first-hand
knowledge was gained by observation
of structural weaknesses in past
earthquakes which have led to failure
of building components resulting in
partial or total collapse with injury
or death of building occupants.
Other examples of relating a given
building description to the seismic
hazard map and overall building
vulnerability ranking are provided in
Table 3. Those facilities which have
no existing capacity/demand ratios
and are not identified as part of
Table 3 basis will need a short
justification basis for the
assignment of the building
vulnerability score.

ATTRIBUTE 4 Mission Importance (MI):

In view of the ever changing global
defense strategies it is quite
conceivable that the mission of a
particular DOE facility may be
unique, or the facility may be
performing some strategic function
which would be difficult to replace
in the event of a severe earthquake.
The failure consequences of such a
facility may involve not only life-
safety and huge capital loss but a
permanent adverse impact on the
Unites States national security or
other national defense strategies as
well. Additionally, the distribution
of site personnel may impact the
mission ranking. For example, if
most site personnel were located in
only a few facilities, these
facilities would have a higher
mission importance. Because the
ranking of mission is the most
subjective, it is requested that an
explanation be provided of this
attribute as ranked by each site and
that DOE site management be consulted
to help score facilities.

PRIORITY RANKING (PR)

Once the scores for each of the
attributes is determined, the next
step will be to compute the overall
priority ranking of each facility as
follows:

PR = RL (X) FC (X) BV (X) MI

Each site will be requested to
provide an overall table to show the
facilities and each of the scores for
the four attributes. Additionally,
it is requested that each site
prepare a data compilation table,
similar to Table 4. This table will
summarize the basic information of
facility name, construction data,
type of construction, number of
occupants and other summary
information as deemed appropriate.
Finally, a summary table should be
prepared which displays the overall
ranking (from high to low) for those
facilities which have a non-zero
score.

As shown on Figure 1, the numeric
maximum ranking of a facility can be
as high as 5000. For example, an
office building with more than 300
occupants, a building construction
type no longer permitted by the
Building Code, a high mission
importance and a long remaining life
would receive a score of 5000. On
the other hand, a low hazard facility
with 5 occupants and a 10 year
remaining life would receive a score
of no higher than 50.

Each DOE site's implementation plan
for the NPH Order 5480.28 will
reflect the overall prioritization
process, and provide the resulting
ranking with a recommendation
regarding which buildings require
detailed evaluation. Detailed
requirements for evaluation and
upgrade of SSC's will be consistent
with the final ICSSC Standards.
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It is recommended that each DOE site
become familiar with the mentioned
Federal Actions for existing
facilities. Additionally, each site
can start to compile existing
information that can be used to
prioritize facilities. A format
similar to that shown on Table 4
appears to be useful. Each site can
determine which, if any, of their
buildings are no longer permitted by
the building codes since these types
of buildings are likely to be ranked
high.

Lastly, the authors would like to
receive feedback on the approach
described in this paper, including
any information on potentially
alternative approaches. Comment
should be provided to the authors at
the listed addresses.
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Figure 1. Overall Process of Prioritizing DOE Facilities
for NPH Mitigation
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FIGURE 2 PRIORITY RANKING OF FACILITIES FOR NPH MITIGATION
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Table-1: Post-Benchmark Years

1 Symbol

W

SI

I S2

S3

S4

Cl

C2

C3/S5

PCI

PC2

RM

URM

Buildini Identifier""

WOOD FRAME

STEEL MRF

BRACED STEEL FRAME

LIGHT METAL

STEEL FRAME W/CONCRETE SW

RCMRF

RCSWNOMRF

URM INFILL

TILT-UP

PC FRAME

REINFORCED MASONRY

UNREINFORCED MASONRY

Model Buildiog Seismic
Design Provisions

BOCA

••

1992

1992

•

1992

1992

1992

•

1992

•

1992

•

SBCC

••

1992

1992

•

1992

1992

1992

•

1992

•

1992

•

NEHRP

•*

1983

1991

•

1985

1985

1985

*

1985

•

1985

•

UBC

1949

1976

1988

•

1976

1976

1976

•

1973

*

1976

•

ANSI

••

1982

••

•

1982

1982

1982

•

1982

•

1982

•

* Indicates DO benchmark year.
** Local provisions for wood coostruciioQ need to be compared lo 1949 UBC to determine benchmark year
• • • See Table 2 for complete description

BOCA - Buildinf Officials and Code Administrators (BOCA. 1990). (BOCA adopted me NEHRP 1991 Seismic
provisions in a 1992 Addendum).

SBCC - Standard BuUding Code (SBCC. 1991). (SBCC adopted me NEHRP 1991 Seismic provisions in a 1992
Addendum).

NEHRP • National Earthquake Hazards Reduction Profram (BSSC. 1985.1991)

UBC • - Uniform BuiWins Code OCBO. 1949.1973.1976.1988.1991)

ANSI - American National Standards Institute, A58.1 (1972,1982)

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

48



Tabl«-2: Building Structural Typw for Scisaic Ruggedness

Building Type

Wood buildings of all types

Steel moment resisting frames

Braced steel frames

Light metal buildings

Steel frames with cast-in-
place concrete shear walls

Concrete moment resisting
frames

Concrete shear wall buildings

Concrete or steel frame
buildings with unreinforced
masonry infill walls

Tilt-up buildings

Precast concrete frame
buildings

Reinforced masonry

Unreinforced masonry

Identifying
Symbol

W

SI

S2

S3

S4

Cl

C2

C3/S5

PCI

PC2

RM

URM
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Table 3 - Building Vulnerability Factor
* for use when capacity/demand ratios are not available

NEHRP Map 2

Zones 3-7

Zones 5-7

Zones 5-7

Zones 3-7

Zones 3-7

Zones 5-7

Zones 2-7

Zones 2-7

Building Description

l.Unreinforced Masonry
Shear Walls

2.Non-ductile RC
Moment Frames1

RC or Masonry With No Drawings
or Verification of Bar
Placement or Details

Height Above 160 ft2

Obvious Deterioration of
Members of the Structural
System

Potential for Soil Liquefaction
or Unknown Soil Conditions

Indications of Significant
Strength Discontinuities,
Stiffness Discontinuities,
Geometrical Irregularities, or
Mass Irregularities.

Remaining Buildings Which do
not Satisfy the Condition
Listed Below

Post-Benchmark Buildings Whose
Documentation Shows Adherence
to the Seismic Design
Guidelines of Accepted National
Codes (see Table 1)

Condition

Very Poor

\lery Poor

Very Poor

Poor

Poor

Poor

Fair

Good

1 RC Frames which contain no detailing for ductile behavior.

2 Except for buildings with Special Moment Frames.
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Table-4 Site/Building Inventory
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REALISTIC EVALUATION PROCEDURES
FOR EXISTING DOE GENERAL FACILITY BUILDINGS

Loring A. Wyllie, Jr.
H. J. Degenkolb Associates, Engineers

350 Sansome Street, Suite 900
San Francisco, CA 94104

ABSTRACT

Much of the effort to date at Department of Energy (DOE) facilities
to evaluate natural phenomena hazards has been directed to high
hazard facilities containing nuclear materials or products. This is
an appropriate place to begin as the consequences of failure of
such a building are considerable. But, there is also a need and
upcoming regulations that will require the non-nuclear office
buildings and other facilities at DOE facilities to be evaluated for
seismic, wind and other natural hazards. It is also important to
provide life-safety protection to employees, who will be greatly
needed after a strong earthquake or severe windstorm.

Public Law 101-614 requires the President to adopt, not later than
December 1, 1994, "Standards for assessing and enhancing the
seismic safety of existing buildings constructed for or leased by the
Federal Government which were designed and constructed without
adequate seismic design and construction standards." These
standards will give agencies like the DOE a number of years to
comply with the standard.

This paper will emphasize the need for practical guidelines and
procedures to ensure that DOE facilities evaluate their non-nuclear
buildings in a cost effective and meaningful manner. Too often,
facility managers with nuclear backgrounds, which are common at
DOE facilities, take the "nuclear" approach and contract for
extensive analytical evaluations as are traditional for nuclear
facilities. Such evaluations can be beneficial, but large sums of
money are spent and the results may not give the guidance that is
needed or desired.

The program needs to have a rapid assessment and screening
phase to quickly at low cost identify all buildings that contain
potential life-safety hazards and need more detailed studies.
Detailed studies can verify that hazards exist and develop
schematic strengthening schemes to establish budgets for
mitigation. The program must establish priorities at each step to
ensure that the most significant hazards are mitigated first. Peer
reviews are recommended to ensure compliance and consistency.
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INTRODUCTION

Public Law 101-614 requires the
President to adopt, not later than December
1, 1994, "Standards for assessing and
enhancing the seismic safety of existing
buildings constructed for or leased by the
Federal Government which were designed
and constructed without adequate seismic
design and construction standards." These
standards will give agencies like the
Department of Energy a number of years to
comply with the standard.

DOE has the added situation that many
other federal agencies do not have that
many DOE facilities contain nuclear or other
hazardous materials. These nuclear or
hazardous facilities clearly represent special
concerns in the event of natural hazards. A
considerable effort has been underway in
recent years within DOE and at DOE
facilities to establish guidelines and evaluate
and retrofit high hazard facilities, as is
appropriate. This paper does not deal with
those facilities. It addresses only the office
buildings and other structures at DOE
facilities without hazardous materials which
may represent life- safety concerns for their
occupants and will have to be addressed
under Public Law 101-614.

ESTABLISH A PROGRAM

The first step in the process will be the
need for DOE to establish a program.
Currently, discussions are underway within
the Interagency Committee on Seismic
Safety in Construction (ICSSC). That
committee, which includes DOE, has been
evaluating various technical approaches as
well as administrative procedures to
implement such a program. Degenkolb
Associates in conjunction with another firm
have been under contract to the National
Institute of Standards and Technology
(NIST) to draft standards and procedures
and serve as consultants to the review
process within ICSSC. The administrative

procedures and potential budgetary issues
seem to be the most controversial in the
attempt to develop a program that will be
effective and feasible. It is uncertain at this
writing exactly what procedures will
eventually be adopted in the Presidential
Order.

Whatever eventual program will be
mandated by the Presidential Order, it is not
too early for DOE to begin establishing their
program. The DOE program will be more
difficult than most other agencies.
Providing life-safety for employees is an
obvious goal that is easy to support. But the
hazard of nuclear and other materials that
occupy many DOE facilities create special
potential hazards and a certain priority must
be given to many structures. Thus, the DOE
program will have to delicately balance the
potential hazards of earthquake damage
releasing radiation or other harmful
substances to earthquake damage causing
life-safety hazards to employees in buildings
that may have collapse potential. The
overall program will have to establish
priorities for evaluating and abating
potential hazards in nuclear facilities
compared to evaluation and retrofitting
conventional office buildings which have a
collapse potential in a major earthquake
affecting the site.

A program to evaluate the potential life-
safety hazard in DOE office buildings and
similar facilities must be based on a practical
procedure utilizing considerable engineering
judgment. There will be a great tendency
within DOE to develop a "nuclear approach"
to evaluating buildings without hazardous
materials. Such an approach will result in
excessive analysis and retrofit costs. An
effective program will result in an effective
screening procedure to set aside those
buildings that do not represent potential
hazards and focus on further studies and
possible retrofit only of those buildings that
clearly represent significant life-safety
threats.
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INITIAL SCREENING AND
RAPID EVALUATION

An effective program will require a
method to screen a large number of
buildings rapidly at low cost and identify
those buildings which will need further
study and possible retrofit. The screening
program should also prioritize buildings for
further study based on their relative
apparent risk from the rapid screening
process. This will require development of a
program outlining the procedures to be
followed.

The detailed program will have to
address various levels or zones of seismicity,
different methods of construction and the
performance of those various building types
to different levels of earthquakes. The focus
must be on those structures with significant
life-safety hazards, primarily those buildings
with a potential for partial or complete
collapse in an earthquake expected at the
site. Modern buildings that were designed
to acceptable seismic code regulations can be
screened out, although only the Uniform
Building Code has had seismic regulations
until just recently.

There are several examples of screening
guidelines that can be used as a starting
point in developing a program. FEMA
178[3] is an extension of ATC-14[1] and
ATC-22[2] and evaluates existing buildings
for life-safety concerns based directly on the
performance of different building types in
past earthquakes. Some refinements to this
procedure may be appropriate for buildings
within the DOE inventory and to provide
some priorities for more detailed evaluation
based on relative risk. Other systems that
have been used successfully include the
Good, Fair, Poor and Very Poor seismic
performance rating system of the University
of California. This approach relies heavily
on professional judgment which may not
result in consistent results at DOE facilities.

Other guidelines have been developed for
several federal agencies which may have
features desirable for DOE.

The guidelines will have to also address
other issues beyond the basic structural
issues. Any geologic hazards, such as
faulting, landsliding, liquefaction potential,
etc., have probably already been identified
in general terms at DOE sites from previous
studies. Potential nonstructural life-safety
hazards, such as masonry partitions,
ceilings, building cladding, elevator
counterweights also need to be included in
the screening procedure.

Due to the large inventory buildings that
need to be screened, an approach needs to
be developed that constantly follows
priorities and establishes new priorities for
the next phase. Initial priorities favor sites
in the higher seismic zones, buildings with
large occupancies or buildings known to
have certain structural systems.

DETAILED STUDIES

Once buildings have been screened as
potential hazardous, and following priorities
for further study, a detailed study of the
building needs to be performed. This
detailed study is not intended to be
exhaustive, but it should verify if the
building is potentially hazardous, identify
all the deficiencies and develop a schematic
strengthening solution so cost estimates and
budgets can be established. Parallel with
this effort should be any appropriate studies
regarding the functional use of the building
or documenting anticipated remodeling of
space and building finishes.

It may be beneficial to develop some
guidelines for seismic strengthening
approaches to aid engineers in performing
these detailed studies. FEMA is currently
funding an effort to develop guidelines for
seismic strengthening and these may be
sufficient, with or without modification.
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As detailed studies are completed, they
and the building they represent need to be
entered into a priority system for eventual
upgrade. Again, many approaches to
prioritization can be developed. One
approach developed by the California
Seismic Safety Commission [4] is based on a
Benefit Cost Ratio considering occupancy,
cost of upgrade, structural system utilizing
insurance loss data. Some suggested
improvements were recommended after its
application to state-owned buildings in
California in SSC-604[5].

RETROFIT

Eventually, actual retrofit work will
begin. Plans and specifications need to be
carefully prepared to reflect existing
conditions to minimize change orders. It
may be necessary to cut exploratory holes in
building finishes during the design phase to
determine existing conditions. This
procedure is mostly likely familiar to DOE
site personnel as remodelling of facilities in
an on-going operation.

The program should provide for a peer
review of the design documents. This
should be done by a small group of well
qualified engineers who will help DOE
enforce reasonable compliance with their
program guidelines. The peer reviewers
should review drawings and calculations at
the end of design development and at 50%
and 95% of the working drawing phase of
design. The peer reviewers should not only
verify that the designs are adequate but also
determine that the designs are not excessive
or overkill.

SUMMARY

Legislation and a pending Executive
Order will require DOE and other federal
agencies to establish a program to identify
and mitigate seismic life-safety hazards in
their facilities. These requirements will
divert DOE to establish a program and
guidelines to screen their facilities, identify
potential hazards, study those structures and
design retrofit which are partial and cost
effective. All phases must follow a logical
set of priorities aimed at mitigating the
worst potential hazard first. DOE has the
added task of blending priorities for
conventional buildings with higher hazard
facilities containing radioactive materials.

The program needs to be based on
sound engineering judgment and not be an
exercise in extensive calculations and thick
reports. It should be based on our
knowledge of how buildings have
performed in past earthquakes and be
executed by knowledgeable engineers
experienced in practical seismic resistant
design. Peer reviews should be included to
ensure compliance and avoid overkill. To
be successful, the program should be faced
as a challenge, not as a burden.
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SAVANNAH RIVER SITE (SRS)
IMPLEMENTATION PROGRAM PLAN FOR

DNFSB RECOMMENDATION 90-2

Baren K. Talukdar and Fred Loceff
Westinghouse Savannah River Company

P.O. Box 616
Aiken, South Carolina 29802

ABSTRACT

Hie Defense Nuclear Facilities Safety Board (DNFSB) based on its
review and evaluation of the content and implementation of standards
relating to design, construction, operation, and decommissioning of
Defense Nuclear Facilities has made the recommendations (90-2) whicn
when implemented would assure comparable or equivalent levels of safety
to the environment, public and workers as required for the commercial
nuclear facilities.

DOE has accepted the DNFSB 90-2 recommendations and have directed
SRS and other M&Os to implement them. The implementation program
commits to developing Requirement Identification Documents (RIDs) for
all defense nuclear facilities in the DOE complex. At SRS the program
was started with a pilot project for Defense Waste Processing Facility.
DOE has identified twenty functional areas each requiring a RID. The
various activities for a facility are designated as a separate functional area
(e.g., Maintenance, Fire Protection, QA, Nuclear Safety, Engineering
Design, etc.). SRS-DWPF 90-2 program is being implemented in phases,
developing a limited number of RIDs in each phase. The primary sources
for the requirements are Federal and state laws, regulations and permits
and DOE Orders.

DNFSB Recommendations 90-2 is applicable to all defense nuclear
facilities under DOE complex. SRS being one of the first to implement
these recommendations obviously is going through a learning process.
This paper summarizes the approach used by SRS 90-2 Team in the
development of RIDs. The authors feel that individuals/teams within the
DOE complex may find our approach as a helpful guidance as they
proceed for the 90-2 implementation.

The information in this article was developed during the course of work under Contract
No. DE-AC09-89SR18035 with the U.S. Department of Energy.

Fourth DOE Natural Phenomena Hazards Mitigation Conference -1993

57



INTRODUCTION:

On March 8, 1990, the Defense Nuclear Facilities Safety
Board (DNFSB) issued Recommendation 90-2 [1] to the
Secretary of Energy. This recommendation, based upon
the DNFSB review and evaluation of the content and
implementation of standards relating to the design,
construction, operations, and decommissioning of
defense nuclear facilities of the Department of Energy
(DOE), called for three actions:

(1) identification of specific standards that apply to DOE
facilities; (2) assessment of the adequacy of those
standards for protecting public and worker health and
safety; and (3) determination of the extent to which they
are being implemented.

Specifically, the DNFSB recommended that DOE [1]:

Identify the specific standards/requirements which DOE
considers applicable to the design, construction,
operations, and decommissioning of defense facilities of
DOE (including all applicable Departmental Orders,
regulations, and standards...

Provide DOE's views on the adequacy of the standards by
evaluating their applicability and sufficiency for protecting
the public health and safety at defense nuclear facilities
and determine the extent to which the
standards/requirements have been implemented at these
facilities.

The benefits of the 90-2 program result from the
preparation of a Requirements Identification Document
(RID). The RID contains the necessary and sufficient
requirements to design, construct, operate, and
decommission a nuclear facility that address the safety of
the public, workers and the environment. This RID
becomes the contractual basis between the DOE and the
facility operator and is also used as the basis for
assessments of the facility

SCOPE:

The scope of the 90-2 program is delineated in the recent
response from DOE to the DNFSB in revision 4 of their
implementation plan [2]:

The Standards/ Requirements Program described in the
DOE Implementation Plan [2] applies to all programs,
activities, operations, sites, and facilities under the
sponsorship or direction of the Assistant Secretaries and
Directors who manage new and existing DOE facilities.

Because the program is evolving, the initial efforts are
focus on facilities that are of particular interest to the
DNFSB and have a major DOE mission.

At the Savannah River Site (SRS), the Defense Waste
Processing Facility (DWPF) for vitrification of high lei
liquid waste meet these criteria requiring 90-2 progran
implementation. At SRS the program has been started
with a pilot project for DWPF and are now being exten
for other facilities at the site.

BACKGROUND:

The recently issued revision 4 to the DOE-HQ
implementation plan for 90-2 provides the backgroun<
for the program [2]:

Until recently (1989) DOE conducted its defense-relate
nuclear operations primarily as an oversight organizatic
with respect to its major management and operating
contractors. In keeping with this management approad
which was considered necessary and appropriate at the
time, individual contractors at defense nuclear facilities
were responsible for formulating, selecting, and
administering standards/ requirements controlling desij
construction, and conduct of operations. Government
approval of the individual contractor practices was vest
with each DOE Operations Office Manager. Ductothi
dearth of nuclear industry standards/requirements whei
these facilities were constructed and first operated, the:
contractors had to knowledgeably apply non-nuclear
industry standards/requirements and, in many cases,
formulate appropriate detailed technical
standards/requirements to address their unique
applications. However, over the years, the
standards/requirements adopted have not been codified
tracked; thus, the historical baseline has not been
established. Further, modem practices and standards/
requirements were often not assessed or adopted as the]
became available. These are some of the reasons that a
well-documented body of external codes and standards/
requirements has not been implemented for DOE defcru
nuclear facilities. The DOE shortcomings include the
following:

• DOE, in many cases, does not have generic
requirements comparable to the commercial industry,

• DOE does not have documents equivalent to the
Nuclear Regulatory Commission (NRC) Standard Form
and Content Guides, which define most of the
environment, safety, and health (ES&H) considerations
the commercial nuclear industry;

• DOE has many varying types of operations with
vastly different characteristics; generic ES&H
requirements can be developed for different types of

Fourth DOE Natural Phenomena Hazards Mitigation Conference ~ 1993

58



facilities, but facility-specific requirements will be needed
for facilities that are unique;

• Existing safety analysis reports (SARs), in many
cases, have not included complete or sufficiently specific
set of requirements; and

• Environmental and worker safety requirements not
covered in the SARs must be incorporated.

• Defense Nuclear Facilities Safety Board (DNFSB) is
established by the United States Congress as an
overviewing organization for DOE-Defense Nuclear
Facilities. The DNFSB has identified these above listed
shortcomings and recommended 90-2 program to address
those deficiencies.

DEFINITIONS:

ES&H Configuration. ES&H Configuration is the
breakdown of the environmental health and safety
(ES&H) issues into functional areas and further division
into elements and sub-elements for which requirements
can be identified. The functional areas, are listed in
Table 1. DOE has developed a 90-2 Implementation
Guidance Document [3], to assure consistency within the
functional areas. This leads to a uniform presentation of
requirements for the various sites and facilities in the
DOE complex.

1.
2.
3.
4
5.
6.
7.
8.
9.
10.
11
12.
13.
14.
15
16.
17.
18
19.
20.

Table 1
90-2 FUNCTIONAL AREAS

Environmental Protection
Fire Protection
Maintenance

Operations
Training and Qualification
Emergency Management
Engineering Design
Waste Management
Occupational Safety and Health
Radiological Protection
Quality Assurance
Nuclear Facility Safety
Construction
Configuration Management

Management Systems
Safeguards and Security
Packaging and Transportation

Decontamination and Decommissioning
Environmental Restoration
Operational Readiness Review

Requirements Identification: Requirements
Identification is the process of identifying the specific
requirements that apply to conducting the day-to-day
mission of defense nuclear facilities. The requirements
are derived from the following list of potentially
applicable sources, and may be used to supplement DOE
Orders:

• DOE Orders, Secretary of Energy Notices, Rules,
and directives;

• Federal Regulations and Laws: Environmental
Protection Agency, NRC (Code of Federal
Regulations, Regulatory Guides, etc.), Department of
Transportation, Department of Defense, Department
of Labor, Health and Human Services, etc.;

• Industry codes and standards: National Fire
Protection Association, American National
Standards Institute/American Nuclear Society,
American Society for QualityTontrol, Institute of
Electronics and Electrical Engineers, International
Commission on Radiological Protection, etc.;

• National consensus issuances: Underwriters
Laboratory, Institute of Nuclear Power Operations,
Electric Power Research Institute, etc.;

• International guidance: International Atomic
Energy Agency, International Nuclear Safety
Advisory Group, etc.; and

• Other State and local requirements.

These requirements are to adequate to umbrella the safety
assumptions of defense nuclear facilities to assure
adequate protection of the public and workers. In areas
where the existing requirements are not adequate to
provide an acceptable level of protection, DOE will
develop new or modified requirements.

Requirements Identification Document: A Requirements
Identification Document (RID) sets forth the individual
construction, design, operation, and decommissioning
requirements for DOE sites and facilities. The RIDs are
living documents, to be revised appropriately based on
change to the site or facility's mission or change to the
applicable requirements. For contractor operations, DOE
approved RIDs will become part of the operating basis
that is enforced by contract.
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Facility RID: The Facility RID contains the complete
body of requirements applicable to a specific facility.
"Facility," as used in the Implementation Plan, includes
physical buildings, processes, operations, etc., which
support a specific mission. The accomplishment of a
facility mission may involve one or more activities.

Site RID: The Site RED contains requirements that are
applicable site-wide and are necessary for safe operation
of the site and its associated facilities, and that are not
the direct responsibility of a specific facility manager
(e.g., a site-wide fire department). The standards/
requirements in a Site RID will not normally be
duplicated, although they may be supplemented, in a
Facility RID.

Requirements Adequacy Assessment: Requirements
adequacy assessment is the process of determining
whether the RIDs represent a sufficient basis for meeting
DOE safety policies and objectives.

Requirements Implementation Assessment:
Requirements implementation assessment is the
systematic process by which a determination is made
whether or not the requirements specified in a RID are
being met

SRS 90-2 IMPLEMENTATION
PROGRAM:

The DWPF at SRS has been selected as a pilot facility in
the DOE program plan., and WSRC has initiated a the
preparation of functional area RIDs for DWPF. The
program is being implemented in three phases. Phase I
of the program began in July 1992 and completed in
December. In phase I, five functional areas were
selected by DWPF management based on the importance
of the topics to the status of the facility. The first five
functional areas completed are: Environmental
Protection; Fire Protection; Maintenance; Operations;
and Training and Qualification. Phase II was completed
in July, 1993 and includes functional area RIDs for
Engineering and Design; Emergency Preparedness;
Occupational Safety and Health; Radiological Protection;
Quality Assurance; Nuclear Safety; and Waste
Management;

The DWPF 90-2 program plan encompasses six tasks:
(1) Assemble the project team and provide them with
training and orientation; (2) Define the ES&H functional
area bases for DWPF; (3) Identify the functional area

requirements: (4) Assess the adequacy of the
requirements; (5) Conduct an assessment of the
compliance of DWPF to the requirements; (6) Turnover
the applicable requirements document and the completed
assessment to DWPF configuration management and to
DOE HQ.

The DWPF RIDs and the their compliance assessments
are documented on a database that will be maintained
and controlled by DWPF configuration management.
Presently WSRC is using a database called WRIMS.
This database is being used by all Westinghouse M&Os
that are implementing 90-2 programs. By using the
same database we are reducing cost by sharing in the
development of the RIDs.

The DWPF RIDs serves as a model and source for other
facility RIDs being prepared along with SRS-Site RID.

FACILITY DESCRIPTION:

The DWPF vitrification building receives washed sludge
and precipitate via inter-area transfer lines from waste
tanks in the H-Area tank farm. The DWPF product is a
canistered borosilicate glass containing essentially all of
the radioactive waste originating in the feed.

The principal building and support systems associated
with the vitrification process include:

• Inter-area transfer system

The system consists of four inter-area transfer lines
between the H-area tank farm and the vitrification
building.

• Vitrification Building

The vitrification building houses a glass melter and all
associated equipment required to vitrify the high level
radioactive waste.

• Glass Waste Storage Building

Glass Waste Storage Building provides a temporary
location for filled canisters.

• Organic Waste Storage Tank

The Organic Waste Storage Tank is a 150,000-gaI
double-wall tank that stores organic waste recovered
from the precipitate hydrolysis process.
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ES&H BASIS:

For the preparation of a comprehensive and effective RID
it is important to identify the ES&H issues associated
with the facility hazards.

The hazards associated with DWPF are assessed in the
DWPF Hazards Assessment and the DWPF SAR. These
hazards are analyzed using specific assumptions and
classifications unique to DWPF. "Safety Class' items
and the items "important to safety" identified in the
current DWPF Hazards Assessment and in the DWPF
SAR have been addressed in the RID. The Hazards
Assessment and the DWPF SAR are currently being
reevaluated for safety classification. If the revaluation
identifies additional Safety Class items, the applicable
"Safety Class Systems" requirements will be added in the
future revisions of this RID. To provide a basis for
weighing the need for requirements, the hazards defined
by the DWPF Hizards Assessment and the DWPF SAR,
were summarized. That summary is provided below.

Hazard Assessment

• Chemical Hazards. Protection of personnel from
chemical hazards and protection of the environment
from chemical releases is a safety issue. The DWPF
Hazards Assessment concludes that the maximum
postulated chemical hazard results from an explosion
causing a complete spill of the maximum inventory
of the Sludge Receipt and Adjustment Tank. This
results in a moderate off-site and a high on-site
hazard. Release of the inventory of the Chemical
and Industrial Waste Treatment System could exceed
the acceptable limits, therefore a hazard analysis was
performed.

The Feed Storage System also result in high on-site
postulated hazards. A moderate on-site hazards
results from a postulated explosion of the Organic
Waste Storage Tank. These hazards are based on
airborne chemical concentrations without any credit
taken for engineered safety features or administrative
controls to mitigate consequences.

• Radiological Hazards. From the initial design phase
of DWPF, protection of personnel and the
envirorment from exposure to the release of
radioactive materials has been considered a safety
issue. The maximum radiological hazard results
from a postulated explosion and complete spill of the

maximum inventory of the Sludge Receipt and
Adjustment Tank. This scenario results in a high
off-site and a high on-site hazard. Also resulting in
a high on-site hazard is a postulated explosion in the
Auxiliary Pump Pit or the Low Point Pump Pit
releasing the maximum inventory in the affected pit.
Moderate on-site exposure results from the
generation of contaminated dust in the vault area of
the Glass Waste Storage Building from a postulated
collapse of the operating area concrete floor.

Safety Analysis

• Analysis of Operation. The evaluation of the safety
of DWPF is accomplished in the DWPF SAR by the
identification of hazards associated with the facility-
and the analysis of the response of the facility to
postulated events involving those hazards. The
events are analyzed in terms of minimization of the
causes of the events, quantitative determination and
mitigation of the consequences, and the ability to
cope with each event A postulated event is
considered credible only if its annual frequency of

-6
occurrence is 1 x 10 or greater.

• Classification of Structures. Components, and
Systems. Classification of equipment in the DWPF
SAR is based on an analysis of the various
structures, components, and systems. Each
structure, component, and system is evaluated in
terms of its importance in protecting the safety of co-
located onsite workers and the public.

No "safety related" design requirements (e.g.,
electrical separation, environmental qualification,
single failure criteria) beyond seismic and tornado
protection were required as an integral part of
DWPF design. The necessity of these requirements
to assure protection of the environment and the
health and safety of the public and co-located onsite
workers had to be determined on a component by
component basis in the development of each affected
RID.

RID DEVELOPMENT PROCESS:

DWPF 90-2 Implementation Program Plan requires
preparation of a RID for each of the twenty functional
areas established to address necessary statutory
conditions and protect the environment and the safety

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

61



and health of tlie public and worker. The process used by
the SRS 90-2 team to prepare the RIDs is as follows:

• Identification of Functional Area Experts (FAEs),
Facility Technical Experts (FTEs) and Subject
Matter Experts (SMEs).

• Identification of the Environmental, Safety, and
Health (ES&H) basis for use in RID development.

• Preparation of the functional area outline.

• Identification of standards applicable to each
functional area.

• Identification of requirements from standards
applicable to each functional area and
documentation in RIDs.

• Assessment of the applicability and sufficiently of
requirements in the RIDs.

• Approval or RIDs.

The Figure 1 provides a flow diagram of the RID
development process for DWPF at SRS.

Identification of FAEs. FTEs and SMEs. The FAEs were
selected based on their experience and knowledge in the
functional area. Typically an FAE will have five or more
years direct functional area experience. The FTEs
(Facility Technical Experts) were identified by WSRC
DWPF management based on their knowledge of and
experience in the application of functional area topics at
DWPF. The FAEs maintained contact with DWPF FTEs
during development of the RIDs. The SMEs (Subject
Matter Experts) were selected by the DOE Office of
Waste Management based on the SME's knowledge and
experience in the corresponding functional area.
Commercial nuclear backgrounds; supervisory,
managerial, and independent assessment experience; and
non-involvement in DWPF activities and oversight, were
considerations in the selections of the SMEs.

Identification of ES&H Basis for RID Development. The
FAEs and FTEs prepared the ES&H basis used for the
development of functional area RIDs. The basis includes
hazards identified in the DWPF Safety Analysis Report
and the DWPF Hazards Assessment that require actions
to protect the environment and safety and health of the
public and DWPF workers.

Preparation of the Functional Area Outlines. The
breakdown of functional area into elements and sub-
elements was accomplished by the interaction between
FAEs, FTEs, DOE, and other functional area experts at
the Site. These experts considered outlines of functional
areas developed at other sites and the DOE-Headquarters
(HQ) draft of guidance for functional area configuration
[3] in preparing outlines for collating requirements

Figure 1
90-2 Implementation Sequence

Define Functional Area
Define Subareii/Toplci

(Develop Outline)

Determine Safety and
Hazards Issues

Define "Safety Envelope

Develop RID

FAE and FTE

RID Adequacy
Assessment

SME

RID Approval
Program Director

DOEHQ

Assessment of
Compliance

Submittal of discrepancies
to DWPF for Tracking/Evaluation
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needed to address statutory conditions and potential
ES&H hazards at DWPF. Unless deviations were
necessary to satisfy the uniqueness of DWPF or to
continue practices consistent with the commercial
nuclear industry, the DOE-HQ draft guidance was
followed to support consistency throughout DOE.

Identification of Applicable Standards. Applicable
standards, including DOE Orders, for each functional
area were initially identified by FAEs using their
knowledge and experience. The SMEs supplemented the
standards selected by the FAEs with the pertinent
documents that were identified by electronic searches of
computer databases containing world-wide industry and
Federal standards, reviews of available DOE-HQ and
other site RIDs, and discussions with other functional
area experts known by the SMEs or available at SRS.

Identification of Requirements and Documentation in
RIDs. The FAEs used federal and state laws, regulations,
and permits; DOE Orders; Federal Facility Compliance
Agreements; and industry and Federal standards to
identify requirements that met statutory conditions and
provide protection of the environment and personnel
against the potential hazards defined in the ES&H basis.

The FAEs collated the requirements under appropriate
elements of the RID. Each requirement entry from a
source document listed the applicable document acronym
and paragraph number as the Requirement Source.
Documents that specified particular requirements from
other documents as mandatory actions were listed as
Requirement Authority for those entries. Other
documents that addressed the same requirement, but were
considered of lesser importance to DOE than the
Requirement Source document, were listed as Related
References. Requirements that were directly excerpted
from documents were identified by quotation marks. A
sample of a page from a DWPF RID is shown on
Attachment I. Paraphrasing of requirements was limited
to cases where direct excerpts were impractical.

Requirement statements that were not mandated by laws,
regulations, permits, DOE Orders, Federal Facility
Compliance Agreements, and other DWPF commitments
are italicized in the RID. The italicized requirements are
recommendations for adoption at DWPF and does not
become mandatory until approved by DOE.

Requirement statements in RIDs from DOE Orders
containing "should" actions are considered mandatory
"shall" actions. Requirement statements in RIDs from

industry codes and standards and national consensus
documents containing "should" actions are to be carried
out as specified in those documents. In other words, all
statements contained in a RID arc considered mandatory
requirements for the protection of the public, workers and
the environment.

Assessment of Applicability and Sufficiency of RID
Requirements. The SMEs assessed the applicability and
sufficiency of requirements in their assigned RIDs by
initially discussing with FAEs and the rTEs the source
documents used in developing the documents and any
problems encountered in satisfying the protection needs
of the ES&H basis. SMEs then assessed the applicability
of the requirements by reviewing the draft RIDs to ensure
that the source documents used were current,
requirements were relevant to DWPF, statutory
requirements were complete, and the best choice of
available commercial nuclear and chemical industry
standards were used. SMEs conducted the sufficiency
assessment by weighing the requirements contained in
the draft RIDs against the protection needed to address
the hazards identified in the ES&H basis. Additional
requirements from the universe of standards were used to
correct weaknesses found in needed protection. The
SMEs used personal knowledge and reference
information, searches of computer databases of standards,
discussions with other people from DOE and the
commercial industry who were knowledgeable of the
functional areas, and RIDs from other sites to obtain
these additional requirements.

Approval of RIDs. After the FAEs and SMEs were
finished developing their RIDs and assessing the
adequacy of requirements contained in those documents,
the RIDs were reviewed by other members of the
Program Team and DWPF resident experts and
cognizant engineers in the areas involved. Comments
received from those reviews were resolved by the SMEs
and FEs and the resulting RIDs were certified, by the
signatures of the SMEs and FEs, as meeting the
objectives of the DWPF 90-2 Program Plan. The RIDs
were sent to the WSRC Deputy Director and DOE
Director of the 90-2 Program Team for concurrence
followed by the review and concurrence of the WSRC
Manager of DWPF and the DOE Director of the Defense
Waste Processing Division. The RIDs were then sent to
the DOE-HQ for approval by the Assistant Secretary for
Environmental Restoration and Waste Management
Any comments resulting from the concurrence and
approval process are returned to the DWPF 90-2 Program
Team for resolution.
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Upon approval of the RIDs by DOE, requirements
recommended in the RIDs for adoption at DWPF become
mandatory. The approved RIDs are used for compliance
assessments and are transferred to the DWPF
Configuration Management group for maintenance and
control.

Programmatic Interfaces:
Many required support services for DWPF are provided
by centralized site organizations. Requirements for those
support services are documented on Site RIDs for
appropriate functional areas. DWPF RIDs define
interfaces with Site RIDs by cross-reference. The DWPF
RID boundary for these interfaces is the DWPF access
control fence which is defined in the DWPF Safety
Analysis Report (SAR). Examples of these interfacing
support services follow:

• Administrative Support (Human Resources,
Procurement, etc.)

• Quality Assurance

• Nuclear Safety

• Emergency Preparedness (Site response plans)

• Fire Department Response

• Safeguard and Security (Security Force,
Investigations, etc.)

• Management Systems

• Facilities/Utilities Infrastructure (Electrical Power,
Steam, Water, Office Space, etc.)

• Training

• Environmental Services

SRS Site RIDs are being developed following a similar
approach and using where applicable the DWPF
functional area RIDs. Moreover, Westinghouse M&O
sites are working jointly as a team to develop single RIDs
for W-M&O sites by sharing resources, avoiding
duplication, providing consistency with resulting cost
savings.

ORGANIZATION:

The DWPF 90-2 organization is shown in Figure 2. The
90-2 program for DWPF is under the cognizance of

DOE-HQ EM30. DOE-HQ provides the Independent
Subject Matter Experts to work at the Savannah River
Site. The 90-2 program for the SRS DWPF is under the
auspices of the DOE-DWPF Field Office. The DOE
Field Office has appointed a DOE DWPF Program
Director with responsibility for the day to day
implementation of the DWPF 90-2 Program. The
Independent Subject Matter Experts review and comment
on the work assigned to them by the DOE Program
Director. Assisting the Program Director is the Deputy
Program Director from WSRC who assists in the day to
day operation of the program. The Program Director and
his Deputy are responsible for: (1) program support, (2)
preparation and adequacy of the RIDs, (3) the
compliance assessments of the RIDs, and (4) arranging
for program QA reviews.

STAFFING:

The success of the program relies on assembling a team
of Functional Area Experts,, and Subject Matter Experts
knowledgeable in specific functional area topics and
Facility Technical Experts knowledgeable in the
application of the functional area topics at DWPF. This
team will then work together to develop the functional
area RID, assessing the adequacy of the requirements in
the RID. The DOE provides the SMEs who will
participate as required in the DWPF 90-program. The
use of SMEs not associated with the DWPF facility
provides an independent assessment to assure credibility
of the program.

CONCLUSION:

DNFSB recommendations 90-2 is being implemented at
the DOE - Complex. Site and Facility RIDs are being
developed for twenty functional areas identified by DOE-
HQ. The RID development program is followed by a
compliance program. The RIDs add value to the safe
operation of the facilities. The 90-2 being a new
program and SRS being one of the first sites to
implement the program has had gone through extensive
developmental and learning curves to standardize an
acceptable and cost effective RID preparation procedures.
Westinghouse M&O sites have been working closely with
each other sharing information and whenever appropriate
preparing single functional area RIDs for W M&O sites
thereby not only avoiding duplication of effort, but
achieving consistency and uniformity in a most cost
effective way. Moreover with the development and
implementation of electronic database network system
between W M&O sites using Westinghouse Requirement
Identification Management System (WRIMS) database,
the sites now have access to each other's RIDs.
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Currently only a number of DOE sites have initiated the
90-2 program but in the near future, by DOE mandate,
all sites are required to implement 90-2 program. The
intent of this paper is to share the RID development
experience at SRS with the other sites at DOE complex.
The authors are hopeful that professionals involved in
90-2 implementation program at other DOE sites would
benefit from our experience.
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FIGURE 2

DWPF 90-2 PROGRAM ORGANIZATION

DOE HQ EM343
PROGRAM MONITOR

DOE-DWPF
FIELD OFFICE

90-2 PROGRAM DIR

WSRC 90-2
Deputy
Director

ADMINSTRATIVE

SUPPORT

WSRC
DWPF UNE

MANAGEMENT

FACILITY
TECHNICAL

EXPERTS

SUBJECT
MATTER
EXPERTS

Fourth DOE Natural Phenomena Hazards Mitigation Conference-1993

66



Attachment 1
SAVANNAH RIVER SITE - DEFENSE WASTE PROCESSING FACILITY

REQUIREMENTS IDENTIFICATION DOCUMENT - ENGINEERING DESIGN
Revision 0 July 30t 1993

2.2.3 Design Control

Requirement Source: DOE Order 4700.1, Chapter HI, Part D, 2.C

"resign controls should be establish^ to enable designs fn he correctly fafmgfafr^ "tfo
specifications, drawings, procedures, and instructions. The measures for accomplishing
these translations and the a*t«iHanf design reviews and provisions for independent
assessment inputs should be addressed. Design change control, including field changes,
should be subject to design control measures commensurate with those applied to the
original A^ign and should be approved by the organization that performed the original
design."

REQUIREMENT AUTHORITY:
1. None

RELATED REFERENCES
1. DOE Order 5700.6C, 9.b.2(b)
2. ANSI NQA-1 -1989, Supplement U & m
3. ANSIN45.2.11-1974,2.0

2.2.3.1. Design Input

Requirement Source: ASME NQA-1 -1989, Supplement 3S-1,2

"Applicable design input, such as design bases, performance requirements, regulatory
requirements, codes, and standards, shall be identified and documented, and their
selection reviewed and approved by the responsible design organization. The design
input shall be specified and approved on a timely basis and to the level of detail
necessary to permit the design activity to be carried out in a correct manner and to
provide a consistent basis for making design decisions, accomplishing design verification
measures, and evaluating design changes. Changes from approved design inputs,
including the reason for the changes, shall be identified, approved, documented, and
controlled."

REQUIREMENT AUTHORITY:
1. None

RELATED REFERENCES
1. ANSI N45.2.11-1974,3.0
2. DOE Order 5700.6C, Attachment I, Criteria B-26
3. DOE Order 6430.1 A, 1300-3
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LESSONS LEARNED BY THE DOE COMPLEX FROM RECENT EARTHQUAKES

Mark W. Eli
Fission Energy & Systems Safety Program
Lawrence Livermore National Laboratory

7000 East Avenue
Livermore, CA 94550

ABSTRACT

Recent earthquake damage investigations at various industrial facilities have result-
ed in providing the DOE complex with reminders of practical lessons for structures,
systems, and components (SSCs) involving: confinement of hazardous materials;
continuous, safe operations; occupant safety; and protection of DOE investments
and mission-dependent items. Recent assessments are summarized, showing
examples of damage caused by the 1992 California Earthquakes (Cape Mendocino,
Landers, and Big Bear) and the 1991 Costa Rica Earthquake (Valle de la Estrella).
These lessons if applied along with the new DOE NPH Standards (1020-92 Series)
can help assure that DOE facilities will meet the intent of the seismic requirements
in the new DOE NPH Order 5480.28.

INTRODUCTION

Earthquake damage investigations were per-
formed by LLNL in three different geographical areas in
1991 and 1992 and covered the following seismic events:
(1) Landers/Big Bear Earthquakes in Southern Califor-
nia; (2) Cape Mendocino Earthquakes in Northern
California; and (3) Valie de la Estrella Earthquake in
Costa Rica. These investigations focused primarily on
power plants, industrial facilities, and lifelines near the
epicentral areas for those events.

LLNL's objective was to determine what lessons
the DOE complex can learn regarding earthquake-resist-
ant design and retrofit of facilities and lifelines, as
well as construction practices, emergency planning, and
emergency response. Several facilities had damage that
could be encountered for similarly designed DOE struc-
tures, systems, and components (SSCs).

Funding was provided by DOE/EH for the initial
visits to the earthquake-damaged areas in Northern and
Southern California in 1992. Subsequent, limited,
follow-up visits to selected industrial facilities in North-
ern and Southern California were funded by the
USNRC. The 1991 Costa Rica Earthquake damage

investigation was funded by DOE/DP. Most of the
lessons learned can be applied to the DOE complex as
well as to the commercial nuclear power plants.

A. EARTHQUAKE DAMAGE INVESTIGATION OF
1992 LANDERS/BIG BEAR LAKE SEISMIC EVENTS
IN SOUTHERN CALIFORNIA

On June 28,1992 at 4:58 AM, a 7.4 Richter
magnitude earthquake occurred in the desert about five
miles southwest of Landers, CA and 100 miles east of
Los Angeles, CA. Three hours later, a 6.5 quake struck
an area about six miles southeast of Big Bear Lake in the
San Bernardino mountains and 30 miles southwest of
Landers. Several moderate aftershocks were recorded
during the following weeks that were in the magnitude
range of 4.5 to 5.4 [1],[2].

A Southern California Edison (SCE) 230-kv
transmission tower about 20 miles north of Landers was
damaged due to differential lateral displacement of the
ground between the feet of the tower. The tower began
to buckle due to torsion but did not collapse (see Figure

In the town of Landers, a 200,000 gal water tank
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Figure 1. Southern California Edison (SCE) 230-kV transmission tower
about 20 miles north of Landers, CA.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

71



ruptured at its base. As the water rushed out of the
bottom of the bolted-seam steel tank, the upper wall of
the vessel buckled due to lack of ventilation at the top.

Extensive damage to the roadway in several places
on Hwy 247 was caused by local surface rupture of the
ground. Also, underground water mains were broken
along Hwy 247 in the epicentral area between Yucca
Valley and Landers.

At the SCE Devers Substation about 10 miles
northwest of Palm Springs, CA, the most significant
damage at that site was experienced by a "jack bus" (see
Figure 2). This bus is a horizontal tie-line between the 3
single-phase transformers and the spare transformer. A
vertical ceramic member failed and allowed a u-shaped
portion of the "jack bus" to invert and ground out on the
supporting steel frame below.

Several large cement plants are located about 30-
35 miles northwest of Landers, CA. At least one of the
cement plants received enough damage to cause the
plant to be shut down for three weeks (see section on
NRC follow-up investigations).

In the town of Yucca Valley approximately seven
miles southwest of the 7.4 event's epicenter, a major
supermarket was put out of operation for a week due to
collapse of the suspended ceiling system even though the
building had little structural damage. Another large
chain store experienced collapse of a portion of its roof.
Also, a bowling alley suffered a failure and collapse of its
east wall and extensive shear cracking along its north
wall, which was constructed of lightly reinforced concrete
block.

In the Big Bear Lake area, damage to lifelines in-
cluded leaks in underground gas mains in the community
and closure of some buildings at the local airport. Rock
slides in the mountains caused temporary closure of
Highway 38. Several buildings were danu »ed by seismic-
induced fires which resulted from differential displace-
ment between the propane gas lines and the buildings.

A recent seismic upgrade to the saddles support-
ing a large propane tank at a vendor's distribution yard
in Big Bear helped to prevent a major catastrophe. The
base width had been increased about 1 foot on each side
of the reinforced concrete saddles at each end of the
approximately 10-foot diameter horizontal steel propane
tank, which provided better transverse restraint to the
tank. This was just one example of some of the structur-
al details observed which survived the major shocks in
the Landers and Big Bear Lake areas.

B. EARTHQUAKE DAMAGE INVESTIGATION OF
1992 CAPE MENDOCINO & PETROLIA SEISMIC
EVENTS IN NORTHERN CALIFORNIA

Within an 18-hour period during April 25 & 26,
1992, three earthquakes occurred with Richter mag-
nitudes ranging from 6.6 to 7.1 on the Northern coast of
California near Petrolia and Cape Mendocino in
Humboldt County. The three seismic events were within
about 12 miles of each other, and were located near an
area where three major tectonic plates meet, approx-
imately 250 miles north of San Francisco, CA Accounts
by many of the local residents indicated that each of the
three quakes had differing effects and characteristics
from the other two seismic events [2].

Two heavy industrial facilities and one govern-
ment facility were included in the damage investigation:
(1) Pacific Lumber Mill in Scotia; (2) Humboldt Bay
Fossil Fuel Power Plant; and (3) Centerville Beach Naval
Facility.

The Pacific Lumber Mill in Scotia was the closest
heavy industrial facility to the epicenters of the three
April 25 & 26,1992 quakes. Scotia was approximately 15
to 25 miles east to northeast of the three epicenters. The
Pacific Lumber Company provided information on and
access to damaged areas of their 25 MWe power plant
and their large warehouses. The entire lumber mill and
power plant complex was out of operation for about a
month during repairs (see section on NRC-funded por-
tion of effort). Across the river in Rio Dell, a free-field
instrument measured about .55g horizontal ground
motion on April 25 and was about 1-2 miles from the
mill.

Damage to the Humboldt Bay Fossil Fuel Power
Plant was less than that experienced at Scotia, though the
types of damage to the boilers' seismic bumpers and
steel-frame support structure were similar. The Hum-
boldt Bay Power Plant was about 25 to 30 miles north to
northeast of the three epicenters A free-field measure-
ment at the Humboldt Bay Power Plant was about .25g
horizontal on April 25.

The Centerville Beach Naval Facility was about
13.5 to 16.5 miles north to northeast of the three epicen-
ters. The most serious damage to the Centerville Beach
Naval Facility was to a two-story reinforced concrete
block wall structure and its pilaster columns. The upper
floor and roof were made of reinforced concrete slabs
and beams but were poorly attached to the block walls
and pilaster columns, causing the building to be evacuat-
ed until it could be repaired.
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Figure 2. At the SCE Devers Substation about 10 miles northwest of Palm
Springs, CA, a vertical ceramic member failed and allowed a U-shaped portion of the
"jack bus" to invert and ground out on the supporting steel frame below.
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On April 25, the 7.1 Richter magnitude event near
Petrolia, CA produced a peak acceleration of at least 2g
at the Cape Mendocino recording station, located about
2.5 miles southwest of the epicenter. This is the largest
acceleration ever recorded in California.

C. ADDITIONAL EFFORT IN LANDERS/BIG
BEAR AREA (S. CALIF.) FUNDED BY USNRC

Further investigation of several industrial facili-
ties in the Landers/Big Bear area was conducted by
LLNL with limited funding from NRC [2]. The indus-
trial facilities included: (1) Southern California Edison
(SCE) Coolwater Generating Station near Daggett, CA;
(2) Mitsubishi Cushenbury Cement Plant near Lucerne
Valley, CA; and (3) Pfizer Cement Plant near Lucerne
Valley, CA.

C.I Coolwater Generating Station

At the SCE Coolwater Generating Station in
Daggett, CA, a Unit 3/4 transformer radiator leak oc-
curred as a result of the 6/28/92 quakes.

The 4 turbines on Units 3/4 at Coolwater Gener-
ating Station narrowly escaped extensive damage.
Emergency batteries tipped over and out of their cabinet
doors but did not ground out or lose connections of their
wires. These batteries provide back-up power to pumps
for the lube oil on turbine bearings. Typical spin-down
time for the turbines is about 5 minutes from 3600 rpm.
The control room operator estimated several million
dollars damage would have occurred and Units 3/4 could
have been down for several months.

At SCE's Coolwater Units 3 & 4, differential
motion between SSCs tore the fiber wrap loose on the
CT Baffles CT-31 & -32 between the jet engine and the
boiler.

In general, the digitally-controlled equipment at
Coolwater Generating Station experienced no problems
from the seismic events on 6/28/92.

The only equipment and components which used
fiber-optic cables were those for a site computer local
area network (LAN) that extended between the adminis-
trative building and the store room/maintenance build-
ing. Even though the server was located on a flexible
rack about 5 feet above the floor, the extra loop of cable
between the rack and the wall accommodated the differ-
ential motion.

In the Control Room for the newer Units 3 & 4,
the suspended ceiling collapsed and a CRT monitor fell.
Suspended ceiling and suspended lighting systems need
to have lateral bracing systems to survive major earth-
quakes.

Spalling of concrete occurred at the foundations
of several supports on the combustion turbine system.
A temporary timber support was installed (as a result of
failed concrete support) for a large, vibration isolator at
the exhaust end (near baffles) of the SCE combustion
turbine.

In the SCE Switchyard for Units 3/4 at Coolwater,
damage to the horizontal arm on disconnect switches
resulted from the 6/92 quakes.

Communications system had 40-volt switch that
dumped oil after it tipped. It was located at the top of a
power pole.

Units 1 & 2 experienced damage due to interac-
tion between the boilers and the adjacent secondary steel
frame and steel catwalk grating. Also, some of the
power and control conduit had to be replaced as a result
of impact and differential motion. It appears that the
seismic bumpers and bracing performed as expected and
absorbed and dissipated much of the energy imparted to
the structure. Many of these braces and seismic bumpers
were subsequently changed out.

A demineralized water tank (near Units 1 & 2)
was damaged at localized spots at the base where the
ground settled but the reinforced concrete pipe chase did
not settle.

C.2 Mitsubishi Cushenbury Cement Plant

Three disk drives (multi-platter disks) crashed
during quakes and brought down entire plant for about 6
to 8 hours. The site tried to resume operations by 're-
starting' each loop one at a time.

On the Clinker Breaker, the motor starter inter-
lock (for a 150 HP motor) failed.

Most of the problems during and immediately
after the quakes involved the natural gas burners at the
plant. Eighty percent of the heat for the kilns is gener-
ated by coal fire. Natural gas is used for stabilization of
the kiln heat. The safety shut-off switch/valve was off for
about one-half hour after the quake. The safety shut-off
required a 'manual re-set'.
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The Nuclear Gauge electronics card vibrated
loose during the quakes. This device uses a gamma
source and receiver to look through the hopper to detect
presence or absence of material.

A 'Symetro' alignment switch tripped on a large
Gear Box (10 feet x 20 feet) for the Finish Mill. The
alignment switch was for the interface between the drive
shaft and gears.

In the Raw Mill, the 4160-volt (2000-amp) Bus
Tie-Breaker tripped and took one-half hour for 'manual
re-set*. This breaker was an old-style time over-current
model. It apparently changed state due to 'chatter' of the
contacts. Both transformers are needed to operate the
new plant at full capacity.

A common problem occurred with elevator shaft
tracks, alignment, and counter-balances during and right
after the quakes.

The inclined walkway between silos (old NW
silos) had to be re-anchored as a result of the seismic
events.

There were no apparent problems with any of the
digitally-controlled equipment (ie Allen-Bradley pro-
grammable controller). Of the approximately 1000 tags
(electrical points or nodes) about 400 are digital and
about 600 are analog. There are four separate sets of
Electrical Rooms on-site at the Mitsubishi Cushenbury
Cement Plant.

C.3 Pfizer Cement Plant

At the Pfizer Cement Plant in Lucerne Valley,
CA, the damage resulting from the Landers and Big Bear
seismic events amounted to about S4.6M physical
damage and $2M in loss of sales and business for the
facilities at the site. The most dramatic failures that
occurred at the Pfizer Cement Plant involved several tall,
steel silos. Each of the storage bins were approximately
20 feet in diameter and 50 feet high. These vessels had
walls that consisted of 1/4-inch steel plate, with no stif-
feners for the first 12 feet on the lower support skirt to
prevent buckling. Since the contents of the silos was
granular material with a density of about 120 lb/ft , the
combined seismic and dead load in the vertical direction
and the amplified lateral seismic load exceeded capacity
of the unstiffened lower support skirt to resist buckling.
Just above the concrete base slab, a 45-degree inverted
cone was designed to act as a funnel for each storage bin.
Since the vertical support skirt buckled, the inverted
cone buckled due to impact with the concrete base slab.

The cone was also fabricated from unstiffened 1/4-inch
steel plate. The volume of space between the vertical
support skirt and the inverted cone was hollow, with the
configuration resulting in a combination of a large,
elevated mass on top of an unstiffened, unbraced, vertical
cylindrical shell.

The digitally-controlled equipment at the Pfizer
Cement Plant appeared to have no problems due to the
6/92 quakes.

An unreinforced masonry block shear wall col-
lapsed at the Pfizer Cement Plant. The replacement wall
now has steel reinforcement and fewer wall openings.

Reinforced concrete beams experienced extensive
cracking due to several factors: (1) large masses on the
upper floors of structure, (2) location of structure on
hillside with minimal foundation piles to resist move-
ment as the slope became unstable during and imme-
diately after the quake.

D. ADDITIONAL EFFORT IN CAPE MENDOCINO
AREA (N. CALIF.) FUNDED BY USNRC

D.I Pacific Lumber Mill & Co-Generation Power
Plant

Further investigation of selected structures,
systems, and components was performed at the Pacific
Lumber Mill with limited funding from NRC [2]. Items
of interest included: (1) equipment and components
using fiber-optic cables; (2) digitally-controlled equip-
ment; (3) turbine-generator damage; (4) broken fire
protection mains which provided cooling water for aux-
iliary systems (ie, back-up diesel that powers the fire
protection pump); (5) lack of anchorage of main elec-
trical transformer (which powered one of the mills and
all of domestic power for the company-owned residential
district in town); (6) poor anchorage of switchgear; (7)
failure of fire protection lines above the Debarker
MCCs; (8) lack of anchorage of electrical panels in
Factory Annex; (9) instrument air line damage due to
differential movement of boiler and adjacent structures.

The turbine generator damage due to a 0.5-inch
displacement resulted in a failed thrust bearing and
damaged steam seals (see Figure 3). Apparently the
shims came in contact with the turbine blades, which
caused the turbine to spin down in 15 minutes (normal
turbine spin-down time for this model is about 25
minutes). The batteries remained available for the lube
oil to the main turbine bearings which consequently
survived the quake.
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Figure 3. Differential settlement between the turbine, generator, and their
foundations usually requires shutdown for shaft re-alignment and can even cause
damage to those components. The 60-ton stator (at Pacific Lumber 25 MWe Co-
Generation Plant) moved about 1/4 inch.
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Approximately 21 pipe-main breaks occurred
mostly underground to the fire protection system. It was
the second seismic event (12:40 AM on Sunday 4/26/92)
that caused most of the damage. This resulted in elimi-
nating the available cooling water to the diesel generator
which provides back-up power to the fire protection
pump. At the same time, a fire was raging at the Scotia
shopping center adjacent to Mill A and a S15M loss
resulted. In an attempt to provide water to the fire
protection system, the back-up diesel (for F.P. pump) ran
for about 20 minutes (without cooling water to the die-
sel) and then the diesel engine seized up and was no
Jonger available.

The step-down electrical transformers (13.8kV to
2.4kV) were not positively anchored before the 4/92
quakes. Two of the transformers on the north end
overturned and tore loose one of the electrical phases.
This necessitated shutting down all 3-phase equipment.
As a result, all of Mill B and all 3-phase motors in the
(company-owned) town of Scotia had to be removed
from service. This disabled the Domestic Water Pump,
because it was also 3-phase. To put it another way, any
motor at the Pacific Lumber Mill and the town of Scotia
that is rated at 3 horsepower or more is considered to
need 3-phase electrical power and therefore could not be
used until the transformers were available. Immediate
restoration of these step-down transformers became a
high priority for Pacific Lumber Company. Upon close-
up visual inspection of the new repair welds, it became
clear that the weld quality was very poor with multiple
discontinuities on each weld, and the lack of paint on
the welds allowed severe rust to begin (see Figure 4). It
was apparent that the capacity of these repair welds was
marginal for surviving another large seismic event.

At the time of the return visit to the Pacific
Lumber Mill, there had been no problems reported or
detected regarding function of digitally-controlled
equipment.

At the 25-MWe co-generation power plant at
Scotia, a 2.4kV switchgear cabinet moved about 2" North
and about 2" East. Fortunately, there was enough slack
in the cables to avoid any loss of function.

On the boilers, the seismic bumpers and struts
performed their job well, and absorbed the shock to the
system during the quakes. However, the differential
motion between the boiler and the adjacent support
structure caused the following problems on small-dia-
meter lines for Boilers B and C: (1) Instrument air tubing
was crimped for the pressure differential switch that
controlled the air damper for the oil burner; (2) The air

line broke for the tubing that cleans off the U V-eye
sensor (that detects if the oil burner is operating);
(3) An AOV control (for the oil-burner air damper)
impacted a support for instrument tubing and caused the
AOV to be non-operational; (4) Loss of function for
steam differential pressure transmitter on the boiler
system; (5) Near top of Boiler B, the steam drum had
Clark "Reliance Levalarm" 1-inch line break at the drain
valve and at the sight glass (for "local" reading of the
steam drum level); and (6) An air line broke that
provides air to an AOV for water spray on the De-super-
heater that brings steam from 870 °F to about 750 °F.

Strong motion from the three seismic events
caused extensive damage to the Electrostatic Precipita-
tor, which is part of the Pacific Lumber 25-MWe Co-
generation (wood-fired) Plant at Scotia. Each of the
three Precipitators consists of 110 parallel plates that are
suspended vertically and are each 40 feet long. Seismic
damage included excessive bending of the long precipita-
tor plates which normally need to have tight tolerances
in the distances between the plates and adjacent wires
(for effective control of electrostatic charge between
plate and wire and to prevent arcing). The precipitator
plates are used to collect ash product from the burner
exhaust for recycling and conservation of materials in the
power generation process.

At Mill A, large primary transformers were un-
anchored and relied on the bus bars to limit the dis-
placements.

At the base of the 94-foot high, steel support
frames for the three boilers at the Scotia PALCO Power
Plant, the 1.5-inch to 2-inch diameter anchor bolts
stretched about 1.5 to 2 inches in the reinforced concrete
foundation. During the three- to four-week outage, the
foundations required extensive retrofit.

The fiber expansion joints on the three boilers at
Scotia PALCO Power Plant were replaced with steel
expansion joints, after damage was caused by excessive
seismic motion of the boilers and their support frames.

At Mill B, the ceramic-block kilns experienced
damage along with failure of threaded connections on
the 1-inch diameter steam lines. The steam lines are
used to accelerate the drying process for lumber.

The Factory Annex (where boards are glued
together) had several electrical panels overturn due to
lack of anchorage. It was explained that the panels had
been installed only one month prior to the 4/92 quakes.
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Figure 4. At the Pacific Lumber Mi]] in Scotia,CA, the step-down electrical
transformers (13.8kV to 2.4kV) were not positively anchored before the 4/92 quakes.
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At Mill B, the overhead fire protection lines
broke at some of the threaded connections and caused
inadvertent water spray on the MCC panels that control
the De-Barker system. Once the main transformer for
Mill B was available and after the MCC panels were
opened, it took several days for large heaters and fans to
dry out the electrical panels.

E. EARTHQUAKE DAMAGE INVESTIGATION OF
1991VALLE DE LA ESTRELLA SEISMIC EVENT IN
COSTARICA

On April 22,1991, at 3:57 PM local time, the
Talamanca (Valle de la Estrella) earthquake occurred in
Costa Rica with a Richter magnitude of 7.4. The epicen-
ter of the seismic event was located 24.5 mi. south of
Puerto Limon, near the Caribbean coast. The quake
originated at a depth of about 13.4 mi. The seismic event
was centered at latitude 9° 38.62' N and longitude 83°
5.92' W. The epicentral area lies between the Talamanca
mountain range to the west and the Valle de la Estrella
to the east, near northwestern Panama [3],[4].

A team of four engineers was sent to Costa Rica
to investigate the earthquake damage to industrial facili-
ties, bridges, and other lifelines. The team was made up
of a civil engineer from LLNL, a structural engineer
from EQE, and two bridge engineers from the California
Department of Transportation.

Puerto Limon, Costa Rica, was the largest popula-
tion center (about 130,000 people) and industrialized
area that experienced major earthquake effects. The
earthquake caused broken water lines, collapsed or
severely damaged bridges, partial collapse of warehouses
and hotels, warped train rails, and buckling of vertical
tanks. Earthquake damage was also observed at the
Moin Electrical Power Plant northwest of Puerto Limon
and at the 9-MW Chiquita Electrical Power Plant in
Changuinola, Panama. The Chiquita power plant had
differential settlement of the diesel foundations similar
to that experienced at the Moin power plant. Diagnostic
tests on shaft alignment of the Moin and the Chiquita
diesels were conducted afterward as a prudent measure.

E.1 Industrial Facilities Observed

- Small oil refinery
- Port facilities
- Warehouses for bulk paper storage
- Packing plant
- Electrical generation facilities
- Bottling plant

F. APPLICABLE LESSONS LEARNED FOR DOE
SITES AND FACILITIES FROM 1992 CALIFORNIA
QUAKES AND FROM 1991 COSTA RICA SEISMIC
EVENT

1. For reinforced concrete block structures, the detailing
of rebar development length between walls, roofs, upper
floors, and pilasters should be given proper attention.

2. Eccentricity in connections and bracing for wood
members can lead to failure of the wood members during
a seismic event.

3. Designing structures, systems, and components
(SSCs) to minimum criteria from building codes does not
ensure that the SSC will be functional or operational
during or immediately after the design-basis earthquake.

4. In addition to providing adequate anchorage, it is
important to take into account the potential amplifica-
tion of motion up through the SSC.

5. Seismic interaction by sliding, falling, or impacting of
one object into another can interrupt function or opera-
tion if one of the objects is a critical SSC.

6. Soil directly adjacent to a body of water is subject to
subsidence, lateral spreading, and liquefaction during or
immediately after a seismic event.

7. Electronic cabinets and control panels should be
adequately anchored and braced and not rely on the
electrical conduit to limit the seismic-induced displace-
ments.

8. Differential settlement between the turbine, genera-
tor, and their foundations usually requires shutdown for
shaft re-alignment and can even cause damage to those
components (see Figure 3).

9. Unreinforced masonry walls with wood ledgers at
upper floors and roof levels need to be upgraded or
replaced with a more seismic-resistant structural system.

10. If an SSC is intended to slide during an earthquake, it
is important to test the types of materials which form the
sliding interface to ensure that the system will perform as
intended. If there is enough friction, the sliding interface
will lock up and transmit the seismic accelerations up
through the SSC.

11. SSCs should be adequately tied to their supporting
structure or foundation to prevent excessive relative dis-
placement of the SSCs.
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12. Positive anchorage is necessary for continued func-
tion of critical components (eg, batteries for lube oil to
turbine bearings upon loss of normal power or site
power).

13. Seismic interaction due to differential motion bet-
ween adjacent SSCs needs to be considered if continued
function of one of the components is crucial.

14. Digitally-controlled equipment appears to perform
acceptably if the components are properly anchored and
are positioned to avoid seismic interaction with adjacent
SSCs.

15. "Fire following earthquake" and "spray or flood fol-
lowing earthquake" need to be considered if differential
motion and seismic interaction are not addressed ade-
quately.

16. Inventory stacked or located nearby building col-
umns can sometimes cause catastrophic failure of the
structure, the attached distribution systems, and adjacent
critical components if the inventory is allowed to impact
the building columns during a seismic event.

This work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract No. W-7405-Eng-48.
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WALK-DOWN PLAN FOR
NATURAL PHENOMENA ANALYSIS

R. J. Kroon, N. E. Stone, D. R. Demon, and R. J. Hunt
Martin Marietta Energy Systems, Inc.

P. O. Box 2009
Oak Ridge, Tennessee 37831-8083

ABSTRACT

To evaluate existing facilities for Natural Phenomena Hazards a plan was developed
at the Oak Ridge Y-12 Plant* to establish the "as-exist" configuration of existing
facilities as required by Section 4.4.5 of UCRL-15910[l]. The "as-exist" conditions
of critical facilities were determined to ensure that these facilities were constructed
in accordance with the design drawings, that any major configuration changes to the
principal structures are identified, and that the location of major equipment loading
is defined. This paper presents the details of this plan as well as lessons learned
during implementation.

BACKGROUND

In support of an ongoing update to the Safety
Analysis Report (SAR) Program at the five DOE plants
managed by Martin Marietta Energy Systems, Inc., it was
decided early on that a procedure was needed to
determine the "as-exist" condition of the facilities. Since
the majority of the facilities were built between 1940 and
1950 lack of documentation of the "as-exist" condition
was a concern. In addition, while various seismic analysis
had previously been performed on some of the facilities,
the actual loading conditions were not well documented.
Finally, data was needed to address the strength and
stiffness of infilled masonry walls.

PLAN

The first step in the evaluation of existing structures
was to determine the existing conditions, since a
configuration management program had not previously
existed. It should be noted that the safety assessment
staff had already identified the critical structures that
needed documentation. Therefore, an aggressive program
was undertaken to develop a procedure that could be
used to provide a consistent approach. Figure 1 presents

a flow diagram representing the structural walk-down
steps. Figure 1 shows that there are four major tasks to
be completed before a completed structural walk-down
package can be issued. Completion of these tasks are
intended to:

1. provide a documented overall description of the
general condition of a building,

2. establish and document a statistical determination
that structural members are consistent with the
design drawings,

3. document significant changes to the structural
configuration,

4. document the magnitude of loads on the roof and
floors, and provide a load map of a building,

5. document the configuration of masonry walls
carrying lateral loads,

6. develop elevation drawings of each infilled masonry
wall showing conditions and penetrations, and

'Managed by Martin Marietta Energy Systems, Inc., for the U. S. Department of Energy under contract
DE-AC05-84OR21400.
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TRAIN PERSONEL.SITE
I ACCESS, AND CALIBRATE

EQUIPMENT

PREPARE WAUDOWN
INPUT PACKAGE,

REVIEW OWGS, REPORTS.
ETC.

SPECIFY
INSPECTION
ELEMENTS

COORDINATE BUILDING
ACCESS, DETERMINE
PROPOSED/ONGOING

MODIFICATION ACTIVITIES

PERFORM STRUCTURAL
WALKDOWN

1

1
PERFORM WALKTHROUGH

FOR
MAJOR CONFIGURATION

CHANGES

DOES THE DATA
MEET

THE REQUIRED
CONFIDENCE LEVEL

RESOLVE SAMPLE
RESULTS BY EXPANDING

[SAMPLE, 1 1 1 % INSPECTION
FOR SPECIFIC ATTRIBUTE,

REDUCED CONFIDENCE

PERFORM LOAD
INVENTORY WALKDCWN

MARK-UP RED LINE
DRAWINGS

SHOWING CHANGES

PERFORM MASONARY
WALL CONFIGURATION

WALKDOWN

PREPARE
FLOOR LOAD
DRAWINGS

( P r o e m BrtW»g» Only)

COMPLETE
WALKDOWN
PACKAGES

PERFORM MASONAHY
WALL CONFIGURATION

AND PENETRATION MAPS

Figure 1. Walk-down procedural steps.

7. provide a complete list of material properties and
reference drawings necessary for updating existing
mathematical models or to develop new structural
models for use in analysis of Natural Phenomena
Hazard loadings (e.g., wind, rain, and seismic).

The level of detail provided by
sufficient to document the
configuration of the structure,
complies with the requirements
Natural Phenomena Loading by
information for use in performing

this walk-down is not
complete "as-built"
However, this effort
of UCRL-15910 for
collecting pertinent

structural analysis.

IMPLEMENTATION

WALK-THROUGH APPROACH AND PROCEDURE
An overall structural walk-through was performed to

ascertain the general condition of the structure. The
walk-through was performed using a check-list-type set of
data sheets, which were filled out in the field. Table 1
list the contents of the data sheets in a component
oriented format and shows the inspection parameters

considered. The check list is presented in Table 2. The
walk-through inspection is to be performed using the
design drawings. Major configuration changes will be
noted and subsequently identified (red-lined) on the
respective design drawings. It should be noted that a
method was provided to allow the walk-down engineer to
report to plant management significant safety concerns
which might be identified during the walk-through
(Table 2, Item 16 on check list).

STRUCTURAL INSPECTION
The purpose of the sampling inspection was to verify,

based on a statistical determination, that the essential
structural members are consistent with design drawings.
The structural features inspected were columns, beams,
column bases, and connections. The sampling
methodology followed the Procedure MIL-STD-105E[2].

The procedure was based on inspection by attributes,
and the methodology allowed only a "yes" or "no"
determination. The inspection attributes were defined as
column size, column orientation, beam size, and member
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Table 1. Walk through check items

Item

1.

Structural
Components

Inspection
Details

4.

5.

6.

General • Visible signs of settlement
•Cracking of load bearing walls
•Corrosion of structural elements
•Deviation from design drawings

Columns, • Missing members
Beams, &
Connections

•Orientation of columns and beams
•Notches and cutouts in members
•General conformity with design dwg.

Welds «Free from defects
•General condition of welds
•Welds are continuous

Floor • Undocumented openings in floors

Ponding »Ponding
•Roof attachments to structural steel
•General condition of the roof
•Drains and gutters are free of debris

Siding 'Property attached, to building

connection.

Column size, column orientation, beam size, and
member connections which did not conform with design
drawings, even if they were larger than specified, were
considered to be failure attributes.

The criteria for the sample approach are a function
of the lot size, inspection level, and acceptance quality
level (AQL). A normal inspection level was used in this
sampling approach as opposed to a reduced or tightened
inspection level. When the MIL-STD procedure was
followed using a 4% AQL and a sample was acceptable,
it could be inferred that in the total population there was
a probability of 0.95 and that 4% or less of the members
are defective.

Candidate inspection elements were selected on a
random basis. When an element was deemed inaccessible
by walk-down personnel, it was so noted and the next
sequential substitute element was selected. Substitution
was continued as necessary until the required sample size
was inspected.

For each inspection sample, a column, one of its
connecting girders or beams; a girder or beam column
connection; and the column baseplate was examined.
Table 3 shows a sample work sheet.

ROOF AND FLOOR LOAD DRAWINGS
Loadings include equipment, partitions walls, piping,

HVAC ducting, conduit, and cable trays. The
information is presented as load maps that indicate both
uniform and concentrated loads. The design live loads
are noted on the maps, but not included in the uniform
dead load determination. Major structural elements such
as columns, girders, and infilled masonry walls, that will
be included as elements in the structural model, are not
included on the map as dead loads. (See Figures 2 and
3).

Equipment with a total weight equal to or greater
than 10% of the dead weight of a bay floor or roof deck
carrying the equipment are treated as discrete loads.
Equipment footprints are indicated on the load map
drawings and are shown in detailed partial plans and
entered into a data base. The vertical eccentricity of the
concentrated load's centroid from the floor surface is also
noted.

Dead loads supported by roofs and floors are
indicated on the load maps as uniform area loads. The
uniform dead load consists of loading supported by the
roof or floor on its upper surface, the roof or floor's self
weight, and loading suspended from the underside of the
floor or roof. Load intensities are noted in legends on
each map.

To obtain the area load intensities, a walk-through of
the structure was utilized to group bays into light,
moderate, and heavy load categories. After the bays were
surveyed, load calculations were performed for the light,
moderate, and heavy loaded bays. Loads in the survey
included equipment not qualifying as a concentrated load,
partitions, piping, conduit, cable trays, HVAC, and other
miscellaneous items. These loads were summed and
applied as a uniformly distributed load over the entire
bay. This process was performed for each load group
(i.e., light, moderate, and heavy load groups).

Development of Uniform Loadinp Intensity
Determination of the load intensity on a floor (top

surface for example) was accomplished in the following
manner. The loading condition of all bays composing the
loaded floor was established by a visual survey. Then a
bay for which load intensity best represented the average
load level of all the bays on the floor was selected. The
average bay ideally was one representative of most of the
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Table 2. Walk-through checklist

Building:

Area Inspected: Elevation:

Yes No Comment Initials

1. Are there visible signs of building settlement?
Crack of load-bearing walls? Corrosion?

2. Are column bases of standard, acceptable configurations?
3. Are there any missing/additional members?
4. Area columns continuous without strength discontinuities?
5. Are column orientations consistent?
6. Are column sizes consistent?
7. Are column splices consistent with drawings?
8. Are there un-reinforced masonry walls?
9. Are ihere cn-outs or notches on columns or primary beams?
10. Are connections of standard acceptable configurations?
11. Are connections consistent with design drawings?
12. Do structural welds appear acceptable (continuous, adequate

size, free of defects)?
13. Are there any undocumented openings in floors?

Are all opening sizes consistent with design drawings?
14. Do beam sizes appear consistent with design drawings?
15. Are the braces installed per design drawings?
16. Are there structural configuration changes that represent

significant safety concerns?
(Note: Notify LP WE immediately if this item is determined to

be "YES".)
17. Are parapet heights consistent with design drawings?
18. Is there a potential for ponding?

If no, provide justification.
19. Does the roof contain drains or other openings for ponding

relief?
20. Are drains and other openings free from debris or other

obstacles?
21. Is siding securely attached to building structure?

Provide sketch of typical details.
22. Is roof decking securely attached to building structure?

Provide sketch of typical detail.

bays on the floor. The uniform load level was based on Generally, the three load intensity categories were light,
the following parameters: the volume of similar kinds of moderate (average), and heavy. These distinctions are
equipment; the weights of different kinds of equipment; subjective. Where there was large disparity in the
and the total number of pipes, ducts, conduits and cable loadings the number of groupings was increased or
trays. Moderate bay load in the field was defined as the decreased to adequately describe the floor loading,
average (based on volume, number of pipes, etc.)
intensity of the total loading surveyed. From each of the loading groups, a representative bay

was selected and a detailed load inventory was recorded.
Each bay was grouped with similarly loaded bays with The field inspection information was examined and

a load intensity relative to the average loaded bay. detailed load calculations were made utilizing field
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Table 3. Instructions for completing worksheets and
connection sketches

A. The Lead Plant Walk-down Engineer (LPWE) or
designee will assign the location, reference drawing,
detail number, and other information in the design
column based on design drawings and other
applicable references prior to the initiation of the
walk-down.

B. The Walk-down Team will provide recorded and
checked information for all items in the as-
configured column based on data obtained during
the walk-down.

C. The Walk-down Team will answer applicable
questions on each worksheet and provide comments
and sketches as necessary.

D. The Walk-down Team will provide details (sketches)
on each selected connection to the sample column
(i.e., column-base, column-beam, brace). These
sketches will include, but are not limited to, the
following items:

1. Bolt diameter - to be determined by measuring
the dimension across the flat sides of a hex bolt
head or a hex nut.

2. Bolt type - self drilling expansion anchor, wedge
bolt, grouted anchor, undercut anchor, etc.

3. Bolt material - high strength A325 or A490 bolt
will be identified by markings on the bolt head.
If the markings are not visible, due to paint or
other reasons, the bolt will be assumed to be
consistent with the design drawings.

4. Bolt/Rivet spacing - the edge distances and
spacings of bolts/rivets shall be measured and
noted for base plates, clip angle, and other
connecting plate.

5. Plates - the dimensions and thicknesses for
connection plates will be measured unless they
are inaccessible, in which case the plates will be
assumed to meet the design drawings.

6. Rivets - diameter of rivets shall be determined
by measuring the rivet head diameter.

7. Welds - weld size, type (fillet, full or partial
penetrations, etc.) and configuration shall be
shown. Weld fillet gages may be used for
measuring the thickness of the weld.

8. Clip or Seat Angles • the leg size, length and
thickness of clip and seat angles will be included
in the connection sketches.

COLUMN ATTACHMENT WORKSHEET

Location:
Ref DWG:

Steel Concrete

d d
bf bf
tw
tf

Web Direction
X
z
tbp

Detail:

Design Nominal: As configured:

N/S or E/W N/S or E/W

1. Is column welded to base plate? Y or N.
If Yes, indicate location: ^
(a) all around (b) web only (c) outside flanges only
(d) web and outside flanges

2. Are clip angles used? Y or N.
If Yes, are clip angles welded, bolted, or riveted,
and indicate location:

3.

4.

(a) web (b) flange (c) web and flanges

Are welded bar stiffeners used? Y or N.
If Yes, indicate location:
(a) web (b) flange (c) web and flange

Are anchor bolts used for attachment of base
plates? Y or N.
If Yes, indicate quantity:. and location:
(a) web (b) flange (c) corners

5. Comments:

Signatures:

Design Info. Prep.
As-Configured Prep.

Design Info. Prep.
As-Configured Prep.

Date
Date

Date
Date

Fourth DOE Natural Phenomena Hazards Mitigation Conference -1993

85



BHAM ATTACHMFNT WORKSHEET

Location: _
Ref DWG: Detail:

Steel Concrete Design Nominal WF As configured:

d
bf
tf
tw

1.

d
bf

Are clip or seat angles used to make beam end
connection? Y or N.
If Yes, are clip or seat angles bolted, riveted, or
welded and indicate location(s): .
(a) one side of web (b) both sides of web
(c) bottom of flng (d) top & bottom of flng
If No, explain:

2. Comments:.
Signatures:

Design Info. Prep.
As-Configured Prep..

Design Info. Prep.
As-Configured Prep..

Date
Date

Date
Date

E. Measurements will be taken using rules, calipers or
other measuring devices of measurements within the
accuracy specified (measured). The measurements
will then be recorded as measured. This data will
be compared to the design to verify the element
size.

Item

1. Structural shapes
a. Width
b. Depth
c. Thickness

2. Clip seat angles
a. Leg length
b. Thickness

3. Plates
a. Length
b. Width
c. Thickness

Measured fin.)

1/16
1/16
1/32

1/16
1/32

1/8
1/8
1/32

Tolerance (in.)
(+/A

1/8
1/8
1/16

1/8
1/16

1/4
1/4
1/16

4. Bolts/rivets
a. Diameter
b. Spacing

1/16
1/8

1/8
1/4

5. Welds
Weld sizes will be determined using special weld fillet
gages relying on the best fit. The weld size will be
determined at each mid-point along any length of weld
!onger than 1 in.

6. Location
Equipment locations will be recorded to the nearest
foot.

information, handbooks, vendor documentation, and
other information as required. This tends to minimize
the subjectivity of the field inspection. The process was
repeated for the top and bottom surface of each floor in
the structure. Load intensity drawings were generated for
each loaded floor.

Field Load Survey Procedures
• Before the initiation of the field work, each

inspection team member was issued a field inspection
procedure handbook and a set of building layout and
structural drawings including a set of master plans
showing the floor bays and elevations to be surveyed.

• Prior to actually performing the dead load inventory,
each field team completely walked through the
structure to determine all loading to which the
structure is subjected.

• For each surface of a floor surveyed, a key plan was
prepared and relative load intensities on
representative bays were performed.

• Ten percent of the loaded floor self-weight was
calculated so that the threshold for concentrated
loads could be determined.

• Utilizing the calculated threshold weight the
equipment loading on each bay was categorized as
concentrated or uniform loading. Recording of these
two load categories in the field was performed
differently and is described below.

• The total load on a roof or floor was determined by
summing the self-weight of each and the uniform
dead loading from both surfaces of the roof or floor.

Uniform Load Survey Procedure
Uniform dead loadings for all the bays on the

structure were grouped according to similarity of load
intensity as previously discussed.
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Figure 3. Equipment footprints shown on load map drawing.
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• Each loaded floor surface was surveyed and grouped
independently.

Concentrated Load Survey Procedure
• Concentrated loads were identified by recording the

location, footprint, weight, and available vendor
identification of the load on a case-by-case basis.
When it appeared unlikely that vendor-supplied
weights could be found, the inspection team
described the piece of equipment in sufficient detail
to permit a reasonable load and eccentricity
(distance of center of gravity above or below surface)
to be calculated.

MASONRY WALL CONFIGURATION AND
PENETRATION MAPS

The stiffness of infilled masonry walls is represented
by equivalent struts' in the building structural model.
The struts' stiffness and strength are influenced by
opening in the walls, boundary conditions, and the
general condition of the infill. Therefore, field surveys
were performed and drawings were developed to provide
masonry wall elevation details and plan views showing
wall location, type of material, dimensions, eccentricity,
and thickness of masonry walls. The location of missing
or broken tiles, extensive cracking, or other significant
damaged condition was documented. The location and
dimensions of openings in the infilled masonry walls were
identified and documented. The eccentricity between the

center of the masonry and center line of the frame
members were estimated and noted. Figure 4 represents
a typical masonry wall configuration and penetration map
developed in the field survey.

ADDITIONAL INFORMATION GATHERED

In addition to the information mentioned previously
there were several areas without adequate documentation
and the following actions were taken.

1. Drawings—A data base was established to identify and
index by attribute all drawings for specific buildings.
This was a tremendous undertaking as drawings
needed to be cross referenced and reviewed for
attributes (equipment, structural modifications, etc.).

2. References—A data base was established to identify
calculations applicable to a particular structure for
both design and evaluation.

3. Equipment—A data base was established for the
equipment whose weight was greater than 10 percent
of the floor dead load. The field information
gathered was utilized to (1) either identify the
manufacture and model number so that weights could
be obtained from the manufacture or (2) if
manufacture was not available a calculation was
performed to establish center of gravity and weight
(See Table 4).

S'o1 l»" I*'

BUILDING .
WING ~
ELEVATION _ _ i f l i i L
COLUMN LINE - ~
VIEW

LEGEND
(Jj) IIGHT STEEL/MASONRY JOWl

MASONRY JOINT

(SB) NO RCCORMBIC PtNCTS

WALL-COLUMN
CONFIGURATION

T,u*t-i>»_

WALKDOWN CHECK LIST:

JOINTS BETWEEN WALL AND COLUMNS
JOINTS BETWEEN WALL AND FLOOR / CEILING
WALL THICKNESS
WALL COLUMN ECCENTRICITY

Figure 4. Represents a typical masoniy wall configuration and penetration map.
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Building:
Elevation: 1053
Floor: Third floor

Equipment
ID

SF1
SF2
SF3
SF4
SF7
SF8
SF9
SF12

Equipment
ID

SF1
SF2
SF3
SF4
SF7
SF8
SF9
SF12

(fan house)

Type

Fan
SCF
Fan
Fan

Air Conditioner
Centrifugal fan
Centrifugal fan
Fan and blower

Surface
top/

bottom

Top
Top
Top
Top
Top
Top
Top
Top

Model
number

82
R2526-1

R5258-1 19717
R82527-1
77-3663

K41205686
Browing 205V118'
TBFC1636B28G70

Footprint
CFt x Ft)

5x13
6x15
6x20
7x11
5x19
5x10
6x12
9 x 9

Manufacturer

Train Comp
American Standard

Champion Blower & Forge
Champion Blower & Forge

Barry Blower
Trane
Trane

Twin City Fan & Blower

Eccentricity
fFt)

1.5
0.7
1.6
2.1
1.4
1

1.3
0.7

Table 4. Load inventory data base

System

HVAC
HVAC
HVAC
HVAC
HVAC
HVAC
HVAC
HVAC

Capacity/
size

600
542

154
154

Insulation

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Weight
fib)

7,886
6,122
9,059
6,437
9,161
8,346
5,399
6,450

Support/
attachment

tvoe

Rigid
Rigid
Rigid
Rigid
Rigid
Rigid
Rigid
Rigid

Term/
Perm

Perm
Perm
Perm
Perm
Perm
Perm
Perm
Perm

Location

NP23
MN23
MN23
HJ23
DE34
NP34
MN34
GH23

Reference

wt calculated
wt calculated
wt calculated
wt calculated
wt calculated
wt calculated
wt calculated
wt calculated



4. Material Properties—As the data base was developed
for the drawings and references, material properties
were documented. Table 5 is a sample of these
material properties showing material, code of record,
and reference for the information.

Table 5. Material properties

Description
Code of
Record

Con- Footing mat'l: fc =
crete 2500 psi @ 28 days ACI-318

Others: f c =
3000 psi @ 28 days ACI-318

FU-1608

Struct. All shapes: ASTM A-7 A1SC-1947 *FU-1608
Steel *QU-1/W

Roof Roofing covering mat'l E2F-12124
2 in. x 15 in. x 10 ft
std metal bound, pre-
cast T&G, light weight
gypsum plank

5-ply built-up roof

Misc. Hollow clay tile walls E-S-21803
4 in. tk - 18 lb/ft2 Ref. 10.12
8 in. tk - 32 lb/ft2

12 in. tk - 42 lb/ft2

Plenum floor:
15 Ga. sheet metal
steel = 2.8 lb/ft2

*Design drawing of main building complex.
**The 12-in.-tk HCTWs in the Building consist of

a layer of 4-in.-tk blocks and a layer of 8-in.-tk blocks.
The displayed value is for 12-in. blocks only.

B. Equipment weight—establish method for
determining:
• vendor search,
• plant personnel (central contact), and
• calculations (estimation).

DURING WALK-DOWN
A Perform walk-through with the lead walk-down

engineer using walk-down procedure to:
• identify potential problem areas (inaccessibility,

lifts required, etc.),
• determine lead engineers understanding of

procedure, and
• perform early in program (first week) and on

a continuous basis.
B. Experienced structural engineers will perform the

structural walk-through.
C. Establish ownership—walk-down personnel should

be involved in:
• walk-downs
• transfer of field notes to reports and drawings,

and
• review final report.
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LESSONS LEARNED

BEFORE ACTUAL WALK-DOWN BEGINS
A. Advanced preparation

(1) Gather materials—
• drawings and
• reports.

(2) Coordination—get input from—
• plant personal (lifts, lockers, etc.) and
• Security (access requirements).

(3) Training—
• site procedures and
• walk-down procedures.
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SYSTEMATIC EVALUATION PROGRAM (SEP) AT ROCKY FLATS PLANT: AN
OVERVIEW OF PRACTICAL MANAGEMENT ISSUES FOR EVALUATION OF

NATURAL PHENOMENA HAZARDS

Faris M. Badwan
EG&G Rocky Flats

Kenneth S. Herring
NUS Corporation

Overview

The Defense Nuclear Facilities Safety Board
(DNFSB) recommended that a Systematic
Evaluation Program be developed and implemented
at the Rocky Flats Facility (DNFSB
Recommendation 90-5). EG&G has established
the Systematic Evaluation Program (SEP) to carry
out this recommendation by developing various
programmatic plans based on the DOE
Implementation Plan and DOE Management Plan.

Many of the buildings at the Rocky Flats
Plant were designed and built before modern
standards were developed, including standards for
protection against extreme natural phenomenon
such as tornadoes, earthquakes, and floods. The
purpose of 'he SEP is to establish an integrated
approach to assessing the design adequacy of
specific high and moderate hazard Rocky Flats
facilities from a safety perspective and to establish
a basis for defining any needed facility
improvements. The SEP is to be carried out in
three Phases. In Phase 1, topics to be evaluated
and an evaluation plan for each topic were
developed. Any differences between Current
Design Requirements (CDR) or acceptance criteria
and the design of existing facilities, will be
identified during Phase 2 and assessed using an
integrated systematic approach during Phase 3.
The integrated assessment performed during Phase
3 provides a process for evaluating the differences
between existing facility design and CDRs so that
decisions on corrective actions can be made on the
basis of relative risk reduction and cost
effectiveness. These efforts will ensure that a
balanced and integrated level of safely is achieved
for long-term operation of these buildings.
Through appropriate selection of topics and
identification of the structures, systems, and
components to be evaluated, the SEP will address
outstanding design issues related to the prevention
and mitigation of design basis accidents, including
those arising from natural phenomena. The
objective of the SEP is rot to bring these
buildings into strict compliance with current
requirements, but rather to ensure that an adequate

level of safety is achieved in an economical
fashion.

The SEP interfaces with other Rocky Flats
programs such as the Standards program, the
Configuration Change Control program, the Vital
Safety System Operability Verification program,
the Final Safely Analysis program, and ihe Safely
Analysis Report Upgrade program.

Detailed Discussion

The SEP at RFP is being conducted in three
phases:

Phase 1: Development of the Topics List
and the Topic Evaluation Plans,

Phase 2: Evaluation of the Topics, and
Phase 3: Performance of the Integrated

Safety Assessment.

The purpose and the elements of each of the
three phases are summarized in the RFP SEP
Management Plan.

Phase 1 was conducted from approximately
April 1990 through April 1992. The tasks
performed during this period consisted not only of
those specified in the Phase 1 Plan such as a
Topics List and Topic Evaluation Plans, but also
included, in collaboration with DOE, the
development of the SEP concept, approach, and
process. These efforts resulted in the development
of the DOE Management Plan for ihe
implementation of DNFSB Recommendation 90-5
and the development of the RFP SEP Management
Plan, Quality Assurance Plan, Phase 1 and Phase 2
Plans, and several programmatic working
procedures for RFP to conduct the SEP.

In Phase 1, sixteen topics were selected as an
organizaiional mechanism to evaluate structures,
systems, and components. The topics included
initialing events, such as natural phenomena
hazards, and systems topics. The topics arc as
follows:
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Wind and Tornado
Seismic
Hydrology
Other External Events
Fire Protection Systems
Electrical Power Supply Systems
Instrumentation and Control Systems
Nuclear Criticality Design
Environmental Qualification
Confinement Barrier System
Hazardous Material Control
Confinement Ventilaticn System
Other Internal Events
Utility Systems
Human Factors
Classification of Structures, Systems and

Components

General Topic Evaluation Plans (TEP) were
developed for each topic. The TEPs identified
current design requirements, acceptance criteria, and
described a plan for evaluation. The TEPs were
generic rather than building-specific. Identification
of building specific structures, systems and
components, their associated safety functions and
development of specific current design requirements
and acceptance criteria will be performed in
Phase 2.

Phase 2 work began in approximately April
1992 on Building 559. DOE subsequently directed
EG&G to stop work on Building 559 and
commence Phase 2 work on Building 707. Data
collection and review of this data has been
completed for the majority of topics expected to be
evaluated on Building 707. This data includes
drawings, design specifications, and previous
studies and analyses. The SEP review and
assessment of existing studies at RFP is being
documented in twelve special study reports. These
reports are in the areas of seismic, fire protection,
electrical, I&C, confinement ventilation systems,
and confinement zones.

Seismic Hazards Study

To support the seismic analysis of buildings
and components, SEP has undertaken a
comprehensive study , using recognized seismic
experts to establish the appropriate seismic hazard
for RFP.

Current estimated progress is indicated below:

Task Description

1. Definition of Seismic Hazard Issues

2. Preliminary Seismic Hazard Evaluation

3 Soil Amplification Studies
The purpose of Task 3 is to

determine the effects of the alluvial soil
overlying site bedrock on ground motion
at plant structures. The 2-D amplification
analysis was finalized, but the task will
not be completed until results are
available from the shear wave velocity
testing.

4. Vibratory Ground Motion
The purpose of Task 4 is to

determine methods suitable for use at the
Rocky Flats Plant (RFP) site to translate
earthquake motions from distant events to
ground motion at the site. Since there
were no empirical attenuation
relationships available for this region,
studies from other regions were adapted
and modified. The draft task report
presented two methods for attenuation-
distance relationships, one empirical and
the other analytical. By utilizing both
methods in the seismic hazard assessment,
there will be a comprehensive and
bounding set of assumptions for
calculating seismic hazard and quantifying
uncertainties.

5. Soils Liquefaction Potential
The purpose of Task 5 is to assess

the potential for earthquake induced
liquefaction of the soils at the RFP site.
In large earthquakes, loose sandy soils in
combination with ground water can
liquefy, causing severe problems with
foundations of structures. The draft task
report concluded that, based on the
available data, there was no significant
liquefaction potential at RFP. The
conclusion was in agreement with
previous studies.

6. Stability of Geotechnical Structures
The purpose of Task 6 is to review

the stability of earth slopes at the site
during earthquake induced ground motion.
The draft report concluded thai while
permanent deformations of the existing
earth slopes at the site were generally
negligible, if the results of the overall
study concluded there was a potential for
significant ground motion and a slope
could severely impact a plant structure, a
more detailed study of the slope in
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question might be required.

7. Detailed Seismic Source Characterization
The purpose of Task 7 is to further

investigate the issues identified in the
Task 2 preliminary study. Task 2
identified potentially important source
characterization issues worthy of further
studies. The draft report presented the
sources identified and a discussion of the
parameters and associated uncertainties.
The terms of magnitude, distance, and
recurrence interval with probabilities
identified for ranges of parameters. These
sources will be combined with the results
from the other tasks to determine the
seismic hazards for the site.

8. Historical Scismicity Studies

9. Draft Seismic Hazard Recommendation

10. Final Seismic Hazard Recommendation

11. Artificial Ground Motions

Tasks 1 and 2 are complete; Tasks 4 through 7
have been completed in draft form.

Approval was obtained from DOE-RFO to
proceed with shear wave investigation efforts (an
input to the Soil Amplification Study, Task 3
above), and the associated drilling program.

Management Issues

Seismic Hazard Study

Performing natural phenomena evaluations at
Rocky Flats presents unique management issues in
the areas of environmental, quality assurance,
procurement, building access, and coordination
with other site programs and organizations.

All soil at Rocky Flats Plant is treated as
potentially contaminated, either radiologically or
toxicologically. As a result, commitments to the
Colorado Department of Health (CDH) and the
Environmental Protection Agency (EPA) require
testing of all removed soil. Because of testing
constraints, all removed soil must be containerized
prior to testing. As part of the Seismic Hazard
Study, it was necessary to perform shear wave
testing which required eight four-inch diameter
boreholes ranging from 50 feet to 500 feet in depth
to be drilled. Consistent with RFP commitments
to the CDH and EPA, the soil removed during

drilling was required to be containerized and tested.
To accomplish this, it was necessary to purchase
100 55-gallon barrels which were required to meet
Department of Transportation Standard DOT-17C.
Arrangements also had to be made to test the soil
for contamination. Because of the potentially
contaminated nature of the soil, it was necessary to
take precautionary measures and utilize a health
physics technician at the drilling site. In
determining borehole locations, it was necessary to
assure that there were no underground interferences
which required approvals from various RFP
organizations and, for security reasons, security
approval was also necessary. To minimize cost,
the drilling performed for the Seismic Hazard Study
was coordinated with drilling being performed by
the Environmental Restoration Management Group
at RFP. This coordination required additional up
front planning for approximately four weeks:
however, it resulted in fewer total boreholes than if
the up front coordination did not occur. The cost
to purchase barrels and test soil was approximately
5200,000; the cost to perform shear wave testing
was approximately S4(),0(X).

Much of the work being performed for the
Seismic Hazard Study is being performed by
EG&G subcontractors. For example, separate
subcontracts were awarded to perform the drilling,
the shear wave testing, barrel purchase, and soil
testing. All subcontracts must conform to DOE
regulations concerning subcontracts which is a
time consuming process. The process requires
issuing requests for proposals, technical and
financial evaluation of the proposals, and awarding
the contract.

Quality Assurance

Quality Assurance (QA) at RFP requires full
compliance with Section 8 of AS ME NQA-1.
This encompasses building model and software
development, data, and evaluations. RFP was
built in the early 1950s with subscqucnl additions
and modifications. Because of the plant's age,
structural properties and as-built configurations
have not always been well documented over the
years. This requires a justification and recreation
of the necessary information in order to perform
the SEP analyses. In situ material testing is likely
to be necessary in some cases to determine material
properties. To accurately reflect as-built
conditions, walkdowns of structures and equipment
are required, some of which have been performed.
To assist in developing QA approved data and
evaluations, the following procedures were written
as part of SEP:
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• SEP-08 Software Quality Assurance
• SEP-203 Documents and Data Validation

SEP-205 SEP Configuration Walkdown
Procedure for Structures

• SEP-206 General Walkdown Procedure
• SEP-210 Walkdown Procedure for Screen ing

and Evaluation of Systems and Components
using Experience Data

Summary

In summary, environmental, quality assurance,
procurement, and coordination requirements at
Rocky Flats have presented unique challenges to
managing the SEP natural phenomena evaluations.
The requirements have added cost and extended the
SEP completion schedule. However, by focusing
management attention on these issues and through
advance planning, cost and .schedule impacts can be
minimized.
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EXTREME WIND INDUCED ACCIDENT SEQUENCE ANALVSIS
OF THE ADVANCED TEST REACTOR

S. T. Khericha and 0. M. Henryb

Idaho National Engineering Laboratory

EG&G Idaho. Incorporated

Idaho Fa l l s , Idaho 83415

(208) 526-9248

M. K. Ravindra and W. H. Tong
EQE International Inc.

Irvine, California, 92715
(714) 833-3303

ABSTRACT

An extreme wind probabilistic risk assessment (PRA) was performed for the
Department Of Energy (DOE) Advanced Test Reactor(ATR) as part of the external
events analysis. The ATR is located at the Idaho National Engineering Laboratory
(INEL) in Idaho. The analysis included evaluation of wind fragility of several
structures. As part of the analysis the impact of extreme wind on the ATR core
fuel damage frequency was evaluated.

Losjs of commercial power was modeled as an initiating event as a function of wind
velocity. Normally, the components located inside the building are not affected
directly as a result of wind. However, failure of a structure can eliminate
several components as a result of spatial dependency. ATR support systems are
located in several structures. Two walkdowns were conducted to collect the
information on structures and components and to determine the structural-
components interaction.

Boolean equations were developed for core fuel damage sequences which included
failure of components (structures) from extreme wind, random failures and
operator, errors. The sequences were quantified using wind hazard curves with
wind fragility of the station power, components and non-wind unavailabilities.
The result showed that contribution from extreme wind was less than 4%. ATR
total core damage frequency from the internal and external events is estimated to
be 5.E-5/yr. The system analysis (fault trees) was performed by the EG&G, Idaho
Inc. and the structures and components wind fragility and sequence quantification
was performed by the EQE Engineering Consultants.

" Work supported by the U.S. Department of Energy. Assistant Secretary for Nuclear Energy. Under DOE Idaho Field
Office Contract DE-AC07-76ID01570.

b Currently with Tenera LP. Idaho Falls, Idaho. 83201. (208)-529-6691
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INTRODUCTION

EG&G Idaho has been performing the Advanced

Test Reactor (ATR) probabilistic risk assessment

(PRA). The wind analysis is an integral part of the

external event. The ATR wind PRA have included the

integration of wind-induced internal flood and

internal fire, and component-structure interactions.

Nine human actions modeled in the analysis take place

after the initiating event; hence, their failure

probability can be influenced by the initiator. Most

human actions modeled in the PRA take place pre-

initiator and are not influenced by the initiator.

The system fault trees and event tree were developed

by the EG&G and wind fragility and sequence

quantification were performed by the EQE.

DESCRIPTION OF THE PLANT

The ATR is a 250-MW(t) test facility located

at the INEL. The ATR, which began operation in 1968,

has a smaller core, higher power density, lower

primary coolant system (PCS) pressure and temperature

(350 psig and 170*F), and greater ratio of coolant

weight to power, than typical commercial pressurized

water reactors (PWRs).

Table 1. Comparison of ATR and PWR characteristics

Designed to study the effects of intense

irradiation on samples of reactor materials, the

unique clover leaf shape of ATR's l.Z-m high core

provides positions for nine in-pile tubes (flux trap

positions), and numerous smaller irradiation

locations. The lobes of the cloverleaf core allow

various power levels to be established at different

lobe positions. Separate loop systems for each

in-pile tube provide coolant at the experiment's

designated temperature, pressure, and flow rate. A

comparison of the ATR to a typical commercial PWR is

presented in Table 1.

The top of the ATR reactor vessel is located

at ground level, and two floors below house PCS pumps

and heat exchangers, switchgear, loop systems, and

other equipment. Framed with structural steel, the

confinement structure above the reactor is designed

as a barrier to radionuclide release into the

atmosphere.

The ATR original design was to 1960 Uniform

Building Code (UBC) Zone 2 provisions. It is planned

that the ATR will remain in operation through the

first decade of the next century, so an assessment of

the additional risk posed by extreme wind is in

Reactor Operatinq Conditions
Power MW(t)

Core power density (MW/1)

Operation pressure (psig)

Inlet temperature (°F)
Outlet temperature (°r)

Primary coolant flow rate (gpm)

Primary coolant weight (lb)
Primary coolant weight/thermal power (lb/MW)
Decay Heat (MW at 10 s)

(MW at 1 d)

Fuel

Total Uranium weight (1b)

Enrichment (% U-235)

Configuration

Matrix

Fuel temperature (°F)

Fission product inventory

ATR
250

1
355

125

170

<48,000

600,000

2,400
13

1.3

89

93

48 in. long Al plates

attached to side plates
UA1X

430

60-d operation

at 250 MW

PWR

2,000-4.000

0.1
2.250

550
600

300,000

450,000

170
135

19

180,000
2-4

Zirc rods containing

stacked pellets

uo2
2,000-3,000

10 times ATR
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order. The wind accident sequence analysis performed
for the ATR includes a unique fault tree based
treatment of wind induced fires and floods.

METHODOLOGY

Through the following six steps, this
complete wind risk analysis considers all factors
necessary to estimate the frequency of fuel damage at
ATR:1

• Determine the wind hazard (hazard curves)

• Identify accident scenario for the ATR
that lead to fuel damage (initiating events
and event trees)

• Determine the failure modes of the ATR
safety and support systems (fault trees)

• Determine fragilities (probabilistic
failure criteria) for the important
structures and components

• Compute the frequency of fuel damage by
developing and quantifying the accident
sequence Boolean equation

• Estimate uncertainty in the fuel damage
frequency.

HAZARD ANALYSIS

The Advanced Test Reactor (ATR) is located at
the Idaho National Engineering Laboratory (INEL) in
Idaho. The topography consists of a flat valley
5,000 ft above sea level, surrounded by high
mountains of up to 11,000 ft. Therefore, all air
masses entering the valley must cross mountain
barriers, and their orientation tends to channel the
prevailing winds. The wind channeled across the
mountains cover almost the entire INEL area, and the
maximum wind gusts are considered representative of
conditions at all locations in the INEL. Therefore,
the results of INEL wind hazard analyses are
considered applicable to the ATR location.

A wind hazard curve for the INEL site has
been developed as part of the site specific studies
for the various Department of Energy (DOE) sites. It
is seen from Figure 1 that the extra-tropical or
"straight" winds dominate the hazard at the site for
frequencies is of exceedance larger than 10 per

year. Only at lower frequencies is the contribution
from tornado events discernable. Therefore, the wind
hazard is considered herein only in terms of straight
wind contribution. The annual exceedance frequency

n-3 and 10for 86 mph and wind and 107 mph wind is 10
5, respectively. DOE Guidelines3 estimate annual
exceedance frequency of 10 for 84 mph winds and 10
5 for 105 mph wind. Simiu et. al. estimate wind
speeds of around 75 mph for a 1,000-yr return period
and 95 mph for a 10.000-yr return period on the basis
of the extreme wind speeds recorded at Boise, Idaho.
Thus, the best estimate wind hazard is on the
conservative side up to 120 mph. Beyond this limit,
wind hazard estimates from other site specific
sources are not available for comparison. The peak
gust recorded at the INEL site is 78 mph based on
records from 1950-1983. DOE recommended basic wind
speed for high hazard facility at the site is 95
mph.

10* ;r

- ' 0 - 1 3

10* r-

10''—
0 too isa :co :sa :oo

Wind 1DM4 (monl

Figure 1. Wind Hazard at the Idaho National
Engineering Laboratory, Idaho (Reference 2)
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Uncertainty in the best estimate hazard curve
is assumed to arise mainly from the sampling error
due to short period of recorded data used in the
hazard analysis. The estimate of uncertainty is
based on the data given by Simiu et. al. for Boise,
Idaho. Using Boise data, and assuming Type I extreme
value for hazard distribution, median (50th
percentile) and 85th percentile hazard curves for
Boise are estimated. The ratios between the 50th to
85th percentiles are computed at each wind speed and
are assumed to be applicable to the ATR hazard. The
ATR best estimate hazard is considered to be 50th
percentile. The 85th percentile curve is obtained by
scaling the 50th percentile with the ratio computed
from the Boise data. In Figure 2, a family of wind
hazard curves used in the wind PRA is presented.

EVENTS

The level 1 internal events analysis for the
ATR PRA, completed in December 1989 included

1 1

1 0 " ' •

10 "2-

3 1 0 -3-
>•

B 1 0 "4"

development of accident scenarios that lead to fuel
damage. For the wind analysis, an event tree was
developed to model core fuel damage frequency based
on the loss of commercial power event tree as shown
in Figure 3. Instead of modeling station blackout as
atop event on the event tree, the loss of the diesel
generators was modeled in the power supply fault
tree.

FAULT TREES

The system fault trees developed for the ATR
Level 1 PRA were modified using the guidelines
provided in NUREG/CR-4826.5 First, all the events
that did not appear in the final dominant accident
sequences of the internal event analysis, and whose
unavailability was less than 1.0x10" . were
eliminated from the fault tree models. This reduces
the complexity of the problem and size of the Boolean
equations to be analyzed. Exception were made for
common cause events.

10 E

o

£ 10
S

if 10 "7-

10 -9

Subjective Probability

.2

i i i i i i -i i i I i i i i i"i i i i i i i i i i i i i i | i i i r i i i i i | i i i i i i r i i |

60.00 80.00 100.00 120.00 140.00 160.00

UIHDSPEED (HPH)

Figure 2. Family of Hazard Curves for ATR Site using Lognormal Uncertainty Dis t r ibut ion
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Figure 3. Simplified event tree for extreme wind hazard

Normally, the components located inside the
building are not affected directly as a result of
wind. However, failure of a structure can eliminate
several components as a result of spatial dependency.
ATR support systems are located in several

structures. The safety related components in these
structures were identified. Also, the presence of
fuel lines were identified which could result in
leakage of fuel, and consequently in fire and
actuation of fire suppression, upon failure of the
structure.

Then, wind failure modes were added for all
major components and structures, for example loss of
a diesel generator due to the failure of fuel line.
The unique characteristic of the analysis was the
explicit modeling of spatial effects of wind induced
fire and flooding at the fault tree level. For
example, loss of diesel generator as a result of fuel
line failure and loss of certain nearby safety
related electrical cabinets as a result of fire. The
propagation of the flood, was also modeled
explicitly.

FRAGILITY ANALYSIS

The objective of wind fragility evaluation is
to estimate the wind resistance capacity of a given
component using information on plant design bases,
as-built dimensions and material properties. The wind
fragility of a structure is defined as the
conditional probability of failure for a given wind
speed. The approach for evaluating wind structural

fragilities is similar to the methodology for seismic
fragility evaluation. The steps involved in the
fragility analysis were: (a) review of the plant
design and wind qualification information, (b) plant
walkdowns, and (c) estimation of the fragility
parameters of structures and components.

Because there are many sources of variability
in the estimation of wind capacity, the component
fragility is described by means of a family of
fragility curves; a subjective probability value is
assigned to each curve to reflect the uncertainty in
the fragility estimation. Eleven basic wind events,
that is structure and components, were modeled in the
wind event and fault trees. Wind fragilities, for
these important structures and components that were
modeled in the event and fault trees, were developed
by the EQE.

QUANTIFICATION

The CAFTA code package was used to develop
accident scenario equations with initiators and all
wind failure mode events. These Boolean equations
were then quantified over the entire spectrum of
possible wind hazards by EQE using a process that
combined the sequence Boolean logic, the wind hazard
curves, the wind fragilities, and random and due to
maintenance unavailabilities, including human
actions. Uncertainty analysis using numerical
integration (Discrete Probability Distribution) was
performed.
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Uncertainty in the best estimate hazard curve
is assumed to arise mainly from the sampling error
due to short period of recorded data used in the
hazard analysis. The estimate of uncertainty is
based on the data given by Simiu et. al. for Boise,
Idaho. Using Boise data, and assuming Type I extreme
value for hazard distribution, median (50th
percentile) and 85th percentile hazard curves for
Boise are estimated. The ratios between the 50th to
85th percentiles are computed at each wind speed and
are assumed to be applicable to the ATR hazard. The
ATR best estimate hazard is considered to be 50th
percentile. The 85th percentile curve is obtained by
scaling the 50th percentile with the ratio computed
from the Boise data. In Figure 2, a family of wind
hazard curves used in the wind PRA is presented.

INITIATING EVENTS

The level 1 internal events analysis for the
ATR PRA, completed in December 1989 included

1 1

10 "'"I

10 "7i

development of accident scenarios that lead to fuei
damage. For the wind analysis, an event tree was
developed to model core fuel damage frequency based
on the loss of commercial power event tree as shown
in Figure 3. Instead of modeling station blackout as
atop event on the event tree, the loss of the diesel
generators was modeled in the power supply fault
tree.

FAULT TREES

The system fault trees developed for the ATR
Level 1 PRA were modified using the guidelines
provided in NUREG/CR-48Z6.5 First, all the events
that did not appear in the final dominant accident
sequences of the internal event analysis, and whose
unavailability was less than l.OxlO"4, were
eliminated from the fault tree models. This reduces
the complexity of the problem and size of the Boolean
equations to be analyzed. Exception were made for
common cause events.
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Figure 2. Family of Hazard Curves for ATR Site using Lognormal Uncertainty Distribution
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Figure 3. Simplified event tree for extreme wind hazard

Normally, the components located inside the
building are not affected directly as a result of
wind. However, failure of a structure can eliminate
several components as a result of spatial dependency.
ATR support systems are located in several
structures. The safety related components in these
structures were identified. Also, the presence of
fuel lines were identified which could result in
leakage of fuel, and consequently in fire and
actuation of fire suppression, upon failure of the
structure.

Then, wind failure modes were added for all
major components and structures, for example loss of
a diesel generator due to the failure of fuel line.
The unique characteristic of the analysis was the
explicit modeling of spatial effects of wind induced
fire and flooding at the fault tree level. For
example, loss of diesel generator as a result of fuel
line failure and loss of certain nearby safety
related electrical cabinets as a result of fire. The
propagation of the flood, was also modeled
explicitly.

FRAGILITY ANALYSIS

The objective of wind fragility evaluation is
to estimate the wind resistance capacity of a given
component using information on plant design bases,
as-built dimensions and material properties. The wind
fragility of a structure is defined as the
conditional probability of failure for a given wind
speed. The approach for evaluating wind structural

fragilities is similar to the methodology for seismic
fragility evaluation. The steps involved in the
fragility analysis were: (a) review of the plant
design and wind qualification information, (b) plant
walkdowns, and (c) estimation of the fragility
parameters of structures and components.

Because there are many sources of variability
in the estimation of wind capacity, the component
fragility is described by means of a family of
fragility curves; a subjective probability value is
assigned to each curve to reflect the uncertainty in
the fragility estimation. Eleven basic wind events,
that is structure and components, were modeled in the
wind event and fault trees. Wind fragilities, for
these important structures and components that were
modeled in the event and fault trees, were developed
by the EQE.

QUANTIFICATION

The CAFTA code package was used to develop
accident scenario equations with initiators and all
wind failure mode events. These Boolean equations
were then quantified over the entire spectrum of
possible wind hazards by EQE using a process that
combined the sequence Boolean logic, the wind hazard
curves, the wind fragilities, and random and due to
maintenance unavailabilities, including human
actions. Uncertainty analysis using numerical
integration (Discrete Probability Distribution) was
performed.

Fourth DOE Natural Phenomena Hazards Mitigation Conference -1993

100



RESULTS

The total estimated mean annual fuel damage
frequency for wind-initiated sequences is about
1.4xlO"6. This represents less than 4% of the total
fuel damage frequency for the ATR from the internal
and external events. Sequence WND-7 was the dominant
sequence, composing about 61% of the total.
Sensitivity analysis indicated that by setting
fragility or" only one structure to zero, i.e., the
structure is upgraded, the total fuel damage
frequency for the wind analysis reduced by 85%.
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DESIGN OF A LIGHTWEIGHT SEISMIC STRUCTURE
RESISTANT TO TORNADO WIND MISSILES

Y. L. Tien, Raytheon Engineers and Constructors
E. L. Baker, Westinghouse Savannah River Company

M. Coombes, Energy Operations, Incorporated

ABSTRACT

Arkansas Nuclear One decided lo expand ihe Control Room onto the
Turbin Room floor. The design loads were to include earthquake,
tornado wind, and tornado missiles. Preliminary calculations indicated
that the floor could not support the weight from a traditionally designed
reinforced concrete-walled structure. A new design approach was needed.

The design seismic demand on the structure was a relatively low 0.05g
with the requirement to meet UBC standards. The tornado design loads
included a wind speed of 360 mph (total) and two design missiles: a
4"xl2"xl2'-0" wood plank traveling at 300 mph and a 10' long,
Schedule 40, 3" steel pipe traveling at 100 mph. The existing design
dead and live loads on the structure were reduced by performing a
walkdown to determine actual weights. Seismic, wind, and missile
impact loads were calculated. The structural bracing configuration was
determined to best utilize the existing structure. A lightweight
composite wall section was developed to sustain the impact loads and to
optimize construciibilily concerns.

The finai conceptual design utilized 8" thick lightweight concrete panels
with #6 reinforcing bars at 9" c-c each way, each face. These panels
included a 1/4" thick steel liner to prevent missile spalling and
scabbing. A lightweight steel frame of columns and beams transfer the
loads to the existing Turbine Room floor structure.
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INTRODUCTION

Arkansas Nuclear One decided to expand the Control
Room onto the Turbine Room floor [1]. The proposed
building (see Fig. 1) consists of two floors. Each floor is
nine feet high. The first floor and its walls are classified
as a Category 1 nuclear facility and the design loads were
to include earthquake, tornado wind, and tornado missiles.
Conventional design for a missile barrier would call for
thick reinforced concrete or steel plate. Preliminary
calculations indicated that the existing floor could not
support a thick concrete barrier because of the additional
weight. The cost of a thick steel barrier would be too high
due to the prolonged in-situ welding time that would be
required. An alternative approach was needed. This study
was intended to design a missile barrier and floor support
arrangement that would shorten plant outage time and that
would require minimum modifications to the existing
floor.

Fig. 1 PROPOSED CONTROL ROOM EXPANSION
(Bold Outline)

requirements were different due to code changes during
these periods. The floors are 9-1/2 inches thick at Unit 1
and 11-1/2 inches at Unit 2. Both have #5 E-W
(transverse) reinforcing steel and #4 N-S (longitudinal)
reinforcing steel at 12" c-c on top and bottom. Under the
concrete floor are steel beams. Some of these beams were
fireproofed. The floor was designed for 350 psf live loads
including cable trays, conduits, and piping.

The proposed control room expansion is a two floor
structure. Each floor is 9 feet tall. The first floor and
walls have to be protected from tornado missiles. The
second floor roof and walls, however, are not required to
be designed for tornado missile impact. This paper
addresses only the design of the missile barrier. Loads
from the second floor and roof were estimated and
included in the evaluation.

Turbine Building

Control Room

Proposed Extension

Fig. 2 GENERAL SITE LAYOUT

DESIGN LOADS

Earthquake
The design seismic demand on the structure was a
relatively low 0.05g [1] with the requirement to meet UBC
standards [2].

Tornado Wind

DESCRIPTION OF THE STRUCTURE

The plant consists of two units (see Fig. 2) and was built
spanning the 60's and 70's. The governing codes and

The tornado design loads included a wind speed of 360
mph (300 mph tangential cyclone plus 60 mph translation)
and a differential pressure of 3 psi [1]. The design tornado
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wind loads were derived using a procedure based on ANSI
A58.1 [3]. A velocity pressure was first computed. F

q = 0.00256 V2

where:

q = velocity pressure from straight-line tornado
wind (psf)

V = straight-line tornado wind speed (mph)

= velocity pressure exposure coefficient bssed
on building length ( C ^ = .85 for L = 80 ft.)

Tornado Missiles

Two design missiles were considered: a 4"xl2"xl2'-0"
long, 108 lb wood plank traveling at 300 mph and a 10'
long, 3" Schedule 40 steel pipe weighing 75.8 lb and
traveling at 100 mph [1]. The design tornado missiles
were evaluated to determine their impact characteristics
and loads.

Wood Plank:

M m = mass of missile = W/g = 3.354 lbm

Vs = missile speed = 440 fps = Vc

P = crushing strength of missile = 2500 psi [4, 5]

A = min. cross-section missile area = 33.6 in^

F = avg. interface force = P • A = 84,000 lbf

tj = impulse duration = M m • Vc / F = .0176 sec

The analysis of data from testing done by Bechtel
Corporation and Sandia Labs [4] demonstrates that the
impact force of a wood plank with a concrete barrier can
be represented by a rectangular impulse (see Fig. 3).

84 kip.

t (see)

Fig. 3 WOOD PLANK FORCING FUNCTION

ld - .0176

Steel pipe:

M m = mass of missile = W/g = 2.354 lbm

Vg = missile speed = 147 fps

P = collapse strength of missile = 60,000 psi [4, 5]

A = min. cross-section missile area = 2.228 in2

Fm = collapse force = P • A = 133,680 M

F = peak force = 2 • M m • Vs /q = 98,870 lbf

tj = impulse duration = M m • Vc / F = .007 sec

The analysis of data from testing done by Bechtel
Corporation and Sandia Labs [4] demonstrates that the
impact force of a steel pipe with a concrete barrier can be
represented by a triangular impulse function (see Fig. 4).

98.87 kips

t, - .007 t (sec)

Fig. 4 STEEL PD?E FORCE FUNCTION
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Using Biggs [6] dynamic load factors (DLFs) were
determined for the two missiles which were applied to the
maximum impulse loads to give resultant impact loads:

Wood: • F = 2 .0-84 kips = 168 kips

Steel: D L F , ^ • F = 1.2 • 98.87 kips = 118 kips

Dead Load and Live Load

The design also has to consider the dead load weights from
missile barriers on its supporting system. The proposed
live load for the new structure included 50 psf on the first
floor and 40 psf on the second floor. Because of the
critical load concerns on the existing structure a walkdown
was conducted to obtain more realistic design loads
supported by the existing floor directly under the proposed
roofed building. Piping, cable trays, significant
equipment, and the support locations for these commodities
were mapped and their tributary weights calculated and
tabulated. An additional 80 psf live load was included to
account for loads inside the proposed control room
extension. In the surrounding area approximately 3 feet
away from the proposed building a more realistic live load
was calculated at 100 psf or 200 psf.

DESIGN OF MISSILE BARRIER

The missile barrier was sized by first determining the
perforation and spalling capabilities of the design missiles
against, separately, a 4000 psi concrete reinforced wall and
an A36 carbon steel plate. The ASCE Manual 58 [3]
methodology was used for concrete barriers and then
compared to the BC-TOP-9-A [2] methodology for both
concrete and steel with the larger values used for design.

ASCE: X = [4-K-NW-d-(vo/1000/d)1-80]0-5, x/d < 2

or
X = }, x/d > 2

where,
X = penetration
K = 180/(fc'°-5)
N = missile shape factor
W = missile weight
vo = missile velocity
d = missile equivalent diameter

BC-TOP-9-A:
Concrete:
Penetration: X = 1 2 K p A p I o g 1 0 ( l + vs

2/215,000)
or

Xj = [1 + e-4(t/x-2)]-x

T = 427/(fc'
0-5)-W/D1-8-(vs/lOO0)1-33

Steel:
and

Perforation:
and

Spalling:

The results were:

Concrete Barrier:

Tornado
Missile

Wood Plank

Steel Pipe

Steel Barrier:

T = (M-vs
2/2)-67/672/D

Tp = 1.25T

Ts = 2.0-T

Penetration
X in inches

3.3

6.75

Wood Plank perforates at 1.13"

Steel Pipe perforates at 0.46"

Perforation
e in inches

7.6

5.3

Spall

15.2

10.5

The missile barrier has to be designed to prevent local
damage to the building as well as to maintain acceptable
overall structural response. Local damage includes
penetration, perforation, scabbing and/or punching shear.
Overall response includes flexure and reaction shear in the
structure. Due to a pipe missile, penetration and
perforation will be more critical because of its small cross-
sectional area and its great hardness. For a wood plank
missile punching shear is more critical. Both missiles will
produce significant impact forces. To maintain overall
response at an acceptable level the structure has to be able
to absorb the impact energy or provide enough ductility to
accommodate the large deformations.

The load combinations for the wall/missile-barrier design
were:

1. Wt = W w l + W w 2
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2.
3.
4.
5.
6.

wt
w,
W,

wt
wt

= wp

= W m
= w w l
= w w l
= W wl

0.5 W r

w
m

0.5 W r

Where:
Wt = Total tornado load
Wwl = Tornado wind external pressure load
Ww2 = Tornado wind internal pressure load
Wp = Tornado differential pressure load
Wm = Tornado missile load

Conventional design would call for a thick reinforced
concrete wall or steel plate. Since the control room
expansion would be housed within the Turbine Building
and be built on the existing floor, the weight of the barrier
and the construction time were constraints. Preliminary
calculations showed that a one-foot thick reinforced
concrete wall structure would be too heavy for th<*. existing
floor and that the welding time of heavy steel platen would
be too excessive. Thus a hybrid design was developed.

It is seen that a concrete barrier has to be at least 15V4"
thick and that a steel barrier has to be at least 1V4" thick
based on conventional design. Since scabbing governs the
thickness it would be more desirable to back a thinner
concrete wall with a thinner steel plate. Thus only 8" of
concrete would be required to resist perforation. The
proposed concept, therefore, is an 8" thick, lightweight
concrete reinforced barrier with a 1/4" thick steel plate
backing.

EVALUATION OF THE PROPOSED BARRIER

required for the first floor slab. Adequate fixity can be
achieved by the welds between the steel liner and the
supporting steel.

Using yield line theory it was found that the proposed
barrier provided adequate resistance and punching shear
capacity for the above impact forces. It should be noted
that wind pressures were included in the overall response
evaluations.

- #6 © 6" E.W.. E.F.

ANGLE OR STUD STEEL PLATE

Fig. 5 MISSILE BARRIER PLAN SECTION

The supporting steel arrangements for the proposed roofed
building are shown in Fig. 6. The proposed maximum
span was 12' or shorter such that no heavy concentrated
loads resulted on the floor. Considering the composite
action of the steel section and the proposed 8" concrete
barrier, preliminary results showed that W14x38 steel
beams and W12 columns would be adequate.

t

•w m ( - - * • • . . . . ' « . . . <

The overall structural response of the proposed design was
evaluated based on Ref. (1), (2), and (3). Based on the
results of this study, it was found that an 8-inch
lightweight concrete panel with fc' = 4000 psi, reinforced
by #6 bars at 6" c-c, each way, each face can adequately
resist the impact forces and prevent penetration and
perforation. To prevent scabbing or spall ing and punching
shear failure, it was found that a 1/4" thick steel plate
would suffice to be attached to the back of the concrete
panel. This composite missile barrier is shown in Fig. 5.
The steel liner and concrete were to be connected by studs.
This panel can be approximately 9'x9' in size and can be
pre-cast or cast-in-place. For the wall missile barriers,
fixity is required on three sides. Fixity all around is

SECOND STORY ROOF

r r T 1—f
X X

FIRST STORY CEILING

Fig. 6 PROPOSED FLOOR FRAMING
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The steel beams and columns may have bolted connections.
The column to existing slab connection may need shear
type anchoring. Since the embedment was limited, a
combination of shear key and anchor bolts may need
consideration.

The proposed building spans between two plant units
which have an expansion joint separation. Although
seismic loads did not control the design, due consideration
must be given to maintaining the joint function. The
proposed building would be provided vertical bracing for
wind and seismic loads.

EVALUATION OF THE EXISTING FLOOR

Preliminary design of the roofed building resulted in the
following basic loads on the existing floor:

1st floor slab: DL = 100 psf LL = 50 psf
1st floor missile wall: DL = 755 psf

2nd floor roof: DL = 10 psf LL = 40 psf
2nd floor non-missile wall: DL = 45 plf

Using the above loads, the existing concrete slab was
evaluated and found to be adequate. All steel beams
supporting the proposed building are also adequate except
for one beam. Maximum increase in column loads was
approximately 14 and 18 kips at A2-6 and A2-7,
respectively. The original design can accommodate these
additional loads.

SUMMARY AND CONCLUSION

The nuclear industry shall face more challenging
assignments of this kind due to the expanded usage of the
existing facility. More research and laboratory tests to
develop procurable, workable, economical materials is a
promising avenue for the future. The development of
construction materials with the necessary toughness and
hardness to resist missile penetration and resultant spalling
is an endeavor that could reveal some unexpected surprises
such as the possible utilization of recycled plastics. The
use of high strength concrete should be considered but
further testing and research are needed to determine the
fracture mechanics of high strength concrete under missile
impact loads.

The use of more elaborate modeling and analysis could
also result in lighter weight more economical designs. The
hand calculations used for this study proved conceptual
feasibility. The use of finite element modeling with elasto-
plastic consideration of material ductility would likely lead
to long-term economies and utility in final designs.
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THE FEBRUARY 21, 1993 TORNADOES OF EAST TENNESSEE

Kenneth E. Fricke
Center for Natural Phenomena Engineering

Frank C. Kornegay
Office of Environmental Compliance and Documentation

Martin Marietta Energy Systems, Inc.
Oak Ridge, Tennessee 37831

A series of tornadoes struck the east Tennessee area on Sunday afternoon,
February 21, 1993 around Knoxville, Lenoir City, and Oak Ridge causing
millions of dollars worth of damage to both homes and businesses in the area,
killing one, injuring a number of persons, and leaving a large area without
power for many hours or even days due to damage to the local TVA
transmission line network. One tornado touched down in the Department of
Energy Oak Ridge Reservation near the Oak Ridge Y-12 Plant*, continued
through the Union Valley business district located just east of the plant, through
the adjacent University of Tennessee Arboretum and then continued into the
communities of Claxton and Powell. The path length of the tornado was
approximately 13 miles. Damage to the Y-12 Plant was minimal, but the Union
Valley business district was seriously damaged, including the Fusion Energy
Design Center (FEDC) which houses a number of DOE related projects. The
preliminary cost estimate of the damage to DOE facilities (both at Y-12 and at
the FEDC) was around $520,000. This paper describes the local meteorological
data, the tornado that struck near the Y-12 plant, the resulting damage both to
the DOE facilities and to the surrounding communities, the plant emergency
response and recovery activities, and the current hazard analyses being
undertaken at the plant.

INTRODUCTION were struck by other tornadoes spawned from the
same system.

The U.S. Department of Energy's (DOE) Oak
Ridge Reservation (ORR) is located within the At Y-12, the tornado caused damage to trees,
corporate limits of the city of Oak Ridge in eastern signs, building exteriors and roofs, vehicles, power
Tennessee (Figure 1). On Sunday afternoon, lines, and utility poles. A power outage affected a
February 21, 1993 severe thunderstorm conditions large portion of the plant facilities. Although
produced a group of tornadoes in the Tennessee damage to DOE-owned facilities was relatively light,
River Valley. One of these tornadoes formed near the cost estimate for repairs was approximately one
and passed through the northeastern edge of the half million dollars. The path of the tornado was
Oak Ridge Y-12 Plant. A number of nearby towns fairly narrow and about 13 miles long, striking the

* Managed by Martin Marietta Energy Systems, Inc. for the U.S. Department of Energy under
contract DE-AC05-84OR21400
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Figure 1. Oak Ridge Reservation Vicinity Map

adjacent Union Valley Industrial Park, University of
Tennessee (UT) Arboretum, and the communities of
Claxton and Powell. The tornado caused significant
tree damage in the local area and resulted in varying
damage to homes, trailers, and other structures along
its entire path length. The wind speeds associated
with this tornado are estimated to range from about
40 mph to a maximum around 130 mph, depending
on the location along the path. Existing site
emergency plans and procedures were followed. The
Y-12 Emergency Operations Center (EOC) was
activated, response personnel were mobilized on-site
and others were called in. No injuries occurred, no
hazardous materials were released, and it was
determined that no hazardous material release
potential existed as a result of the power outage. A
special study [1] of the tornado event was conducted
at the request of DOE and resulted in some positive
observations of things that went well. In addition, it
was learned that there was an opportunity for
improvement and planned actions were identified.
Lessons learned included the value of checklists,
procedures, and training; preservation of evidence;
traffic control; informing personnel of changing
situations; recovery planning; protective actions; and
damage prevention.

METEOROLOGICAL ASPECTS
AND IMPACTS

SYNOPTIC SITUATION

A low-pressure system, with an attendant complex
cold front, moved from the Mississippi River Valley
into Tennessee on February 21, 1993. That frontal
system strengthened during the day. The National
Weather Service (NWS) issued a tornado watch for
57 counties in West and Middle Tennessee at 10:02
am. By midafternoon, a series of thunderstorms
were spawned by a squall line preceding the frontal
system. Cold air aloft, coupled with significant moist,
low-level inflow from the Gulf of Mexico enhanced
the system throughout the day. Radar observations
from the NWS depicted widespread thunderstorm
activity associated with the frontal system and the
development of the midafternoon squall line.
Showers and thunderstorms moved from West
Tennessee into and through the middle of the state
by early afternoon. A Special Weather Statement
was issued at 1:12 pm by NWS, describing the
conditions and emphasizing the danger of this
system. Severe thunderstorm watches were issued by
the NWS for Middle and East Tennessee at 2:26 pm.
The storms grew progressively more intense
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throughout the afternoon. Cloud tops of the
thunderstorms of the approaching squall line grew to
about 35,000 ft as measured by NWS radar in
midafternoon. The storm system moved from west-
southwest to east-northeast at about 35 to 40 mph.
New cells continued to develop on the southern edge
of the squall line as the system moved rapidly
through Tennessee. East Tennessee is covered by
NWS radar in Chattanooga and Nashville. As storm
systems move through the Cumberland Mountains
and into East Tennessee, radar coverage becomes
less reliable because of ground clutter and radar
beam angle, and speeds and cloud heights become
more difficult to determine accurately.

The first tornado spawned by this system in
Tennessee occurred in Crab Orchard in Cumberland
County at about 3:07 pm, and the system moved
generally eastward at approximately 45 mph. Other
tornadoes were spawned as the system moved from
the Cumberland Plateau into the Tennessee River
Valley. Tornadoes touched down at Oak Ridge at
4:39 pm, Claxton at 4:45 pm, Powell at 5:05 pm,
Lenoir City at 5:25 pm, and also at Friendsville,
Englewood, and Tellico Plains. Lenoir City suffered
extensive damage to a five square block residential
area and portions of the adjacent business district;
one person was killed, many others were injured,
numerous buildings were severely damaged or
destroyed, and widespread power outages occurred.
The general locations of the tornadoes identified by
the Tennessee Emergency Management Agency
(TEMA) is shown in Figure 2.

As can be seen, the tornado paths were
approximately parallel, and the storms generally
moved in the direction of the squall line and frontal
system. The tornadoes were accompanied by heavy
rainfall and significant amounts of large hail. The
squall line moved eastward, passing into the rough
terrain of the Smoky Mountains. The storm system
was weakened by the loss of diurnal heating as local
sunset approached, and perhaps by disruption of the
low-level moist inflow from the Gulf caused by the
rougher terrain of the mountains.

MESOSCALE (The Oak Ridge-to-Powell Storm)

The thunderstorm that spawned the Oak Ridge

. _ • • " - • ' • ' \

Figure 2. General Tornado Locations

to Powell tornado was detected on NWS radar, and
had a cloud top of about 38,000 ft on the national
radar depiction. The storm was part of the
advancing squall line, and was traveling in an east-
northeasterly direction at approximately 45 mph.
Numerous cloud-to-ground lightning strikes were
noted by the thunderstorm monitoring system at the
K-25 Site, approximately 10 miles west of Y-12. At
4:39 pm a tornado formed on the south side of Pine
Ridge just north of Y-12, and it initially touched
down west of the Water Treatment Plant. It was at
full strength by the time it reached the intersection
of Bear Creek Road and Scarboro Road on the
northeast corner of the plant. The tornado
proceeded in an east-northeast direction through the
Union Valley Industrial Park complex located less
than half a mile from the plant, through the UT
Arboretum, and through the northern section of
Haw Ridge Park. It crossed the Clinch River and
continued through the south side of Bull Run Ridge,
where it went through the community of Claxton,
immediately south of the Tennessee Valley Authority
(TVA) Bull Run Steam Plant. The tornado crossed
Melton Hill Lake causing some damage near the
Mile 4 pumping station at Mehaffey Road, and it
then continued in the same general direction for
approximately another 6.5 miles, causing damage at
a trailer park on the Clinton Highway and to and

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

111



businesses and houses in the Powell community in
north Knoxville, after which the tornado dissipated.
The total path length of the tornado was
approximately 13 miles. The path width is estimated
to be between 50 and 100 yards, varying along the
length. The approximate path of this tornado is
shown in Figure 3.

Figure 3. Oak Ridge-Powell Tornado Path

TORNADO DAMAGE

OAK RIDGE Y-12 PLANT

Damage from the tornado to the Y-12 Plant was
relatively light since the path of the tornado passed
the plant on the northeastern edge. Despite the
light damage, the cost estimate for repairs and
cleanup at Y-12 is on the order of $460,000. A brief
listing of the tornado related damage follows:

General Site and Equipment: Shingles on the
north wing of the Administration building (9704-2)
were damaged and needed replacing. Guard Posts 2
and 6 (near the Biology entrance) received damage
to canopies and miscellaneous electrical fixtures.
The metal roof and guttering were damaged in
Building 9959-2 (used for storage). Minor damage
occurred to guttering, canopies, exhaust louvers, vent
stacks, and service masts in Buildings 9219 (storage)
and 9712 (Y-12 Plant Garage). The Graphic
Arts/Photography Building (9766) had a door on the
south side damaged and the northwest corner drip
edge required reattaching. A roof leak occurred in
A-wing of Building 9212 (a major Production

facility). Miscellaneous damage to vacuum pumps,
glass column adapters, power supplies, and alarm
systems occurred in a number of Production and
utility buildings. Power was lost to some operating
equipment in Buildings 9215, 9204-4, and 9204-2E
(all Production facilities).

Biology Complex Area: The built-up roof for the
fan room on the laboratory portion of the Building
9207 (ORNL Biology/miscellaneous offices) was
damaged. The south office annex built-up roof also
was damaged. There was water damage in one
room, and damage to the TV mast for the Hollander
Auditorium. Insulation for the north supply fans was
torn. In Building 9769 (ORNL Biology) the entry
door and side glass seals were damaged, siding was
partially stripped on the east and south exterior
walls, and the argon trailer door and manifold was
damaged. The control room roof of Building 9767-6
(Utilities) was damaged. Three translucent fiberglass
panel wall sections, an interior drip shield, and the
tarpaulin roof covering of Building 9621 (used for
RCRA/TSCA storage) were destroyed, but the
concrete frame of this small storage building was not
damaged. In addition, miscellaneous damage to the
Biology Complex Area included guttering, siding, and
flashing. The cost for repairing the roofs in the
Biology area was $67,000.

Monitoring and Surveillance Equipment:
Numerous closed-circuit television camera systems
and their tamper alarms were damaged along Bear
Creek (plant north) and Mt. Vernon Roads (plant
south). Two cameras at the Bear Creek Road
Barrier were twisted and ripped from their mounts.
The preliminary cost estimate for repairing these
items was $32,000. In Building 9204-3 (ORNL
Isotope Separation), 250 gallons of water spilled on
the floor because of low air pressure from a loss of
power. In Building 9219, sprinkler piping and an
awning was damaged. An off-site warning system
solar collector panel was damaged, as were pole-
mounted speakers and part of the plant public
address system. Some fire alarm system redundancy
was lost. At the West Portal, a pole and one
Perimeter Intrusion Detection and Alarm System
(PIDAS) light were damaged.

Roads, Grounds, Signs, and Vehicles: About 25
traffic signs along Bear Creek Road were damaged
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by the storm. These were replaced or repaired soon
afterward. An Energy Systems information billboard
and the main Y-12 Plant sign at the east end of Bear
Creek Road were also blown over, knocking down
some power and communications lines and blocking
roads. The fallen trees were on the north side of
Bear Creek Road and in the east end area of the
plant, primarily outside of the security fence (Fig. 4).

wire needed cleaning. The 161-kV lines on the
south side of Bear Creek Road were knocked down.
Portal 23 was temporarily out of service. Station 201

Figure 4. Damage to Trees, Poles, and Signs

Some trees were left in dangerous positions that
required their removal. Near Lake Reality (far east
end of the plant) a small trailer used as a staging
area for environmental field activities was
demolished. In the east end of the plant near the
gasoline station, empty gasoline tanks were blown
from a temporary, diked storage area, and a tanker
and a large truck trailer were overturned (Fig. 5).

A number of vehicles and trailers were damaged
when windows and windshields were shattered and
other body damage occurred. The cleanup of the
trees and the power lines further damaged the
grounds on the east end of the plant which required
additional cleanup and reseeding of the grounds.

High Voltage/Electrical Distribution Systems:
The East River Line (Bear Creek and East Portals)
was severely damaged. Six poles required
replacement and/or straightening, and six spans of

Figure 5. Empty Tanks Moved, Trailers Overturned

(Bear Creek and traffic lights) was out of service,
and much of the electrical system and equipment
(crossarms, lightning arresters, insulators, etc.)
needed replacing and cleanup. The meteorological
tower (330 ft) on the east end of the Y-12 Plant
required replacement of six aircraft spherical warning
markers. The cost of repairing the electrical and
high-voltage systems was estimated at $62,600.

UNION VALLEY INDUSTRIAL PARK

The Union Valley Industrial Park, located near the
east end of Y-12 between Scarboro Road and South
Illinois Avenue is barely half a mile long. The storm
destroyed two small buildings and damaged many of
the remaining buildings, in addition to destroying
trees, two TVA high-voltage transmission towers, and
scattering debris throughout the area. The Dixie
Electronics and 3S Safety Supply buildings, situated
side by side about halfway along the road on the
south side, were destroyed (Fig. 6).

These buildings were constructed primarily of
unreinforced concrete block masonry walls tied to a
light steel framework. The unreinforced masonry
(URM) walls were knocked over and laid on their
sides on the ground, with the ties ripped out of the
masonry. A trailer located near the 3S Safety Supply
building was damaged. Next to them is the Fusion
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Engineering Design Center (FEDC), partly visible in
Figure 6, which had roof damage and interior water

Figure 6. Union Valley Road Damage

damage. The west end of the City of Oak Ridge
Incubator Building (the city maintains this facility to
support the startup of small businesses) on the
northwestern portion of the industrial park was
destroyed. The Incubator Building is basically a light
steel frame structure with metal siding. The tornado
struck the far west end of the structure, destroying
20 ft of the building, then skipped over the
remainder of the building, causing little more damage
to the rest of the building and its contents. Some
exterior heating units were blown away from the
building. A TVA transmission tower located on a
small hill behind the Incubator Building was knocked
down. Other buildings in the area received varying
amounts of damage. ZYP Coating had a roll up
door blown inside, roof and facade damage, and
broken windows. Ogden Environmental had exterior
damage on the east side, roof damage, internal water
damage, and moderate damage to vehicles parked in
the rear. Maxima had some roof damage and
interior water damage. Mid City Tool had west wall
damage, some roof and water damage, and heating
units that were moved and damaged. Ebasco
suffered roof damage, broken windows, and scattered
debris. Similar damage occurred to other buildings
in this area. There was also a propane gas leak at
the City of Oak Ridge's Peak Shaving Plant.

The FEDC Building, leased by Energy Systems,
houses personnel for a number of projects, including

the Advanced Neutron Source (ANS), the
International Thermonuclear Experimental Reactor
Project, and the Superconducting Super Collider.
Approximately one-third of the west end of the
FEDC built-up roof was blown off, allowing water
and wind to enter the building and damage many
offices in that end of the building. Water-logged
ceiling tiles fell on desks and computer systems, and
many items such as computer components, books,
and cabinets were damaged by the water. Portions
of Lhe ceiling insulation were blown away. Sections
of the built-up roof, including loose gravel, were
scattered around the grounds. Five vehicles were
badly damaged by the debris; two were total losses.
One Energy Systems employee was in the building at
the time of the event. He was not injured and
remained to help mitigate the damages from water
leaking through the roof. The structural frame to
the FEDC was not damaged.

UT ARBORETUM AND HAW RIDGE PARK

The UT Arboretum, a local tourist attraction,
offers a number of walking trails and plant and
wildlife habitats for research, is located less than one
mile east of the Y-12 Plant. It has 2260 acres
situated along Pine Ridge and Chestnut Ridge.
Approximately 500 acres were damaged by the
tornado, mostly along the Chestnut Ridge area, of
which 260 acres were completely destroyed [2].
Many trees were uprooted and broken. Most of the
fallen trees were evergreens. In addition, some TVA
power lines and transmission towers in the arboretum
area were also blown down. The arboretum was
temporarily closed after the tornado until the area
could be cleared of debris and fallen trees. Haw
Ridge Park, located east of the Arboretum and on
the other side of and south of Bethel Valley Road,
extends to the Clinch River to the east and south.
The tornado also inflicted heavy damage to trees in
this area. Figure 7 shows damaged trees and, in the
center of the picture, a downed TVA transmission
tower. The Bull Run Steam Plant is seen across the
Clinch River.

COMMUNITY OF CLAXTON

Claxton was the hardest hit residential community
in Anderson County. It is located in an area south
and also northeast of the TVA Bull Run Steam
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Plant. Residential homes, power lines, and hundreds

Figure 7. Haw Ridge Park Damage

of trees were damaged and/or destroyed (Fig. 8). A
number of trailers were damaged. Many houses,
garages, and barns suffered roof and miscellaneous
exterior wall damage; several homes were destroyed -
one house had the third floor completely

demolished.

Figure 8. Damage in Claxton

The Steam Plant was shut down because some of
the electrical transmission lines from the plant were

knocked down; approximately 1500 homes in Claxton
were without power, some for a number of days,
following the storm. A trailer park located about
3 miles east of this area along Highway 25W (still
part of Claxton) was struck by the tornado, some
trailers were damaged, and a few minor injuries were
reported.

TVA POWER LINES DAMAGE

The TVA electrical power transmission grid system
in the Oak Ridge, Claxton, and Powell areas was
damaged during the storm. Transmission lines out of
the Bull Run Steam Plant were severely damaged.
Fourteen H-frame poles and 11 laced steel towers
(two on the 500-kV system), were severely damaged
and/or knocked down [3]. Two 161-kV towers were
in the Union Valley Road area and another five
were between the Arboretum and the Steam Plant.
Power was disrupted to a widespread area of
Anderson and Knox counties, most of which was
back in service by the following morning. Including
damage in Lenoir City, TVA estimated damage costs
to be $3 million.

Y-12 PLANT EMERGENCY RESPONSE AND
RECOVERY TO THE TORNADO EVENT

RESPONSE ACTIVITIES

After the 2:26 pm tornado watch issued by the
NWS, the Y-12 Plant Shift Superintendent (PSS)
notified General Plant Maintenance supervisors of
the severe weather conditions forecast and the site
public address and radio system was used at various
times during the day to keep onsite personnel aware
of the weather situation. The Y-12 PSS used a
natural hazards tornado checklist established in 1990
during a tabletop exercise in preparation for
response and recovery actions (1). At 4:20 pm, the
K-25 Site PSS notified the TSCA Incinerator of the
approach of a severe thunderstorm as indicated on
the K-25 Site thunderstorm monitoring system. The
burning of all waste was suspended at the incinerator
at that time (1). At 4:30 pm, the NOAA weather
radio in the Y-12 PSS office was triggered and
announced that severe thunderstorms were in
progress in counties north of Y-12. At 4:39 pm,
when the tornado hit the east end of the Y-12 plant,
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a power failure occurred when a TVA 161-kV
linepower feeding the Elza 1 Substation at Y-12 was
blown down. A circuit breaker opened and
interrupted power to several buildings, including the
Steam Plant, Steam Plant Wastewater Treatment
Facility, and the Water Treatment Plant (operated by
Johnson Controls World Services) which provides
potable water to Y-12, ORNL, and the City of Oak
Ridge. The east end of Bear Creek Road, the main
entrance to Y-12, was blocked by debris and fallen
power lines. A number of trees, signs, and utility
poles along Bear Creek Road were blown down.

The Y-12 PSS began response activities. At 4:49
pm, TEMA notified the Laboratory Shift
Superintendent (LSS) at ORNL of tornado sightings
in the Oak Ridge area. The LSS notified the HFIR
Control Room and at 5:06 pm the reactor was shut
down. Shortly after the tornado passed by the plant,
the Johnson Controls operator at the Water
Treatment Plant, informed the Y-12 PSS that the
Water Plant was without power, and requested
assistance from the PSS to facilitate access by a
utility crew from the city of Oak Ridge because
normal access was blocked by debris and downed
power lines. The Y-12 PSS arranged for access
through the north side of the ridge. At 4:59 pm,
NWS issued a tornado warning for Anderson County
which includes the ORR and Y-12, and the Y-12
EOC was activated. No injuries were reported, no
hazardous materials were released, and it was
determined that there was no emission potential as
a result of the power outage (1). The available
members of the Y-12 EOC cadre responded to their
pager and telephone notifications. Because of debris
and fallen power lines, access to the Y-12 Plant was
blocked to traffic approaching from the east, so many
individuals had to detour and approach Y-12 from
the west.

All Material Access Area and PIDAS alarms
were operational. At 6:00 pm, additional Y-12
Security and Industrial Hygiene personnel were
called in, and electrical maintenance crews were
dispatched to restore plant power. Work shifts
scheduled for rotation were held over until activities
were stabilized. At 6:04 pm, the Y-12 EOC was
declared operational and the Y-12 Crisis Manager
assumed overall command of the incident. Power
was restored to major buildings within two and a

half hours after the power outage. At 9:41 pm, the
Y-12 EOC was deactivated and operations returned
to the control of the Y-12 PSS.

The DOE Oak Ridge Operations (ORO) EOC,
located in the Federal Building in Oak Ridge, is
staffed continuously. Staffing in the ORO EOC was
augmented by various ORO officials after the
tornado passed Y-12. ORO senior management and
DOE Headquarters EOC were kept informed of
weather-related activities through the ORO EOC.
Each Oak Ridge site was contacted by the ORO
EOC to confirm that there had been no injuries or
releases of hazardous materials. This status
information was passed to TEMA along with the
offer to make DOE resources available, if necessary,
to support response in the surrounding communities.

Y-12 officials were in continuous contact with the
city of Oak Ridge and utility officials throughout the
event. Mutual aid was requested and promptly
provided by the City of Oak Ridge, the Tennessee
Highway Patrol, K-25 Site, ORNL, TVA, Johnson
Controls, and MK-Ferguson. This aid included law
enforcement traffic control, power restoration, and
equipment loan. The Y-12 Security Patrol
Department provided traffic control mutual aid to
the Oak Ridge Police Department in the vicinity of
Y-12.

Emergency power was provided to critical facilities
at Y-12 during the power outage. Twenty-nine of
the 30 required emergency power generators started
and supplied building power to critical safety systems.
The one which failed to start supplies emergency
power to Building 9616-7 systems. The building (a
satellite maintenance shop) was unoccupied at the
time of the tornado, and its function was determined
to be noncritical to the recovery operation.

Because the warning came after the tornado hit
the plant, the precautionary measures taken during
the two hours after the tornado watch was
announced and preceding the power failure and the
tornado warning were appropriate. The emergency
response to the incident was well executed. Plant
operations were returned to normal in less than
8 hours.
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RECOVERY ACTIVITIES

The recovery operations proceeded in a timely
and safe manner. The Y-12 EOC was activated and
the necessary support crews called to the plant.
Industrial Safety engineers were also called in to
participate in the recovery operation planning and
execution. A medical team was brought to the site
ready to assist should injuries be incurred or other
medical emergencies arise. No recordable injuries or
first aid cases were experienced as a result of the
tornado or during recovery efforts. Damage control
elements in the Y-12 Plant area experienced some
difficulties in communicating information to the EOC
(1). The communications interface with mutual aid
responders was also not fully effective.

Damage assessment activities continued through
the night. A detailed damage assessment was
initiated the morning after the incident. A Recovery
Actions Coordinator was named to oversee the
repairs, to minimize the disruption to normal
operations, and to optimize the use of plant
resources in performing the restoration activities.

On Monday access to the Union Valley Industrial
Park was closed except to property owners. Access
to the east end of the Y-12 Plant was limited.
Information regarding the limited access was
broadcast over local radio and television stations.
Many employees and local residents were forced to
detour around the area and take alternate routes to
work. The rerouting of traffic caused numerous
people to be delayed up to several hours.

DISCUSSION OF TORNADO WIND SPEEDS

The Y-12 Plant has two meteorological towers on
site, a 60-m tower near the west end, and a 100-m
tower at the east end. The west tower, located away
from the tornado track, was unaffected by the storm
passage, but the tornado passed within a few meters
of the east tower. Wind speed data from the east
tower, which was undamaged by the passage of the
tornado, are for 15-min averages. The highest 15-
min average speed recorded was approximately
30 mph. Given the small size of the tornado at this
location (based on eyewitness accounts as well as the
extent of the damage), the peak winds were of such

short duration as to be damped out by the averaging
time. Therefore, these data cannot be used to
accurately determine the tornadic wind speeds. A
meteorological tower at the National Oceanic and
Atmospheric Administration's (NOAA) Atmospheric
Turbulence and Diffusion Division (ATDD) located
approximately half a mile northeast of Y-12 and not
in the direct path of the tornado, measured a peak
gust of 70 mph. No significant changes in barometric
pressure were measured at either site.

The Fujita or F-scale [4] is a simple method for
estimating wind speeds, and it allows a quick
classification for each of the hundreds of tornados
that occur every year. This scale is divided into 13
segments, F-0 through F-12 (though only F-0
through F-5 have been used for measuring tornado
speeds). While simple to use, it also has some
drawbacks [5].

The news media indicated damage to the local
area as being caused by wind speeds as high as 200
mph, but review of the damage to the commercial
and residential districts, as well as to the UT
Arboretum and other heavily forested areas, does not
support wind speeds that high when compared to the
F-scale descriptions. The Knazovich study [1]
concluded that the majority of damage observed at
the Y-12 Plant resulted from an F-0 tornado (40-72
mph), with an F-l category tornado (73-112 mph)
being responsible for the most severe damage. Most
damage in the plant is to trees and to poles that
were either knocked down or snapped, to signs, and
to other relatively small items. Small areas of roofs
were peeled off, and empty storage tanks were
pushed approximately 20 ft. The only damages to
major engineered facilities at the Y-12 Plant were
architectural in nature; no damage to the structural
frames occurred. The report stated that the damage
to the Y-12-to-Claxton community can be
categorized as being caused by an F-0 or F-l
tornado, with perhaps the lower end of an F-2
tornado being responsible for some of the damage in
the forested areas and Claxton. Thus, wind speeds
from this tornado event ranged from 40 mph at the
lower end to as high as maybe 130 mph.
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RISK-BASED APPROACH TO SEVERE
WEATHER DESIGN AND PLANNING

A key objective of DOE's emergency
management program is to ensure that all DOE
facilities and operations develop and maintain
emergency planning, preparedness and response
capabilities, as well as effective public and
interagency communications, to minimize the
consequences to workers and the general public from
events involving the release of hazardous materials.
If planning and preparedness for emergencies are to
be adequate and appropriate, then the hazards that
are specific to each facility and operation must first
be identified and understood.

The East Tennessee region, including the Oak
Ridge area, has one of the lowest incidences of
tornadoes east of the Rocky Mountains. Numerous
methods of calculating tornado frequencies and
recurrence intervals exist. A common approach is
that initially proposed by Thorn [6]. Based upon
historical tornado sightings over a large (1°) square,
a point probability can be calculated. The
probability of a point, like the Y-12 Site, being
struck by a tornado of any magnitude is
approximately 0.0004. The recurrence interval for a
tornado striking that point is 1/0.0004, or once every
2500 years. This value is only approximate, and is
derived from averaging the nearest one degree
squares. An approach first proposed by Abbey and
Fujita [7] is to regionalize the hazard of tornadoes,
including the intensity of the tornado damage. Site-
specific studies by Fujita [8,9], McDonald [10], and
Beavers et al. [11] were performed for the ORR.
McDonald used data from the weather station at the
Knoxville airport to obtain his straight wind curves,
whereas Fujita and Beavers used the local data base
(dating from the 1940s) from NOAA. All three used
site-specific data for the tornado curves. The
Beavers study was adopted by the ORO in 1985 as
its position with respect to high wind hazards for the
evaluation of existing, and for the design of new,
nonreactor nuclear facilities. More recently the
UCRL-15910 [12] guidelines have been used, though
with respect to tornado winds there is no difference.
Based on these studies, the probability of a tornado
with wind speeds of 100 mph occurring at Oak Ridge
is about 5 x 10'5, or a recurrence interval of about
once every 20,000 years. The probability of a

significant tornado (F-2 or higher) striking the Oak
Ridge area ranges between 3 x 10'5 to 1 x 10'7.
UCRL-15910 recommends a tornado wind speed of
113 mph be used for design and analysis for Category
2 facilities in the ORR, which is the hazard
classification for the Production facilities in Y-12. In
addition to the wind speeds, UCRL-15910 specifies
that wind-generated missiles be considered. For
facilities with a lesser hazard classification, a 70-mph
straight wind speed is given for design and analysis,
with no missile analysis required. Based on the wind
speeds estimated, it is concluded that the tornado
that touched down near Y-12 had essentially the
UCRL-15910 design tornado winds (without the
wind-generated missiles).

Understanding the vulnerability of facilities and
buildings to natural phenomena has been an ongoing
effort of the Y-12 Plant since the early 1970s.
Design codes have changed over the years and wind
load criteria have become more stringent. In the Y-
12 Plant the main production facilities are large, fully
engineered structures, comprised of a steel or
reinforced concrete frame, with reinforced concrete
floor slabs and unreinforced URM hollow clay tile,
brick, or concrete block infill (generally spanning
column to column and floor to roof) walls. Roofs
are reinforced concrete slabs, precast channel slabs
supported by roof purlins, or metal decking
supported by joists, all overlain with some form of
gypsum or built-up roofing. URM walls form both
exterior and interior walls. Most of these buildings
were originally built in the 1940s and 1950s, and all
of them have had modifications to the walls ami
roofs. A number of smaller structures consisting
entirely of URM construction or wooden
construction and a few light, prefabricated metal-
siding types of buildings also exist. A few office
facilities of more recent vintage (1970's or later)
exist. In addition to the main structures, tank farms
and pipelines are located outdoors in the Production
area. Similar types and variations of constructed
facilities exist toward the east end of the plant,
except that the buildings are generally not as large as
those in the Production area, and trailers (used for
offices), and wooden construction is more prevalent.

Since 1990, the Y-12 Plant has had a major
evaluation and testing program to study the strength
and behavior of the hollow clay tile infill walls that
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are commonly found in the major production
facilities. Laboratory and in situ testing of the
hollow clay tile walls has been performed. The
results of this program have provided great insight
into the performance of buildings at Y-12 when
subjected to both seismic and extreme wind loads.

Were the main production buildings to undergo
a direct strike by a moderate tornado (i.e., an F-l or
F-2 tornado having wind speeds of 73 to 157 mph),
damage to the built-up roofs (such as spalling and/or
possible sections uplifting) and to some walls would
result. It is not expected, however, that walls would
collapse or be blown out by this tornado. Recent
tests of hollow clay tile infill walls by Fricke et al.
[13] and Flanagan et al. [14] have shown that these
walls are able to easily withstand lateral pressures
beyond 1 psig, that translate to straight wind speeds
in excess of 200 mph. Tornado-generated missiles
(pipes and debris), however, would easily penetrate
URM boundary walls. McDonald and Bailey [15]
and Nevins [16] have shown that unreinforced
concrete masonry barriers are easily penetrated by
wind-generated 2 by 4-in. timber plank missiles.
Three-inch-diameter steel pipe missiles are even
more difficult to stop. The openings to the buildings
from the damaged roofs and any penetrations of the
wall would permit water and winds to enter the
facility, which in turn could damage mechanical
equipment and offices inside. It is not expected that
the structura' frame or the floor slabs would be
seriously damaged by a tornado of this magnitude.

Consequences of a direct tornado strike to the
smaller, lighter structures would be severe to both
the structure and its contents. Obviously, trailers are
prone to being seriously damaged and overturned
during tornadoes. Standard wooden construction, as
seen by the damage in Claxton and Lenoir City, does
not stand up well under tornadic loads, but again
there is very little of this type of construction at
Y-12. Where such construction exists, the buildings
were built in the 1940s and early 1950s and are
primarily used for office space. It could be expected
that roofs would be damaged, if not completely lifted
off, opening the inside to the storm. Small buildings
constructed with unsupported, load-bearing URM
side walls might be significantly damaged. As these
structures are damaged, more debris and
tornado-generated missiles would be created. Tanks

and pipelines located outside of facilities would be
vulnerable to wind-generated missiles, and,
depending on the capacity of the tie-downs, would be
susceptible to being moved or thrown about.

Analysis of accidents in facilities at Y-12 is
documented in Safety Analysis Reports (SARs). The
SARs are presently being updated in an SAR
Update Program (SAR UP). SAR UP was designed
to be a risk-based, graded approach by prioritizing
the schedule and facilities to be analyzed by hazard
category. In addition, at the end of each phase of
the program an evaluation is made to determine if
any risk-reduction actions should be incorporated
into the facility, process, or procedures to lessen the
risk to workers or to the public. Changes that
involve substantial employee or public health and
safety improvements are made according to their
priority as defined by the level of danger to on-site
personnel or to the public. For operating areas, a
cost/benefit technique is used on modifications that
involve improvements of a lesser health and safety
magnitude. Severe natural phenomena (tornadoes,
earthquakes, or floods) are considered in light of
their potentials as initiating events. Some of the
tornado-initiated accidents analyzed in SARs include
personal injury, release of hazards, and criticality.
Minor releases of material beyond the Y-12
boundary are possible in the event of a severe
accident initiated by a tornado at a Y-12 facility, but
no off-site exposure to toxic or radiological materials,
with irreversible health effects, should occur. The
probability of an accidental nuclear criticality caused
by a tornado event at Y-12 is extremely low, with a
probability of occurrence significantly less than 10'5

per year.

CONCLUSIONS

An F-0 to F-l tornado struck near the Y-12 Plant,
causing minor damage to facilities, power lines, utility
poles, vehicles, and trees and signs. The tornado
continued for about 13 miles causing further damage
along its path. Existing site emergency plans and
procedures were followed. The Y-12 EOC was
activated, and response personnel were mobilized.
No injuries occurred, no hazardous materials were
released, and it was determined that no hazardous
material release potential existed as a result of the
power outage. Analyses of building resistance to
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wind and seismic loadings have been conducted for
a number of key Y-12 facilities since the 1970s.
Recent studies conclude that building construction
with infill URM walls have a higher resistance to
strong winds than determined in the early studies,
based on new test data and analysis methodologies.
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ABSTRACT

Simplified empirical formulae and some tabular data for the
design/evaluation of structural barriers to resist wind/tornado generated
missiles impact are presented in this paper. The scope is limited to the
missiles defined by UCRL-15910 which are to be considered for moderate and
high hazard facilities only. The methods presented herein are limited to
consideration of local effects on the barrier, i.e., the barrier must be capable
of stopping the missile, and the barrier must not cause the generation of
secondary missiles due to scabbing. Overall structural response to missile
impact and structural effects derived from wind pressure are not addressed in
this paper.

The design/evaluation methods meet the acceptance criteria
(performance goals) for the usage category of the facility which is analyzed,
specified in UCRL-15910.

INTRODUCTION barriers (e.g., metals) than those of brittle barriers
(concrete, wood, etc.). Explicit computer codes like

Nonlinear dynamic finite element analysis LS-DYNA3D and ABAQUS EXPLICIT can
computer codes for transient dynamic response of simulate the complex phenomena of armor
three-dimensional structures and solids can be penetration, automobile crash and any general
utilized to solve the problem of impulse loading impact type of analysis,
and penetration of the target by the missiles. Such
analyses can better predict the behavior of ductile
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Department of Energy under Contract No. DE-AC05-840R21400.

The submitted manuscript has been authored by a contractor of the U.S. Government under contract
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publish or reproduce the published form of this contribution, or allow others to do so, for U.S. Government
purposes.
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However, the purpose of this paper is to
collect simple industry proven methods and test
data which can be used for the design/evaluation of
various types of structural barriers to resist
wind/tornado generated missiles impact.

In this regard, the scope of this paper is
limited to missiles required to be considered by
Department of Energy (DOE) Order 6430.1 A [1].
The details of these missiles are given in
UCRL-15910 [2J. The methods presented herein
are limited to consideration of local effects on the
barrier, i.e., the barrier must be capable of
stopping the missile, and the barrier must not cause
the generation of secondary missiles due to
scabbing. Overall structural response to missile
impact and structural effects derived from wind
pressure are not in the scope of this paper.
Kuilanoff and Drake [3] have addressed the design
consideration for overall structural response.

GOVERNING CRITERIA

The governing criteria for the design of
new DOE facilities and for the evaluation,
modification, or upgrade of existing DOE facilities
for protection against natural phenomena hazards
are given in DOE Order 6430.1 A.

The detailed criteria and guidelines to
assure uniform design/evaluation are provided in
UCRL-15910. The DOE Order refers to guidelines
given in UCRL-15910 as an acceptable approach
for design/ evaluation of DOE facilities.

The design/evaluation of DOE facilities
shall meet the acceptance criteria (performance
goals, as specified in UCRL-15910) for the usage
category of the facility which is analyzed.

Section 2.3 of UCRL-15910 provides rules
for exception to the criteria, namely, if the existing
facility is close to meeting the guidelines.
Deviation from these criteria is permitted if the
requirements given in UCRL-15910 are not
applicable to the specific situation, or a more
detailed evaluation is performed.

DEFINITIONS, ACRONYMS, AND
NOMENCLATURE

Terminology not defined here can be found
in the DOE Order 6430.1 A and/or in UCRL-15910.

DEFINITIONS
Penetration - Penetration is the

displacement of the missile into the barrier. It is a
measure of the depth of the crater formed at the
zone of impact.

Perforation - Perforation is defined as full
penetration. The missile passes through the barrier.

Puncture - Puncture is defined as the case
in which part of the missile punches through the
barrier, but passage of the entire missile is
prevented.

Scabbing - Scabbing is defined as emission
of fragments (secondary missiles) from the back face
of the barrier.

Spalling - Spalling is defined as emission of
fragments from the front face (impact side) of the
barrier.

ACRONYMS
BRL - Ballistic Research Laboratory
DOE - Department of Energy
NDRC - National Defense Research Council
SRI - Stanford Research Institute
UCRL - University of California Research

Laboratory

NOMENCLATURE
Ac = contact area; minimum missile contact

area on the barrier face (in.2); For pipe,
this is the metal area of the pipe
cross-section; for solid missiles, this is
the minimum projected area (Ap) of the
missile cross-section on the barrier
face.

Ap = projected area; minimum projected area
of the missile cross-section on the
barrier face (in.2)

de = effective diameter (in.) (4A(./ir)°-s

d0 = nominal diameter (in.) (4A./jr)0-5
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f c = ultimate compressive strength of
concrete (Ib/in.2)

F(t) = time dependent force on target (lb)
Fn«« = maximum force on target (lb)
g = acceleration due to gravity (ft/s2)
K = concrete penetrability factor

[180/(fc)05] (nondimensional)
L = length of cylindrical missile (in.)
M = mass of missile (Ib-s7ft) (Wm/g)
N = missile shape factor; 0.72 for

flat-nosed missiles (for all
UCRL-15910 missiles)

t = time from start of impact (sec)
t,, = thickness of barrier to prevent

perforation (in.)
t, = thickness of barrier to prevent

scabbing (in.)
Tp,T, = thickness of barrier just perforated,

scabbed (in.)
Vp = velocity required to just penetrate an

element (ft/s)
Vr = residual velocity of missile after

penetration of an element (ft/s)
V,V, = striking velocity of missile normal to

barrier surface (ft/s)
W,,, = missile weight (Ib)
W, = length of a "standard width" (4 in.) [4]
WM = length of square side of barrier

inscribed between rigid supports (in.)
x = penetration depth; neglecting rear

boundary effects, i.e., x is the distance
a missile will penetrate into an
infinitely thick block of concrete (in.)

STRUCTURAL MODEL

The facility construction drawings and
specifications should be used to determine the
model of the barrier prior to construction of a new
facility. If an existing facility is being evaluated, a
site visit to verify that the facility was built
according to the plans and specifications is
necessary. The span of the barrier is critical in the
evaluation of effects of automobile missile impact
loads. The key to the design/evaluation of facilities
is to identify the potential failure points.

MISSILE LOADING

DOE Order 6430.1A requires that facilities
be designed for design basis events. UCRL-15910
provides the details for these design basis events,
i.e., straight wind speed, tornado wind speed, etc.
The minimum wind design criteria for all facility
usage categories are given in Table 5-2 of
UCRL-15910. The wind speeds for extreme winds,
hurricanes, and tornadoes are given in Table 5-3 of
UCRL-15910. Individual site/facility specific
studies can be conducted and used to reduce these
speeds. Guidelines for determination of the facility
usage category and the acceptable performance goals
for each usage category are given in Tables 2-1 and
2-3, respectively, of UCRL-15910.

Section 0111-99.0.2 of the DOE Order
6430.1 A requires that both the small high-velocity
missiles as well as the massive low-velocity missile
be considered separately in terms of penetration,
perforation, or crushing effects. From Table 5-2 of
UCRL-15910, it is evident that the missiles are not
considered for general use, important or low hazard
facilities. The missiles need to be considered only
for moderate and high hazard facilities. Table 1
summarizes (from Table 5-2 of UCRL-15910) the
missiles and the design base data which should be
considered for the appropriate facility usage
category.

LOADING COMBINATION
Per Section 5.2.3 of UCRL-15910, the

horizontal and vertical velocity components of the
missiles may be treated as uncoupled, i.e., the
horizontal and vertical velocities need not be
combined. Thus, the barriers shall be evaluated for
the appropriate component of the velocity.

DESIGN/EVALUATION METHODOLOGIES

Before using the formulae given later in this
section, data given in Tables 2 and 3 should be
used, if appropriate, for quick evaluation of some
common barriers.

Table 2 (test data reported by McDonald
[5]) provides threshold perforation velocities for
common construction materials when impacted by a
2 in. x 4 in. timber plank weighing 15 1b.
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Table 1 Missile type and missile data

Design basis loading event: Wind

Missile
Category

Small
High

Velocity
Missile

Missile
Type

2"x4" Timber
Plank

Weighing
15 lb.

Data Type

Horz Vel (mph)
Max Height (ft)

Missile Data

Facility Usage

Moderate
Hazard

50
30

Category

High
Hazard

50
50

Design basis loading event: Tornado

Missile
Category

Small
High

Velocity
Missile

Massive
Missile

Other
Missile

Missile
Type

2Hx4" Timber
Plank

Weighing
15 1b.

3" Standard Pipe
Weighing

75 1b.

Automobile
Weighing

3000 1b.

Barrier
Backface
Scabbing

Data Type

Horz Vel (mph)
Vert Vel (mph)
Max Height (ft)

Horz Vel (mph)
Vert Vel (mph)
Max Height (ft)

Velocity (mph)
(Missile rolls
and tumbles)

This is not mentioned in
materials, e.g., concrete.

Missile Data

Facility Usage

Moderate
Hazard

100
70
150

50
35
75

Category

High
Hazard

150
100
200

75
50
100

25

UCRL-15910. This occurs in brittle
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Table 2 Threshold perforation velocities for common barriers impacted by a
2" x 4" timber missile weighing 15 lb.

Estimated
Barrier Description Threshold Perforation*1*'1

Velocity (mph)

Masonite siding 54.0
Insulation board and masonite siding 54.0
Plywood (1/2 in.) and masonite siding 52.0
Plywood (1/2 in.) 52.0
Plywood (3/4 in.) 53.0
Stucco 53.0
Lapboard siding 53.0
Insulating board and lapboard siding 52.0
Insulation board and brick veneer 120.0b

8 in. CMU''*'" Wall

Grout and rebar in every cell > 130.0d

Grout only in every cell > 130.0c

Intermittent vertical rebar 65.0fl

Horizontal reinforcement only 65.0fj

Unreinforced 60.0

12 in. CMUcgh Wall

Grout and rebar in every cell > 130.0d

Grout only in every cell > 130.0*
Intermittent vertical rebar 70.0f'
Horizontal reinforcement only 70.0rj

Unreinforced 65.0

Notes
a. Perforation means the missile passed through the thickness of the test panel.
b. The brick veneer wall stopped a missile traveling at 120 mph. The missile passed through the brick veneer

(penetration), but did not break the plane of the gypsum board on the back side.
c. CMU - Concrete Masonry Unit.
d. Missile will splinter.
e. Missile will not perforate, but wall may crack.
f. Face shell of empty cell will be perforated.
g. Conventional residential wall construction will not stop the missile if transported by tornado winds.
h. The CMU walls must have each cell reinforced and grouted to assure that the timber missile will not perforate.
i. Reinforcement adjacent to a hollow cell has little or no benefit if the missile strikes the face of the empty shell.

j . Horizontal joint reinforcement has little or no effect on missile impact resistance.
k. The shape of the end of the missile was not significant.
1. Missiles shot at a 45 degree oblique impact angle tended to bounce off without causing damage.
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Table 3 Barrier thickness (for Existing Facilities5) required to prevent
perforation and scabbing by small high-velocity missiles.

Facility
Usage
Category

Moderate

High

Missile
Description

2" x 4" timber

3 in. pipe

2" x 4" timber

3 in. pipe

Missile64

Velocity
(mph)

50 (H)
100 (H)
70 (V)

50 (H)
35 (V)

50 (H)
150 (H)
100 (V)

75 (H)
50 (V)

Required
Steel Plate
Thickness'
to Prevent
Perforation
(in.)

3/32
3/16

1/8

5/32
3/32

3/32
5/16
3/16

1/4
5/32

Required
Concrete Slab
Thickness2-1

to Prevent
Perforation
(in.)

3
5
4

5
4

3
6
5

6
5

Required
Concrete Slab
Thickness2-3

to Prevent
Scabbing
(in.)

6
8
7

6
6

6
9
8

7
6

Notes:

1. Steel plate thickness is BRL calculated thickness rounded up to the higher 1/32 inch.

2. Concrete slab thickness is modified NDRC calculated thickness rounded up to the higher inch.

3. f c > 2500 psi.

4. (H) and (V) are the horizontal and vertical directions of the velocity, respectively.

5. The thicknesses for new designs shall be increased by 25% for steel and 20% for concrete as described in
following sections.
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Table 3 provides the steel plate and
concrete barrier thickness required to prevent
perforation, scabbing (concrete only) by small
high-velocity missiles. These thicknesses were
determined by using the methods described in
following sections.

DESIGN/EVALUATION OF BARRIERS FOR
SMALL HIGH-VELOCITY MISSILES

Local damage depends upon missile
characteristics and target material. Missile
geometry and deformation characteristics can have
a significant effect on penetration or perforation of
a target. A pointed missile will penetrate deeper
into a target than a blunt missile.

Empirical methods are used to estimate
local damage because of the complex phenomena
associated with missile impact.

STEEL PLATE BARRIERS
Two empirically developed formulae are

available: (1) the Ballistic Research Laboratory
(BRL) formula and (2) the Stanford Research
Institute (SRI) formula. However, the SRI formula
is based on empirical data derived from
parameter-dependent tests and is not recommended
for general use.

The thicknesses calculated by the above
formulae are based on solid nondeformable
missiles. The literature [4] [6] recommends that
for design purposes they be increased by 25%. It
is, therefore, suggested that thickness for new
designs be increased by 25%. However, since
there is large scatter in the test data, it is suggested
that the thicknesses for existing facilities be kept
the same as calculated by the above two formulae.

BRL Formula
Minimum steel plate thickness required to

prevent perforation is based on the BRL formula
[6], which is modified slightly by setting a material
constant K = 1.0.

Barrier thickness for just perforation:

" 672 d

(Note: Refer to Definitions, Acronyms, and
Nomenclature sections for terms used in this and
other equations given in this paper.)

Where,

d = do for perforation
d = dc for puncture

Thickness required to prevent perforation:

tp = 1.25 Tp for new designs

tp = Tp for existing facilities

jRI Formula
The SRI formula [4] for predicting

perforation is based on low-velocity research and
will provide an accurate prediction of maximum
target thickness perforated. The SRI equation is
applicable only over a narrow range of conditions.
For this reason, it is not recommended for general
use. However, where the SRI conditions are
satisfied, the SRI equation is a good predictor and
may be used.

Barrier thickness for just perforation:

-iU.+0.0022 —

Thickness required to prevent perforation:

tp = 1.25 Tp for new designs

tp = Tp for existing facilities

The above equation is applicable when the following
conditions are met:
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0.1
0.002
10
5
8
70

< Tp/do

< Tp/L
< L/do

< WB/do

< WM/Tp

< V.

< 0.8
< 0.05
< 50
< 8
< 100
< 400

White and Botsford [4] notes that, based on a
parametric study within the limits of the SRI
equations, the BRL and SRI formulae generally
agree for short spans. However, for long spans the
SRI equation is less conservative.

REINFORCED CONCRETE BARRIERS
For predicting local behavior of reinforced

concrete, the modified National Defense Research
Council ( NDRC) formulae, as interpreted by Sliter
[7], are recommended. The amount of reinforcing
steel and the size of aggregate are not critical and
their effects on results are enveloped by scatter in
test data.

Sliter also recommends that the thickness
calculated by NDRC formulae be increased by 10
to 20%. It is, therefore, suggested that thickness
for new designs be increased by 20%. However,
since there is large scatter in the test data, it is
suggested that the thicknesses for existing facilities
be kept the same as calculated by the NDRC
formulae.

Calculate penetration depth from the
following:

4KNWJ.

x = d +KNW

1CKXW

1.8
for xld

for x/d > 2

Note: The penetration depth x is first calculated
by both of the above equations. The
correct penetration depth is that depth
which meets the x/do limit of the equation
used in calculation of x.

Barrier Thickness to Prevent Perforation
Barrier thickness for just perforation:

Tp = 3.19 x - 0.718 x2/de

(for x/dc < 1.35)

Tp = 1.24 x + 1.32 dc

(for 1.35 < x/dc < 13.5)

Thickness required to prevent perforation:

tp = 1.2 Tp for new designs

tp = Tp for existing facilities

Barrier Thickness to Prevent Scabbing
Barrier thickness for just scabbing:

T. = 7.91 x - 5.06 x2/de

(for x/de < 0.65)

T. = 1.36 x + 2.12 de

(for 0.65 < x/de < 11.75)

Thickness required to prevent scabbing:

t, = 1.2 T, for new designs

t, = T, for existing facilities

MULTIPLE ELEMENT BARRIERS

Missile barrier may consist of several
thinner elements, instead of one thick element.
Analysis of a missile barrier composed of several
elements involves determining the perforation
velocity (Vp) required to just perforate an element.
The residual velocity (Vr) of the missile after
perforation of one element is then used as the
striking velocity (V.) on the next element. The
formula for residua) velocity [6] is:

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

128



BARRIER DESIGN FOR THE
MASSIVE MISSILE

The automobile missile may puncture or
perforate barriers; however, because of its low
velocity, scabbing is unlikely. The automobile is a
very soft missile subject to large deformations on
impact. The rumbling automobile imparts an
impulsive load to the structure and may cause
considerable load amplification in small, free
standing structures. However, for large structures,
the dynamic response of the overall structure to this
missile strike is negligible, and dynamic effects are
limited to members actually struck by the missile or
connected to the struck member. The question of
interest is whether or not local damage will cause a
more generalized collapse of the structure. The
problem is practically handled by an equivalent
static approach. The impact force may be
estimated from the empirical equation [6] given
below:

F(t) = 0.625 V, Wm sin(20t)
(for t < 0.0785 sec)

F(t) = 0
(for t > 0.0785 sec)

The maximum equivalent static load may be
found by setting sin(20t) = 1.0 and multiplying the
resulting equation by 1.8 (the maximum dynamic
magnification factor for a sinusoidal pulse [8|),
yielding the maximum automobile missile impact
force-

r s = 1.125 V,Wm

= 123,750 1b.
For a 3000-lb automobile at an impact
speed of 36.667 ft/s (25 mph)

This load may often be treated as a
distributed load. An impact area of 3.0 ft x 5.0 ft
is suggested. Application of this load to the
structure is situation dependent. The user should
trace the path of the impact load as it is distributed
through the structure. For example, a beam struck
by the automobile missile may well be able to resist
the impact load; however, heavily loaded columns
may buckle as the load is distributed to them by the
beam.
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ABSTRACT

This paper describes a finite element model for the impact of
large tornado-generated missiles with reinforced concrete wall panels.
The analysis predicts the dynamic response of a wall panel when im-
pacted bj' a missile with a large contact area such as an automobile.

Quadratic finite elements are used to discretize the domain of
the wall panel. Fundamental assumptions are based on the Mindlin
and the related Reinsser plate theories. An "embedded" model is em-
ployed to account for the reinforcing bars. The nonlinear behavior
of concrete and steel bars are analyzed by means of time-dependent
constitutive relationships. A model is proposed to describe the initial
and subsequent yield surfaces of concrete material, which avoids un-
derestimation of the effect of high hydrostatic stresses on the yielding
behavior of concrete. Ottosen's four-parameter failure criterion is used
to define the failure surface of concrete. A crack monitoring algorithm
accounts for post-cracking and post-crushing behavior of concrete. Ex-
plicit time step integration of nonlinear dj'namic equations are carried
out using the finite element discretization of a concrete wall panel.

As a practical application of the analysis technique, the contact
failure pressure for a particular panel geometry can be calculated. The
contact failure pressure and the elapsed time to failure after missile
contact define a rectangular or triangular impulse loading to produce
failure of the panel. Since automobile crashes are known to produce
triangular impulse loads, the two pulses (failure and impact) can be
compared to determine if a particular impact will fail the panels. Thus,
a particular concrete panel can be analyzed to determine if it will fail
under a postulated missile impact.
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INTRODUCTION

The Department of Energy recently issued
Order DOE 5480.28. which establishes policy for
its facilities in the event of natural phenomena
hazards (NPH). including earthquake, wind, and
flood. DOE STD 1020-92 establishes NPH cri-
teria for the design and evaluation of DOE facil-
ities. The criteria include provisions for the im-
pact of tornado-generated missiles. DOE STD
1020-92 was formerly published as Ref. 2. Pub-
lic buildings such as schools, hospitals, fire sta-
tions, and emergency operating centers also are
candidates for missile protection. Studies over
the past two decades have addressed the na-
ture of tornado-generated missiles and the dam-
age inflicted by them. The nature of tornado-
generated missiles includes types of missiles, im-
pact velocities, trajectories, probabilities of oc-
currence and risk frequency. Studies in the lat-
ter category remain at a stage where empirical
formulas are employed to predict the local ef-
fect and impact tests are performed to verify
the prediction. The objective of the study de-
scribed in this paper is to predict the failure
response of a reinforced concrete wall panel to
the impact of a large tornado-generated mis-
sile. Typically, a concrete panel is represented
as a single-degree of freedom system so that
the structural response (displacement) can be
obtained by assuming conservation of momen-
tum and energy. However, tests [3] indicate
that neither the energy balance method nor the
impulse-momentum method can predict even ap-
proximately the permanent displacement of re-
inforced panels. Using ultra-conservative values
for design criteria results in increased construc-
tion costs. Thus, there is a need to accurately
predict the failure loadings of reinforced concrete
walls subject to the impact of large tornado-
generated missiles.

Modern computers make possible the ap-
plication of finite element techniques to study
reinforced concrete panels. Studies have been
conducted for more than two decades. However,
the finite element technique is rarely employed
for predicting overall structural response of re-
inforced concrete panels subject to the missile
impact. The complex properties of reinforced
concrete panels are difficult to model, especially
when the panels are subject to transverse load-
ing. The so-called smeared scheme has been rec-
ommended for bending problems of reinforced
concrete panels. However, this scheme does not

reflect the true behavior of reinforcing bars in
concrete and is difficult to apply to plastic anal-
ysis of concrete. In addition 1U the effects of rein-
forcing bars, special initial yield and failure crite-
ria must be used for modeling concrele behavior.
A crack monitoring algorithm is needed to model
the lensile behavior of concrete. To overcome all
the difficulties, an embedded scheme is used to
take account of the effects of reinforcing bars.
A model is proposed to describe the initial and
subsequent yield surfaces of concrete. Ottosen's
four-parameter criterion 5. is used to define the
failure surface of concrete. The tensile behavior
of concrete is studied by means of a strain crite-
rion which can predict the reduction of stresses
when cracks occur. The strain-softening behav-
ior of concrete due to concrete crushing is taken
into account by assuming that the failure surface
of concrete will shrink at a rate such that stress
reduction is achieved from the increase in vis-
coplastic strain. A special function is proposed
for the viscoplastic flow rule of concrete mate-
rial. The fundamental assumptions are based
on the Mindlin and the related Reinsser plate
theories. Eight-node quadratic elements are em-
ployed for the discretization of the wall panel
domain. Effects of impact contact area and the
steel ratio on the displacement response are de-
termined. The relationship between the collapse
loading and the span to thickness ratio (flexu-
ral ratio) of the reinforced concrete panels, a/h,
are calculated, which will help design engineers
find the least thickness of the panels for a cer-
tain impulse loading. The contact pressure to
produce failure for a given span to thickness ra-
tio (flexural ratio) is calculated by the numerical
procedure.

VISCOPLASTICITY OF CONCRETE

The viscoplastic flow rule is based on a
non-associated rule as

= 7
do

( i )

in which {e}'7' and {cr} are viscoplastic strain
rate and stress vectors, respectively; 7 is a fluid
parameter; a is a numerical coefficient; 0 is the
plastic potential: / is / / / , where / and /,. are
stress function and equivalent yield stress, re-
spectively.

The 7 and a parameters are discussed for
both concrete and metal in reference {4j. The
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Yield Surfaces

Figure 1: Yield Surface and Failure Surface of
Concrete

function / is defined by two functions, fsup and
fsubi which describe the supercritical and the
subcritical regions, respectively (see Fig. 1).

fsup = Pl^

Tsub /e[4(
h + Hi! +

C,2 - 1 ]

fc = (2)

in which J2 and Ix are the second invariant of
the deviatoric stress tensor and the first invari-
ant of the stress tensor, respectively; Hvp is the
viscoplastic modulus; ft,ft, and 77 are material
coefficients; £° defines the shape of subsequent
yield surfaces [4]; (f = / c / f t and £,- is the value
of V /̂2 when -J j = \(tf + £?). A is a function
of sinZB [5]

A =

](—k2sin2>9))
for sin3& < 0

1 (k2sin39)}
for sinZO > 0

(3)

in which fc] and k2 are two material parameters;
$ is the so-called Lode angle. Values of mate-
rial properties depend on the ratio of the tensile
strength to the compressive strength of concrete.
For f[lf'e = 0.12, ft = 0.9218, /32 = 2.5969,
fci = 9.9110, and k2 = 0.9647 [5]. In this case
the angle of internal friction is <j> = 51.8°.

The plastic potential Q can be assumed as
the Drucker-Prager function.

O = a I, + (•1)

which defines the direction of viscoplastic flow.
d = 2sin<j>j[ \/3(3 i sind>)\.

FRACTURING OF CONCRETE

The mechanism of concrete fracturing or
post-failure is quite complex. Post-failure of con-
crete can be divided into two categories: post-
cracking due to tensile stresses and post-crushing
due to compressive stresses. Post-cracking be-
havior of concrete is usually studied by means
of a smeared representation. Post-crushing be-
havior, or the strain-softening effect, is studied
by means of a strain-softening function. In prac-
tice, the incremental constitutive relation of the
strain-softening is assumed to be as same as that
of the strain-hardening for simplicity but the
plastic modulus is changed into a negative value.
In this study, different techniques are employed
to account for concrete fracturing.

Post-Cracking Behavior

A crack monitoring scheme is employed to
describe the tensile behavior of concrete. Cracks
are assumed to occur in the plane normal to the
directions of the principal stresses if the corre-
sponding strain in that direction, e,, exceeds the
critical value of strain. Tests indicate that the
maximum strain, eo, may be over four times as
high as the critical strain, e(, corresponding to
the peak loading. So the stress level is gradu-
ally reduced to zero until the maximum strain is
achieved.

{a} = j£>j{e} for e, > e, (5)

in which {a} = {aua2}\ {e} - {eue2};

[D] =
Ec

til V /i,
- 1

69.9

in which /,' is the tensile strength in psi; Ec and
v are the Young's modulus and Poisson's ratio of
concrete material, respectively [6]. fJ., is zero for
an open crack when e, = er;. /i, is 1 when e, < Q.
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Post-Crushing Behavior are expressed as

The failure and yield surfaces of concrete
are assumed to shrink at a certain rate. Shrink-
age of yield surface will increase the viscoplastic
strain rate and reduce the stress level so that the
strain-softening behavior can be described. As
the damage of concrete is accumulated, or vis-
coplastic work I! ! ' ' increases, the failure surface
will shrink at a certain rate 7 . The degradation
will be accelerated afterthe failure of concrete at
a rate, exp — y>(11 ''' -- 11 L;') , in which ip can be
taken as 10 i_8_ and IP 7 ' is the viscoplastic work
when concrete fails.

FINITE ELEMENT MODELING

When finite elements are used to discretize
the domain of concrete panels, the choice of el-
ements is very important. Although the advan-
tage of Mindlin and the related Reinsser plate
theories is the application of C(0) continuity
plate elements, a phenomenon termed "locking"
appears following the integration over thin plate
elements. Serendipity and Lagrangian elements
are good choices for concrete panels because the
flexural ratio of a panel rarely exceeds 40 accord-
ing to the Building Code Requirements for Rein-
forced Concrete. However, application of bilin-
ear elements will still produce "locking" even for
those thick panels. Eight-node Serendipity plate
elements (isoparametric quadratic elements) ap-
pear to be best for this study. The dynamic gov-
erning equation for a reinforced concrete panel
can be expressed as [4]

(7)

in which \M\ is the lumped mass matrix; [C]
is the damping matrix; {d} and {d} are nodal
acceleration and velocity, respectively; {p} and
{/} are internal resistant force and external force
vectors.

Superposition of internal resistant forces
for each element will constitute the internal re-

" A
2

j=\ ;=i

A'.-

[ti ~ t? (9)

in which {pi} has to be added to the internal
resistant force vector corresponding to 6T or 8,,.
respectively: S ^ is the domain of an element;
E.* and As are Young's modulus and the cross-
sectional area of reinforcing bars, respectively; L
and No are the number of concrete layers and the
number of reinforcing bars in one layer and one
element, respectively; z} is the the z coordinate
of a reinforcing bar; {07} and {cr..} are the flex-
ural and shear stress vectors, respectively; N],
AT2, and A*3 are the shape functions of a bar el-
ement; e/ and e)p are the total strain and the
viscoplastic strain in the direction of a steel bar.

respectively; {B{
f
e))T,

as

JV,1 N.j Mj ..
N? Ar | N~ ..
Nf N$ N$

and IT] are given

(10)

(11)

(12)

[Bfi] =

[B,,\ =

(13)

(14)

sistant force vector {p}. Since steel bar elements obtained as
are embedded in concrete plate elements, respec-
tively, their effects on the dynamic response will dn+] —
be considered by adding the contribution of steel
bars to the internal resistant force vector. The
internal resistant forces for individual elements

By using the central difference scheme for
time integration, the individual nodal values are

b i d

+ 2m,',< - (m,-,-- y (15)
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rf.1 - 2m,,

(16)

in which ?n,,.c,,./,. and p, correspond to
\M), \C). {/}, and {p}, respectively; At is the
time step. The critical time step without con-
cerning the damping is defined as ;4j

Atcr < 0.3 h (17)

in which h and pr are the thickness of the panel
and the mass density of concrete, respectively.
A number of calculations for non-linear analysis
indicate that the real time step can be taken as
(1 ~ l.2)Atcr for viscoplastic concrete analysis.

PARAMETER STUDIES

The model developed above is applied to
study the relationship of various parameters that
affect the results.

1. Effects of Steel Ratios on Displacement Res-
ponse:

Consider a 12ftxl2ftxlft reinforced con-
crete panel. Material properties: Ec = 3.6 x 106;
f'c = 4000 psi; // = 480 psi; pc = 0.000217 Ib •
s2/in4; Hvp = 3.14 x 106 psi; Yield stress of steel
bars, <Ty = 40000 psi; Es - 29 x 106 psi; mass
density of steel bars, ps = 0.0007224 Ib • s2/in4.
Steel reinforcing bars are placed at 10 in. on
center, each way. each face. Tensile and com-
pressive steel ratios are, respectively, p = pi —
0.848%, 1.326%, and 1.909% by using different
size bars. A quarter panel has nine plate ele-
ments and eight layers. A uniformly distributed
impulse pressure of 40 psi is applied. Fig. 2
shows the effect of different steel ratios on the
central displacement response. As the steel ra-
tio increases, the displacement decreases.

2. Effects of Impact Contact Areas

Selecting a panel with p = pi = 1.909%,
impact contact areas of a 144/f2, 81ft2, 36ft2,
and 9ft2 were considered. A quarter panel in
this case contains sixteen elements and eight lay-
ers. The panel was subject to a uniformly dis-
tributed step pressure. The total step loading

was (10 x .4) psi. Fig. 3. shows thai the dis-
placement increases as 'he impact contact area
decreases.

CONTACT FAILURE PRESSURE

Failure of a reinforced concrete panel oc-
curs when the viscoplastic work is large enough
to violate the stability of the step-by-step cal-
culations, or the accumulation of the concrete
damage is too large. Failure loading of rein-
forced concrete panels largely depends on the
flexural ratio a/h and the impact contact area
S,. Different concrete panels with compressive
strength f'c = 4000 psi and the tensile and the
compressive steel ratio /? = />,= 0.848% were
analyzed. The range of the flexural ratios var-
ied from 6 to 20. If the flexural ratio exceeds
20, the central displacement can be very large
before the panel collapses. The typical impulse
of automobile crashes onto a rigid target is tri-
angular with an impact duration of about td —
120 msec. The peak value of loading tends to
occur at ts = 40 msec. Now, by assuming that
the impulse remains the same for a particular re-
inforced concrete panel with a certain thickness,
the maximum failure pressure of the impact, qj,
which will fail the panel can be calculated. Cal-
culated values of the failure pressure for different
contact areas and same steel ratio are plotted in
Fig. 4.

The maximum contact pressure of an auto-
mobile impact onto a reinforced concrete panel
can determined by means of the impulse princi-
ple,

9m = e (18)

where the impact is assumed to be plastic; g is
gravity acceleration; m and Vo are the mass and
the impact velocity of the automobile; tj is the
impact duration; Sc is the impact contact area.

Suppose a 3000 lb automobile impacts a
12 ftx 12 ftx 1 ft reinforced concrete panel at
50 mph. The impact contact area is approxi-
mately 16 ft2. The triangular impulse has an
impact duration 120 msec. The peak contact
pressure from this impact is 49 psi which is much
smaller than the failure pressure shown in Fig.
4(a) when the flexural ratio is 12. Therefore,
the slab is safe. The failure contact pressure of
600 psi and the calculated contact pressure in
this case are compared in Fig. 5. It can easily
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be seen from Fig. 5 that the calculated contact
pressure is much smaller than the failure contact
pressure.

CONCLUSION AND RECOMMENDATIONS

Because the failure of reinforced concrete
panels is complex, the finite element technique
is the only practical approach for nonlinear anal-
ysis. The explicit time integration scheme em-
ployed in the dynamic impact analysis proposed
in this study is efficient in the use of CPU time
and computer memory.

For certain types of impulses the relation-
ship between the flexural ratio and the contact
failure loading of reinforced concrete panels can
be determined. Thus, by comparing the con-
tact pressure to produce failure, qf, of the con-
crete panel with the maximum impulse pressure
of the missile, qm, a judgement can be made re-
garding the safety of a particular concrete panel
that is impacted by a missile with particular size
and impact velocity. The approach shows great
promise as a design tool, but must yet be vali-
dated by comparing calculated results with au-
tomobile crash data.
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EVALUATION OF SEVERE ACCIDENTS AT SURRY AND GRAND GULF
NUCLEAR POWER PLANTS RESULTING FROM EARTHQUAKES

DURING SHUTDOWN CONDITIONS *

Robert J. Budnitz
Future Resources Associates, Inc.

2000 Center Street, #418
Berkeley, California 94704

Peter R. Davis
PRD Consulting
1935 Sabin Drive

Idaho Falls, Idaho 93406

M. K. Ravindra and W. H. Tong
EQE International, Inc.
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ABSTRACT

This report will explore the likelihood of seismic-initiated core damage
accidents during refueling shutdown conditions at two nuclear power
plants, Surry Unit 1 (a Westinghouse 3-loop PWR with a subatmosphcric
containment) and Grand Gulf (a General Electric BWR/6 with a Mark III
containment). An initial scoping study was performed. It established
that seismic-initiated accidents seem to be of sufficient concern to
justify a more rigorous and more quantitative evaluation, which is now
in progress and will be completed in late 1993. This paper will
present the conclusions that will have been reached in the extended
analysis now in progress.

From the initial scoping study (Ref. 1), it is as shutdown accidents leading to very
already clear that unless earthquake-initiated extended outages.
accidents are included when performing a
shutdown PRA, a complete picture of the There were two principal reasons for having
overall plant risk profile cannot be obtained. selected these two plants: (i) Both the
Also, other endpoints besides core-damage Surry (Unit 1) and the Grand Gulf (Unit 1)
accidents may be useful figures-of-merit,such nuclear stations have been the subject

* The work described here has been supported by the U.S. Nuclear Regulatory
Commission, Office of Nuclear Regulatory Research under contracts NRC-04-
90-373 and NRC-04-92-058. We acknowledge with thanks the assistance and
support of Richard C. Robinson, Jr. of NRC/RES, Donnie W. Whitchead of
Sandia, and Louis Chu of Brookhaven.
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of recent probabilistic shutdown risk studies
(excluding seismic-initiated events) recently
completed for the U.S. Nuclear Regulatory
Commission (Ref. 2, 3). (ii) Both Surry
(Ref. 4) and Grand Gulf (Ref. 5) have also
been the subjects of an extensive risk
assessment for full-power conditions
sponsored by the NRC, as part of the very
large NUREG-1150 PRA study (Ref. 6). For
Surry (but not for Grand Gulf), this NUREG-
1150 analysis included a seismic PRA (Ref.
7), in which plant-specific fragility informa-
tion was developed for structures and some
components.

2. ASSUMPTIONS

The following assumptions are made in the
initial scoping study of Ref. 1 (many of
these are being improved upon in the more
extensive analysis now underway):

a. The two recent shutdown risk studies
(Ref. 2, 3) are the principal basis for
the systems-analysis parts of our work
here.

b. Only refueling outages arc considered
in this analysis.

c. We assume that the only seismic
events of concern are those that cause
non-recoverable loss-of-off site-power
(LOOP) transients.

d. To simplify the analysis, median
seismic capacity is used as a sharp
threshold for seismic failure.

e. For Surry, a limited number of plant-
specific fragilities are available from
the earlier NUREG-1150 seismic PRA
(Ref. 7), and these are used here. For
Grand Gulf, no plant-specific fragilities
exist, so in the initial scoping study we
have used instead the table of generic
fragility values found in Ref. 7.

f. Equipment failure from seismic-induced
relay chatter is outside the scope of
this analysis.

g. To simplify the analysis, the mean
seismic hazard curves from both LLNL

3.

(Ref. 8) and EPRI (Rcf. 9) are used
for both sites as an approximate
representation for the full seismic
hazard.

APPROACH

The approach to the analysis here includes
the following steps:

(1) develop the seismic hazard at each
site;

(2) develop information about shutdown
and outage durations;

(3) develop seismic fragilities of safety
structures and components;

(4) perform a PRA systems analysis
leading to calculations of core-
damage frequencies.

4. CONCLUSIONS

Table 1 provides a summary of the core
damage frequencies that were estimated in
the Phase I effort (Ref. 1) from the seismic-
initiated accidents during shutdown. It
shows the various important sequences and
the key failures involved in each. It should
be recognized that the numbers are no more
than approximate estimates: The seismic-
hazard values and core-damage frequencies
in analyses like this one are typically
uncertain by as much as factors of + 10,
sometimes more.

For Surry, the total core damage frequency
was estimated in the Phase I effort to be
approximately 7 E-6/vear and 1.5 E-6/vear
based on the LLNL and EPRI hazard
estimates, respectively. For Grand Gulf, the
total core-damage frequency is estimated to
be about 3 E-6/vear and about 1 E-8/vear.
based on the LLNL and EPRI hazard esti-
mates, respectively. Note that these Grand
Gulf frequencies differ by a factor of about
300 between the LLNL and EPRI hazard
estimates, whereas at Surry the difference is
only about a factor of 5.

Several insights were gained from this
preliminary evaluation, including:
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1. The core-damage frequencies for
earthquake-initiated accidents during
shutdown at both Surry Unit 1 and
Grand Gulf Unit 1 are found to be low
in absolute terms. The reasons for
this are (i) that in their ability to
respond to earthquakes during
shutdowns, the plants both have large
seismic capacities, well above their
design-basis levels; and also (ii) that
both sites enjoy among the lowest
seismic hazards of any LWR sites in the
U.S.

2. We believe that the results for
Surry and Grand Gulf do not neces-
sarily apply to any other plants,
primarily because of two considera-
tions: (i) the importance of plant-
specific fragilities, and (ii) the widely
varying distribution of seismic hazards
associated with different U.S. sites east
of the Rocky Mountains.

3. Further research is appropriate to
learn more about earthquake-initiated
shutdown accidents than could be
accomplished in this scoping study.

Further work now underway will be completed
in late 1993 and will be reported in the final
paper to be presented at the DOE-NPH
meeting in Atlanta.
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TABLE 1

SEISMIC-INITIATED ACCIDENT SEQUENCES CONTRIBUTING
TO CORE DAMAGE

SURRY

o

3

o

a
teu
a.
SB

s
f
i

Sequence

Loss of offsite power,
loss of RHR and makeup
to primary coolant system

Loss of offsite power,
failure to load electrical
power to pumps

Loss of offsite power,
loss of emergency AC power

Annual Frequency* Percent

4.1E-6/yr (LLNL) 59 %
8.1E-7/yr (EPRI) 56 %

1.9E-6/yr (LLNL) 27 %
4.9E-7/yr (EPRI) 33 *

l.OE-6/yr (LLNL) 14 %
1.6E-7/yr (EPRI) 11 %

TOTALS 7.0E-6/yr (LLNL)
1.5E-6/yr (EPRI)

GRAND GULF

100 %
100 %

Failure Mode

LOOP, failure of RWST
and CCW heat exchangers

LOOP, human error

LOOP, seismic failure
of diesel generators

I
i

Sequence

Loss of offsite power,
loss of SSW causing loss
of AC (blackout)

Loss of offsite power,
human error in actuating
RHR, SDC, or SPC

Annual Frequency* Percent

2.3E-6/yr (LLNL) 79 *
8.1E-9/yr (EPRI) 74 *

6.0E-7/yr (LLNL) 21 *
2.8E-9/yr (EPRI) 26 *

TOTALS 2.9E-6/yr (LLNL) 100 *
l.lE-8/yr (EPRI) 100 *

Failure Mode

LOOP, failure of SSW,
emergency AC (blackout)

LOOP, human errors

"LLNL" and "EPRI" designate different seismic hazard analyses
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BUCKLING ANALYSIS OF CYLINDRICAL WASTE TANK SHELL1

K. Bandyopadhyay, J. Xu, and S. Shteyngart
Brookhaven National Laboratory

Upton, New York 11973

ABSTRACT

The underground cylindrical waste tank walls need to be designed or
evaluated for axial compressive stresses due to soil overburden and other static
loads, and earthquake loads. A major design consideration is buckling of the
shell walls. The existence of geometric imperfection in a shell element resulting
from construction procedures reduces the theoretical buckling capacity. On the
other hand, the tank wall is also subject to internal pressure due to the liquid
waste it contains. The internal pressure tends to reduce the imperfection and
enhance the buckling capacity. Therefore, a realistic buckling criterion for the
tank wall should be established considering both reasonable imperfection shapes
and internal pressures. The AS ME code case N-284 provides the capacity
reduction factor needed to compute the buckling strength for tanks not subject to
internal pressure. The code case acknowledges the benefit due to the internal
pressure but does not quantify the effect. On the other hand, there were studies
performed abroad that estimated the effect of internal pressures for long open
cylinders.

In order to determine the applicable capacity reduction factors for the
DOE waste tanks, BNL performed elastic buckling analysis of cylindrical shells
with appropriate geometries and boundary conditions. Both realistic and
stringent imperfection shapes were considered following information available in
the literature. The computer program BOSOR4 developed by Lockheed Missiles
and Space Company was used for the analysis. The capacity reduction factors
for various radius-to-thickness ratios and internal pressures obtained from the
analysis are presented in this paper. A two-fold increase in the buckling strength
is observed for realistic geometries, buckling shapes and internal pressure values.
This may require a restriction on the amplitude of the imperfection. Additional
possible benefits due to non-axisymmetric dynamic bending compressive stresses
and non-uniform internal pressure were not included in the above estimates.
Additional studies will be required to quantify any such benefits.

1 The study was sponsored by the U.S. Department of Energy, Office of Environmental Restoration and Waste
Management.
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INTRODUCTION COMPUTER MODEL

The underground high-level waste storage tanks
consist of cylindrical walls that are subjected to axial
compressive stresses due to soil overburden and
other static loads, and earthquake loads. A major
design consideration for these cylindrical shells is
buckling. The buckling capacity of a shell is
substantially reduced from the theoretical value if the
geometry is not perfect or if the axial load is not
applied uniformly over the thickness. Even a small
amount of imperfection that may result from
standard construction procedures can reduce the
capacity by several times. On the other hand, the
waste storage tank walls are also subject to internal
pressure from the liquid. The internal pressure
tends to reduce the imperfection and enhance the
buckling capacity. Therefore, a realistic buckling
criterion for the tank walls should be established
considering both reasonable imperfections and
internal pressures.

The ASME Code Case N-284 [1] provides
the capacity reduction factors needed to compute the
buckling strength for tanks. These factors account
for practical imperfection shapes and magnitudes but
do not include the effect of internal pressures. The
Code Case acknowledges the benefit due to internal
pressures but does not quantify the effect. On the
other hand, an earlier NASA test program [2]
considered the effect of internal pressures but the
existence of imperfections in the test specimens or
their representativeness to practical tank geometries
is questionable. Several tests and analytical studies
were performed in Europe, Australia and New
Zealand in the last decade [3-8]. These studies
considered the effect of both the geometric
imperfection and internal pressure for long
cylinders, and empirical formulas are presented for
determination of the buckling capacities.

The purpose of the subject analytical study
at BNL was to consider the geometries and boundary
conditions comparable to the waste storage tanks and
introduce various reasonable imperfection shapes to
determine the corresponding buckling strengths both
with and without internal pressures.

A 40-foot high circular cylinder with a radius
of 40 feet was considered in the analysis. The bottom
of the tank was assumed open and the wall was
assumed hinged along the bottom periphery. In order
to represent the top concrete or steel enclosure of an
underground waste storage tank, a rigid diaphragm
was introduced on top of the cylinder. The thickness
of the tank wall was varied in the analysis by
maintaining the radius constant. Three different types
of axisymmetric geometric imperfection were
considered in the analysis: a single harmonic bulge,
a multiple-harmonic shape and a rotationally stiff weld
depression. Each case was analyzed assuming linear
elastic buckling under a uniform axisymmetric
compressive stress. The computer program BOSOR4
developed by Bushnell [9] was used for the analysis.
The imperfection shapes are further elaborated in the
following sections.

MODEL 1 - SINGLE HARMONIC SHAPE
A single inward bulge of shape (l-cos0) was

introduced at the bottom of the tank wall. The length
of the bulge, L, was selected to match the natural
buckling shape as follows:

L = 3.5JRE (1)

where, R = Radius of the cylindrical tank
t = Thickness of the wall

The shape is defined by an indent as shown in
Figure 1. The corresponding computer model
showing the line segments of the axisymmetric shell is
shown in Figure 2. The dense portion of the bulge
represents a large number of segments to appropriately
model the buckling in this region.

MODEL 2 - MULTIPLE-HARMONIC SHAPE
In the second model, five uniform half-

harmonic waves (designated as Sir) were assumed at
the bottom part of the tank wall as shown in Figure 3.
The total length of the imperfection was 8.6 V R T .
The computer model with segments are shown in
Figure 4.
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Model 2- BOSOR4 Computer Model

MODEL 3 - STIFF WELD DEPRESSION
In the third model, a rotationally stiff weld

depression shape is introduced following Rotter's
formula [7]. This is basically a highly damped
harmonic shape symmetrically iocated on either side
of the weld line as shown in Figure 5. A sensitivity
study indicated that the worst effect is obtained if the
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weld line was about 2.5 X to 3.5 X from the bottom,
where X is the axisymmetric buckling half wave
length and defined by the following equation:

( 2 )

where, v = Poisson's ratio

The computer model showing the segments
are presented in Figure 6.

I 1

Weld Line
Symmetrical about

Weld line

L - 3.5X Tank Wall

Tank Bottom T
Figure 5

Model 3 - Rotatiooally Stiff Weld Depression

tNTTlAL UNDEFORMED STRUCTURE

• « . ( . « . M.

Figure 6
Model 3 - BOSOR4 Computer Model

ANALYSIS RESULTS

Each of the above three models was analyzed
assuming that an axisymmetric compressive linear load
is applied on top of the wall. The thickness was
varied to achieve R/t = 400, 600, 900, 1200 and
1500. In addition to the no-pressure case (i.e., p =
o), each model was analyzed for a constant internal
pressure, p = 8.6, 17.3, 25.9 and 34.6 psi.

The elastic buckling capacity was computed
for each combination of geometry and loading. The
results are presented in terms of a capacity reduction
factor, a, which is the ratio of the analyzed buckling
strength to the theoretical buckling strength. The
theoretical buckling strength is defined as follows:

1 R
2

( 3 )

where, £ = Modulus of elasticity

The results were obtained for each model
considering only the meridional stress without
including the effect of the hoop stress. For each case,
the imperfection amplitude, e, was varied until the
capacity reduction factor, a, was equal to about 0.2
with no internal pressure. This corresponds to the
value of a recommended by the ASME Code Case in
the range of R/t from 600 to 1,000.

The capacity reduction factors for various
internal pressures and R/t values are plotted in Figures
7, 8 and 9 for the respective three models. A
substantial increase in the elastic buckling capacity is
observed in each case. The benefit of the internal
pressure increases with higher pressure and increasing
R/t values. (However, this does not include the effect
of the hoop stress which will tend to reduce the
allowable axial stress as will be discussed later). In
order to determine the amplitude of imperfection that
would be required to produce a capacity reduction
factor of about 0.2, Models 1 and 2 were analyzed
with one pressure case (p = 17.3 psi). The results
(Figures 10 and 11) show that a large amount of
imperfection is required in the presence of pressure to
produce a capacity reduction factor comparable to the
ASME Code Case.
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Figure 7
Model 1 - Influence of Pleasure on Capacity
Reduction Factor for a Constant e/t
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Figure 8
of Pressure on CapacityModel 2 - Infl

Reduction Factor for a Constant e/t
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Figure 9
Model 3 - Influence of Pressure on Capacity
Reduction Factor for a Constant e/t

400 675 1225 1500950
R/t

Figure 10
Model 1 - Influence of Prataure on
Imperfection Amplitude to Produce a
Constant Capacity Bfhu-tkn Factor

a =0.207

400 1500

Figure 11
Model 2 - Influence of Pleasure on
Imperfection Amplitude to Produce a
Constant Capacity Reductiom Factor

CONCLUSIONS

The analysis results clearly indicate the benefit
of the internal pressure to increase the buckling
strength. For relatively low internal pressure values
and thin cylinders, the buckling is expected to be
elastic and the above results are applicable for such
applications. However, for relatively large internal
pressure values and thick cylinders, elastic-plastic
buckling is expected to govern the critical load. For
such applications, the effect of the hoop stress to
reduce the allowable meridional stress should be
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considered. Therefore, the elastic analysis results
presented above are not applicable in this region.
The elastic-plastic analysis results will be presented
in a future publication.
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WHICH 84TH PERCENTILE DO YOU MEAN?

C. Allin Cornell
Stanford University

P. O. Box 9260
Stanford, CA 94305

INTRODUCTION

"Use the 84th percentile ground motion." This is a
commonly read and heard dictum in many fields of seismic
engineering. Unfortunately, it means many different things,
to different people, at different times, • and in different
contexts. The past examples of and future opportunities for
misunderstanding and misinterpretation are many. The
difficulties arise from the awkward path of development of
seismic design practice and from a common failure, often
unknowingly, to be precise. (Both the speaker and the
listener may be guilty here.) This paper will use a
discussion of the evolution of seismic design practice in the
commercial nuclear reactor and the DOE contexts to clarify
this commonly recurring problem. It is presumed that the
reader is familiar with the elements of seismic design, e.g.,
response spectra, hazard curves, etc. Some familiarity with
the notions of means, medians, standard deviations, and
percentiles is also necessary; a brief appendix is provided for
those who may need to brush up on the basics. The
additional, subtler probabilistic notions, such as "conditional
84th percentiles", that are essential to obtain a clear, precise
picture of the various measures used in current seismic
practice will be presented in the text as necessary.

EARLY NPP PRACTICE

Seismic engineering practice developed rapidly in
the U.S. in the 1960s and 1970s for several reasons. Design
of large critical commercial facilities such as nuclear power
plants took place in all parts of the country; this activity
provided the impetus and resources to improve practice to
the limit possible. Improved strong motion instrumentation
nets and computation capability led to rapid growth in the
number of good records and the completeness of their
numerical processing. The seismological and engineering
communities began to interact more frequently and
effectively in the process of developing design ground
motion criteria.

Common practice in commercial nuclear power
plant (NPP) practice in the 1960s and early 1970s was to
establish for a site a design Modified Mercalli Intensity
(MMI), Ig, based on (but often larger than) the largest of
(a) MMI's attenuated to the site from distant sources or

(seismo-tectonic) provinces and (b) the maximum historical
value in the province of the site. In either case, these site
intensities were subject to significant, but unqualified
uncertainty. The next step was to translate Is to a peak
acceleration, PGA, via one or another empirical
relationship obtained from formal or informal fitting of a

relationship such as inPGA - CO+CXIS to available
data. No scatter about this curve was explicitly recognized,
i.e., it was, at best, a regression curve in which the result,

InPGA, should be considered the mean ("average" or

expected) value of me natural log of PGA given an MMI
of Is. This is an example of a conditional mean; it should

be denoted explicitly as E [ inPGAlls] , and read as "the

expected value of InPGA given MMI Is". It is the

average value of InPGA for all sites where the MMI was

observed to be J g . The dispersion of data about the line

should be denoted SlnPGA\r , i.e., the standard deviation of

InPGA given Is. The value of this (ignored-in-practice)
standard deviation is 1.0 or more. Recall (see Appendix A,
if you don't) that, assuming PGA is (conditionally, given
J s ) lognormally distributed, the median of PGA, or
PGA50, is exp{InPGA) and the average value of

PGA, PGA, is PGA5Qexp( — SjnPGA) . The 84th
percentile (a value exceeded by only 16% of the data) is
PGA50exp(slnPGA) .

Note that to be precise and avoid potential
confusion, this notation should be SlnPG^j , PGA50\x ,
etc. But this becomes cumbersome. Therefore, context is
critical for precision. Better examples will follow.

The next step of 1960-70's practice was to scale a
standard (response) spectral shape to this PGA value, i.e..

to PGA* This practice evolved
rapidly. Initially, the Housner spectrum was used. Its
precise statistical interpretation is not available. It was
replaced, after studies led by several investigators such as
Newmark, Hall, Blume, etc. by statistically analyzed spectral
shapes. These led to the NRC's Regulatory Guide 1.60 [I]
spectrum and to the NUREG/CR0098 [2] 50th and 84th
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spectra, which are all still in use. They are commonly
referred to as 84th percentile spectra. But what really are
these 84th percentile spectra? Are they uniquely defined?

More precisely the investigators looked at the
statistics of spectral acceleration ordinates, SA, after each
of the records had been scaled to a common unit value of
the PGA, Fig. 1. Because of this scaling, at any given
frequency, the result can be considered also as a dynamic
amplification factor, DAF, or SjPGA. The

of the observed 5A ' s (Fig. 2) will be much larger than 0 to
30%, even at high frequencies. That is why we prefer here
to denote the spectral shape statistics above as belonging to
DAF's and not to 5A ' s , even though this DAF84 curve is
virtually always referred to as a spectrum, e.g., as "the Reg
Guide 1.60 spectrum". If one does treat these results as a
spectrum (after perhaps multiplying by a specified PGA
value), then to be precise, this is the 84lh percentile
spectrum given the PGA value.

5 10

Frequency, cps
5 10 20

Frequency, cps

Figure 1 Response Spectra Scaled to 1.0g (NUREG-
0098 median shown for reference)

investigators reported, typically, the median, DAF5QI and

the COV (coefficient of variation), VDAF, and/or the 84th

percentile of DAF (i.e., see Appendix A)

M - exp[lnDAF+slnDAF] -

DAFS/
Mr

(1)
DAF5QeSMMF

The median, as a function of oscillator frequency, reflects
the spectral shape. Typical values for VDAF range from
effectively zero for very high frequency oscillators (e.g., 35
to 50 cps) to 20 or 30% for 1 cps oscillators.

This broad range of COV values illustrates well the
meaning of conditional statistics. Because the SA of rigid,
high frequency structures is always virtually equal to the
PGA, it is clear that the variability in the DAF will be near
zero at high frequencies. At lower frequencies (longer
periods), the PGA is not such a good predictor of oscillator
response, however, and both the increasing COV and the
increasing ratio of the 84th percentile "spectrum" to the
median spectrum reflect this (Fig. 1). In contrast, if we take
any suite of observed records, even records caused by
virtually the same magnitude at the same distance, the COV

Figure 2 Unsealed Response Spectra for a Common
Magnitude and Distance (NUREG-0098 median shown for
reference)

Studies for NUREG/CR-0098 also showed that if
one was interested in predicting the SA for oscillators in the

3 to 1 cps range, the peak ground velocity, PGV, gave a
"better prediction". What this means, precisely, is that the
conditional COV of the ratio of Sv/ PGV is found to be
lower than that of SA/PGA in this frequency range.
Therefore, the 84th percenlile is closer to the median.
Hence, the "preferred practice" of using both PGA and
PGV to establish the 84th percentile spectrum. But notice
that the resulting 84th spectrum must now be considered to
be the 84th percentile given both PGA and PGV. It is
typical thai given more information, the residual uncertainty
decreases.

LATER PRACTICE

By the late 1970s and early 1980s, the
understanding between earthquake engineers and scientists in
the field had begun to grow. It became clear that there was
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something peculiar about reflecting explicitly in design
uncertainty of 20 to 30% in the spectral ordinates at one
frequency (e.g., 1 cps), but virtually no uncertainty at all at
higher frequencies (e.g., 33 cps). In addition, there was
better documentation of the degree of variability in PGA
(and PGV), once the design earthquake event (magnitude,
M, and distance, R) was specified. Many "attenuation
laws" where available at this time; they resulted from
e m p i r i c a l f i t s of e q u a t i o n s s u c h as

TnPGA-b0+bxM-b2 inR. inPGA is the conditional
mean log PGA given M and R. The variability of data
about this line, S lnPGA, is strictly the conditional standard
deviation of log (base e) of PGA given M and R. This
SA variability value is much larger, ranging from 0.4 to 0.7
(depending on a variety of factors), than that for the DAF,

i.e., the variability in the SA given PGA. It was clear that,
if one asked for the characteristics of SA given M and R,

he needed to recognize that SA is the product of two
variable factors

SA - DAF • PGA (2)

and (see Appendix A), whereas the medians have a simple
relationship

the 84 percentile spectral value becomes (approximately)

(4)

In this case the 84th to median spectrum ratio
reflects variability in both PGA and DAF. Note that for

( • VPCA) " 0 . 5 or more, the square root here'InPGA
is dominated by SlnPGR. (Recall SlnDAF ranges from
about zero at high frequencies to about 0.3 at 1 cps).

In short, to ignore SlnPGA and include only
slnDAF m s e> s r ruc practice is to be very short-sighted.

By the mid-70s the NRC recognized this issue and
began putting first priority on "site-specific" spectra [1].
These are obtained in one of two ways. First, one can
collect a large set (n=10 or more) of records "representative"
of the design magnitude, M, and distance, R (and site
conditions, etc.). The spectra of these records are plotted
(producing n very irregular lines, Fig. 2) and the median
and 84th percentile calculated at each of a large suite of
frequencies. The latter spectrum that results from this
exercise is, of course, the 84th percentile given M and R.

The ratio between the 84th and median is strictly
exp ( S l n s M R) , where S J n 4 g f t R has a value ranging

from 0.5 to 0.7 or 0.8 or more for decreasing frequencies.
This implies an 84th to median ratio of about 2. Indeed, it

should be virtually identical to JsliMF+sl>KA shown in

Eq. 4. (The difference lies in questions of correlation,
Appendix A. The DAF and PGA ten to be negatively
correlated.)

This is a main point of this paper. Until recently at
least, it has been the single most common cause of confusion
among various 84th percentile spectra. Note that both of the
84th percentiles we have considered are conditional 84th
percentiles; one was conditional on PGA and the other onM
and R. In the former case, the variability was relatively
small (as small as zero) and strongly frequency dependent.
In (he latter case, the dispersion is much larger and
comparatively less sensitive to frequency. The 84th
percentile to median ratio (or exp ( S l n S ) ) may vary
from 1 (for s = 0) to 1.35 (for s = 0.3) to about 2 (for s =
0.7). Therefore the numerical implication of which 84th
spectrum is specified can be very significant. Also the
spectral shapes of the median, 84th percentile given PGA,
and 84th percentile given M and R are different. Note that
one of these 84th spectra represents the uncertainty in
dynamics (DAF) only, whereas the other represents in
addition (the much larger) uncertainty in ground motion
prediction. One might say that the former is a structural
issue and the latter a seismological one.

By the late 70s and early 80s it became common to
produce direct SA ground motion prediction equations
(regress ions) , e.g., of the form general
lnSA -b0 +b1M-b2lnR. These produce site-specific
spectra directly without the need to collect suites of records
with "similar" M and R pairs. The regressions give the
median SA (where SA - exp ( l n S A ) and the reported
standard deviation (variability about the fitted curve)
Ss \u fi or ss , for short. Together these permit the
determination of 84th percentiles

SAt4-exp(lnSA+slnS)- (5)

It becomes very clear in this regression context that these
represent statistics conditional on M and R.

In short, whichever way they are obtained, these
"site-specific" 84th percentile spectra, given M and R, are
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very different in level, shape, and meaning from those
spectra (such as Regulatory Guide 1.60 and NUREG/CR-
0098 spectra) derived from statistics of records scaled to a
common PGA (i.e., derived from DAF statistics). To make
this distinction clear and precise, whenever ambiguity is
possible, one should refer to these as 84 percentile spectra
either given M and R or given PGA. Recognizing this
distinction does not, by itself however, clarify which is the
"right" spectrum to specify or use in any given situation.
This is a larger question.

SEISMIC HAZARD BASIS (SIMPLE SHA)

In recent years it has become commonplace to base
the ground motion criteria on probabilistic seismic hazard
analysis (SHA). Both the NRC and DOE have moved in
this direction. One approach is to establish the PGA
associated with a specified (small) annual probability of
exceedence. To find the PGA associated with this
probability, one uses the standard seismic hazard sum of
integrals [3]:

P[PGA>ao\ -

10-2

SlnPGA\MJR

fM(jn)fR[f)dm dr

(6)
P[PGA>a0] versus a 0 is called a seismic hazard curve
(Fig. 3). The sum is over faults or other future earthquake
sources. For each source, one considers the mean rate of
occurrence of earthquakes, v i , the probability distribution
of magnitudes, fM, the probability distribution of site-to-
focus distance, fR, and the probability of exceeding level <30

given M=m and R=r. This last probability is given in terms
of the standard normal distribution function <£. Note that
its argument contains familiar terms: the conditional mean
log PGA given that M=m and R=r (denoted here

inPGA (m, r) ) and the conditional standard deviation
M and fl.

In some practice the PGA level associated with a
specified small probability, P[PGA>&0] "Po, has been
used with a standard spectral shape, e.g., the Regulatory
Guide 1.60 shape, which is implicitly an 84th percentile
given PGA. One cannot assign any unique probabilistic
meaning to this result. The probability of exceeding any
such spectral acceleration is neither p0 nor 1-.84 = 0.16 nor
even (0.16)p0. It is not recommended.

10"

10"

10-5

84th Percentile

Mean

0

Figure 3 Seismic Hazard Curve: Mean, Median,
and 84% Fractile of Annual Probability of Exceedance of
Given PGA

With the advent of spectral acceleration attenuation
laws, it has become standard hazard analysis practice to
calculate at each frequency the value of SA associated with
the specified annual probability of occurrence, say p0, using
the same SHA formula as above, but replacing
InPGA (w, r) and slnPGA\MR by lnSA {m, r ) and
slns \M R' respectively. Connecting these values ofS^
produces a uniform hazard spectrum (UHS), where each
spectral ordinate has a common annual probability of

exceedence, e.g., p 0 - 1 0 " 4 .

It is important to note that this UHS spectrum
contains explicitly the variability SlnS \M Ri it need not be
included again elsewhere. For example, one need not
supplement this UHS spectrum by multiplying by
exp (SlnS^Mi R) or exp (SlnSA]pGA) . Nor does this
UHS spectrum carry with it only a simple notion such as
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median or 84 percentile; the whole range of possible values SA

values (given M and R, and their relative likelihoods) is
contained explicitly in the SHA integral, (as, indeed, is the
whole range of possible values of M and R and their relative
likelihoods).

SEISMIC HAZARD BASIS (WITH UNCERTAINTY)

The seismologists may have severe informational
problems in determining the probability distributions fM and fR

in the SHA integral. Seismic history, theory, and input
parameter values are limited by as yet imperfect data bases.
In addition, in most parts of the U.S., strong motion data is

insufficient to establish well constrained fits of the function lnSA

to the data. The implication is that there remains significant
professional uncertainty in estimating the input to SHA, a
fact which produces significant uncertainty in the output.

In the past decade the approach to this difficulty has
been to quantify the degree of this professional, or
"epistemic", uncertainty in each of the SHA input
parameters, e.g., in the value of the Gutenberg-Richter "b-
value", which characterizes the fM distribution, in the value
of the upper bound magnitude at which that distribution falls
to zero, in the depth of the fault, which impacts fR, etc.
These uncertainties are captured in "logic trees" [5]. The
branches reflect alternative parameter values (with their
relative weights or likelihoods). At the right-hand end of
each set of branches, one has both a fully specified SHA
model, permitting a hazard curve calculation, and a
composite weight for this end node (calculated as the
product of the weights of each parameter-value branch in the
model). A plot of all of these curves together with their
weights implies that at each ground motion level a 0 , one
has an uncertainty distribution (i.e., a probability distribution
reflecting incomplete knowledge) over p0 the annual
frequency of exceeding a 0 . From this uncertainty
distribution, one calculates the mean annual frequency, the
median frequency and the 84th percentile frequency. These
curves are shown in Fig. 3. This mean frequency we might

denote T ( a 0 ) , i.e. the mean annual frequency of

exceeding PGA (or SA) level aQ .

It is also possible to enter the original family of
hazard curves at a given annual probability level, f0, say,
and calculate the mean, the median, and (once again!) the
84th percentile ground motion level associated with this
annual probability of exceedance. Note that this 84th
percentile ground motion reflects a "new" kind of
uncertainty, that which can be reduced in time as the
earthquake community gathers more data and improves its

knowledge. The ratio of this 84 percentile to median ground
motion will decay with increased knowledge. It is in (his
ratio that the well known 1980s Livermore and EPRI hazard
curves differed markedly. Their quantitative assessments of
this epistemic or knowledge uncertainty differed.

It is easily shown that the two percentile curves
(e.g., the median and 84th percentile ground motion curves
versus f0) will be identical to those obtained above by
entering at a given aQ and finding the median and 84th
percentile annual frequency. On the other hand, the two
mean curves and 7(<30) and a Cf0) will be different.

For several reasons it is preferable, even when one
is attempting to find a ground motion associated with a
specified annual frequency, fQ, to enter these multiple
hazard curves at a specified ground motion and use the
curve associated with mean annual frequency given the

ground motion, i.e., ? ( a 0 ) , (and not ~a{f0) ). In

practice, this value 7 ( a 0 ) is sometimes referred to,
however, as, say, the "mean 10"4 ground motion". In fact, it
is ths ground motion associated with a mean hazard of 104

per year. See, for example, DOE 1020[5]. The ratio of the
84th percentile annual probability f84 ( a 0 ) to the median
f50 ( a 0 ) may be very large (a factor of 10 or more). It
is common to represent this distribution, again, by a
Lognormal distribution. The implication is that the COV
and standard deviation Slnf are large, implying in turn that

the mean annual frequency, 7 ( a 0 ) is substantially larger
than the median fsn(a()). All these ratios and issues were
explored in depth in DOE 1024 [6] in order to provide at
least an interim resolution to the larger differences between
the LLNL and EPRI assessments of these professional
uncertainties. (There are revised LLNL results available
now [7] that show a much closer agreement.)

DISAGGREGATED SHA: M, R

Although first suggested 10 years ago [8], it has
become popular in the last few years to turn the SHA "inside
out" to see which magnitudes and distances "contribute the
most" to the hazard. This is done by displaying as a
function of m and r the (summed) integrand of the SHA
integral, Eq. 6:

(7)

(We use, for simplicity, here the simple SHA as a basis; in
practice it is usually the median or mean hazard curve, e.g.

7 ( a 0 ) .) When re-normalized to unit volume, this
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"integrand" represents the conditional probability distribution

of M and R given that A> a0. where A stands for PGA or

SA. Representative values of magnitude and distance are

found by taking averages, i.e., M (more stricM« denoted

M\A>a ^ ' s '^ c m e a n magnitude (given A>a0) , where

<30 is the ground motion value with a specified annual

probability of exceedence. R (or, often, D) is the
conditional mean distance. (In fact, practice often uses

instead "R"=exp (lnR) .) One could in principle find

just as easily the median M and R, i.c, M50 andi?5Q/

given A> a.Q, or for that matter 84th percentiles: MB4 andi?16

given A> a.Q • (To be conservative one wants, of course,

smaller values of R, not larger.)

These representative values (M, R) can once again
be considered a "design event". They are called for in
references [6], [7], and [10], for example. In contrast to
1960's and 1970's design events, this design (M,R) pair now
reflects randomness in M and R as weM as the variability in
ground mo_tion_about the value predicted given M and R; in
addition (M, R) reflect the target annual probability level.
M will be larger, for example, if the probability is decreased.
They also reflect the frequency content; if, for the same
annual probability of exceedance, one looks at PGV rather
than PGA, or at lower frequency SA, M and R will both be
larger.

M and R can, of course, be used to establish a
design spectrum. One might ask why not, as many do,
simply use the UHS at the same target probability. The
response conies from established practice and preference;
the spectrum associated with a given M and R pair will have
a more familiar shape. Recall it can be argued that this is
the wrong shape if one uses, say, the median PGA (given M
and R) together with an 84th percentile DAF, e.g., together
with a Regulatory Guide 1.60 spectrum. This concern
suggests using a median shape, i.e., DAF'5Q. An open
question is then what level of PGA to use with this shape.
To use the value from a regression equation, (i.e.
PGA501JJ s ) leads, experience shows, to too low a value.
It will be less than the PGA associated with the original
target probability because it implicitly ignores some portion
of the variability SlnPGA\M R, and the resulting spectrum
certainly ignores SlnDA^PGA. It has been suggested [6] to
simply scale the spectrum back up to the UHS at some
representative frequency (e.g., at the PGA).

Another current suggestion [9] is to use M, R and,
yes, the 84th percentile spectrum. But which 84th spectrum?

No, it doesn't leave us where we began. The logical choice
here is the 84th spectrum given M and R. (And not the 84th
spectrum given PGA, i.e., not the Reg Guide 1.60 spectrum.)
In any case it would be virtually a coincidence if this
spectrum matched the UHS in level at any frequency.
Again, therefore, re-scaling to the UHS at some frequency
of interest may be in order. In all cases, it is clear thatjt
may be appropriate in certain situations to use two pairs (M,
R), one associated with higher frequencies and one with
lower [6].

Finally it should be mentioned that because of the
differences in EPRI and LLNL mean hazards, the NRC |9]
is leaning toward using the process above the median
hazards. (Again, recall, these are mean and median with
respect to the professional or epislemic uncertainty.) And
rather than using a pre-set target probability, as DOE 1020
proposes, the NRC suggests using what we might call the
median median hazard! This is the median with respect to
all current EUS nuclear power plant sites of the median
hazard (median, now, with respect to epistemic uncertainty)
associated with each site's current SSE (Safe Shutdown
Earthquake) ground motion level. The resulting hazard
(annual frequency of exceedance) value is different for the
1988 LLNL SHA curves (10"4) than the EPRI curves (2x10'

5). This scheme for calibration back to existing practice has
merit in the face of the existing EPRI-LLNL differences;
recall, however, that these differences have recently been
reduced significantly. This convergence may well obviate
the need to use different target probabilities and may permit
use of mean rather than median hazard curves in the process.
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APPENDIX A: SOME RANDOM VARIABLE
ARITHMETIC

sample average

x--y.x.

and sample standard deviation

£(x.-x)2 (A"2)

which implies a sample coefficient of variation

vx-s/x (A-3)

Similarly, one can first take the natural logarithms of the
observations, yi - lnx^, and apply the same averaging
operations getting

(A-4)

( A " 5 )

Numerically, one will find (provided vx is less than about
0.3) that

lnx»]nx (A-6)

(A-7)

Now, one may choose to adopt a "model" of this
random variable, x. The two most popular choices are
Gaussian (or Normal) and Lognormal. These models imply
certain assumptions about the probability distributions of
these variables. In particular, the Gaussian model assumes
that the data should tend toward a symmetrical distribution
about the central or average value, whereas the Lognormal
assumes the same about the logs of the observations. This
latter assumption implies an asymmetrical, "skewed right"
distribution for the direct observations. The models imply
that one can find estimates of percentiles of the distributions
from a standard Gaussian table; e.g., the 84th percentile (a
value such that 84% of the observations lie below it) is, if x
is Gaussian,

[Gaussian] (A-8)
or, if x is modelled as Lognormal:

- lnx+si'ba

[Lognormal] (A-9)

Given data (n observations) of a random variable JC, o r

i.e., a vector {xlt x2, xn}, one can calculate the

[Lognormal] (A-10)
(A-l) Also, the median (50th percentile) is either

xso"x

[Gaussian] (A-11)

or

[Lognormal] (A-12a)
The mean of x in the Lognormal case is
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x -xxe
1 / 2 J [LognormalJ (A-12b)

Note, for vx "small", i.e., less than about 30%,

x -

x _x e
s

[Lognormal] (A-13)

[Lognormal] (A-14)

Other percentile values can be found as either
kpSx (Gaussian)or s50exp (kpslnx) (Lognormal)

by looking up values of kp in standard Gaussian tables for
different percentile levels, p. Note that in probability texts
the sample statistic s here would be denoted by its
distribution parameter notation a, and ~x by \i. In some
texts the median x 5 0 is denoted mx, the coefficient of
variation as V or 5, while in much of the seismic PRA,
margins, and criteria literature (e.g., in DOE 1020) Slnx is
denoted p\

If we are interested in the relationship between the
properties of two random variables, X and Y, say, those of
some other variable, W or Z, say, which depends functionally
upon them (e.g., W = X+Y or Z = X*Y), certain (limited)
statements can be made.

First no matter what the distribution types of X and
Y:

(1) If W = X+Y, then

w-x+y

and

(A-15)

(A-16)

where p is the "correlation coefficient" between X and Y, a
measure of "linear correlation", which we shall not pursue
further here. Similarly,

or

and

(2) If Z = X*Y, then

Inz-lnx+lny

Z50 ~

(A-17a)

(A-17b)

(A-18)
where p' is the correlation between Inx and Iny, which in
practice is very close to p in numerical value.

Second, if X and Y are (jointly) Gaussian, then W =
X+Y is also Gaussian, and if X and Y are (jointly)
Lognormal, then Z = X'Y is also Lognormal, in both cases
with the parameters given just above.

In practice, it can often be assumed that X and Y are
independent, implying that p and p' are zero. We shall
assume this in the examples below.

Note that for the Lognormal assumptions,

(A-19)

where x 8 4 - X 5 O e S j " \ etc. Rather,

(A-20)

It is easily shov/n that \Ja2+b2 " 0 . 7 (a+b) for a/b
between about Vs and 3. Therefore,

(A-21)

(A-22)

In short "simple arithmetic" of 84 percentiles does
not apply.
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CONDITIONS FOR WHICH SSI EFFECTS IN HLW WASTE TANKS ARE SMALL
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ABSTRACT

The objective of this paper is to evaluate the significance of SSI effects in controlling the
seismic response of high level waste (HLW) tanks. The tanks considered in the study
consist of steel base-supported tanks contained within a concrete vault structure. The
parameters describing the physical characteristics of the tanks are selected to span the
range of tank properties found at the DOE sites. The tank/fluid system is modeled with a
cantilever beam having the frequency of the tank and a mass equal to the impulsive mass
of the fluid. The vault is modeled as a rigid body and attached to the Tree field with lumped
parameter SSI models. Transfer functions are developed both including and neglecting SSI
effects, and these are compared with each other to asses the significance of SSI.

INTRODUCTION

High level waste at many of the DOE sites is usually
stored in large buried tanks. These high level waste (HLW)
tanks usually consist of an outer concrete vault and a steel
inner tank containing the waste which is in a fluid form. The
steel tank can be supported as a cantilever from the basemat of
the vault or as a propped cantilever with ai.\ additional support
of the tank from the vault provided near the top of the tank.
The tank seismic evaluation guidelines (1] contain
recommendations of alternative methods foi including soil-
structure interaction (SSI) effects when performing seismic
analyses for these tanks. Two aspects of the JJSI problem are
discussed in the guidelines. The first deals with evaluation of
the spatial variation of the free field seismic motion and the
second deals with the interaction of the free field motion with
the HLW tank. Analyses of several specific HLW geometries
have indicated that the SSI effects may not have a large
impact on the response of the tank.

The objective of the work reported in this paper is to
perform a systematic evaluation of the significance of the
second of the SSI effects discussed above for HLW tanks
typical of those contained in the DOE inventory. A range of
fluid / tank / vault / soil geometric and material properties
including most of the existing facilities are considered in the
study. The seismic response of the tanks are computed using
models both including and neglecting SSI effects, and the
results compared to determine the significance of SSI. The
response parameters considered in the study are: spectra at the

top and bottom of the vault (needed for the design of
equipment mounted on the vault), maximum seismic force
acting on the vault; and peak acceleration imposed on the fluid
contained in the tank. The primary focus of the study is to
determine the ranges of HLW tank parameters for which the
magnitudes of these response characteristics including SSI
effects are not significantly larger than the magnitudes which
are obtained when SSI effects are neglected. The range of
parameters for which SSI effects significantly reduce the
magnitudes of the response characteristics are also identified.

The physical characteristics of the problems considered
are first described. This is then followed with a discussion of
the combined horizontal / rocking response and the vertical
response.

DESCRIPTION OF PROBLEM

The parameters of the HLW tank system considered in the
study are shown in Figure 1. The parameters which are varied
in this study are: tank frequency (f{); vault height to radius

ratio (H/R), depth of cover to height ratio (D/H), shear wave
velocity of the soil at elevations above the basemat of the
vault (Vs), shear wave velocity of the soil below the basemat

(Vh), density of the fluid contents of the tank (Yf), and the

vault radius (R). The other parameters of ihe problem, shown
on Figure 1, are assumed to be constant at the values as
shown. The variations considered in the study are discussed
next.
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HORIZONTAL / ROCKING RESPONSE

Y =150 pcfc 7
T
D

H

V =100 pcf

FORMULATION
The horizontal / rocking response model used for the

study is shown on Figure 2 a. The fluid / tank system is
modeled as a cantilever beam attached to the basemat of the

RIGID
UflULT

R t- R-2 -H

Figure 1 Problem Definition.

The contents of the tank are represented as a fluid with
densities of 62.4 pcf, 100 pcf, or 150 pcf. The fluid is
contained in a tank of radius (Rv), height (Hy), and frequency

(ft). The correlation of the tank frequencies with tank

properties is discussed in Section 4 of Reference 1. Tank
frequencies of 5 cps, 7.5 cps, and 10 cps are used in this
study. The seismic effects are generally maximized when the
masses are largest so that conservative estimates of tank sizes
are used for the study. The tank is assumed to have a radius
(Rp 2 feet smaller than the vault and a height (Ht) 6 feet

smaller than the vault.

The vault is assumed to be rigid and to have a height to
radius ratio (H/R) of 0.5, 0.75, or 1.0. The vault is concrete
having a density of 150 psf and wall thicknesses of 2 feet.
The ratio of the depth of soil over the vault roof to the height
of the vault (D/H) is assumed to be 0.25 or 0.5. The radius of
the vault is assumed to be 40 feet or 60 feet.

Most of the solutions are obtained for two sets of soil
conditions. The first is a uniform site with the soil shear
wave velocity equal to 1000 fps. The second is a layered site
with the soil at elevations above tne vault basemat having a
shear wave velocity of 600 fps and the soil below the basemat
having a shear wave velocity equal to 3000 fps. A few
parametric studies were performed for uniform sites with soil
shear wave velocities varying from 250 fps to 2000 fps. The
soil density is taken as 100 pcf and the Poisson's ratio as 0.33
for all of the problems.

tl It

•T

II
ill•
ilifii

\
SSI

CG

n J

(a) Model

(b) Definition of Displacements

Figure 2 Horizontal t Rocking Response Model
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vault. The relationship of the cantilever parameters to the
physical characteristics of the tank are developed in Reference
1. It is expected that consideration of tanks having a top
support would result in conclusions that are substantially
similar to those obtained in this study. The mass is taken as
the impulsive mass which depends on the H / R ratio [ 1 ]. The
ratio of impulsive mass (M() to total fluid mass is 0.3,

0.439, and 0.548 for H / R ratios of 0.5, 0.75, and 1
respectively. The height (h') of the fluid mass above the
basemat is also a function of the H / R ratio and is equal to
L4i-l, 0.94, and 0.721 times the height (H) for H / R ratios
of 0.5, 0.75, and 1 respectively. The flexural stiffness of the
tank model is selected to obtain the specified tank / fluid
frequency of 5 cps, 7.5 cps, or 10 cps. The damping of the
fluid / tank system is specified to be 4 % of critical.

The vault is modeled as a rigid element with a mass (M)
and rotary inertia (J) about the center of gravity of the vault.
The center of gravity of the vault is located a distance ( Z ^

above the basemat. This distance is taken to be equal to (H/2)
for this study. The roof of the vault is assumed to be at the
surface (D=0). Results obtained for this model are expected to
be applicable to vaults with a shallow cover.

The SSI effects are modeled with spring-damper models
representing horizontal and rocking effects and connecting the
center of gravity of the vault to the free field. The Beredugo-
Novak [2] frequency independent models are used. The
following values of these parameters are used (K is used to
represent the springs, and C is used to represent the dampers;
subscripts h and r are used to represent horizontal and rocking
effects respectively; subscripts b and s refer to soil properties
of the soil beneath the basemat and above the basemat
respectively):

Kh = 4.83 V b
2 f̂  R + 4.05 Vg

2 ps H

Kj. = [2.5 + 4.83 (ZO/R)21 V b
2 (^ R3 + 4.05 [0.33 (H/R)2 +

(Zo/R)2 - HZO/R2| V s
2 p s R

2 H

-4-83 V Pb R Zo " 4-05 V s
2 ps H [Z() - H/2|

C r = [0.43 + 3 (Zo/R)2 ] Vb p,, R4 + 9.9 Vs ps R
3 H [0.33

(H/R)2 + (Z()/R)2 - HZQ/R2J

where, p^ and p s represent the mass densities of the soil

below and above the basemat respectively. The free field
motion (Y) is assumed to uniform over the depth of the vault.

The model contains three degrees of freedom, as shown in
Figure 2 b.which are the horizontal (U) and rocking (<|>)
deformation of the vault, and the horizontal deformation (W)
of the fluid mass. Lower case (u) and (w) represent the
horizontal displacements of the vault and fluid masses relative
to the free field (Y) respectively. The resulting equations of
motion are:

w" + 2 C « t IW - u'- 0T-Zo) 4f | + <ct
2 |w - u - (h'-Zo)4>l =

-Y"
M u" + Ch u' - 2 ? to, M, |w* - n- (h'-Z(>) 4>'| * Cfh <j>* •

Kh u - w t
2 M, |vv - ii - (h'-Zo) 4>| + Krh (J) = -M Y"

J <j>" + C r <f>' + C r h u' -2C tc, M, <h"-Zo) |w' - u - <h*-Zo)

4>' | + Kf $ + Krh u - co,2 M, <h'-Zo> |w - u -<{> (h*-

where, to, = circular frequency of fluid tank system = fj / 2 Zi

C = fluid tank system damping ratio = 0.04
()' = differentiation with respect to time

The free field motion (Y) and three defitrmations (u.w. and
4» ) are expanded in Fourier series such as:

u = 2 [uc Cos cc t + us Sin to t|

The free field motion is taken as Y =0; and Y = I.

These are substituted into the three equations of motion
and solutions obtained for frequencies in the rage of 0.5
through 11 cps. The results are then compared with those
obtained when SSI effects are neglected.

The solution neglecting SSI effects is:

uc =<}>c = <j>s = 0 ; us = 1: wc = - to2 b / (a2 + b 2 ) :

ws = to2 a / ( a 2 + b2)

where, a = to t
2 - to2 ; b = 2 C tot u>

The solutions including and neglecting SS! effects are
obtained, and the comparisons of the two solutions are shown
on Table 1. The first six columns of the table give the values
of the tank/vault system that are varied. The seventh column
in the table gives the lowest frequency of the three degree of
freedom system. The last four columns of the table present
the ratio of the responses including SSI effects to the
responses neglecting SSI effects. These comparisons are
discussed in the following sections.
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Before discussing the comparisons, however, it is useful
to consider the general characteristics of the transfer functions.
Two cases are selected to illustrate these characteristics, one
where SSI effects are important and the second where SSI
effects are relatively small. The amplitude of the transfer
functions are denoted by the displacement parameter with the
subscript m (Wm , U m , <j>m). The transfer function for the

displacement (or acceleration) of the fluid mass (Wm) is

shown on Figure 3. Transfer functions both including and
neglecting SSI effects are plotted. The effect of SSI in the

upper plot on Figure 3 is to significantly reduce the fluid
acceleration for frequencies above about 3 cps and to slightly
increase the accelerations for lower frequencies. The system
frequencies for this case are found to be 4 cps, 11.5 cps, and
16.4 cps. The other case on Figure 3 indicates that SSI effects
do not influence the magnitude of the fluid acceleration. The
system frequencies for this case are 5 cps, 29.3 cps, and >30
cps. The tank/fluid frequency for both cases is 5 cps. A review
of all of the data represented by the parameters listed in Table
1 indicate that these two plots are representative of all of the
results. The upper plot on Figure 3 applies when the lowest
system frequency (listed in column 7 of Table 1) is lower than
the tank frequency, and the two amplification curves tend to
come together (as in the lower plot on Figure 3) when the
system frequency approaches the tank frequency.

This difference in behavior occurs because of the
relatively high damping (as compared to the tank damping)
associated with the horizontal SSI model. When the system
frequency is lower than the tank frequency the horizontal SSI
models are relatively "soft" so that the SSI damping reduces
the input to the tank.

Figure 4 contains plots of the transfer functions,
including SSI effects, for the horizontal displacement of the
vault center of gravity for the same two cases. The transfer
function for the case neglecting SSI effects are equal to unity.
These are typical results for the response of the first mass
(vault) of a two degree of freedom system where the second
mass (fluid) acts as a vibration damper. The initial peak occurs
at the lowest system frequency, the depression occurs at the
frequency of the fluid/tank model, and the second peak would
occur at the second system frequency (11.5 cps for the upper
plot and 29.3 cps for the lower plot).

Figure 5 contains plots of the vault rotation transfer
functions.. As may be seen significant rotations occur for the
first case but not for the second case.

15

12

15

12

f̂  = 5 cps
H/R = 0,5

1000 fps
1000 fps
60 ft
150 pcf

H 1

U3= 600 fps
Ufa= 3000 fps
R = 10 ft
V = 62.4 pcf

UITH flNO
WITHOUT SSI

10

FREqUEHCV (CPS)

Figure 3 Trarisfer Function for Fluid
Mass Displacement
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Figure 5 Transfer Function for Vault Rotation

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

164



RESPONSE OF VAULT

The ratio of the displacements at the top (Ul) and bottom

(U ) of the vault computed including SSI effects to the
magnitudes neglecting SSI effects are computed and the
maximum value of the ratios (over the frequency range
considered) are shown in columns eight and nine of Table 1
respectively. This represents the maximum ratio of the
response spectra at the two locations considering SSI effects
to that neglecting SSI effects. The maximum value of this
ratio may be seen to be 1.25 for the uniform site. The
amplification for the top response of the vault varies from a
low value of 1.13 to a high value of 1.25 for all of the
uniform site conditions considered. The amplification at the
bottom of the vault varies between the values of 1.02 and
1.11. This indicates that response spectra generated from
models including SSI effects at uniform sites will not
significantly (by more than 25 %) exceed those generated
neglecting SSI effects.

FORCES ON VAULT
The force acting on the vault by the soil pressures is

equilibrated by the inertia! forces acting on the vault and fluid.
These inertial forces are convenient to use to calculate the
total force acting on the vault. This force (F) is:

F = Mt [wc
2+(ws M u c

2 +(us

This is again convolved with the NUREG 0098 spectra

to obtain the total force acting on the vault, and the ratio (Fv)
formed as the ratio of the force including SSI effects to the
value of the force neglecting SSI effects. This ratio is shown
in the last column of Table I. This ratio is somewhat larger
than the ratio involving the fluid accelerations but remains
less than unity indicating that SSI effects tend to reduce the
force acting on the tank.

VERTICAL RESPONSE

The results are different for the layered site. The
amplifications tor the layered site vary from 1.10 to 1.90 for
the cases considered. The amplifications for the layered site
increase with tank frequency, H/R ratio, fluid density, and
vault radius. Table 1 must be used to determine those cases for
which SSI effects must be included.

RESPONSE OF FLUID
The seismic induced stresses in the tank are a function of

the peak acceleration of the fluid mass 11 ]. The acceleration
(A) of the fluid mass (Mj) is given as:

A(w) = co2 + < w s + ,2,1/2

The vertical SSI model consists of a rigid mass
connected to the free field with a parallel spring / damper
model. The mass (My) of the model includes the vault, soil

overburden for the depth (D), and 80 % of the fluid mass [ I).
The SSI coefficients are taken from ASCE 4-86 [4| and are:

C V = O . 8 5 K V R / V b

The equation of motion controlling the vertical motion
(v) of the vault relative to the free field motion (Z) is:

The raiio of this acceleration as a function of the input
frequency is sho'.vn on Figure 3 for both the model including
SSI effects and neglecting SSI effects.

The data shown on Figure 3 must be convolved with the
seismic free field accelerogram to obtain the peak acceleration
of the fluid. The amplification functions shown on Figure 3
are convolved with the median soil free field spectral shape of
NUREG 0098 [3]. The ratio of the resulting fluid acceleration
including SSI effects to the acceleration neglecting SSI effects

(A ) is shown in column 10 of Table 1. As may be seen SSI
effects reduce the fluid acceleration.The last eighteen rows of

Table 1 clearly demonstrates that the ratio (A ) increases as the
soil stiffness increases, but that the ratio only approaches
unity.

The displacements (v) and (Z) are expanded in a Fourier
series and the solution tor (Zc = 0 ; Zs = I) is:

v . = - b / (a2 + b2) v = co2 a / (a2 + b2)

where, a = toy

= [KV /MV

2 ; b = 2

I / 2 ; C = C

coy to;

2 |Ky My | l / 2

The solution neglecting SSI effects is:

= 0 ; v s =

Solutions are obtained for the same set of parameters as
used for the horizontal / rocking case and the resulting ratios
of response including SSI effects to the response neglecting
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SSI effects (Vv) are shown on Table 2. The vault response
including SSI effects exceed the response when SSI effects are
neglected by a factor of 1.48 when the D/H ratio is 0.25 and a
factor of 1.54 when the D/H ratio is 0.5. These factors occur
for the H/R ratio of 1 and decrease to 1.28 and 1.32
respectively for the two D/H ratios when the H/R ratio is 0.5.

It is unlikely that even the higher ratios will be
significant since the stresses resulting from loadings including
seismic effects are compared with allowable stresses which are
2/3 higher than the allowable stresses neglecting seismic
effects. It is therefore unlikely that the seismic vertical
motion will be significant in the design process.

CONCLUSIONS

The seismic response of HLW tanks were evaluate! using
models both including and neglecting SSI effects. A
comparison of the results from the two models lead to the
following conclusions:

1. The SSI models are generally stiffer and more highly
damped than the fluid/tank, models.

2. The horizontal response of the top and bottom of the vault
may be amplified by a maximum factor of 1.25 for the
uniform site (soil shear wave velocities in the range of 250
fps- 2000 fps were investigated).

3. The amplification factors for the horizontal displacement of
the vault are higher than for the uniform site. Table 1 must
be used to determine those cases for which it may be
reasonable to neglect SSI effects.

4. The inclusion of SSI effects reduces the acceleration, and
therefore seismic loads on the tank, for all cases considered.
In many cases the reduction is minimal but in some cases
reductions to 27 % of the no SSI model are found. In these
cases it may not be prudent to neglect SSI effects.

5. The inclusion of SSI effects reduces the seismic loads
acting on the vault for all cases considered. In many cases
the reduction is minimal but in some cases reductions to
22 % of the no SSI model are found. In these cases il may
not be pnident lo neglect SSI effects.
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Table 1

HORIZONTAL / ROCKING RESPONSE

ft
(cps)
(1)

5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5

H/R

(2)

.50

.50

.50

.50

.50

.50

.50

.50

.50

.50

.50

.50

.75

.75

.75

.75

.75

.75

.75

.75

.75

.75

.75

.75
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.75
.75
.75
.75
.75
.75

Vb
(fps)
(3)

1000.
1000.
1000.
1000.
1000.
1000.
600.
600.
600.
600.
600.
600.

1000.
1000.
1000.
1000.
1000.
1000.
600.
600.
600.
600.
600.
600.

1000.
1000.
1000.
1000.
1000.
1000.
600.
600.
600.
600.
600.
600.

1000.
1000.
1000.
1000.
1000.
1000.
600.
600.
600.
600.
600.
600.

1000.
1000.
1000.
1000.
1000.
1000.

vb
(fps)
(4)

1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.

Vf
(kef)
(5)

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

R
(ft)
(6)

40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.

fS
(cps)

4
4
4
4
4
3
4
4
4
4
4
4
4
4
4
3
4
3
4
4
4
4
4
4
4
3
4
3
3,
3,
4,
4.
4,
4.
4.
4.
6.
5.
6.
5.
6.
4.
7.
7.
7.
7.
7.
6.
6.
4.
5.
4.
5.

(7)

.82

.48

.73

.24

.61

.96

.98

.93

.96

.88

.94

.83

.64

.09

.45

.74

.24

.38

.94

.83

.90

.73

.85

.61

.49

.85

.25

.46

.99

.07

.88

.69

.81

.54
,73
,34
81
,71
50
16
15
60
42
25
37
11
30
93
20
84
73
19
25

3.57

u*

(8)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1,
1,
1,
1,
1,
1,
1.
1.
1.
1.
1.
1.
1.
1.
1.
i.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.

.13

.14

.16

.19

.18

.22

.10

.12

.09

.18

.11

.26

.15

.18

.21

.22

.27

.27

.14

.30

.20

.46

.30

.64

.16

.16

.21

.20

.26
,25
,26
.51
.41
66
62
77
14
14
18
18
21
21
14
23
19
27
26
30
17
16
20
20
25
25

Ub

(9)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1,
1
1,
1
1,
1,
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.

.05

.04

.06

.05

.07

.05

.07

.08

.07

.11

.07

.15

.04

.03

.05

.03

.06

.04

.07

.13

.11

.18

.15

.19

.04

.03

.04

.03

.05

.04

.11
,13
.16
,18
,22
25
05
04
06
04
06
05
09
10
12
12
15
17
04
04
04
03
05
04

Af

(10)

.98

.92

.95

.87

.93

.83
1.01
.99

1.00
.97
.99
.95
.93
.87
.90
.81
.86
.75
.99
.96
.98
.93
.96
.90
.91
.85
.87
.79
.83
.73
.97
.93
.95
.89
.93
.84
.93
.80
.88
.72
.83
.63

1.01
.98

1.00
.96
.99
.52
.85
.72
.78
.62
.70
.53

Fv

(11)

1.01
.93
.97
.86
.93
.78

1.04
1.02
1.03
.98

1.01
.94
.94
.83
.87
.74
.80
.64

1.02
.95
.98
.89
.94
.83
.89
.78
.81
.68
.74
.59
.98
.88
.92
.81
.87
.72
.91
.73
.83
.61
.73
.50

1.01
.95
.99
.89
.95
.81
.77
.59
.66
.47
.So
.17
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7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
10
10
10
10
10
10
10
10,
10.
10,
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.

5.
5.
5.
5.
5.
5.
7.
7.
7.

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5

.5

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0
,0
,0
0
0
.0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
5
5
5

.75

.75

.75

.75

.75

.75
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.50
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75
.75

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

.75

.75

.75

.75

.75

.75

.75

.75

.75

600.
600.
600.
600.
600.
600.
1000.
1000.
1000.
1000.
1000.
1000.
600.
600.
600.
600.
600.
600.
1000.
1000.
1000.
1000.
1000.
1000.
600.
600.
600.
600.
600.
600.
1000.
1000.
1000.
1000.
1000.
1000.
600.
600.
600.
600.
600.
600.
1000.
1000.
1000.
1000.
1000.
1000.
600.
600.
600.
600.
600.
600.

250.
500.
750.
1000.
1500.
2000.
250.
500.
750.

3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.

250.
500.
750.
1000.
1500.
2000.
250.
500.
750.

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.100

.100

.100

.100

.100

.100

.100

.100

.100

40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.

40.
40.
40.
40.
40.
40.
40.
40.
40.

7.28
6.91
7.15
6.61
6.99
6.26
5.81
4.41
5.28
3.76
4.77
3.16
7.09
6.50
6.83
6.06
6.62
5.59
8.14
6.20
7.57
5.41
6.99
4.64
9.79
9.38
9.67
9.06
9.52
8.67
7.04
4.99
6.32
4.12
5.62
3.30
9.45
8.60
9.17
8.00
8.82
7.36
6.45
4.48
5.71
3.65
5.02
2.88
9.01
7.77
8.56
7.01
8.05
6.26

1.50
3.16
4.05
4.45
4.76
4.87
1.06
3.23
4.74

1.31
1.33
1.41
1.52
1.44
1.75
1.15
1.14
1.19
1.18
1.23
1.23
1.43
1.55
1.46
1.76
1.70
1.80
1.15
1.14
1.17
1.17
1.20
1.20
1.13
1.23
1.16
1.32
1.22
1.45
1.16
1.15
1.19
i.19
1.23
1.23
1.28
1.48
1.40
1.62
1.59
1.73
1.13
1.13
1.17
1.17
1.21
1.22
1.48
1.59
1.70
1.72
1.90
1.82

1.17
1.19
1.21
1.21
1.20
1.16
1.16
1.18
1.19

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1,
1.
1.
1,
1,
1.
1.
1.
1.
1.

1.
1.
1.
1.
1.
1.
1.
1.
1.

.12

.14

.12

.20

.17

.23

.03

.02

.04

.03

.05

.04

.12

.14

.18

.18

.25

.23

.05

.04

.06

.04

.06

.05

.09

.13

.11

.17

.14

.21

.04

.03

.04

.03

.05

.04

.14

.15

.19

.18

.25

.22

.03

.02

.04

.03

.05

.04

.16

.12
20
17
24
20

04
04
04
05
05
05
04
04
04

.99

.91

.96

.84

.93

.76

.82

.70

.74

.60

.66

.51

.95

.81

.90

.72

.82

.64

.69

.51

.60

.43

.53

.37

.92

.75

.85

.67

.78

.60

.58

.44

.49

.35

.42

.29

.76

.61

.68

.54

.61

.50

.55

.42

.46

.34

.39

.27

.66

.53

.58

.46

.54

.39

.68

.79

.86

.90

.94

.96

.49

.61

.71

.95

.81

.89

.69

.82

.59

.70

.55

.59

.43

.49

.34

.87

.67

.77

.55

.67

.45

.74

.55

.64

.44

.55

.35

.93

.77

.86

.67

.77

.60

.58

.42

.48

.32

.39

.25

.77

.60

.67

.53

.60

.47

.52

.38

.42

.29

.34

.22

.65

.50

.57

.42

.52

.34

.64

.76

.83

.87

.92

.95

.37-

.48

.58
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7.5 .75 1000. 1000. .100 40. 5.73 1.20 1.04 .78 .66
7.5
7.5
10.0
10.0
10.0
10.0
10.0
10.0

.75

.75

.75

.75

.75

.75

.75

.75

1500.
2000.
250.
500.
750.
1000.
1500.
2000.

1500.
2000.
350.
500.
750.
1000.
1500.
2000.

.100

.100

.100

.100

.100

.100

.100

.100

40.
40.
40.
40.
40.
40.
40.
40.

6.68
7.04
5.37
3.00
4.88
6.32
8.09
8.91

1.21
1.17
1.16
1.17
1.18
1.19
1.21
1.21

1.05
1.05
1.04
1.04
1.04
1.04
1.05
1.05

.87

.92

.22

.32

.42

.49

.60

.67

.77

.84

.20

.31

.40

.48

.58

.65

Table 2

VERTICAL RESPONSE

D/H

(1)

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25

.25
25
25 1
25 1
25 1
25 1
25 1
25 1
25 1
25 1
25 1
25 1
25 1
25 1

H/R

(2)

.50

.50

.50

.50

.50

.SO

.50

.50

.50

.50

.50

.50

.75

.75

.75

.75

.75

.75

.75

.75

.75

.75

.75

.75

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

vs
(fps)

(3)

1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.
1000.
1000.
1000.
1000.
1000.
1000.
3000.
3000.
3000.
3000.
3000.
3000.

Vf
(kef)

(4)

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

R
(ft)
(5)

40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.

fV
(cps)

(6)

7.78
5.44
7.17
4.89
6.53
4.36
23.35
16.31
21.50
14.66
19.60
13.08
6.55
4.53
5.93
4.02
5.33
3.55

19.64
13.59
17.79
12.07
15.99
10.66
5.76
3.97
5.17
3.50
4.61
3.07
17.27
11.90
15.52
10.49
13.84
9.22

vv

(7)

1.21
1.20
1.24
1.23
1.28
1.28
1.17
1.19
1.19
1.23
1.23
1.28
1.28
1.26
1.32
1.31
1.38
1.38
1.23
1.26
1.28
1.32
1.35
1.37
1.34
1.32
1.40
1.39
1.48
1.48
1.29
1.32
1.37
1.38
1.47
1.48

.50 .50 1000.

.50 .50 1000.

.50 .50 1000.

.50 .50 1000.

.50 .50 1000.

.50 .50 1000.

.50 .50 3000.

.50 .50 3000.

.50 .50 3000.

.50 .50 3000.

.50 .50 3000.

.50 .50 3000.

.50 .75 1000.

.50 .75 1000.

.50 .75 1000.

.50 .75 1000.

.50 .75 1000.

.50 .75 1000.

.50 .75 3000.

.50 .75 3000.

.50 .75 3000.

.50 .75 3000.

.50 .75 3000.

.50 .75 3000.

.50 1.00 1000.

.50 1.00 1000.

.50 1.00 1000.

.50 1.00 1000.

.50 1.00 1000.

.50 1.00 1000.

.50 1.00 3000.

.50 1.00 3000.

.50 1.00 3000.

.50 1.00 3000.

.50 1.00 3000.

.50 1.00 3000.

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

.062

.062

.100

.100

.150

.150

40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.
40.
60.

6
4
6
4
6
4

20
14
19
13
18
12
5
3
5
3
4
3

17
11
16
10
14
9
5
3
4
3
4
2

15
10
14
9

12.
8.

.96

.82

.51

.42

.02

.02

.89

.45

.53

.26

.07

.06

.82

.99

.37

.63

.91

.28

.46

.98

.12

.90

.74

.83

.10

.49

.68

.16

.25

.83

.30

.46

.04

.47

.76

.50

1.25
1.24
1.28
1.27
1.32
1.31
1.21
1.24
1.23
1.27
1.27
1.32
1.33
1.32
1.38
1.37
1.43
1.42
1.29
1.32
1.34
1.36
1.41
1.43
1.41
1.39
1.47
1.45
1.54
1.54
1.38
1.39
1.46
1.46
1.54
1.54
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SAVANNAH RIVER SITE DISAGGREGATED SEISMIC SPECTRA*

Dale E. Stephenson and Richard C. Lee
Westinghouse Savannah River Company

Aiken, SC 29808

Jeffery K. Kimball
U.S. Department of Energy
Germantown, MD 20585

ABSTRACT

In the past, single enveloping response spectra have been used at the Savannah River Site
(SRS) for seismic design and qualification purposes [1], This practice of generating simu-
lated ground motions for use in design and qualification from a single spectrum now
appears to be justified only when the total site seismic risk is the result of a single earth-
quake source or if site geology shapes the frequency content of the ground motion. If the
data suggest that the occurrence of several earthquakes contribute to the seismic hazard, it
is necessary to (1) determine the various frequency content, amplitude, and duration of
each event, and (2) investigate the response spectrum developed for each (i.e., a large, dis-
tant earthquake or a moderate, close event). These two tasks were performed at SRS to
characterize the seismic ground motion as input to a liquefaction study. This was accom-
plished by reviewing the deterministic and probabilistic assessments of the seismic hazard
to establish the potential sources of earthquake-generated ground motion, which control
the hazard at the site. For the liquefaction study, an evaluation was then made of the seis-
mic ground motion in terms of the response spectra for each of the events.

•Prepared far the U.S. Eepartm=nt of Ehergy under contract no. DE-AC09-89SR18035
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INTRODUCTION

For engineering design criteria of earthquake-resistant
structures, seismic response spectra serve the function of
characterizing ground motions as a function of period or
frequency. These motions then provide the input parame-
ters that are used in the analysis of structural response. The
response spectra are an inherently conservative design
tool, because only maximum values are retained in the
analysis. Response spectra are described in terms of
amplitude, duration, and frequency content, and these are
related to source parameters, travel path, and site condi-
tions. Typically, the response spectra represents an enve-
lope of more than one earthquake with each earthquake
controlling narrow frequency bands. In contrast to the
enveloping approach, the U. S. Nuclear Regulatory Com-
mission (NRC) states that, in general, several different
earthquakes produce the largest ground motions in differ-
ent frequency bands at a site; therefore, it is acceptable to
use an ensemble of ground motion time histories from
earthquakes with similar size, site-source characteristics,
and spectral characteristics [1], Studies by a number of
investigators have shown by statistical analysis that for
different magnitudes the response spectrum values are dif-
ferent for differing periods. These facts support Jennings'
position that using different shapes of design spectra for
earthquakes of different magnitudes and travel paths is a
better practice than employing a single, general-purpose
shape [2]. We have investigated the use of individual con-
trolling earthquakes versus the enveloping case at SRS
and the findings are presented in the following discussion.

BACKGROUND

During the present and past decade, deterministic
seismic hazard analyses of SRS were performed and
response spectra for ground motion calculated. In the 1982
J. A. Blumc study, a spectrum was developed from three
events, one local, one at Bowman, South Carolina, and
one near Charleston, South Carolina [3], Similarly, in the
1991 Gcomatrix study, the following three possible
sources were identified: Charleston at 110 km; Bowman at
60 km; and a local source at less than 30 km (with the
Bowman source motions being enveloped by the local and
Charleston sources) [4]. Also during the 1980s, two proba-
bilistic seismic hazard analyses (PSHAs) were performed
for SRS. Lawrence Livermore National Laboratory
(LLNL) performed a study using the input and methods
developed through support of the USNRC. The other anal-
ysis was performed by Jack Benjamin and Associates
using the input and methodology developed by the Elec-
tric Power Research Institute (EPRI).

In practice, when there is more than a single source of
spectral shapes, judgment rather than any formal method-
ology provides the spectra to account for both near and
distant events. Near sources produce a shape rich in high
frequencies while the more distant sources result in spectra
of a more constant shape at lower frequencies. For engi-
neering design or planning, these spectra, which result
from several sources, can be enveloped by a single spec-
trum or averaged to arrive at a spectral shape. As described
by Reiter, the main problem with the approach of using a
fixed spectral shape is the assumption that the spectral
shape is appropriate for design earthquakes of all magni-
tudes, source characteristics, travel paths, and site condi-
tions [5]. At SRS, we are faced with a situation—shown
by the enveloping earthquake—that one gcolugic unit may
liquefy. The uncertainty of whether the same would hold
!rue for individual controlling earthquakes provided the
impetus for this study. Because there arc now a number of
studies that show spectrum values at different periods are
different functions of magnitude [6], we decided that the
spectrum for the individual sources with differing magni-
tudes and travel paths should be used. This approach is
similar to that proposed by the NRC for base-isolated
sites, which states that more than one analysis of the facil-
ity's response may be necessary to ensure adequate perfor-
mance at all earthquake loading levels [7].

METHODS AND RESULTS

As pointed out by the National Research Council's
1988 report by a panel on seismic hazard analysis for the
eastern U. S., the results of PSHAs and deterministic
methods may be different because of low recurrence rates.
For this reason, the panel recommended that the results of
a PSHA be disaggregated to determine which seismic
sources dominate the hazard at a site. This was done for
SRS by the two organizations that performed the original
PSHAs to identify the sources controlling the hazard at the
site. The following steps were used for disaggregating the
probabilistic seismic hazard at SRS:

1.

3.

4.

Using either the LLNL or EPRI probabilistic hazard
result, select ground motion parameters of interest
(e.g., PGA, 5HZ SV, 1HZ SV, etc.).

Select a probability of cxcecdance (e.g., lOfT'Vyr).

Compute probability, retaining results at discrete
magnitude and distance intervals.

Determine the mean magnitude and distance that
controls the ground motion at the selected probabil-
ity of interest.
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The LLNL method has been developed for the NRC lo
provide a part of the technical basis for the revision to 10
CFR Part 100 Appendix A. Since providing the SRS results,
LLNL has been refining their approach for the NRC. The lat-
est disaggregated results will be presented in an LLNL final
report, although they are not expected to be drastically dif-
ferent than results previously presented.

Two approaches were developed: LLNL produced a
matrix of results that show the hazard contribution percent-
ages; and the EPRI results of JAB/Risk Engineering simply
show the mean magnitude and distance for a given peak
ground acceleration (PGA). Figures 1 and 2 show the hazard
results obtained for SRS. The LLNL results in Figure 1 show
the percent hazard contribution as a function of magnitude
and distance. Figure 2 shows the EPRI results with a PGA of
0.20 g (the site's design basis) as a function of magnitude
and distance. These results are summarized in Table 1. As
can be seen from these studies, two seismic sources—a local
event with R<30 km and a larger source at some distance
from the site—control the seismic hazard at SRS. These
results compare favorably with the deterministic analyses
performed for the site, where Mw=5.0 at R<25 km and
IvL,=7.5atR~120krn.

Table 1. LLNL and EPRI Seismic Hazard Results

LLNL Seismic Hazard Results (Vogtle), Prob=lxlOE4

Ground Motion
Parameter

Magnitude Distance

PGA
Avg5/10HZ
Avg 1/2.5 HZ

5.60
5.75
6.25

26 km
29 km
63 km

EPRI Seismic Hazard Results (SRS) at PGA = 0.20 g

Mean Magnitude Mean Distance

5.9 31 km

One noted difference between the two approaches is that
the Charleston source, while an important PSH A contributor,
does not control the hazard at its maximum magnitude. The
individual response spectrum from the controlling earth-
quakes can be used to develop time histories for input to soil
ground motion models. Recommendations of spectral shapes
are considered from those presented in the deterministic
analysis made by URS/Blume [3] and more recently by the
Geomatrix [4] evaluation for the K Reactor. In the Blume
analysis, the recommended site acceleration and spectra
were based on historic earthquakes, ground motion data and
synthetic seismograms for those events, and a PSHA. Two

hypothetical earthquakes consistent with the size of earth-
quakes that have historically occurred in similar geologic
environments were found to be controlling both SRS spectra
and ground motions: (1) a hypothetical site intensity VII
(MM1) local earthquake of epicentral intensity VII, causing
an estimated site acceleration of about 0.1 g; and (2) a hypo-
thetical intensity X (like 1886 Charleston) earthquake,
occurring at a closer distance of 145 km and causing an esti-
mated site acceleration of about 0.1 g. As a conservative
approach, a site PGA of 0.2 g was selected, which corre-
sponded to a site intensity of VIII. Synthetic seismograms
were also incorporated into the analysis and suggested a
PGA of 0.08 g for the Charleston earthquake (Mb=6.6) and
approximately 0.1-0.20 g for the local event (M^S.2),
depending on source distance. The spectra developed by this
study is very similar to that provided in LLNL report UCRL
53582 [8].

Geomatrix performed a deterministic analysis as
required by Appendix A to 10 CFR, Part 100 [4]. The report
for K Reactor recommended spectra for a Charleston source
(Mw=7.5, 120 km) and a local source (Mw=5). The spectra
were developed using Random Vibration Theory (RVT) for
the Charleston source. Western U. S. strong-motion data
(from deep soil sites) were corrected for eastern U. S. soil
conditions using the RVT model.

The conlrolling earthquakes used in the liquefaction
study were selected to be consistent with the deterministic
results used at K Reactor since these were based on the NRC
Standard Review Plan. The results were then compared to
the past deterministic study of Blume and the results of the
disaggregated LLNL and EPRI hazard analyses [9], Table 2
shows the deterministic results of the studies performed by
Blume [3] and Geomalrix [4].

Table 2.

Period

Acceleration Recommended for SRS from
Local Earthquake

Blume Geomatrix
(Eastern U. S.)

0.02
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.15
0.2
0.25

0.10

0.10
0.111
0.121
0.131
0.140
0.153
0.165
0.20
0.255
0.265

0.20
0.27
0.28
0.31
0.31
0.32
0.33
0.33
0.29
0.25
0.22
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Period Blume (g)
Geomatrix
(Eastern U. S.)

0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10

0.255
0.20
0.150
0.130
0.110
0.105
0.088
0.070
0.047
0.032
0.021
0.010
0.006
0.006
0.0045
0.003
0.0025
0.002

0.20
0.18
0.17
0.13
0.11
0.09
0.07
0.05
0.02
0.02
0.005

The Blume report contains separate local and Charles-
ton-type spectra that can be compared to the median 5%
critically damped spectra contained in the Geomatrix
report [3,4] (Tables 2 and 3). Figures 3 and 4 are compari-
sons of the local and Charleston spectra for the two
reports. The Mw=5 "Corrected median scaled to eastern U.
S." of the Geomatrix report is plotted with the Blume local
spectra scaled to 0.1 g. Figure 4 illustrates the Blume
Charleston-type spectra and the smoothed Geomatrix
Mw=7.5 spectra (SD=150 bars). The original, recom-
mended Blume spectrum and the spectra for K Reactor are
shown for comparison purposes in Figure 5 with the
Blume spectrum anchored to the 0.2 g PGA. This figure
clearly shows that the Blume spectral shape does not rep-
resent the individual controlling earthquakes listed in
Table 4.

The liquefaction study calculated induced stresses
based on the two controlling earthquakes from the Geoma-
trix study [4] (Tables 2 and 3; Figures 3 and 4). The use of
the individual controlling earthquakes showed that the soil
layer in question would not liquefy. Given the consistency
between the deterministic and probabilistic results, and the
fact that they specifically model the controlling events and
the site-specific soil column, a recommendation has been
made to use the individual response spectra. The use of the
individual response spectra for structural design analysis
also appears warranted.

Period

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.5
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10

Acceleration for
atSRS

Blume (g)

0.100
0.110
0.120
0.133
0.145
0.153
0.160
0.195
0.230
0.270
0.260
0.240
0.210
0.185
0.175
0.170
0.165
0.123
0.080
0.058
0.036
0.028
0.019
0.014
0.009
0.007
0.006

Charleston-type Earthquake

Geomatrix
(Eastern U. S.)

0.110
0.115
0.122
0.140
0.158
0.176
0.187
0.196
0.200
0.212
0.230
0.225
0.212
0.210
0.212
0.215
0.212
0.204
0.193
0.181
0.141
0.105
0.058
0.033
0.020
0.018
0.013
0.009
0.005
0.002

Table 4. Individual Controlling Earthquakes

PGA(g) Magnitude
Rudius
(km)

Median spectra]
shape from K
Reactor for
local source
Charleston
spectral shape
from K Reactor

0.20
(anchored)

0.11
(anchored)

5.0

7.5

25

no
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CONCLUSIONS

The methodology proposed for SRS is the use of two
controlling earthquakes' spectra that were developed for K
Reactor. All seismic ground motion characterization results
indicate that the PGA is controlled by a local event with
Mw<6 and R<30 km. The results also show that lower fre-
quencies are controlled by a larger, more distant event, typi-
cally the Charleston source. The PGA of 0.2 g, based
originally on the Blume study [3], is consistent with LLNL
report UCRL-15910 [10] and with the DOE position on
LLNL/EPRI. The DOE Standard, DOE-STD-1024-92, pro-
vides interim guidance for the development of deterministic
spectra] shapes [11]. This guidance provides for the use of
single-enveloping spectra or one for each magnitude/dis-
tance combination of the earthquakes controlling the hazard
at the site.
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Figure 1. LLNL mean hazard model for SRS (% contribution by source magnitude and distance)
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Figure 2. EPRI hazard for SRS (probability of exceeding 0.2 g given source magnitude and distance)
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Figure 3. Horizontal statistical spectra for local event (Mw = 5.0)
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Figure 4. Horizontal statistical spectra for Charleston-type earthquake
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DEVELOPMENT OF SITE-SPECIFIC EARTHQUAKE RESPONSE SPECTRA
FOR EASTERN U.S. SITES *

J. E. Beavers, W. R. Brock, R. J. Hunt, and K. E. Shaffer
Martin Marietta Energy Systems, Inc.

P. O. Box 2009
Oak Ridge, Tennessee 37831

ABSTRACT

Site-specific earthquake, uniform-hazard response spectra have been defined for the
Department of Energy Oak Ridge, Tennessee, and Portsmouth, Ohio, sites for use in
evaluating existing facilities and designing new facilities. The site-specific response spectra
were defined from probabilistic and deterministic seismic hazard studies following the
requirements in DOE-STD-1024-92, "Guidelines for Probabilistic Seismic Hazard Curves at
DOE Sites." For these two sites, the results show that site-specific uniform-hazard response
spectra are slightly higher in the high-frequency range and considerably lower in the low-
frequency range compared with response spectra defined for these sites in the past.

INTRODUCTION

Safety Analysis Reports (SARs) for the
Department of Energy (DOE) Oak Ridge
Reservation (ORR) sites (Oak Ridge Y-12 Plant,
Oak Ridge National Laboratory, and the Oak
Ridge K-25 Site) and the Portsmouth (PORTS)
Gaseous Diffusion Plant are being updated.
Therefore, seismic evaluations of the facilities are
being made in accordance with the requirements in
DOE General Design Criteria (GDC) 6430.1A [1]
and UCRL-15910, "Design and Evaluation
Guidelines for Department of Energy Facilities
Subjected to Natural Phenomena Hazards," [2] to
support the SAR updates. The purpose of this
paper is to present the development of the site-
specific earthquake uniform-hazard response
spectra (UHRS) to be used in the seismic
evaluations for the SARs.

UCRL-15910 allows for development of site-
specific studies to establish seismic hazard curves
suitable for use in evaluations and analyses. In

Research sponsored by the Office of Assistant Secretary for
Nuclear Energy and the Office of Assistant Secretary for
Defense Programs, U.S. Department of Energy, under contract
DE-AC05-840R21400 with Martin Marietta Energy Systems,
Inc. Accordingly, the U.S. Government retains nonexclusive
royalty-free license to publish or reproduce the published form
of this contribution or to allow others to do so for U.S.
Government purposes.
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order to perform these studies, results from
regional geological investigations and soil and rock
exploration programs were reviewed to determine
the site characteristics. In parallel, seismic hazard
assessments were performed using the Lawrence
Livermore National Laboratory (LLNL) [3] and
the Electric Power Research Institute (EPRI) [4]
methodologies. Some results from these two
methodologies are significantly different from each
other. These differences raise questions on how the
results can be used to develop the seismic hazard
curves. DOE-STD-1024-92, "Guidelines for Use of
Probabilistic Seismic Hazard Curves at Department
of Energy Sites," [5] describes these differences and
provides an approach for using the two
methodologies to develop the seismic hazard
curves. This approach was used for combining the
results of the two methodologies, supplemented
with additional evaluations for peak spectral
velocities, to determine the site-specific UHRS.

LOCATION AND DESCRIPTION OF
THE SITES

The ORR and PORTS sites are in the eastern
United States, as depicted in Figure 1. The ORR
Y-12 Plant is about 3 miles south of the center of
Oak Ridge, Tennessee, and its primary mission has
been production of nuclear weapon components.
The Oak Ridge National Laboratory is about 8
miles southwest of Oak Ridge and is one of the
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largest scientific and technological multiprogram
research and development laboratories in the
world. Its primary objective is to develop new and
environmentally acceptable energy technologies.
The K-25 Site is about 12 miles west of Oak
Ridge. The K-25 Site was previously known as the
Oak Ridge Gaseous Diffusion Plant; however, the
gaseous diffusion plant was shut down in 1985. The
K-25 Site now is involved in a number of programs
related to development of energy production,
demonstration facilities for enrichment process,
and waste disposal of hazardous materials.

The PORTS site is about 4 miles southeast of
Piketon, Ohio. Uranium hexafluoride is enriched
in the U-235 isotope at the plant for eventual use
in commercial nuclear power reactors and in
military applications.

Both the ORR and PORTS sites have relatively
shallow soil deposits overlying sound,-competent
bedrock. The surface bedrock at the ORR sites is
generally limestone and shales in the valleys and
sandstones and siliceous carbonate rocks on the
ridges. The thickness of soil overburden at the
ORR sites ranges from about 10 to 50 ft. For most
of the critical structures, the soil overburden has
been excavated and the structures' foundations are
supported on bedrock. The surface bedrock at
PORTS is shale, siltstone, and sandstone, and the
thickness of the soil overburden is generally about
30 ft. The structures at PORTS are all supported
on the soil overburden.

Based on these site conditions, site-specific
UHRS were developed for rock outcrop motions
and will be used as input for modeling soil
conditions where needed. The modification of the
motions for the soil conditions has been completed
for PORTS, but this paper presents only the rock
outcrop UHRS.

LLNL AND EPRI SEISMIC HAZARD
RESULTS

The seismic hazard results from the EPRI
methodology were calculated by Risk Engineering,
Inc., and the results from the LLNL methodology
were calculated by LLNL. The results are pre-
sented in reports [6][7] for each site prepared by
Risk Engineering, Inc. Figures 2 and 3 show the
seismic hazard curves for peak ground (rock)
acceleration (PGA) for ORR and PORTS respec-
tively and illustrate the differences in the results
from the two methodologies. Similar results were
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calculated for peak spectral velocities (PSV) at
frequencies of 25, 10, 5, 2.5, 1.0, and 0.5 Hz in
order to define response spectral values.

The dominant magnitudes and distances for the
earthquakes controlling the hazard were deter-
mined for the PGA and the maximum PSV (at 2.5
Hz). These parameters were determined for use in
the generation of representative time histories and
for subsequent use in deterministic evaluations.
The EPRI seismic hazard results were used to
determine the dominant magnitudes and distances
because their spectral velocity hazard curves are
based more on direct spectral ordinate ground-
motion models than on standard spectral shape
ground-motion* models. The LLNL results were
not used for this purpose because their spectral
velocity hazard curves are based more on the use
of standard spectral shape models, rather than on
direct ordinate models. The effect of the direct
spectral ordinate and standard spectral shape
models is illustrated by Toro and McGuire [8] in
an assessment study of the 1988 Saguenay
earthquake. The standard spectral shape is
typically based on statistical analysis of large
(M>7) earthquakes, while the direct spectral
ordinate method is based on a specified magnitude,
distance, and site conditions.

The dominant magnitudes and distances from
the EPRI seismic hazard results are listed in Table
1. The magnitudes and distances are listed for the
annual exceedance probabilities of 2 x 10'3, 1 x
10°, and 2 x 10" per UCRL-15910. The ORR
sites are controlled by moderate-size earthquakes
(mb of 5.6 to 6.1) at close distances (25 to 85 km).
The PORTS site is controlled by moderate-size
earth-quakes (mb of 5.6 to 6.2) at longer distances
(46 to 205 km).

DOE-STD-1024-92

The differences in the seismic hazard result from
the LLNL and EPRI methodologies have been an
issue since their completion. To resolve these
differences and to allow the results of the two
methodologies to be used at DOE sites, DOE
developed guidelines for combining the results to
obtain pseudo mean PGAs and for determining
site-specific response spectra. These guidelines are
defined in DOE-STD-1024-92.

The recommendations in DOE-STD-1024-92 for
combining the EPRI and LLNL hazard results are
as follows:
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1. Use the PGA probabilistic median seismic
hazard curves from both the LLNL (without expert
5) and EPRI studies.

2. Enter the two studies at the target probabilities
(2 x 10"3,1 x 103, and 2 x 104) per UCRL-15910
and geometrically average the resulting two PGAs.

3. Multiply the resulting PGA by 1.80 for the
probabilities of 2 x 103 and 1 x 103 and 1.65 for
the probability of 2 x 104 to represent uncertainty
in the hazard analysis. The derivation of these
multiplication factors is explained in DOE-STD-
1024-92. The factors are used to determine a
pseudo mean PGA from the average median PGA.

4. Using the PGA from 3 above, anchor a median
standardized spectral shape such as the median
spectral shape defined in NUREG/CR-0098 [9] or
a deterministic site-specific derived median spectral
shape. In all cases the spectral shape should be
consistent with the rock or soil conditions at the
site. For those sites that implement a deterministic
site-specific spectral shape, information contained
in the probabilistic seismic hazard analysis should
be used to establish the appropriate magnitude and
distance.

Interim guidance in DOE-STD-1024-92 for
development of deterministic spectral shapes is as
follows:

1. At the probability of interest, determine the
dominant magnitudes and distances for PGA and
maximum PSV. It is recommended that the stabil-
ity of the magnitude and distance combination be
assessed at other probabilities (such as 5 to 10
times lower than the probability of interest), given
the issues with the uniform hazard spectra. The
issues with the uniform hazard spectra are the
combination of standard spectral shape models
with direct spectral ordinate methods, and the
uncertainty distributions associated with the
uniform hazard spectra appear to be less stable
than the PGA seismic hazard curves.

2. Develop the deterministic median response
spectra for each magnitude and distance combi-
nation. Guidance can be found in U.S. Nuclear
Regulatory Commission Standard Review Plan,
Section 2.5.2, regarding methods to develop site-
specific spectral shapes. The development of
median response spectra should address the issue
of appropriate frequency range for ground motion
in the eastern United States.

3. Scale the spectra for each magnitude and
distance combination to the corresponding ground
motion parameter value associated with the
appropriate annual probability listed in UCRL-
15910. For example, scale the median spectra for
the magnitude and distance controlled by the PGA
to the pseudo mean PGA and scale the median
spectra for the magnitude and distance controlled
by the maximum PSV to the pseudo mean PSV.
The corrections factors of 1.8 and 1.65 were
developed based on the uncertainty in PGA
seismic hazard curves. Since the uncertainty is less
stabl; and greater for the PSV seismic hazard
curves, the use of 1.8 and 1.65 to obtain a pseudo
mean PSV may not be appropriate. If this
approach is selected, justification should be
provided for the PSV value selected.

4. Envelop the two resulting spectra to create a
single response spectrum.

The combinations of the LLNL and EPRI
hazard results to obtain the pseudo mean PGA
and PSV for ORR and PORTS are shown in Table
2. The site-specific spectra for the annual hazard
excecdance probability of 1 x 10'3 for the PGA
and PSV dominant magnitudes and distances are
shown in Figures 4 and 5. The unsealed spectra
shown in these figures are calculated using the
dominant magnitudes and distances along with the
ground motion attenuation function of McGuire,
et al. [10]. The scaled spectra are the unsealed
spectra anchored to the pseudo mean PGA and
PSV. Also shown is a comparison of the spectra
with the spectra derived from NUREG/CR-0098.

These scaled spectra were compared to actual
earthquake response spectra for eastern U.S. types
of earthquakes with similar site conditions,
magnitudes, and distances. The actual earthquake
records selected are tabulated in Tables 3 and 4.
The response spectra from the actual earthquake
records were scaled to the pseudo mean PGA and
PSV and are compared to the response spectra
calculated from the attenuation function of
McGuire, et al. in Figures 6-9. These comparisons
show a reasonable similarity in the median
response spectra shapes.

As indicated in the DOE-STD-1024-92 guidance
for developing the deterministic spectral shape, the
factors of 1.8 and 1.65 used for determining the
pseudo mean PGA may not be applicable for
determining the pseudo mean PSV. The scaling
factors were developed mainly for using with the
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EPRI and LLNL PGA results. Examination of the
EPRI and LLNL results for PSV at the ORR and
PORTS sites indicates a greater uncertainly than
for PGA. Therefore, additional evaluations are
necessary to determine the PSV for the site-
specific response spectra.

PSV EVALUATIONS

The following additional evaluations were
performed to supplement the DOE-STD-1024-92
guidelines for determining the PSV for site-specific
response spectra:

1. Determined ratios of PSV/PGA using various
ground motion attenuation functions for the
eastern United States. The attenuation functions
used were McGuire, et al., [10] and Atkinson and
Boore [11]. These ratios were used with the
pseudo mean PGAs to determine the PSVs for
each site. The differences between eastern and
western U.S. ratios were examined by comparing
the above with the results obtained from the
ground motion attenuation by Joyner and Boore
[12]. For the ORO sites, the PSV/PGA ratios
ranged from 11 to 20 for the eastern U.S.
attenuation functions for magnitudes and distances
associated with annual probabilities of exceedance
of 2 x 10"3 to 1 x 10s. For the western U.S.
attenuation functions, the PSV/PGA ratios for
ORR ranged from 20 to 38. For the PORTS site,
the PSV/PGA ratios ranged from 13 to 38 for the
eastern U.S. attenuation functions and from 12 to
28 for the western U.S. attenuation functions.
These comparisons suggest that PSV/PGA ratios
for rock sites are smaller in the eastern United
States for moderate-magnitude earthquakes at
closer distances to the sites and about the same for
moderate-magnitude earthquakes at longer
distances from the sites. The main reason the
ratios are smaller for the closer distances is that
the PGAs are larger for the near-field type eastern
U.S. earthquakes.

2. Reviewed the EPRI 85lh perccntile peak
spectral velocities for 2.5, 1.0, and 0 > Hz. The
LLNL 85th percentile peak spectral velocities were
not used because their ground motion attenuation
models are controlled by standard spectral shapes
and therefore do not reflect she-specific
conditions.

3. Determined the sensitivity of the UHRS,
obtained by using the DOE-STD-1024-92
guidelines, to a range of dominant magnitudes and

Fourth DOE Natural Phenomena

distances obtained from the hazard analyses for the
annual probability of exceedance of 1 x 103. The
dominant magnitudes were increased by about one-
half magnitude units, and the dominant distances
were reduced by about one-half. For the ORR and
PORTS sites, increasing the magnitude controlled
the maximum PSV.

4. Scaled the site-specific response spectra
developed for the Perry and Sequoyah Nuclear
Power Plants to the site pseudo mean PGAs.
These nuclear plant sites are rock sites and have
similar magnitudes and distances as ORO and
PORTS for their site-specific earthquakes. The
Perry plant site-specific earthquake was defined as
a magnitude 5.3 ± 0.5 at a distance of 0-25
kilometers, and the Sequoyah plant earthquake was
a magnitude 5.8 + 0.5 at a distance of 0-25
kilometers. Both plants obtained actual
earthquakes with these characteristics for rock sites
and determined the 50th and 85th percentile
response spectra.

Table 5 tabulates the PSVs obtained from these
additional evaluations for each site and compares
the results with the PSVs obtained from following
the DOE-STD-1024-92 guidelines. This
comparison indicates that PSVs should be
increased to account for the uncertainty. The final
selected values are shown in Table 5.

CONCLUSIONS

Site-specific UHRS for rock outcrop motions for
ORR and PORTS sites are shown in Figures 10
and 11. These spectra are based on combining the
EPRI and LLNL probabilistic hazard results and
developing a deterministic spectral shape in
accordance with DOE-STD-1024-92. The spectral
shape has been modified in the PSV region to con-
sider the greater uncertainty associated with low-
frequency ground motions, as shown in Table 5.

For these two sites, the site-specific UHRS are
slightly higher in the high-frequency range and
considerably lower in the low-frequency range
compared to the response spectra defined in
UCRL-15910. The response spectra defined in
UCRL-15910 are based on the NUREG-0098
definition of response spectra. The NUREG-0098
response spectral shapes are based on standardized
response spectra shape developed to generally
envelop all site conditions (rock, shallow soil, deep
soil, etc.), all magnitudes, and all distances. The
low-frequency part of the NUREG-0098 response
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spectra is controlled by large-magnitude earth-
quakes at relatively long distances on deep soil
sites. These conditions result in considerably more
low-frequency motions and soil amplification than
are expected for rock sites, such as ORR and
PORTS, where the hazard is controlled by
moderate-magnitude earthquakes at relatively
closer distances with no soil amplification effects.
The reason for the differences in the high-
frequency part of the response spectra is because
eastern U.S. earthquake recordings generally show
larger motions at higher frequencies than western
U.S. earthquake recordings. The response spectral
shape in NUREG-0098 is based mainly on western
U.S. earthquake records. Therefore, sitc-specific re-
sponse spectra for an eastern U.S. rock site should
be greater in the high-frequency range than the
response spectra defined in NUREG-0098.

These site-specific UHRS are being used to
evaluate existing facilities and to design new
facilities at each site.
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Table 1. Dominant Magnitudes And Distance Table 2. Seismic Hazard Peak Rock Acceleration Results
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Table 3. Oak Ridge Reservation
Records Selected for Comparison of Spectral Shapes

Dominant Magnitude and Dtatanca lor PGA
Evani Data

N.E.Ohio
Nariarmi.NWT
Nahanni, NWT
Nahanni.NWT
Nahanni. NWT
Nahanni.NWT
Nahanni, NWT

01/31/88
12/23/85a
12/25/85
12/25/85
12/25/85a
02/13/M
02/13/86

Nahanni.NWT
Saguanay. Ooa
Saguanay, Qua
Saguanay. Out
Saguanay. Qua

12/23/85
11/25/88
11/2546
11/25/86
11/25/86

6.5
6.5
6.5
6.5
65

Station Distinct (km)

5.3 Parry, basamant IB
5.4 Station 01 16
5.7 Station 01 24
5.7 Station 20 24
5.4 Station 01 26
5.4 Station 01 14
5.4 Station 02 15

Dominant Magmtuda and Di»tanc* lor 2.5-Hz PSV

Evan! Data MLO Station Dlttanca (km)

Station 01
Sliton 16
Station 17
Station 20
Station 06

22.0
43.0
63.6
90.4
93.0

Table 4. Portsmouth Site
Records Selected for Comparison of Spectral Shapes

Dominant Maenituda and Diatanca tor PGA
Evant

N.E.Ohio
Nahanni.NWT
Nahanni, NWT
Nahtnni, NWT
Nahanni.NWT
Nahanni.NWT
Nahanni.NWT
Naw BnmtwicK

Data

01/31/86
12/23/85a
12/25/85
12/25/85
12/25/85*
02/13/86
02/13/86
11/01/82

M L a

5.3
5.4
5.7
5.7
54
5.4
5.4
5.5

Dominant Magnituda and Diatanoa lor 2.5-Hz PSV

Evant Data

station

PaiTy. basamani
Station 01
Station 01
Station 20
Station 01
Station 01
Station 01
ECTN

Station

Diatanca (km)

18
16
24
24
26
15
18

135

Dwtanca (km)

Nahanni.NWT
Sa^ianay. Qua
Saguanay, Qua
Saguanay, Qua
Saguanay, Qua
Saguanay, Qua

12/23/85
11/25/88
11/25/68
11/25/88
11/25/98
11/25/98

6.5
65
6.5
6.5
6.5
65

Station 01
Station 01
Station 10
Station 09
Station 02
Station 14

22.0
113.8
114.4
122.7
143.9
176.6



Table 5. Peak Spectral Velocities (in/sec)
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Figure 1. DOE OAK RIDGE OFFICE SITES
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Scaled spectra from events representative of the magnitudes and
distances that dominate PGA: summary statistics are compared
to the shape predicted by the McGuire et al. attenuation luncticns.
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Scaled spectra from events representative of the magnitudes
and distances that dominate 2.5-Hz PSV: summary statistics
are compared to the shape predicted by the McGuire et al.
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and distances that dominate PGA: summary statistics are
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ABSTRACT

The spatial variation of site response over short distances is characterized by the
variation of response spectral values from dense array recordings. Strong and
weak motion recordings from nine dense arrays in California, Taiwan, and Japan
with station separations less than 100 m are analyzed. The standard error of the
natural logarithm of response spectral values for station separations less than 100
m at soil sites is between 0.1 and 0.2 (eg. 10-20%). The variability for rock sites is
generally larger than or equal to the variability for soil sites, indicating that it is not
appropriate to simply combine the variability of rock motions with the variability
of soil site response calculations to estimate the total variability of ground motion
at soil sites. The variability of the site response can be used by geotechnical
engineers to guide 1-D characterization of site response.

INTRODUCTION

Site response can vary even over short distances
(<100 m). The planning and/or evaluation of a
geotechnical site characterization should consider the
inherent variability of the site response over the dimen-
sions of a large structure or group of structures. In this
paper, the variation of site response over short distances
is quantified using empirical recordings of seismic
ground motion at dense arrays. In a previous study,
Schneider et al. [1] used dense array recordings to ana-
lyze the variation of Fourier amplitude spectra over
short distances. Here, the variation of the response
spectra is analyzed for the same data set.

ESTIMATION OF GROUND RESPONSE
VARIABILITY

The variability of site response is estimated as
follows. Let Sajj(f) be the average horizontal component
acceleration response spectrum for the j t h station and the

ith earthquake. Let ASa;jk(f) be the difference between
the log spectral values of the j t h and kth stations from the
[th event. That is

ASaijk(f) = Sa^f) - Saik(f) (1)

Let a(f,|) be the standard deviation of ASa^f) where 6
is the separation distance between stations j and k.
Assume that a(f,i§) is independent of the event (but may
be magnitude dependent) so that ASa^f) from different
events can be analyzed together. Then a represents the
standard deviation of the difference in site response
between two points separated by distance § and it is used
to quantify the variability in ground response.

DATA SET

The largest set of dense-array strong-motion re-
cordings are from the SMART-1 and LSST arrays in
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Taiwan; however, there are several other dense arrays in
California and Japan that have recorded strong motions.
In addition, there are several dense arrays that have
recorded weak motions.

We considered only arrays with minimum station
separations of less than 100 m and obtained recordings
from nine dense arrays for use in the analysis. The arrays
and their general characteristics are listed in Table 1. For
this study, the arrays have been grouped only by the
general site classes of soil and rock, with five arrays on
rock and four on soil. The data sets for each array are
summarized in Table 2. Six of the arrays have recorded
strong motion and three have recorded only weak mo-
tion.

MODEL

As the separation distance, | , goes to zero, a goes
to zero by definition. Based on the previous study of
variationofFourieramplitudes by Schneider etal. (1992)
and a preliminary analysis of the site response variabil-
ity, the site response variation as a function of frequency,
separation distance, and magnitude range is modeled
by

= ci(f ,M)(l-exP{-ic2(f)}) (2)

where ci(f) and C2(f) are constants for each frequency
and magnitude range. Uting the dense array data, the

Table 1. Dense Array Characteristics.

Array

EPRILSST
EPRI Parkfield
Chiba
USGS Parkfield
Imperial Valley Diff
HollisterDiff
Coalinga (temp)
UCSC ZAYA (temp)
UCSB Landers (temp)

Location

Taiwan
CA
Japan
CA
CA
CA
CA
CA
CA

Site
Class

SoO
Rock
Soil
Rock
Soil
Soil
Rock
Rock
Rock

Surface
Stations

15
13
15
14
5
4
7
6
5

Spacing
Min

3
10
5

25
18
61
48
25
85

(m)
Max

85
191
319
952
213
256
313
300
325

Reference

Abrahamson et al. [2]
EPRI [3]
Katayama [4]
Fletcher [5]
Smith [6]
Salsman[7]
Mueller [8]
Bonamasse [9]
Steidl [10]

Table 2. Dense Array Data Sets.

Array

EPRI LSST
EPRI Parkfield
Chiba
USGS Parkfield
Imperial Valley Diff
Hollister Diff
Coalinga (temp)
UCSC ZAYA (temp)
UCSB Landers (temp)

No. of Eqk
Analyzed

9
12
5
1
2
1
6
3
2

Magnitude
Min

3.0
3.0
4.8

5.1

3.2
2.3
4.1

Max

7.8
3.9
6.7
3.5
6.5
5.3
5.2
3.0
4.7

Source
Min

5
13
61
18
5

17
10
9

14

Dist (km)
Max

113
15

105
45
10

20
19
44

Largest
PGA

0.26g
0.04g
0.41g
0.04g
0.89g
0.20g
0.21g
0.03g
0.06g
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Table 3. Regression Results for Parameter

Frequency (Hz)

0.7
1.5
2.5
3.5
5.0
7.0
9.0

11.0
15.0
20.0
25.0

Soil
(M4.1-4.6)

0.12
0.16
0.30
0.32
0.31
0.30
0.30
0.30
0.30
0.30

Soil
(M5.0-5.6)

0.095
0.10
0.13
0.19
0.20
0.20
0.20
0.20
0.20
0.20
0.17

Soil
(M6.0-7.8)

0.087
0.095
0.12
0.18
0.19
0.20
0.18
0.15
0.13
0.13
0.13

Rock
(M3.0-4.1)

0.46
0.48
0.50
0.58
0.65
0.74
0.80
0.76

Rock
(M4.1-4.7)

0.21
0.22
0.28
0.30
0.32
0.33
0.40
0.49
0.54
0.53

Rock
(M5.2)

0.15
0.16
0.21
0.26
0.38
0.26
0.16
0.14
0.14
0.14
0.14

constants ci and C2 are estimated by regression using a
maximum likelihood approach.

The resulting values of ci(f,M) are listed in Table
3 and the resulting model for C2(f) is

c2(f) = 0.2 f/3.5

C2(f) = 0.2

for f s 3.5 Hz,

for f > 3.5 Hz.
(3)

The site response variation model is plotted as a function
of frequency in Figure 1 and 2 for separation distances of
10m and 100m, respectively and as a function of separa-
tion distance in Figure 3. The variation is strongly
dependent on earthquake magnitude with larger mag-
nitude events having less variation. The magnitude
dependence is strongest at the higher frequencies. This
result is consistent with recent results of analyses of large
empirical strong motion data bases for peak acceleration
[llj. The variability of site response for soil sites is
between 10% and 20% for moderate to large magnitude
(M>5) events.

COMPARISON OF SOIL SITE AND ROCK SITE
GROUND RESPONSE VARIABILITY

The majority of the dense array data used in this
study is from soil site arrays, however, there is some data
from rock sites. The variability of ground response on
rock and soil sites shown by the solid and open symbols,
respectively, in Figure 2. This figure shows that the
variability of ground response at rock sites is larger than

or equal to the variability at soil sites for most frequen-
cies and magnitudes. The small magnitude (M4.1-4.7)
rock site variability is larger than the small magnitude
(M4.1-4.6) soil site variability at low frequencies and
high frequencies, whereas, they are similar at moderate
frequencies (3 to 7 Hz). The large magnitude rock site
curve is for only a single event from the Coalinga array
so it is not as robust as the other curves, but it also shows
larger variability then the M5 soil site variability in the
frequency range of 1 to 7 Hz. One possible source for
difference in variation on soil and rock is that a slight
shift in resonance across a site can easily generate large
variations in amplitude at a given frequency. In this
regard, small changes in layer thickness would produce
more predominant shifts in resonance for shallow lay-
ers; thus shallow soil sites and rock sites with complex
geology would tend to experience the largest amplitude
variations.

CONCLUSIONS

The difference in soil site and rock site ground
response variability has important practical conse-
quences. In site response studies, the variability of the
rock ground motion at the base of the soil column is often
assumed to be the same as the variability at a rock
outcrop. If the total variability of ground motion at soil
sites is computed by simply adding the variance of the
soil amplification to the variance of the rock response
spectru, then the variability of response spectra at soil
sites would be larger than the variability of the response
spectra at rock sites. The dense array data, however,

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

19A



Separation Distance = 10 m

Soil (M 4.0 - 4.9)

Soil (M 5.0 - 5.9)

Soil (M 6.0 - 7.8)

Rock (M 3.0-4.1 )

10 15
Frequency (Hz)

20 25

Figure 1. Model of ground response variability as a function of frequency for a separation
distance of 10 m. The open symbols are for soil sites and the solid symbols are for
rock sites.
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Separation Distance = 10 m

- B - Soil (M4.1 - 4.6)

Soil (M5.0 - 5.6)

Soil (M6.0 - 7.8)

Rock(M3.0-4.1)

Rock (M4.1-4.7)

Rock (M5.2)

10 15
Frequency (Hz)

25

Figure 2. Model of ground response variability as a function of frequency for a separation
distance of 100 m. The open symbols are for soil sites and the solid symbols are for
rock sites.
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Soil (M6.0-7.8)
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Separation Distance (m)
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Figure 3. Model of ground response variability as a function of separation distance for large
magnitude events at soil sites.
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suggest that the opposite is true. This suggests that
either the soil has a homogenizing effect on the ground
motion or that the bedrock motion is less variable than
the outcrop motion.

These results also have implications for empirical
site response studies. If small magnitude events re-
corded at the site are used to characterize the site re-
sponse, then such empirical site response estimates will
have large variability across the site. Therefore, several
recording stations should be used to get a stable estimate
of the site response.
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ABSTRACT

The objective of this study has been to determine the effect of uncertainty in
specification of soil properties on the definition of the seismic hazard at a
deep soil site. Most site specific studies which consider the effect of the soil
column on site response are deterministic and consider amplification
functions computed from upper bound, best estimate and lower bound
definitions of the soil properties. A Monte Carlo analysis is described herein
in which the properties of each soil layer of the soil column are randomly
selected between known or estimated limits. In the simplest case, the
primary soil parameter which is treated randomly is the low strain shear
modulus of each soil layer of the deep soil column, with the upper and
lower bound limits being defined from the results of site specific
geophysical field studies. The remaining parameters are then specified in
terms of the low strain modulus. In more complete studies, other
parameters (such as strain dependent modulus degradation and hysteretic
damping ratio) can also be randomly treated. One thousand complete
convolution calculations are then performed in which the outcrop input
motion as well as the soil properties of each layer of the soil column are
randomly selected. For any one convolution calculation, the input motion at
bedrock is defined in terms of the uniform hazard spectra obtained from the
seismic hazard definition for a rock site. The surface motion is then
determined using typical iterated analysis to obtain the column response,
assuming upward propagating horizontal shear waves. From the resulting
surface spectra of the convolved motions, the surface seismic hazard is then
determined in terms of response spectra by statistically evaluating the
resulting spectra at each frequency. The results of using this random
approach for a specific site are then compared with the results for the
deisrministic calculations to arrive at conclusions on the conservativeness of
the deterministic approach.

INTRODUCTION

This paper presents the results of numerical
calculations performed to investigate methods for
incorporating into the site seismic response
evaluation variability in both the input motion and
soil properties at a deep soil site. In typical
response analyses, either a time history or a target
response spectrum is used to define the input
motion and the soil site is represented by a series
of horizontally bedded viscoelastic soil layers of
infinite lateral extent, each having its own shear

modulus, hysteretic damping ratio and density.
Nonlinear behavior of soils is typically accounted
for by incorporating nonlinear dependence of both
the shear modulus and damping ratio on effective
shear strain (soil degradation effects), using an
iterative equivalent linear calculation [1], The site
model is then subjected to seismic motions
generated from assumed upward propagating SH
waves caused by the seismic input motions at the
rock outcrop.

In the deterministic method of analysis, the soil
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elastic properties are defined in terms of a low
strain shear modulus, a degradation of this
modulus and an increase in the hysteretic damping
ratio with shear strain. Three site response
calculations are ifien performed, the first using an
initial "best estimate" low strain shear modulus in
each soil layer, the second using an upper bound
estimate of this value and a third using a lower
bound estimate. Presumably, these three estimated
low strain shear moduli are based on
measurements of site properties from geophysical
field investigations. Enveloping these three
calculated surface responses is then assumed as an
upper bound estimate of site response over the
frequency range of interest.

RANDOM CALCULATIONS

In this study, an alternative approach has been
taken to try to incorporate variability in both input
motion and site properties into the analysis. An
appropriate seismic attenuation function is used to
define both the best estimate (median) rock
spectrum as well as the variability of this spectrum
as a function of both distance and magnitude [31.
In a particular calculation, a target rock spectrum is
then randomly selected from the attenuation model
and a synthetic time history generated to match
this target spectrum. Similarly, soil properties are
randomly selected by choosing the low strain shear
modulus for each layer of the soil column between
appropriate lower and upper bound estimates. For
any one selection of the target response spectrum
and shear moduli, a complete deterministic site
response calculation is then performed to obtain
the surface response spectra. The results from a
large number of such calculations are then
organized into a data base which is statistically
analyzed to determine the impact of potential
parameter variability on the corresponding surface
response spectra.

In the determination of appropriate upper and
lower bound shear moduli for the soil, site
measurements are used to properly describe
potential variability. An example from the results
of an extensive array of data obtained from both
cross-hole and down-hole testing at a particular
site is shown in Figure 1. This variability in
measured data is compared to the assumed
variation from 1/2 to 2 times the best estimate
shear moduli and shown to be comparable.

1000 2000

SHEAR WAVE VELOCITY (FT/SEC)

3000

Figure 1. Variability in Site Shear Wave
Velocity Measurements

The soil site selected for this evaluation is a
western soil site which has a depth to the top of
soft rock of about 300 ft, with a stifferrock (used
as an outcrop) at a depth of 550 ft. The velocity
model used for the column is shown in Figure 2,
together with the assumed variation in upper and
lower bound shear wave velocity through the soil
layers.

No variation in rock properties was considered in
this particular calculation. The lower and upper
bound shear moduli (taken as 1/2 to 2 times the
best estimate values) were set to correspond to the
5th and 95th nonexceedancepercentilesof a log
normal distribution of moduli in each soil layer. In
the random selection process, if moduli exceeded
the 99th percentile, it was set equal to the 99th
percentile. Similarly, if the selection was less than
the 1st percentile, it was set equal to the 1st
percentile. A comparison of the low strain shear
moduli selections from the 1000 cases analyzed
with the best estimate and bounds assumed is
shown in Figure 3.

Strain dependent degradation and hysteretic
damping ratios for the materials are shown in
Figures 4 and 5 and were used for all calculations.
These models were obtained from site specific test
data and incorporated the influence of material type
and depth in the soil column on behavior.

Fourth DOE Natural Phenomena Hazards Mitigation Conference- 1993

200



600

400

200

(Id)

IO
N

5

E
LI

- J h '-i j .

finll
Layers

IT
Solt Rock

Rock Halfspace

i

.owor
Tound Estlmniff

i

i
•

Uppor
(Vru'iU

Pu.

X
1-
UJ

o

•

400

600

1000 2000 3000

SHEAR WAVE VELOCITY (FPS)

Figure 2. Low Strain Wave Velocity
for Soil Column

It
«i

zo

>

EL
E

1u

—p-

*

O

O

f

1
(

j
!

j

IT
2-8E

t

15%

Layer 1

Soi! Layor 2

85% ^

• 5 0 % o-P • " •

!

Soi
Layer 3

t
E .

Soil Layar 4 u
- 2-BE a

Soft Rock

500 • p

400

300

200

< 300

10000 20000 30000 40000

SHEAR MODULUS (KSF)

Figure 3. Statistics of Low Strain Shear
Moduli Compared with
Bounding Estimates

The rock input spectra was based on the
Geomatrix attenuation expression [3] considered
appropriate for California sites. A strike slip
rupture for a magnitude 7 earthquake was assumed
with a distance to the fault rupture of 45 kms. The
rock spectra from this model for various
percentiles of nonexceedance are shown in Figure
6, together with the results from the random
selections from the 1000 cases used in the study.

EFFECTIVE SHEAR STRAIN (%)

Figure 4. Modulus Degradation Curves
for Site Soils and Rocks
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Figure 5. Hysteretic Damping Ratios for
Site Soils and Rocks

SITE CONVOLUTION RESPONSES

The convolution calculations performed for this
study are based upon the analysis of vertically
propagating SH traveling through multiple
horizontal soil layers, using the equivalent
linearization technique to account for nonlinear soil
property variation with strain. The computer code
used is the SLAVE Code originally developed for
the U. S. Nuclear Regulatory Commission in 1979
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[1]. In the analysis, numerical solutions arc
obtained in the frequency domain, which
represents the exact solution for linear viscoelastic
soil layers subjected to the steady state motions
(Fourier analysis). At each frequency component,
the solution is obtained for motion at the soil
surface due to a specified rock outcrop motion.
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Figure 6. Comparison of Statistics of
Rock Outcrop Spectra with
Target Spectra

Each layer of the vertical soil column is treated as a
linear viscoelastic material possessing an elastic
shear modulus and a frequency independent
hysteretic damping ratio. The shear stress-strain
relationship used for the soil models is the typical
Kelvin model defined by

=Gy (1)

where T is the shear stress, V the shear strain and
G and T) the shear stiffness and viscosity of the
material. The frequency independent hysteretic
damping ratio is related to the viscosity by

D = rjo)
2~G (2)

where D is the hysteretic damping ratio and co is
the steady state circular frequency of the motion.
Solutions are obtained for each frequency
considered in the analysis. At the completion of the

soil amplification cycle, the frequency responses
are combined using a FFT analyses to obtain the
response solutions in the time domain.

For eich of the 1000 cases, a target response
spectrum is selected using the attenuation
relationship described above. An acceleration time
history is then generated which has a response
spectrum matching the target. In this process, a 20
second pulse discretized at 0.01 seconds is
developed.

Soil degradation effects are accounted for by an
iterative process based upon the effective shear
strain developed in each soil layer. Moduli are
selected at the beginning of the iteration process
and compared with moduli computed from the
effective strains determined at the end of the
calculation. If the difference for any of the layers is
greater than 5%, the iterative process continues.

STATISTICS OF SITE RESPONSES

In a previous study [2], the Monte Carlo approach
was used to estimate the potential variability in
computed surface ground motions due to known
variability in soil properties only. In these
calculations, a large number of complete nonlinear
soil column calculations were performed, varying
the selected low strain shear moduli in each of the
soil layers of the soil column for specific input
motions at the rock outcrop. The impact of
variability of input motions on site response was
not incorporated into the Monte Carlo evaluation.

The objective of the calculations performed for the
study described herein was to further examine the
details of this process by including potential
variability in the ground motion into the
uncertainty evaluation of the site. In these
calculations, each soil layer of the soil c. lumn was
subdivided into a number of computation
sublayers to properly treat the nonlinear
relationship between shear modulus and effective
shear strain. Each sublayer of the soil column was
then assigned its low strain shear modulus
independently of any other sublayer of the column
in the random selection process. Such an
assumption of course must be carefully evaluated
for a particular site, since the specific properties of
each generic soil layer of the soil column may be
reasonably considered as correlated. In this case,
the initial shear modulus of each sublayer of the
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soil layer would be the same. In contrast, for the
data shown in Figure 1, such a correlation may not
be considered appropriate since the shear moduli
were found to be so variable within each soil layer.

Once the low strain initial layer properties were
defined, the input motion to the soil column was
also selected randomly by using the attenuation
model, including its uncertainty definition, to
select a rock outcrop response spectrum. The
response of the soil column was then generated
using the iterated approach mentioned previously.
From each of the 1000 column calculations, the
resulting responses (generated surface spectra and
spectral ratios) were amassed into a data base,
from which statistical evaluations of variations in
computed responses could be generated. These
statistics were computed by treating the spectral
accelerations at each frequency independently of
each other.

Figures 7 and 8 present the resulting data for
surface spectra and spectral amplification, defined
as the ratio of surface spectrum to rock outcrop
spectrum at a given frequency. As may be noted in
Figure 7, the peak of the random spectra occur at
slightly lower frequencies as the severity of the
motion increases, as indicated by the higher
nonexceedance percentiles. This indicates the
effect of both the higher motion input as well as
the lower soil moduli on the computed responses.

1 10
FREQUENCY (HZ)

The amplification functions of Figure 8 indicate the
differences in site amplification due to both
intensity of the earthquake as well as soil stiffness.
At the higher frequencies, these amplifications are
greater than unity for all cases, shown, indicating
that the material clamping in this soil column does
not dissipate high frequencies as is normally
expected. The variations indicated at the lower
frequencies (lower than 1 hz) are not considered
significant since the input levels at these
frequencies are so small, and small differences in
the spectral fitting program would have significant
impact on these ratios. It is also unclear that the
cases controlling the 95th percentile surface spectra
are the same as those controlling the 95th
percentile amplification functions.
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Figure 8. Statistics of Surface
Amplification Spectra

COMPARISON WITH DETERMINISTIC
CALCULATIONS

As mentioned previously, the typical method used
to evaluate the effects of potential variability in soil
properties on site response is to perform three
separate convolution calculations; namely, one
using best estimate values of the low strain shear
modulus, a second using an upper bound estimate
of the low strain shear moduli in each soil layer
and a third using a lower bound estimate. The
upper and lower bound estimates of the low strain
shear moduli are obtained by multiplying and
dividing the best estimate values by some factor
greater than one. Presumably, at a given site, this
factor would be determined from scatter in field
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geophysical measurements. For the calculations
performed in this study, the factor selected to
obtain the upper and lower bound ranges was 2;
that is, the upper and lower bound estimates of
low strain shear moduli are twice and one-half die
best estimate values in each soil layer. This factor
was selected to correspond to the range used in the
random selection process corresponding to the 5th
and 95th percentile lognormal distribution in the
Monte Carlo calculations.

To compare such deterministic calculations with
the random study, six additional column
convolution calculations were performed to
determine surface spectra. In three of the
calculations, the input rock outcrop motion was
defined by the median or 50th percentile target
spectrum. The low strain soil modulus properties
were then selected by the 5th, 50th and 95th
percentiles of Figure 2, corresponding to the lower
bound, best estimate and upper bound moduli. The
second three runs used the 85th percentile rock
input spectrum with the three sets of soil moduli in
each soil layer. The resulting surface spectra for
the case of the 85th percentile input motion is
shown in Figure 9. As may be seen, the softer
soils lead to the larger responses at the primary
frequency of the soil column, while the stiffer soils
are generally not controlling at any frequency of
interest.

1 10
FREQUENCY (HZ)

Figure 10 presents a comparison of the
deterministic spectra computed using the median
rock input motion with the three soil columns. As
may noted, the spectra are all enveloped by the
85th and 95th percentile random responses, with
the median input/median soil case approximately
matching the 50th percentile random results.

The corresponding results for the 85th percentile
motion input to the three deterministic calculations
are shown in Figure 11. As may be noted, the
deterministic calculations are generally below the
95th percentile random responses at all frequencies
except at the specific column frequency associated
with all soil layers of the column uniformly at their
softest level.
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Figure 10. Comparison of Surface Spectra
from Random Input Motions
with 50th Percentile Inputs

CONCLUSIONS

The primary conclusion obtained from these
calculations is that the standard deterministic
procedures for incorporation of potential variability
of both soil properties and rock motions do not
necessarily lead to upper bound estimates of
response spectra at all frequencies of interest.
Combinations of properties within the range of
possibility may lead to greater amplifications at
particular frequencies, depending on the resulting
amplification functions for the soil column.
However, the use of a uniformly soft soil column,
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with all layers of the column having low values of
initial shear moduli, can lead to exceedances as
compared to the 95th percentile nonexceedance
curve. This result indicates the low probability of
occurrence of this deterministic model.

The development of information on variability of
surface spectra from the Monte Carlo calculations
is also dependent on the selection processes used
to arrive at the initial or low strain shear moduli. If
randomness in shear moduli is assigned to each
soil layer of the soil column but not to
computational sublayers within each soil layer,
different surface spectra are obtained. It is not
clear, however, that such a selection in initial
moduli is appropriate for actual soil sites in which
layer data is assigned based on relatively crude soil
descriptions.

Finally, it should be noted that the procedure for
selecting the rock input spectra makes use of a
predetermined earthquake magnitude and distance.
Thus, the resulting surface spectra are not uniform
hazard spectra typical')' defined from hazard
studies.
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ELEVATED TEMPERATURE EFFECTS ON CONCRETE PROPERTIES
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ABSTRACT

The design of facilities to process or store radioactive wastes presents many challenging
engineering problems. These facilities must not only provide safe storage of radioactive
wastes but must also be able to maintain confinement of these materials during and after
natural phenomena events.

Heat generated by the radioactive decay of the wastes will cause the temperature of the
concrete containment structure to increase to a magnitude higher than that found in
conventional structures. These elevated temperatures will cause strength related concrete
properties to degrade over time. For concrete temperatures less than 150°F no reduction
in strength is taken and the provisions of ACI 349[1] apply. ACI 349[1] states that
higher temperatures are allowed if tests are provided to evaluate the reduction in concrete
strength properties.

Methods proposed in a report, "Modeling of Time-Variant Concrete Properties at
Elevated Temperatures", by Pacific Northwest Laboratories[3] can be used to evaluate
the effects of elevated temperatures on concrete properties. Using these modified
concrete properties the capacity of a concrete structure, subjected to elevated
temperatures, to resist natural phenomena hazards can be determined.

INTRODUCTION

An underground reinforced concrete vault was designed
to provide interim storage for 2000 stainless steel canisters
filled with vitrified high level radioactive wastes. Heat
generated by radioactive decay of the canister contents will
raise the internal temperature of the vault and the
temperature of the vault's concrete above that found in
normally designed buildings.

Codes such as ACI 349 [1] limit the long term operating
temperature of concrete structures to 150°F. Higher
temperatures may be allowed if tests are provided to
evaluate the reduction in strength and this reduction is
applied to the design allowables. DOE-STD-1020-92 [2]
requires that if material strengths are expected to decrease
over the life of the structure then code allowable strengths

should be reduced to account for this degradation.

To meet ACI 349[1] and DOE-STD-1020-92[2]
requirements a thermal analysis was performed to determine
the temperatures that the concrete vault will experience
during its service life and what effect those temperatures
will have on the strength and serviceability of the concrete.
The design of the facility to withstand natural phenomena
hazards and other design basis accidents was based on the
lower concrete strength and serviceability properties.

FACILITY DESCRIPTION

This interim storage vault is approximately 165 feet by
175 feet and is embedded approximately SO feet into the
ground. The vault is divided into three cells connected at
the ends by intake and exhaust plenums. The top of the
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vault's roof is at grade level. This is to allow access, with
the use of a heavy shielded canister transporter, for the
installation and removal of canisters through shield plugs in
the vault roof.

A natural convection cooling system is provided to
control the temperature of the stored vitrified wastes and to
limit the maximum temperature that the concrete structure
will experience. The cooling system is composed of two
intake structures (stacks) located at one end of the vault and
a single exhaust stack located at the opposite end of the
vault.

This interim storage vault has a specified service life of
40 years.

CONCRETE TEMPERATURES

Because the vault cooling system is passive and
convection driven, surface temperatures and through wall
thermal gradient variations within the fully loaded vault are
dependent primarily on the ambient temperature of the
intake air. Heat transfer and fluid flow analysis of the vault
cooling system have established the relationship between the
ambient air temperature and the vault concrete surface
temperatures.

Climatological Data for the site representing 90 years
was used with the heat transfer and fluid flow analysis to
determine both 1) concrete temperature ranges and their
durations for establishing concrete properties and 2) extreme
temperature time histories to establish wall temperatures and
gradients for stress analyses.

The relationship between the ambient air temperatures
and concrete temperatures was used to determine the
threshold temperatures, i. e. ambient air temperatures at
vvhich the concrete temperatures exceed 150°F, at various
points within the vault. From the climatological data and
threshold temperatures, the total duration and average
temperature the concrete will be above 150°F over the vaults
40 year service life was established.

The vault operating temperatures were found to vary
between -27°F and 200°F with average operating
temperatures at various places within the range of 50"F to
120°F.

CONCRETE PROPERTIES

An extensive search of existing literature was performed

to establish the validity of the use of structural concrete at
temperatures above 150°Fand a relationship between design
properties and temperature-duration. The Portland Cement
Association Construction Technology Laboratory was
engaged as a consultant to assist and review our effort in
establishing appropriate design properties.

Conventional concrete is subject to significant
transformations when subjected to elevated temperatures.
Aggregates may be subject to crystal transformations leading
to increases in volume or shrinkage associated with
dehydration. Changes associated with the concrete
aggregates seem to occur above 500°F and are not
considered significant for this application. [7]

Changes in hardened cement begin at low and moderate
temperatures and continue over time. At ambient
temperatures, 30% to 60% of the volume of cement paste
and between 2% and 10% of the volume of concrete is
occupied by free or evaporable water. As the temperature
increases this free water is lost until at about 220°F all the
free water is lost. Above 220°F and with sufficient
exposure, chemically combined water will be driven out
until dehydration is complete at approximately 1550°F. [7]

Based on the loss of hydrated water at temperatures
above 220°F, it was decided to limit the long term exposure
of structural concrete to 200°F. Low temperature refractory
concrete was placed adjacent to the vault roof and walls
adjacent to the canisters. The refractory concrete served to
limit the long-term exposure of the structural concrete to
temperatures below 200°F and to attenuate thermal stresses
caused by daily ambient temperature variations. See
Figures 4 & 5.

Extensive literature establishing the properties of
concrete exposed to short term elevated temperatures such
as fires was found. However, scant literature was found to
establish design properties for concrete exposed to the long
term elevated temperatures anticipated in this vault. The
most applicable document found was "Modeling of Time-
Variant Concrete Properties at Elevated Temperatures", by
Pacific Northwest Laboratory (PNL) [3]. This report is an
analysis of a series of test on concrete exposed to
temperatures as high as 450°F for periods of nearly 3 years
by the Portland Cement Association [4], at Hanford,
Washington.

The three properties that are most significant in the
design process are compressive strength, modulus of
elasticity and creep coefficient. Concrete strength is used
for normal flexural and axial load design. Modulus of
elasticity and creep coefficient are used for calculation of
the deflection in the vault roof subjected to moving loads
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from the heavy shielded canister transporter.

The predicted time dependent and temperature related
modulus of elasticity and strength can be determined directly
from the PNL report. The equations take the following
form:

E = 5.3947 + 0.1233 S - 0.006751 T - 0.1786 log^t+l)

fc = 4416.338 + 490.919 S - 4.714 TA - 230.241
log^t + l) + 1.273 TB lo&(t+l)

where:
E = predicted value of modulus of elasticity ( 106 psi)
fc = predicted value of compressive strength (psi)
S = nominal initial compressive strength of concrete (103

psi)
T = constant value of temperature (°F)
TA = max[0, T-350] (°F)
TB = max[0, 350-T] (°F)
t = time at constant temperature (days)

110

105

35 40

-^200 Deg F _ 3 0 0 Deg F

Figure 1, Modulus of Elasticity

Figures 1 & 2 show the reductions in properties of
concrete, subjected to continuously elevated temperatures
over several years.

The design concrete properties are extrapolations to 40
years of concrete properties measured after three years of
exposure to elevated temperatures. Due to the uncertainties
of this extrapolation, conservative reductions corresponding
to exposures of approximately 250°F for 40 years were
chosen.

The vault base mat and walls were designed for f c =
4000psi while the compressive strength was specified to be
5000psi at 90 days. The vault roof, subjected to the loads

10 15
t

20
CYear:

_--300

25

o
Deg

3 0

F

4 0

-a-200 Deg F

Figure 2, Compressive Strength

from the heavy shielded canister transporter, is sensitive to
immediate and long-term deflections. To control deflections
in the vault roof, an increased design compressive strength
of 5000psi with a specified compressive strength of 6000psi
at 90 days was chosen for the vault roof. The vault is not
expected to be placed in service for several years after
completion. Therefore, the specification of the strength at
90 days allows the concrete to gain its specified strength
with a lower cement content, more economical mix.

Additionally, to control deflections, long term creep had
to be considered in the design of the vault roof. At low to
moderate temperatures, creep originates in the cement paste
and represents the mutual approach of adjacent particles of
cement gel while driving out water in the gaps between the
particles. Temperature affects creep rate by facilitating the
diffusion of water from the paste and by dehydrating free
and hydrated water. [7] Creep is accounted for by factoring
the immediate deflections by the "creep coefficient", ACI-
349[1], 9.5.2.5. Creep rates reported in the PCA testing
[4] were compared with other reported rates [5]. At the
temperature ranges anticipated in the design, a "creep rate
maximum" or creep rate greater than that found at higher
and lower temperatures was found both in the testing and
literature search. See Figure 3.

This creep rate maximum may be associated with an
optimal low free water viscosity in the anticipated
temperature ranges. Using the elevated creep rate, a creep
coefficient of 4, two times that required by ACI [I], for the
40 year exposure was estimated. The European model
concrete code committee [6], (CEB), provides methods of
estimating creep and shrinkage as a function of stress,
member size, temperature, humidity and age. The creep
coefficient estimated by this method corresponded closely
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with that developed from the measured creep rates.
3
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Figure 3, Local Creep Rate Maximum

STRESS ANALYSIS

Besides the mechanical and environmental loading that
the vault is subjected to, the heat source and ambient
thermal cycling creates significant thermal stresses.

Through-section gradients are caused by both steady-
state conditions with heat flux not equal to zero and by time-
variant transient conditions. Maximum gradients may be
estimated by the superposition of the maximum gradients
caused by the change of temperature with respect to time on
the steady-state gradient. It is anticipated that it will require
two years to fill the vault to its design capacity The heat
source is added to the vault so slowly that it can be
considered to be steady-state and no time-variant heat
loading for the source needs to be considered. Since the
vault is cooled by natural convection, however, significant
transients are caused by the daily and seasonal inlet air
temperature variations.

Outside

Structural
Concrete

Insulating
Concrete

Inside, Hot Face
Figure 4, Vault Roof Cross Section

Transient heat-transfer analyses were performed which
indicated that the vault, due to the phase lag between surface

0 3 6 9 12 15 16 21 24 27 30 33 36 39 AZ •«

Figure 5, Insulating Concrete, Daily Temperature Variations

and internal concrete temperatures, was unresponsive to
daily temperature fluctuations. See Figures 4 & 5. Only
ambient temperature changes that were maintained for days
would affect the internal concrete temperatures.

The climatological data was reviewed to establish a
"design heat wave" which combined both a very high rate-
of-change in ambient temperature with a sustained period of
a high daily average temperature. A heat transfer analysis
using the design heat wave as the driving function was
performed on the vault. The maximum gradients produced
by the design heat wave were applied to the vault using
conventional finite element methods. The loading
determined by the thermal gradients and elevated
temperatures were combined with other mechanical load
using the operating temperature combinations of ACI-349.

CONCLUSION

Recognizing that over time elevated temperatures
decrease the strength and serviceability of concrete
structures, a study was performed to determine the
temperatures of the structural concrete during the design life
of the vault. Once the temperatures were determined an
evaluation was made to determine the impact of these
temperatures on the strength and serviceability of the
concrete.

Based on informal consultations with experts in this
field, a literature search and working directly with a
consultant, a methodology was developed to predict the
design strength of our concrete at the end of 40 years. The
design of the vault to resist the applied operational, thermal,
and natural phenomena loads then proceeded based on the
reduced concrete properties. As a result we have a
structure we feel confident will perform its design function
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for its entire design life.
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MATERIAL PROPERTIES OF HOLLOW CLAY TILE
AND EXISTING MORTAR CHARACTERIZATION STUDY

M. B. Butala and W. D. Jones
Martin Marietta Energy Systems, Inc.

Oak Ridge, Tennessee 37831

ABSTRACT

Several Buildings at the Department of Energy (DOE) Oak Ridge Y-12 Plant* were
constructed (circa 1950) using unreinforced hollow clay tile (UHCT) masonry walls,
which act as shear walls to resist lateral forces. A comprehensive test program,
managed by the Center for Natural Phenomena Engineering (CNPE) of Martin
Marietta Energy Systems, Inc. (MMES), is under way to determine material
properties of existing hollow clay tile walls that will be used to help determine the
structural strength of those buildings.

This paper presents the results of several types of material property tests of 4-in.-
and 8-in.-thick hollow clay tiles. These tests include determination of weight, size,
void area, net area and gross area, initial rate of absorption, absorption, modulus of
rupture, splitting tensile strength, and compressive strength. The tests were
performed on old, reclaimed tiles and new tiles. A total of 336 tiles were tested. The
stress-strain relationship for 40 specimens was also obtained. All testing was
performed in accordance with ASTM standards and procedures developed by CNPE.

This paper also presents the results of an investigation of mortar removed from the
existing walls. The mortar characterization study was performed by Testwell Craig
Materials Consultants (TCMC) under subcontract to MMES. Petrographic and
chemical investigations were conducted on 18 mortar samples removed from four
buildings at the plant. The primary purpose of the investigations was to evaluate the
properties of existing mortar and provide a similar specification for the mortar to
be used for construction of test specimens and test walls for the test program. The
study showed variability in the mortars among buildings and among different
locations within a building; however, it was concluded that an average mortar mix
conforming to ASTM type N proportioned by volume of Portland cement, hydrated
lime, and Tennessee river sand would be used to conduct further laboratory studies
of masonry assemblages.

*Managed by Martin Marietta Energy Systems, Inc., for the U.S. Department of
Energy under contract DE-AC05-840OR21400.
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INTRODUCTION

Many of the buildings (built circa 1950) at the Oak
Ridge Y-12 plant were constructed using unreinforced
hollow clay tile (HCT) interior and exterior infilled walls.
In some cases these walls comprise a substantial portion
of the lateral force resistance of a building. A hollow clay
tile wall (HCTW) test program managed by CNPE is
being conducted to address the safety issues associated
with the ability of these walls to resist lateral forces
caused by earthquake and wind [1]. Assemblages (prisms,
infilled frames, etc.) for laboratory tests are constructed
of new HCT units. The test results need to be correlated
to the existing structures. To help accomplish this
correlation, 336 tiles were used to test for (1) weight, size,
void area, and net and gross areas; (2) initial rate of
absorption; (3) absorption; (4) modulus of rupture;
(5) splitting tensile strength; and (6) compressive strength
(40 tiles were instrumented to measure stress and strain
relationships). Half of the tiles were "new tiles" recently
purchased from D'Hanis corporation of Texas and the
remaining half were "old tiles" removed from the existing
buildings. Prior to any tests, all of the old tiles were
cleaned with a wire brush to remove loose mortar and
paint.

The existing walls at the plant used side construction
(cores horizontal); however, two variations of tests were
performed, one with the load applied perpendicular to
the cores (cores horizontal), and the other with the load
applied parallel to the cores (cores vertical). Singleton
Laboratories performed the laboratory testing in
accordance with appropriate ASTM standards. Figure 1
shows a typical 4-in. and 8-in. hollow clay tile.

PHYSICAL PROPERTIES

MEASUREMENT OF HCT UNITS
Physical measurements (length, width, height, weight,

and void ratio) of 288 tiles were recorded. Half (144)
were new tiles and half were old tiles, with each set
composed of 72 4-in. and 72 8-in. tiles.

The dry weight of each tile was measured using a
calibrated scale. A calibrated rule was used for measuring
length, height, and width, while a calibrated clipper was
used to measure the thickness of webs. The void area of
each unit was determined by filling the cores with clean
dry sand. Figure 2 shows the typical testing procedure.
The mean values and coefficient of variations are shown
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Fig. 1. Isometric view of a typical 4-and 8-in.
HCT used in the HCTW test program.
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Fig. 2. The void ratio was measured using dry sand.

in Table 1. All measurements were taken in accordance
with ASTM standard C67.

The outside dimensions of old tiles are larger than
new tiles, but the webs and face shells of old tiles are
thinner than new tiles. The weight of 8-in. old tile is
greater than that of 8-in. new tile, whereas the reverse is
true for 4-in. tile. The overall coefficient of variation is
less for new tile than old tile. To compute the mean and
coefficient of variation of the net areas of the tiles, the
net area of each tile was calculated using its average
dimensions. Another method would have been to multiply
the gross area by the percent void (coring), which would
have yielded slightly different values. The old tiles, which
were possibly manufactured at different plants in the
United States, had variations in color, and about 15% had
ribs on three sides while another 15% had ribs on two
sides.

INITIAL RATE OF ABSORPTION (IRA)

Forty-eight tiles, six each in eight categories, were
selected and tested in accordance with ASTM standard
C67. Old and new 4-in. and 8-in. tiles were tested, with
the cores held vertical and parallel to the water, and the
length and width of the surface in contact with water was

Table 1. Dimensions of HCT specimens

Parameter

Length (in.)

Width (in.)

Height (in.)

Weight (lb)

Coring (%)

Gross area
cores horizontal

Gross area cores
vertical

Net area
cores horizontal

Net area
cores vertical

Old tile

4-in.

Mean

11.79

3.75

11.79

19.54

49.34

45.93

43.76

15.53

22.73

V(%)

2.18

7.03

2.58

5.20

12.69

8.2

8.74

12.42

5.41

8-in.

Mean

11.81

7.90

11.86

34.08

58.14

93.72

83.86

23.94

39.26

V(%)

1.95

2.53

2.09

9.52

4.19

4.28

5.12

3.76

4.30

New tile

4-in.

Mean

11.56

3.69

11.57

20.25

44.6

42.80

42.95

17.50

23.70

V(%)

.23

1.96

.23

3.17

2.16

.42

.38

1.21

.79

8-in.

Mean

11.55

7.88

11.57

31.78

54.80

91.10

91.23

24.63

39.98

V(%)

.33

.35

.28

1.84

.99

.64

.52

1.43

7.2

V = Coefficient of variation.
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measured. The oven-dried weight of each unit was also
recorded. Most of the old tile required extensive cleaning
to remove paint and mortar. The test results are shown in
Table 2.

The IRA (suction) does not provide information on
strength for the unit. Rather, strength has been correlated
to the bond strength between the mortar and the masonry
unit. The values observed for the new tile are in the lower
to middle portion of the optimum range of 5-20g/min/30
in.2 recommended by Plummer [2]. The old tile exhibited
IRAs from 6-41/g/min/30 in.2, depending on the size and
orientation of the specimen. Most of the specimens
required extensive cleaning to remove paint and mortar.
The effect of these conditions on the capillary action of
clay is not known, except that voids sealed with paint and
mortar will reduce suction, while abrasive cleaning to
remove coatings may open voids and roughen smooth
finishes, increasing suction.

ABSORPTIONS

Absorptions tests were performed on the same 48
clay tiles used for IRA. Twelve specimens were tested in
accordance with ASTM standard C67 for each category,
and results are shown in Table 3. The saturation
coefficient was 0.7 for old tile and 0. 9 for new tiJe (i.e.,
the new tile absorbed more water). Very little variation of
the saturation coefficient was observed between cold
water and boiling water submersion.

MODULUS OF RUPTURE (FLEXURE TEST)

Forty-eight clay tile specimens were tested, 12
specimens for each category. Testing was performed in
accordance with ASTM standard C67, and results are
shown in Table 4. The 4-in. (old and new) tile appears to
be stronger in flexure than 8-in. tile. Figure 3 shows a
typical setup for the test.

Table 2. IRA test results

Parameter

Suction normal
(g/min/30 in.2)
(cores horiz)

Suction parallel
(g/min/30 in.2)

(cores vert)

Old tile

4-in.

Mean

5.76

41.25

V ( % )

64.9

43

8-in.

Mean

15.33

23.3

V(%)

74.77

66.62

New tile

4-in.

Mean

10.78

18.4

V(%)

20.4

15.5

8-ln.

Mean

7.13

31.11

V(%)

10.8

73.44

V = Coefficient of variation.

Parameter

5-h Submersion

24-h Submersion

1-h Boiling

5-h Boiling

Saturation coeff

4-in.

Mean

4.9

5.5

7.6

7.8

0.7

Table 3. Absorption test

Old

/ • (%)

37.9

29.4

23.1

20.9

11.6

tile

8-in.

Mean

6.9

7.3

8.9

9.3

0.7

64

60.2

48.1

45.3

34.4

results

)

4-in.

Mean

10.0

10.1

10.7

10.9

0.9

New

2.4

2.1

1.6

1.2

1.24

tile

8-in.

Mean

11.3

11.4

12.3

12.6

.9

V(%)

1.6

1.5

3.3

2.7

2.31

' V = Coefficient of variation.
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Table 4. Modulus of rupture test results

Parameter

Average load1" (kip)

Average stress* (psi)

Average loadc (kip)

Average stress' (psi)

Old tile

4-in.

Mean

6.2

177

4.85

536

V (%)

18.

18

20

20

8-in.

Mean

10.2

136

7.15

155

V(%)

14.6

14.6

21.8

21.8

New tile

4-in.

Mean

7.1

203

4.77

479

V(%)

17.7

17.7

14.0

14.0

8-in.

Mean

7.9

108

6.60

146

V(%)

22

22

14.3

14.3

* V = Coefficient of variation.
b Weak axis bending (specimen supported flatwise).
c Strong axis bending.

a. Test setup. b. View of tile after testing.
Fig. 3. Modulus of rupture test of a 4-in. tile.

SPLITTING TENSILE STRENGTH

Splitting tensile strength tests were performed on 40
clay tile specimens. Two variations of loading were
performed. Twenty specimens were tested with loading
normal to the cores (cores horizontal), and the remaining
were tested with loading parallel to the cores (cores
vertical). Testing results are shown in Table 5. Figure 4
shows a typical test setup.

COMPRESSIVE STRENGTH

Tests were performed on 200 HCT specimens in
accordance with ASTM standard C67 using two variations
of loading, load applied perpendicular to the cores and
load parallel to the cores. The bearing surfaces of the
specimens were capped with gypsum compound
(Hydrocal). For specimens with ribs the depressions were
filled prior to capping, with grout composed of one part
by weight of Type HI Portland cement and two parts by
weight of sand. Test results are shown in Table 6.
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Table 5. Splitting tensile strength test results

Orientation

Normal (psi)

Parallel (psi)

Avg load (kip)
(normal)

Avg load (kip)
(parallel)

Old tile

4-in.

Mean

518

749

11.9

17.5

V1

(%)

28.1

40.6

28.1

40.6

8-in.

Mean

592

560

22.3

20.5

V(%)

39.2

20.9

39.2

20.9

New tile

4-in.

Mean

612

698

16.7

18.9

V(%)

59.0

64.1

59.0

64.1

8-in.

Mean

4S2

869

18.7

33.3

V (%)

29.8

14.8

29.8

14.8

' V = Coefficient of variation

b. View of tile after testing.

a. Marking the split surface, spreading a gypsum
compound, and placing the bearing rods.

Fig. 4. Typical splitting tensile strength
test of a 4-in. tile.

Strain gages were placed on 40 tiles. For the 20 old and perpendicular to the load. Load and strain
tiles, the surface coating was removed and the tiles measurements were recorded continuously on X-YY'
thoroughly cleaned before placement of the gages. Two recorders until the specimen failed. A calibrated SAtec
uniaxial strain gages were attached to each face of a universal testing machine with 600 kip maximum capacity
specimen, as shown in Fig. 5.a, to measure strains parallel was used for testing.
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Table 6. Compressivc strength test results

Parameter

Avg ult load
(kip)

Gross comp.
strength (ps>)

Net comp.
strength (psi)

Poisson's ratio

Gross elastic
modulii (ksi)

Net elastic
modulii (ksi)

Old tile

4-in.

Normal
horiz

80.2

1771

5214

0.14

1.61

4.07

Parallel
vert

206.5

4815

9116

0.17

1.95

3.85

8-in.

Normal
horiz

144

1550

6025

0.15

0.97

3.74

Parallel
vert

369.4

3985

9488

0.18

1.46

3.55

New tile

4-in.

Normal
horiz

159.8

3736

9139

0.16

1.33

3.24

Parallel
vert

345.6

8048

14590

0.20

2.05

3.72

8-in

Normal
horiz

211.2

2317

8572

0.21

1.09

4.06

Parallel
vert

411.4

4507

10285

0.20

1.49

3.39

A typical tile failure is shown in Fig. 5.b. Compressive
strength, Poisson's ratio, and modulus of elasticity were
calculated based on gross area and net area in accordance
with ASTM standard C67. Results are shown in Table 6.

0

a. Strain gages with lead wires. b. A view of tile after testing.

Fig. 5. A typical compressive strength
test of an 8-in. tile.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

219



The compressive strengths test results of new tile
were substantially higher than those for old tile. This
difference may be due to improvements in the grinding
and firing process. The strength of 4-in. new tile is
substantially higher than that of old tile because of a
smaller void area. The variation in Poisson's ratio was
small—from 0.14-0.17 for old tile and 0.16-0.21 for new
tile. The gross elastic modulus varied from 1.65-1.95 for
old 4-in. tile to 1.33-2.05 for new tile. Results for old
8-in. tile were in general agreement with those for newer
8-in. tile.

MORTAR CHARACTERIZATION STUDY

A mortar characterization study of mortar samples
removed from existing hollow clay tile walls was
performed by TCMC under subcontract to MMES. The
primary purpose of this investigation was to determine
the ingredients of the mortar in order to provide a similar
specification for mortar to be used in future laboratory-
built test specimens.

Eighteen mortar samples were collected from
different buildings on which petrographic and chemical
analyses were performed. Compressive strength tests were
also performed on four large chunks of mortar (~3 x
4 x 5 in.) obtained from a pilaster. All testing was in
accordance with appropriate ASTM standards.

The detailed results of the testing are described in
Y/EN-4675 [3]. From the investigation it was observed
that the principal ingredients of the mortar were natural
siliceous sand, Portland cement and a binding ingredient,
hydrated lime, with volumetric proportion similar to
ASTM C270 Type N mortar. A mortar mix was prepared
using the average composition of the samples and
Tennessee river sand. The volumetric proportion of the
ingredients of the mortar mix is shown in Table 7. Two-
inch mortal cubes were prepared from this mix and tested

in accordance with ASTM standard C109. The average
compressive strength of laboratory-prepared mortar was
2540 psi, which exceeds the strength required by ASTM
specification C270, Type N mortar. The compressive
strength of the four mortar chunks (removed from
existing pilaster) was in the range of 2870 to 4390 psi,
with an average of 3580 psi. The detailed results of the
compressive strength tests are also described in
Y/EN-4675 [2].

CONCLUSIONS

The old tile is larger in outside dimensions than new
tile, but the net area is less compared to new tile. Also,
new 4-in. tile is heavier than old 4-in. tile. The new 8-in.
tile is lighter than the old tile, but the net area is bigger.
A large variation on IRA results was probably because
only six specimens were tested from each category, and
the saturation coefficient had less variation, with the
average being 0.8. For loading parallel to the cores, new
tile appears stronger than old tile. For loading
perpendicular to the cores, the 4-in. new tile appears to
be much stronger than old tile, possibly because of its
thicker webs and face shells. For modulus of rupture and
splitting tensile tests, the 8-in. old tile appears to be
stronger. The compressive strength of new tile is
considerably higher than that of old tile. One reason may
be that damage might have occurred to the tiles while
they were being removed. A second reason is that the
manufacturing process has improved over the years. The
gross and net modulus of elasticity and Poisson's ratio are
comparable for old and new tile.

A mortar mix design using the average composition
of the mortar samples taken from existing walls was used
to construct laboratory test specimens. Tennessee river
sand, lime, and Portland cement (Type I) were used for
the laboratory mix design.

Table 7. Mortar batch proportions

Material

Portland Cement (Type - 1)

Lime

Sand (Tenn. River Sand)

Volumetric
ratio

1

0.86

4.38

Proportions (g)

473.3

290.0

1737.0
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RECOMMENDATIONS

1. Perform IRA and splitting tensile tests on at least 1.
25 specimens to increase the sample size.

2. These tests provide physical parameters of
individual units only. Tests of prisms extracted from
existing walls should be performed and compared with 2.
prisms constructed with new tile and the recommended
mortar mix to help better define the correlation factor
between new and old construction. 3.
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INSERVICE INSPECTIONS FOR STRUCTURAL INTEGRITY OF
STRUCTURES, SYSTEMS, AND COMPONENTS
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Richard Ostrowski
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Westinghouse Savannah River Company

Savannah River Site
P.O. Box 616

Aiken, South Carolina 29802

ABSTRACT

Monitoring of facility systems and equipment through predictive means such as
inservice inspections is an important part of Aging Management and the
demonstration of structural integrity.

The primary objective of an Inservice Inspection (ISI) Program is to ensure the
continued integrity and operability of important systems and components
throughout their service lifetimes. DOE facilities are designed for a wide array of
service conditions and environments. Each facility faces unique challenges against
which an ISI program must provide a high level of confidence of integrity.

For the purpose of this paper an ISI program is defined as all planned periodic
examinations, tests, observations, measurements and analysis performed on
structures, systems, and components, including their supports to detect material
aging (degradation) and analyze its effect (s) on facility performance, safety or
reliability.

Formal ISI programs provide the capability to trend material and component
performance versus predicted Design and Operations parameters. ISI also provides
the facility a means to identify and resolve material aging problems unique to the
facility in a cost effective manner. In addition ISI provides the necessary
information required for cost benefit decision models to determine continued or
extended service as referenced in DOE Order 4320.2, "Capital Asset Management
Process".
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INTRODUCTION

DOE complex facilities include Nuclear
Reactor, Nuclear Processing and Non-
Nuclear Support Facilities having
varied structures, systems, and
components (SSC) for which continued
integrity and reliability is necessary
for safety to the public, to personnel
and for continued operation. Recent
DOE Orders establish the need for
formal programs to measure, track,
mitigate and document facility aging.
Therefore the effects of aging
degradation must be accounted for and
addressed in a standardized Inservice
Inspection (ISI) Program process
which complements the predictive and
preventive maintenance programs by
focusing on important to safety SSC'S.
As a result of the implementation of
the ISI process DOE facilities will
enhance their current capabilities to 1.
assess and determine SSC current
functional, material, and structural
condition and/or qualification, 2.
support remaining life prediction, and
3. develop recommendations for
establishing a path forward for
qualification of SSC's for extended
service. Through the identification
and implementation of essential ISI
program elements, and subsequent
interface with existing facility
programs, a standardized process is
developed and implemented to access
current material conditions and
address facility aging management
actions. In establishing and
implementing this ISI process facility
management will have an additional
tool necessary to demonstrate that
acceptable safety margins are being
maintained based on their unique
safety, environmental compliance, and
programmatic mission requirements.

BACKGROUND

Historically, non Code/Order driven
inspection programs were developed in
response to immediate operational

problems or environmentally induced
failures. This has contributed to
conditions of fragmented, inconsistent,
and often incomplete practices which
are implemented in a reactive rather
than pro-active process.

Reactive measures taken to assess
current material conditions typically
are too focused to adequately address or
be consistent with established long
term strategic planning as it relates to
facility safety and extended service
goals. Considering the resources
expended, and the potential impact on
facility safety and availability,
examinations, tests, and analysis
performed to determine active
degradation modes and to identify and
address functional obsolescence issues
should be accomplished within a
standardized ISI program. A
standardized ISI program provides
criteria for selecting critical SSC's to be
examined or tested, thus assuring that
important items are not overlooked and
unimportant items do not detract from
significant ones. This ISI process
provides the facility the means to
identify and resolve material aging
problems unique to each facility in a
cost effective manner. In addition,
information obtained as a result of the
process provides the necessary data
required for cost benefit decision
models to determine continued or
extended service.

Inspection programs which are
developed in a reactive mode tend to be
isolated from other programs that
contribute to the monitoring of
equipment degrada t ion , e.g.
maintenance and operation
surveillance's. Isolation and
development of these stand alone
programs inhibits valuable
information because data collected
from these individual programs often
is not totally disseminated and allowed
to be factored into a broader program
of aging management. In effect a
facility is likely collecting most of the
needed data but does not have the
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program structure to tie it all together.
This fragmented approach not only
results in the "loss of valuable data"
required in the decision process, it
precludes facility generic impact
assessments of failures, and is also not
very cost effective.

The primary objective of this paper is
to provide the key elements essential to
an effective ISI process, define those
elements, and finally provide the
structure for their implementation.

ISI PROGRAM DEVELOPMENT

Development and implementation of a
facility ISI program utilizing the
essential elements defined in this
paper will provide reasonable
assurance that the evidence of
structural or functional degradation
during service is detected to permit
corrective action before the safety
funciion of the structure, system, or
component is compromised. This
facility ISI process is also a predictive
maintenance activity which when
implemented complements the overall
preventive maintenance, equipment
performance monitoring, and facility
life cycle assessment programs.

Essential elements to be addressed by
the ISI program in the development
and implementation of the ISI process
are identified as follows.

Program Procedures

ISI program requirements and
responsibilities should be clearly
defined in facility procedures. These
facility procedures should specifically
address:

Development rationale and
approval responsibilities;
Designation of engineering
support for program
implementation;

Coordination of facility program
activities which impact, support
or are impacted by ISI;
Periodic assessments to evaluate
program effectiveness;
Performance Monitoring and
Trending.

ISI Interfaces

As discussed earlier, Inservice
Inspection activities are predictive
maintenance functions which
complement other facility programs
and as such appropriate interfaces
should be established to maximize use
of all data collected. In addition to data
collection, facility activities such as
repairs and modifications or changes
in examination or test procedures
implemented by other programs, such
as maintenance or surveillance testing
are reviewed for impact on ISI
activities. Interfaces also need to be
established so that data on equipment
degradation or failures for systems and
components receive a reliability
analysis, and the data is appropriately
incorporated into facility trending
programs.

Of equal importance is the fact that
many examinations and tests relative to
the ISI process may already be
established in other facility programs.
Whenever possible, system and
component examinations and tests
should be consolidated into single test
procedures or evaluations. This will
effectively minimize wear and tear of
equipment, reduce exposure to
personnel (safety and radiation), and
ultimately result in more effective
resource utilization. In addition
consolidated examination and test
procedures should clearly state which
parameters and acceptance criteria, if
any, are relative to technical
specifications.
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SSC Evaluation

The SSC's selected for examination
and/or test, locations, frequency, and
examination/test methods should be
established by a team comprised of
individuals knowledgeable in the
following areas:

operation, function, and failure
consequence of facility systems;
maintenance performance and
baseline history of facility SSC's;
materials and fluids involved in
system processes, resultant
degradation, and structural
mechanics evaluations to
disposition detected degradation;
structural loadings and margins
of facility SSC's and their
supports;
application of nondestructive
examination and test methods;
DOE orders and commercial codes
and standards applicable to the
development and implementa-
tion of examination and testing
plans, programs and procedures,
trending and periodic
assessments.

All reviews, evaluations and
subsequent team recommendations are
documented and become SSC lifetime
records. Revisions to team reviews
resulting from periodic assessments,
component trending, or external
events would require the same level of
team review as conducted originally.

Selection Guidelines:

The SSC's to be addressed in the ISI
Program and the frequency and degree
to which the examinations and tests
will occur is determined by the
following criteria:

1. Functional Classification

classified as important to safety but
whose failure could impact the
function of a safety class item, results
in large replacement costs, and
extended facility downtime should be
considered for inclusion in the ISI
process.

2. Structural Margins

Structural margins are reviewed for all
SSC's in the ISI program. This review
covers the design, configuration, and
operating conditions in the facility.
The results of the review will be used
in the evaluation of degradation
mechanisms, performance of stress
and fracture mechanics analysis, and
application of examination and test
techniques. The evaluation
methodology should correlate location
specific parameters with potential
degradation modes for each material
and consider interactions among
degradation modes.

Degradation Mechanisms:

SSC's in the ISI program reviewed to
determine credible and significant
degradation mechanisms. The
frequency and extent of inspection
will vary based on the severity and
rate of the degradation mechanism.
Typical examples of degradation
mechanisms to be considered are:

- Corrosion
- Mechanical
- Radiation

Operation History:

- Hydrogen
- Thermal

All facility SSC's classified as important
to safety are required to be considered
in the program. SSC's which are not

The development of the facility
specific ISI program includes a review
of the operating history of the facility
under review and/or facilities with
material and service conditions similar
to the facility under review. The
service history should be used to gain
guidance into specific inspection
locations and frequencies. Sources of
information include literature in
technical publications, material
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handbooks, and previous inspection
data. Laboratory experiments should
be considered when existing data is not
adequate.

Regulatory Requirements:

ISI programs should meet all
applicable DOE requirements. In
addition DOE Orders with ISI related
functions such as DOE Order 4330.4A,
Maintenance, and 4320.2, Capital Asset
Management, should be used as
guidelines to support and complement
implementation of ISI activities.

Examination Plan:

The determination of specific SSC's
subject to examination and testing and
required frequency is documented in
written inspection plans and
procedures. These plans include:

Components subject to
examination or test;
Diagrams or system drawings
identifying the extent of
components and boundaries
subject to examination or test;
Frequency of examinations or
tests;
Specific examinations and tests
to be performed;
Summary tables that provide a
status of examinations and tests.

All examinations and tests specified by
the examination plan should be
included in the facility maintenance
and operation surveillance programs
as applicable. The procedures
associated with these programs should
reflect the ISI program requirements
and include actions that specify
establishing the proper conditions,
system configuration, and operating
parameters to ensure data collected will
be comparable and trendable. In
addition equipment monitoring
locations should be identified, marked,
and documented so consistent readings

can be obtained each time ISI data is
provided.

Examination and Test Methods:

Testing and examination methods
utilized should be recognized by
national societies and/or Code
organizations such as, the American
Society of Mechanical Engineers
(ASME), American Society of Testing
and Materials (ASTM), American
Standards Institute (ANSI), or
American Society of Nondestructive
Testing (ASNT). Examples of
recognized methods are:

Visual Testing: Surface
examinations used to detect
material discontinuities,
deviations in plant equipment
configuration, or leakage
of pressure retaining
components;

Radiography, Ultrasonic,
Magnetic Particle and other NDE
methods used to detect material
discontinuities;

Vibration Monitoring and
Diagnostics: Diagnostics for
monitoring and analyzing
rotating equipment.

Bearing Temperature Analysis:
Analysis used to measure and
analyze temperatures of critical
equipment bearings to predict
failure;

Motor Operated Valve Testing:
Testing used to measure and
analyze key motor operated
parameters such as operating
current and voltage stem
thrust, limit and torque switch
setpoints, and valve stroke times;

Electric Circuit Monitoring:
Monitoring used to determine
the condition of a circuit and aid
in fault location.
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Capabilities and limitations of each
chosen examination and test shall have
been previously determined by actual
performance demonstration.

Control and Processing of Data;

A standardized process for data analysis
and review should be developed and
implemented for all ISI activities
performed in the facility.

Data Analysis

Evaluations are conducted of all flaws
and evidence of SSC degradation
detected during the examinations and
tests required by the ISI program.

Evaluations are accomplished by
comparison of examination and test
results with acceptance standards and
baseline data when available. If no
baseline data is available, the initial ISI
becomes the baseline for subsequent
examinations and tests.

Data Review

Consideration for Data
activities should be given to:

Review

- Internal and/or external oversight
of testing and examination activities
by Quality Assurance, Independent
Inspection, and/or external groups
(e.g., Defense Nuclear Facilities
Safety Board, DNFSB)

- Reporting requirements; level of
detail and control of documentation,
designation of a facility representa-
tive to review and approve ISI tests
and examinations, requirements for
release of ISI information to outside
agencies/organizations.

- Resolution and/or analysis of
nonconforming conditions.

- Mechanisms to assure the accuracy
and integrity of test/examination

data with special attention ensuring
the fidelity and integrity of
electronic and/or magnetic records.

If ISI results are determined to be
inconclusive or contradict previous
examination or test results, the
examination or test is repeated or
supplemented by a different technique
or method, if practical. Both sets of
data are then analyzed and the correct
disposition determined.

Documentation

ISI activities are performed and
reported in accordance with written,
approved, and qualified procedures
using controlled and calibrated
equipment and materials. Such
procedures must meet technical
requirements of applicable codes and
standards. Results of ISI are reported
in accordance with applicable codes,
standards, and procedures and provide
objective evidence that ISI activities
were performed as required.

Reports and records of examinations
and test activities, where applicable,
should contain the following
information:

• Facility, system product form,
and component/item
identification

• Work control document number,
as applicable

• Procedure number and revision

• Type of examination or test and
essential variables

• Reason for test (e.g., post-
maintenance, routine inservice
test, establishing reference
values).

• Comparison with allowable
ranges of test values and
analysis of deviations
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• Identification of
instruments/equipment used

• Values of measured parameters

• Acceptance criteria and results
of examination

• Non-conformance
report/rework authorization
numbers, if applicable

• Date of examination/test,
name(s), signature(s), and
level(s) of certification (if
applicable) of individuals) who
performed or interpreted the
examinations or tests.

• Data trend analysis of equipment
performance.

Acceptance criteria

In order to disposition issues related to
degradation detected during inservice
inspection, component specific
acceptance criteria are developed to
ensure safety margins against failure.
The facility should make use of the
following industry codes and standards
in the development of facility specific
criteria. It is noted that other sources
are available in technical and
manufacturer's literature that should
be utilized in the development of
acceptance criteria.

Sources of Acceptance Criteria

• ASME Boiler and Pressure Vessel
Code, Section VIII, Divisions 1
and 2

• ASME Boiler and Pressure Vessel
Code, Section XI, Rules for
Inservice Inspection of Nuclear
Power Plant Components.

• API Recommended Practice 574,
Inspection of Piping, Tubing,
Valves and Fittings.

• API Standard 510, Pressure
Vessel Inspection Code,
Maintenance, Inspection,
Rating, Repair, and Alteration

• ACI 349.2R-93, Evaluation of
Existing Nuclear Safety-Related
Concrete Structures (DRAFT)

• ASME Code of Operation and
Maintenance of Nuclear Power
Plants

• ANSI/ASME B31.1, Power Piping,
Appendix V

• NB-23, National Board Inspection
Code

The facility specific acceptance
criteria are based on the material,
environmental conditions, and normal
operating and accident loading
conditions. This facility specific
criteria may be based on stress analysis
and, where necessary, fracture
mechanics. An analysis of the
structures, systems, and components is
performed to determine the critical
parameters for both normal operating
conditions and accident conditions
with the appropriate factors of safety.
Consideration should be given to
placing bounds on the acceptance
criteria to provide for increased
evaluation (e.g., NDE, stress,
degradation) as the structures, systems,
and components approach acceptance
limits. The need for detailed
development of acceptance criteria
also includes cost-benefit evaluations
based on the cost of inspections versus
the cost of component replacement
and/or repair.

Performance Monitoring Trending

Trending of inservice inspection data
provides a means to optimize overall
plant availability and reliability
through early detection of potential
problems. Effective implementation of
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a trending program will result in
prompt corrective action, better outage
and maintenance planning, and
increased reliability while improving
plant safety. Trending programs
should consist of the following:

• A systematic evaluation of all
systems and components to
determine parameters to be
trended.

• Establishment of a custodian for
the trending program

• Establishment of a method to
document, collect, and transmit
trend data to the custodian of the
trending program

• Development of a data base
system capable of storing trend
data and providing trend
reports.

• Establishment of methodology to
analyze and evaluate trends
document trending activities,
and provide periodic reports to
management summarizing
program results and
recommendations.

CONCLUSION:

Recent DOE Orders on Maintenance and
Capital Asset Management, and a
pending DOE Order on Configuration
Management require more formalized
programs to monitor, control, and
report aging of facility structures,
systems, and components. In the past,
repetitive inspection and testing
activities were a reaction to failures.
An approach is offered which
considers operating history and other
attributes to monitor and mitigate
aging before failure occurs. This
approach called an ISI Program,
defines a set of essential elements to
establish the scope and extent of
inspections and tests, methodology to
perform inspection and tests,
acceptance criteria to evaluate results

for continued service, and reporting
requirements. The ISI Program
establishes interfaces with facility
organizations and related activities to
1.) prepare the program, 2.) implement
the program and 3.) report results to
ensure that observed aging is
documented , reviewed and
dispos i t ioned by Cognizant
Organizations including the customer.
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ABSTRACT

During the seismic upgrade walkdowns of some of the Savannah River
Site (SRS) facilities, a number of partition walls were encountered.
These walls are constructed from 1/4 inch cement fiberglass or cement
asbestos wallboard panels. Some of the partition walls are located in
close proximity to safety related equipment like relay cabinets containing
essential relays. Light weight safety related equipment like electric
conduits and panels are commonly attached to these walls. Occasionally,
heavier equipment such as a transformer may also be found. To
maintain functionality of the safety related equipment during a seismic
event, structural integrity of the walls is required. Additionally, any
structural failure of the walls could pose an interaction hazard to
adjacently located relay cabinets resulting in spurious actuation of
essential relays. In the absence of published structural capacities specific
to SRS construction characteristics, a series of tests were performed to
assess the capacity of various wall features.

This paper discusses the different types of tests performed to measure
the structural capacity of various wall features. The results of the tests
are presented.
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INTRODUCTION

Seismic upgrade walkdowns at some of the SRS
facilities identified a number of critical partition
walls requiring structural integrity during a seismic
event. The walls had either safety related equipment
attached to them or were in close proximity to relay
cabinets containing essential relays. These partition
walls are constructed from 1/4"X4'X8' cement
asbestos (popularly known as Transite wails) or
cement fiberglass wall board panels. The walls
range in height from 8 ft to 16 ft. The original
construction, dating back to the early 1950s,
constituted mainly the cement asbestos type. All
replacement and new wall construction used the
cement fiberglass panels. A mixture of cement
asbestos and cement fiberglass partition walls
therefore exists in SRS facilities.

The wall framing is constructed from sheet metal
Channel and Z sections. 18 gauge (.0478 inch)
Channel sections are used for the floor and ceiling
runners. The runners are anchored to the concrete
with 5/8 inch expansion anchors or explosive driven
stud fasteners. 20 gauge (.0359 inch) Z-sections are
used as the framing studs and are connected to the
floor and ceiling runners at 16 inch centers. The
wall board panels are fastened to the studs with tt 10
sheet metal screws spaced approximately 16 inches
apart. Saw tooth meta) clips which fit into metal Z-
studs are used at the vertical edges of adjacent
studs. The clips, which are spaced 16 inches apart,
hold the panel edges in place. A snap-on molding is
used to cover the clips. Fig. 1 shows a typical
partition wall construction.

Panel

Z-Stud-

Channel
Runner

Anchor
Bolt

8'-0"

Partition Wall
Panel

Moulding

Sheet Metal
Screws

Fig 1. Partition Wall Construction
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A number of tests were performed to assess the
structural capacity of various wall features. Both
the cement asbestos and cement fiberglass panels
were tested. To avoid undue exposure to asbestos,
selected tests were performed on the cement asbestos
specimens. All categories of tests were performed on
the cement fiberglass specimens.

TEST SETUP

The test setup required an application of load on the
test specimens and recording the corresponding
displacement. Load was applied with a 4-Ton double
acting hydraulic cylinder (ENERPAC) and a
hydraulic hand pump. Load measurement was
recorded with either a 100 Ib or a 1000 lb foil strain
gage load cell. A linear potentiometer was used to
measure the displacement. The tests were also video
taped and photographed. Mentioned below is a list
of the tests which were conducted.

• FLEXURAL STRENGTH TEST ON A
1/4" X2"X6" SPECIMEN.

• TENSILE AND SHEAR TESTS ON 3/16"
AND 1/4" TOGGLE BOLTS.

• TENSILE CAPACITY TESTS ON PANEL
CLIPS AND SHEET METAL SCREWS.

• FULL PANEL (4' X 8') STATIC CYCLIC
TEST.

FLEXURAL STRENGTH TESTS

This test was performed on 1/4 inch thick by 2 inch
wide specimeas. The specimens were tested as a
simply supported beam 6 inches long resting on a
pair of roller supports. A two point loading was
applied on the specimens as outlined in ASTM
Standard C947-89 [Ref.2]. Fig. 2 shows a setup of
the test. Both cement asbestos and cement fiberglass
specimens were tested. The test was performed on
a total of ten specimens of each type. The failure
mode was a flexural crack occurring in the
specimen area located between the two points of
application of the load. One of the main objectives

of this test were to compare the flexural capacities
of the asbestos and fiberglass specimens.

\ \ \ \ \

Fig 2. Flexural Strength Test

Test Results

The load-displacement data was recorded during the
tests and is documented in the Test Report [Ref. 1].
The failure flexural load is tabulated in Table 1.
The average failure load for the cement fiberglass
specimens was 31 lbs and that for cement asbestos
specimens was 51 lbs. The displacement at which
failure occurred tended to be higher for the cement
fiberglass specimens. Cement fiberglass specimens
deflected an average of 0.18 inches at the failure
load compared to 0.08 inches for the cement
asbestos specimens.

These tests also provided a comparison of the
flexural properties of the two types of specimens.
Since the cement asbestos specimens exhibited a
higher flexural capacity, some of the other tests
were performed on cement fiberglass specimens
only. Those test results would therefore be
applicable to both cement asbestos and cement
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Cement Fiberglass

Specimen
No.

FL-1

FL-2

FL-3

FL-4

FL-5

FL-6

FL-7

FL-8

FL-9

FL-10

Load
(lbs)

30

30

30

31

33

31

34

32

32

50

Cement Asbestos

Specimen
No.

TL-1

TL-2

TL-3

TL-4

TL-5

TL-6

TL-7

TL-8

TL-9

TL-10

Load
(lbs)

57

33

62

61

55

44

42

51

53

51

Table 1. Flexural Strength Test

fiberglass specimens.

TOGGLE BOLT TESTS

To assess the capacity of toggle bolt connections, a
tensile and shear test was performed on two sizes of
toggle bolts. As already mentioned, some of the light
weight equipment is attached to the partition walls
with toggle bolts. The tests were performed on
18"X18" cement fiberglass specimens. The test stand
which was anchored to the floor contained two Z
studs spaced 16 inches apart. The specimens were
fastened to the Z studs with sheet metal screws. The
toggle bolt was installed at the center of the test
specimen (Fig. 3). A tensile load was applied to the
toggle bolt till failure occurred in the specimen. Two
sizes of toggle bolts, 3/16" and 1/4" were used in the
tensile tests. A total of five specimens for each size
of toggle bolt were tested.

The shear test setup consisted of a short section of
unistrut attached to a cement fiberglass panel with
a toggle bolt. A shear load was applied at the top of
the unistrut (see Fig. 4). This configuration
simulates a common field condition where

equipment is mounted on unistruts and attached to
the wall board with toggle bolts. Only one size
(3/16") of toggle bolt was used in the shear tests.
The test was performed on a total of five specimens.

\ \ \ \ \ v

Fig. 3 Toggle Bolt Tensile Test
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Fig.4 Toggle Bolt Shear Test
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Test Results

For the tensile tests, failure occurred due to the
formation of a flexural crack in the panels. The
crack formation depended largely on the orientation
of the installed toggle bolt. When the toggle bolt
ears were oriented parallel to the Z stud axis, the
crack formation was continuous along the length of
the panel. The average failure load for both the
3/16" and 1/4" toggle bolts in this case was 77 lbs,
the lowest value being 70 lbs. When the orientation
of the ears was perpendicular to the Z studs, there
was a split in the crack at the location of the toggle
bolt. Failure loads were usually higher in this case,
averaging around 151 lbs. for both sizes. Since the
failure mode was the formation of a flexural crack
in the panels, the size of the toggle bolt did not
affect the failure loads.

For the shear tests, failure was due to prying at the
bottom edge of the unistrut causing the toggle bolt
to pull out from the panel. Failure loads were fairly
consistent for the five specimens tested, the average
being about 112 lbs.

The results of the toggle bolt tests are tabulated in
Table 2 below.

Tensile 3/16"

Spcma
No.

T19T-1

T19T-2

T19T-3

T19T-4

T19T-5

(lbs)

70

141

84

184

83

Tensile 1/4"

Spcma
No.

T25T-1

T25T-2

T25T-3

T25T-4

T25T-5

Load
<HM)

75

135

130

167

75

Shear

Spcma
No.

TS-1

TS-2

TS-3

TS-4

TS-5

Obt)

115

110

119

115

99

occurring due to the panel slipping out from under
the panel clip or the panel popping out of the sheet
metal screw head. The same test stand used in
performing the toggle bolt tests was used for the
panel clip and sheet metal screw tests.

PANEL CLIP TEST

The test setup consisted of an 18 inch long specimen
mounted on the test stand with two panel clips
spaced 16 inches apart. The panel clips held the test
specimen along one edge and sheet metal screws
were used to hold the specimen along the opposite
edge (See Fig. 5). A pair of back to back unistruts
were attached along the entire length of the
specimen and a tensile load applied through the
unistruts. Five cement fiberglass specimens were
tested.

Table 2. Toggle Bolt Test

SHT. METAL SCREW.
• | T H W * S H E « .
Z RtOD

/

I-—/-'\x\y\\\\\\\\\\\
/ L.\T K 1B- P4NEL ^•.1.9.;j5MEBS; PUl BETWEEN

*- SMALL TEST STAND (REF.

UNISTRUT 4 PANEL iTYP 1

OK. EES-22l7?-fll-OOI I

Fig. 5 Panel Clip Test

PANEL CLIP AND SHEET METAL SCREW TEST

This test was performed to assess the capacity of
panel clips and sheet metal screws holding the
wallboard panels to the Z studs. The main objective
of this test was to check the possibility of a failure

Test Results

As seen from Table 3, out of the five specimens
tested, three specimens- PC-1, PC-2 and PC-4
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exhibited a flexural failure in the panel along the
unistruts. The average failure load in this case was
106 lbs. In the other two cases, PC-3 and PC-5,
local panel failure around the clips was observed;
the average failure load being 167 lbs.

Specimen No.

PC-1

PC-2

PC-3

PC-4

PC-5

Load (lbs)

105

110

174

104

160

Table 3. Panel Clip Test

SHEET METAL SCREW TEST

The setup for the sheet metal screw test was similar
to the toggle bolt tensile test. A tensile load was
applied to a # 10 sheet metal screw installed at the
center of an 18"X18H cement fiberglass specimen as
shown in Fig. 6. Five similar specimens were tested.

\ \ \

Test Results

Two types of failure modes were observed in the
sheet metal screw test. In one mode, the panel
failure was similar to the toggle bolt tests with a
flexural failure occurring parallel to the Z studs.
From Table 4, two specimens, SMS-2 and SMS-4
experienced this failure, with an average failure
load of 68 lbs. For the other three specimens, SMS-
1, SMS-3 and SMS-4 the screw head pulled out
through the panel; the average load in this case
being 126 lbs.

Specimen No.

SMS-1

SMS-2

SMS-3

SMS-4

SMS-5

Load (lbs)

125

67

120

133

69

Table 4. Sheet Metal Screw Test

Fig. 6 Sheet Metal Screw Test

FULL PANEL TESTS

A static cyclic test was performed on a full 4'X8'
panel. Four panels were tested, two of the cement
fiberglass type and the other two the cement
asbestos type. The panels were mounted on a test
stand consisting of four parallel Z studs spaced at
16 inches centers. The panel was fastened to the test
stand with # 10 sheet metal screws for the inner
studs. Panel clips were used to hold the panel edges
to the two outer Z studs. Both the sheet metal
screws and the panel clips were spaced 16 inches
apart to simulate field installation conditions. Fig. 7
shows the test setup for the full panel static cyclic
test. The load was applied through a unistrut frame
for uniform distribution of load.

The panel was subjected to tensile and compressive
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loads for the cyclic tests. The cyclic loading was
applied in three stages and the panel cycled in each
direction five times or until failure in the panel was
observed. For the first stage a 5001b cyclic load was
applied and increased to 750 lbs for the next stage.
A 1000 lbs cyclic load was used for the third and
final stage.

Test Results

All four test panels exhibited no structural
degradation when the 500 lbs and the 750 lbs loads
were applied. The two cement fiberglass panels
failed at the first and third cycles when the 1000 Ib
load was applied. Both cement asbestos test panels
failed during the second half of the first cycle at the
application of the 1000 lb load.

r

"1 . KTrtEK IHISIRIH &

^

\\\\\\\\\\\\\\\\\\\\\\\\\V\\\\\
V—LA*CE fEST STAND I K F . 0«C. CCS-221T2-41-OOZ)

Fig. 7 Full Panel Static Cyclic Test
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CONCLUSIONS

The wall panel structural integrity test program
provides an insight to the flexural behavior of
cement asbestos and cement fiberglass wall panels.
The data from the tests will be used in determining
the structural capacity of wall attachments as well
as the whole wall panel. This paper does not address
the structural integrity of the metal framing or the
anchorage on the channel runners. A standard
structural approach should be used in addressing
these items. The results from this test program will
be instrumental in avoiding unnecessary
modifications or relocation of safety related
equipment at SRS facilities resulting in significant
cost savings.

1. Savannah River Technology Center, Wallboard
Panel Test Report, SRT-MNT-930034.

2. ASTM Standard C 947-89, Flexural Properties of
Thin-Section Glass-Fiber-Reinforced Concrete
(Using Simple Beam With Third-Point Loading).

3. Savannah River Site Standard, Partitions- Metal
Studs 1/4" Wallboard Lining, B 30 F.

4. Federal Specification, Sheets, Flat, Asbestos-
Cement, SS-S-283a July 20, 1954.
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SEISMIC SPATIAL INTERACTION EFFECTS-
EVALUATION THROUGH AN IMPACT TESTING PROGRAM*

Brian D. Thomas

Westinghouse Savannah River Company
Engineering and Projects Division

Aikcn, South Carolina

Giiry E. Dricsen

Westinghouse Savannah River Company
Engineering and Projects Division

Aiken, South Carolina

ABSTRACT

The consequences of non-seismically qualified objects falling and striking essential,
scismically qualified objects is an analytically difficult problem to assess. Analytical
solutions to impact problems are conservative and only available for simple situations.
In a nuclear facility, She numerous "sources" and "targets" requiring evaluation often
have complex geometric configurations, which makes calculations and computer
modeling difficult. Few industry or regulatory rules are available for this specialized
assessment.

A drop test program was recently conducted to "calibrate" the judgment of seismic
qualification engineers who perform interaction evaluations and to further develop
seismic interaction criteria. Impact tests on varying combinations of sources and targets
were performed by dropping the sources from various heights onto targets that were
connected to instruments.

This paper summarizes the scope, test configurations, and some results of the drop test
program. Force and acceleration time history data and general observations are presented
on the ruggedness of various targets when subjected to impacts from different types of
sources.

* Prepared for the U.S. Department of Energy under contract no. DE-AC09-89SR18035
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INTRODUCTION

The consequences of Seismic Category II objects
("sources") falling and interacting with Seismic Category
I objects ("targets") during an earthquake has been an
analytically difficult problem. These interactions are often
referred to as II/I interactions. The wide variety of
equipment source and target combinations that exist in
any facility adds to this challenge. In addition, the
analytical complexities introduced by various structural
characteristics, geometric configurations, and impact
loads make it difficult to predict the consequences of II/I
interactions by analytical means.

The criteria that govern the Seismic Qualification Utility
Group (1991) evaluation of target and source interactions
are based on engineering judgment concerning failure
mode, which must be both credible and significant.
Although there are several EPRI and NUREG documents
that address seismic interactions from the view of
identifying potential hazards (Kennedy ct al. 11991],
Thatcher [1989a], Thatcher [1989b], and Stevenson and
Smith [1990]), guidance related to predicting damage
resulting from component interactions is limited. In the
case of protective barrier design, conventional evaluation
procedures such as NUREG-800, Standard Review Plan,
Section 3.5.3 (NRC 1981), are applied in cases where
fragments strike simple structural elements. However,
conventional evaluation procedures are not readily applied
to the irregularly shaped sources and targets, which are
common in many industrial facilities.

SOURCE AND TARGET SELECTION

A test program was conducted to evaluate the potential
effects of seismic impact from falling objects for various
combinations of sources and targets in existing facilities.
Sources and targets were chosen based on a seismic
interaction review of one facility (ASME 1992). In that
review, over 130 potential interaction hazards were
identified during field walkdowns of 25 systems. Many of
these hazards can be grouped into the equipment
categories listed below.

Sources include:
• Pipe and conduit

Cable tray
HVAC duct

• Cement - fiberglass wallboard
• Ceiling panel

Fluorescent and incandescent light fixtures

Targets include:
3/4-inch conduit
2-inch conduit
HVAC duct

• Protective barrier
• Aircraft safety cable

• Electrical cabinets (approximately 5 in. x 10 in. x
19 in. and 4 in. x 7 in. x 14 in.)

• Electrical cabinet (approximately 24 in. x 25 in. x
70 in.) with relays mounted inside

• Emergency light battery pack enclosure

The test program consisted of various combinations of
these sources and targets. The sources were dropped from
various heights onto targets connected to instrumented
equipment.

TEST INSTRUMENTATION AND RECORDS

Targets such as the conduits, HVAC duct, and the
protective barrier were arranged in a simple support beam
configuration with load cells mounted at each support
point (Figure 1). The aircraft safety cable target was
draped below the source to capture it during the fall
(Figure 2). The cable was connected to load cells at each
end. Force/lime history plots were generated for all of
these test cases.

The large electrical cabinet target contained an
accelcrometcr mounted near the relay locations. This
configuration produced an acceleration time history plot
for each of the tests. In addition, the relays were
electrically energized and monitored for chatter during the
tests.

Photographs were taken of the test articles before and
after testing to help characterize the results. In addition,
all drop tests were filmed using a high-speed camera. The
movie film was later converted to slow-motion video for
evaluation purposes.

TEST RESULTS AND OBSERVATIONS

A total of 122 tests were performed and the information is
being evaluated for a final report. An exhaustive
discussion of the test results is beyond the scope of this
paper. However, several observations of particular interest
warrant discussion.

OVERALL RUGGEDNESS OF TARGETS

In general, objects tested were more rugged than one
would intuitively have imagined before the test. For
example, the electrical cabinets repeatedly absorbed
impacts from a variety of small- to medium-sized sources
(i.e., incandescent and fluorescent light fixtures, ceiling
tiles, transite wallboard, and 3/4-inch conduit) with little
or no resulting damage to the cabinet housing. This
finding suggests that smaller sources may be allowed to
impact the cabinets if sensitive relays are not housed
inside and cabinet anchorage can withstand the additional
impact load.
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HEIGHT I
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TARGET

S77
SPAN, L Load Cell

At Each
Support Point

Figure 1. Simple Support Beam Configuration

97"
LOAD CIXL AT BOTH ENDS
OF CABLE

AIRCRAFT CABLE, 1/4-IN. DIAMETER
(LENGTH OF CABLE & LOAD CELL ASSEMBLY -198")

Figure 2. Aircraft Safety Cable

The empty 3/4-inch conduit deformed plastically at
mid-span even when struck by sources such as the
fluorescent light fixture. However, local collapse of the
conduit wall was never observed. Functionally, this
condition suggests proper continuity of the cables
would probably have been maintained if the target
conduits had been tested with cables in them.

SOURCE ORIENTATION AT TIME OF
IMPACT

Although it is obvious to most engineers that a
glancing blow at an obtuse angle will produce a smaller
impact load than a direct hit in normal alignment with

the surface, the degree to which a slightly obtuse angle
of impact reduces impact loads was surprisingly large.

The effects of impact angle were observed in tests of
2 ft x 3 ft pieces of 1/4-inch thick transite wallboard
dropped on a protective barrier target made from 5 x 5 x
3/8 pieces of tube steel. Figure 3 shows the resulting
force time history plot at the barrier support points
from a 5-fl drop with an impact angle of ~90 . The peak
impact load was 4000 pounds. When the drop height
was raised to 10 ft but at a slightly obtuse impact angle,
the resulting peak force (Figure 4) decreased to 3200
lbs even though the drop height had doubled! Similar
results were noted throughout the test program when
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sources were either skewed or off center at the lime of
impact.

In general, it was noted that even under the controlled
conditions of these tests, it was difficult to obtain a truly
solid (direct) impact. This condition demonstrates the
importance of only considering credible (feasible) angles
of impact when reviewing potential concerns in the field.
In many cases, only obtuse angle interactions arc possible
because of obstructions from other objects. This change
should result in lower impact loads.

RELAY PERFORMANCE CHARACTERISTICS

Two relays and an accelerometer were mounted inside
of a floor-mounted electrical cabinet. Ceiling tiles, transite
wallboard, and incandescent and fluorescent light fixtures
were dropped onto the cabinet from heights of 8 feet or
less. Vertical acceleration values were recorded and the
relays were monitored for chatter. Relay chatter is of
interest because it could disrupt certain electrical circuits
through inadvertent actuation.

One relay w^s a Westinghouse-type SG relay. The
other relay was a Potter & Brumfield model KRPA11 AC.
The seismic capacity of both relays is well documented
through previous shake table tests. Based on these tests,
the KRPA11AG relay is generally regarded to be
"seismically rugged" and the Westinghouse-type SG relay
is not regarded as "seismically rugged". However, the
performance of these relays, when subjected lo various
impulsive loads, was unknown.

The drop tests were repeated for different relay contact
conditions (i.e., normally open and normally closed).
Acceleration values of over lOg were recorded during
some of the tests. The KRPA11AG relay performed well
regardless of the impact source. In contrast, the
Wcstinghouse-type SG relay displayed significant chatter
from the relatively minor impact of a ceiling tile dropped
from a height of 2 ft.

The results from these drop tests involving the relays
has generated considerable interest in performing more
tests on the other "scismically rugged" relays. If additional
tests to other relays yield similar results, the traditional
practice of implementing hardware upgrades to preclude
all potential impacts may be relaxed to allow certain
cabinet interactions with small objects such as ceiling tile,
light fixtures, or sprinkler heads.

DATA ANALYSIS OBJECTIVES

The test data are currently being studied and will be
used to augment current seismic interaction evaluation
criteria. A primary objeclive is to develop equipment
interaction evaluation guidelines that can be used by
seismic capability engineers during field walkdowns.
These guidelines will serve to "calibrate" the judgment
exercised by these engineers.

Another objective is to develop relationships between
the peak load from any given drop lest and the observed
response. These observations will be used to formulate
dynamic models that characterize the source and target
interaction response. These models will be a helpful
design and evaluation tool in that, without the aid of test
data, it is difficult to accurately determine the response for
the many complex shapes typically found in facilities.

CONCLUSIONS

A comprehensive drop test program has been
implemented that evaluates the consequences of potential
dynamic interactions between typical equipment targets
and impact sources that may occur during a seismic event.
As a result of this program, preliminary observations have
been formulated about the overall ruggedncss of the
targets, the parameters which influence peak impact loads.
and the chatter sensitivity of selected relays. Test data
analysis is currently underway and will be used to
upgrade Savannah River Site seismic interaction
evaluation criteria. The end result of these efforts should
be significant project cost savings through the reduced
evaluation time needed to perform seismic interaction
reviews and through a reduced number of support
upgrades needed to prevent or lessen the effect of
seismically induced impacts.
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Figure 3. Test 50

Source: 2 ft x 3 ft x 1/4-in. Transite Wallboard
Target: Protective Barrier
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Figure 4. Test 51
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ABSTRACT

This report describes a roof testing program that was carried out at the 105KK/KW
Fuel Storage Basins and their surrounding facilities at the Hiinford Site in Richland,
Washington. The roof panels were constructed in the mid 1950's of corrugated
ashestos-cement (A/C), which showed common signs of aging. Based on the
construction specifications, the panels capacity to meet current design standards was
questioned. Both laboratory and in-situ load testing of the corrugated A/C panels
was conducted. The objective of the complete test program was to determine the
structural integrity of the existing A/C roof panels installed in the 105KK and
105KW facilities. The data from these tests indicated that the roofs are capable of
resisting the design loads and are considered safe. A second phase test to address
the roof resistance to personnel and roof removal/roofing system installation
equipment was recommended and is underway.
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INTRODUCTION

Laboratory and in situ tests were
performed on corrugated asbestos-cement roof
panels al the Hanford Site in Washington State.
The corrugated asbestos-cement roof panels are
made from a brittle material that have common
signs of aging, including cracking, chipping, and
spading. Therefore, tests were performed to assess
the structural integrity of the panels. All tests
were conducted by Wiss, Janney, Elstner
Associates, Inc. (WJE) for Wcstinghouse Hanlbrd
Company (WHC).

INSCRIPTION OF TKST A RICA

The 105KE/105KW reactor facilities were
constructed in the mid-1950's (see Figure 1). The
roof panels tested were located above the
irradiated fuel storage basin and are in a radiation
controlled area. The corrugated asbestos-cement
panels were covered with 2-1/2 in. of insulating
concrete, 1 -in. of rigid insulation, and layers of
asphalt and gravel. The panel span varied between
6 and 7 ft. and transferred load to 6-in. wide flange
beams, which in turn transferred (he load to steel
girders and columns.

The original construction specifiealions | J J
required a breaking strength of not less than 40 psl
nor more than 60 psf for panels with (S-ft. span.
Because the required roof service load is 40 psl (20
psf dead load plus 20 psf live load) |2j, the
structural integrity of all of the roof panels was
considered questionable.

In 1987 a new roof over the 105KW basin
was added, which eliminated ihe 20 psf live load
requirement. Because many panels span more
than 6-ft, some as large as 7-fi, WHC concluded
that Ihe roof will not carry the current dead- and
live-load requirements; therefore, ii was considered
suspect and should be upgraded.

To determine the structural capacity of ihe
existing corrugated asbestos-cement roof panels
installed in the 105KE and I05KW facilities, a roof
test program was developed.

TICST 1'KOGRAM

The lest program objective was to make
recommendations for panel replacement,
maintenance, or upgrade that will maintain the
structural integrity of the roof panels for an
additional 20 years of service.

i. • *

Figure 1 Overall view of 105KW
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LAN THSTS
To experimentally determine the structural

capacity of a typical roof panel, six corrugated
asbestos-ccmcnl panels, taken from the 190KE
Building walls [3] were tested in flexure at the
WJE laboratory in Northbrook, Illinois, in
accordance with ASTM E72-80 [?>}. These panels
were similar to the roof panels of the 105K.E and
105KW facilities.

Coupons, cut from failed portions of the
tested 190KE wall panels, were also tested at the
WJE laboratory, according lo ASTM C221-88 [4|.

Two enclosures with special air filters were
constructed to contain the asbestos during panel
testing in the WJE laboratory. One compartment
housed sawing equipment used for cutting the
coupons and the other housed the test equipment
for both the ASTM E72-80 and the ASTM C221-
88 tests. WJE personnel involved with these
activities wore protective clothing and masks.

Four of the six panels were tested in the
as-received moisture condition and the other two
were tested in the wet condition. Wei condition
was achieved by soaking the panels in water for 24
hours.

Table 1 lists maximum deflection recorded
during the full panel tests and corresponding load
and modulus of elasticity as well as ultimate load
recorded at failure and corresponding bending
moment in ft Ib/fl. It also lists equivalent ultimate
uniform load for several spans. According to (his
table an average ultimate uniform load of 58.3 psf
for a 6-ft. span was obtained for the four
specimens tested in the as-received moisture
condition. This load agrees well with the
construction specifications for the A/C panels.

Table 2 lists the designations, dimensions,
ultimate load and bending moment obtained in the
coupon tests, as well as equivalent ultimate
uniform load for several spans for the 12 coupons.
The average ultimate uniform load for a (S-ft. span
was 72.9 psf, excluding the two coupons taken from
the 190KE-300 panel. This is about a 25 percent
increase over the corresponding values for the full
size panels. This is anticipated because one would
expect less flaws in a smaller specimen than in a
larger one.

Eight asbestos-cement coupons from a
random areas of the 105KW basin were tested bv

WJE at their Northbrook laboratory, according to
ASTM C22I-88. Perlite concrete, which was
bonded to the lop surface ol the coupons retrieved
from the 105KW basin roof, was not removed
before testing. We were apprehensive that any
allempl to remove the perlile might result in
damage to the A/C specimen. The thickness of the
perlite concrete varied noticeably from one
specimen to another. It was determined lhat
testing of the coupons with the perlitc concrete in
place was desirable because any composile action
that might exist for this type of construction would
be revealed.

Table 3 lists the designations, dimensions,
ultimate load and bending moment obtained in the
105K.W coupon tests, as well as equivalent ultimate
uniform load of several spans, for the eight
coupons. Table 3 shows the magnitude of the
ultimate load ranged from 1,084 lbl minimum to
2,370 lbf maximum, which was equivalent lo a
uniform load of 71 psf lo 157 psf for a fi-ft. span.
The higher values corresponded to specimens with
a thicker layer of perlite concrete in the lop, and
the smallest value represented a specimen with
virtually no perlile concrcie. Therefore, it was
concluded lhat the presence of perlile concrete
increases the flcxural resistance of A/C panels
through composite action.

Because the laboratory tests were
performed before ihe proof load lest, ihe results of
the 190KE panel and coupon lests, as well as icsts
on two of the eight coupons obtained from the
I05KW roof, were used lo estimate the in situ load
capacity of the roof panels. The results also
provided a guide during Ihe performance of roof
proof load lest.

KIKIJ) TKSTS
A roof area, including several A/C panels,

was lested under uniform load. The load lest was
conducted in accordance with ASTM E196-80 [5]
and ASTM E72-80. The only load testing
procedure of existing structures specified in the
Uniform Building Code |6] is lhat of ihe American
Concrete Institute (AC1 318, |7]). The ACI 318
procedure is intended for reinforced and
prestressed concrete structures. Criteria for the
roof proof load test were based on the results of
the initial materials testing program.

The proof load lest involved the
application of a maximum uniform load of 35 psf,
which was applied in 5 psf increments. Roof
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Table I - 190KE Full I'anel Test Results

Panel I.D.

Max. deflection recorded (in.)

Load corresponding to max.
deflection (lbs)

Modulus of Elasticity (ksi)

Ultimate Load (lbs)

Ultimate bending moment
(ft lb/fi)

L
oa

d 
in

 (
ps

f)
 f

or

6'0" span

6'6" span

6'9" span

7*0" span

I90KE-HM

0.661

1,090

3,540

1,103

236.5

52.5

44.7

41.5

38.6

190KE-2(K

0.613

1,090

3,810

1,185

253.9

56.4

48.1

44.6

41.4

190KE-3(H

0.616

710

2,470

785

168.1

37.4

31.9

29.6

27.5

190KE-41X)

0.536

1,490

3,440

1,552

277.1

61.6

52.5

48.7

45.3

190KE-500

0.480

1,390

3,590

1,540

274.9

61.1

52.1

48.3

44.9

190KE-6IX)

0.445

1.590

4,420

1,589

283.8

63.0

53.7

49.8

46.3

Tahle 2 - 190KK Coupon Test Specimens

Specimen
I.D.

190KE-101

190KE-102

190KE-201

190KE-202

190KE-301

190KE-302

190K.E-401

190KE-402

190KE-501

190KE-502

190KE-601

190KE-602

Size
(inches)

17.13x36

16.88x36

17 x 36

17 x 36

17.25 x 36
- 1" hole

16.75 x 36

13 x 36

17.25 x 36

17.25 x 36

16.75x36

16.75 x 36

17 x 36

Ultimate
Load
(lbs)

1,142

1,194

1,090

1,153

762

1,008

923

1,036

1,130

1.027

1,023

1,150

Ultimate
Moment
(fl Ib/ft)

333

354

321

339

223

301

355

300

327

307

305

338

Equivalent Ultimate Uniform Load (psf)

6'0" span

74.1

78.6

71.3

75.4

49.4

66.9

78.9

66.7

72.8

68.1

67.9

75.2

6'6" span

63.1

67.0

60.8

64.2

42.1

57.0

67.2

56.8

62.0

58.0

57.9

64.1

6'9" span

58.5

62.1

56.3

59.6

39.0

52.9

62.3

52.7

57.5

53.8

53.6

59.4

7'0" span

54.4

57.7

52.4

55.4

36.3

49.2

38.0

49.0

53.5

50.0

49.9

55.2
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Figure 2 Back-up Shoring System

deflection was measured at the center of each A/C
roof panel. The 35 psf lest load was determined by
multiplying the roof design ultimate load of
63.5 psf by 0.85 (in accordance wilh ACI) and
subtracting from this number the roofs own weight
used in the estimation of design load requirement
(19.2 psf).

The probability of the A/C panels in the
selected roof area of (he 105KW Building to
support the required proof load test was between
79 and 99 percent, depending on the clear span
and the effect of constraints offered by the
overlapping of the panels, and the roofing system
(perlite concrete). The degree of restraint was
verified experimentally during the proof load lest.
This was accomplished by comparing the deflection
values obtained under small increments of load at
the start of the test with those measured in the lab.

Flexure lest results of 5 of the 6 full panel
tests and 12 coupons were used in planning the
proof load test. The average ultimate bending
moment of these specimens was 313.2 ft Ib/ft and
ihe standard deviation was 36.5 ft lb/ft. Based on
these results, there was a probability of 99.25

percent |X| that the strength of the A/C roof
panels will exceed the 35 psf external roof proof
load for a 6 ft - 0 in. span.

A backup shoring system (see Figure 2)
was installed to minimize the effect of accidental
or unanticipated premature failure of one or more
A/C roof panels during the test. The backup
shoring was composed of 2 by X and 2 by 4 timber
members damped to the siccl framing members
which support the A/C panels.

Because the possibility (hat one or more
corrugated A/C roof panels might fracture during
the proof load test, special measures were taken to
contain the asbestos material from being released
into the atmosphere. A clear plastic membrane
(visqueen) was taped to the underside of the A/C
roof panels before starting the lest to contain the
asbestos in case of fracture.

Load was applied using urethane coaled
nylon bags filled with water. Six bags, measuring
7-ft by 8-fi each, were used to cover the test area
(sec Figure 3). The volume of water in each bag
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Figure 3 Loading System

was measured using a Mow meter and special
manifold system.

Deflection was measured using Linear
Variable Differential Transformers (LVDT). The
LVDTs were mounted on the backup shoring
system which was used to restrain the A/C panels
from deflecting more than 1 -in. should a fracture
occur. The backup shoring was supported by the
steel framing system that supports the A/C panels.
Therefore, the deflection readings recorded
represent the net deflection of the A/C panels.

An observation and recording station was
set up inside the 105KW Building on the
mezzanine level below the proof load test area.
Deflection monitoring/readings and general visual
monitoring were maintained during the entire lime
lest loads were applied to the roof.
Communication with personnel in charge of load
application was mainlaincd at all limes.

After the backup shoring and LVDTs were
in place, a set of deflection readings was taken.
After the water bags were placed on lop of (he
roof and the hoses connected, another set of
deflection readings was taken. After that, the lead
hoses to each bag were filled with water and
deflection readings were taken again and the How

meter reading was recorded. This represented the
starl of (he load lest, and ihe first increment of
load was applied. The load was applied in six
increments. The maximum load was reached and
was then held for 24 hours. The How meter
reading was recorded again, and the total amount
of water in Ihe bags was verified.

The test load was removed by draining the
water from the bags. Deflection readings were
recorded at this lime, representing the
semipermanent set. In addition to manually
recording the readings during the load test, the
readings also were entered into a spread sheet
using a lap lop computer. The data were instantly
analyzed and ihe probability of the panels to
successfully carry the next load increment was
computed.

TKST RESULTS

The deflections after the first load
increment (5 psf) ranged from 0.008 in. to 0.02 in.,
which corresponded to a maximum effective span
of 4.94 fl and a computed ultimate moment of
152 ft In/ft. (Note: actual spans are 6 fl - 8 in.
and 7 fl - 0 in.) The load-dcflcciion relationship
remained approximately linear throughout the test,
as shown in Figure 4. The maximum deflection for
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Figure 4 Load Deformation

the 35 psf load was 0.145 in., which corresponded
to an effective span of 5.0 ft. and an ultimate
moment of 156 ft Ib/fl. The panels closest to the
roof edge, deflected the most throughout the lest,
which was expected because of the lack of restraint
at the free edge. Throughout the lest, the

probability of success did not fall below 99.9
percent.

During the 24-hour period where the
maximum test load was held, creep was recorded in
all of the panels (see Figure 5). Creep deflection
ranged from 1 to 26 percent compared lo the
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Figure S Time History for uniform load of 35 psf
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instantaneous deflection measured at the final load 4.
increment. Seven out of nine panels recovered
more than 75 percent of the total deflection
developed after 24 hours ai the removal of the
load, and the other two panels recovered their
deflection two hours later. Because all panels
recovered at least 75 percent of the maximum total 5.
deflection within 24 hours of load removal, the
roof proof load test is considered successful.

CONCLUSIONS

The roof area chosen for the proof load 6.
test successfully passed the load test. The effect of
the perlite concrete was clearly demonstrated
through the short effective spans obtained during
the test (5-ft. maximum). The composite action 7.
offered by the pcrlite concrete resulted in reduced
midspan deflections, and provided some continuity
between adjacent spans. Table 4 shows maximum
instantaneous deflection obtained in each panel
under 35 psf load, computed effective span, and 8.
bending moment corresponding to this load.
Comparing the maximum bending moment value
(155.9 ft Ib/ft) with the minimum ultimate bending
moment value obtained in the coupon tests
(319 ft Ib/ft), it can be staled that the I05KW roof
panels could support a minimum of 87 psf of
external uniform load. Therefore, the 105KW roof
is capable of supporting the design loads and is
considered safe.

A second phase test to address (he roof
resistance to personnel and roof removal/roofing
system installation equipment was recommended
and is underway. This type of test will assist in the
selection of reroofing methods and equipment.
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Table 3 - 105KW Coupon Test Specimens

Specimen I.D.

105KW-AB 0338

105KW-BC 0531

105KW-BC 2529

105KW-BC 2331

105KW-CD 0719

105KW-CD20I9

105KW-DE 2010

I05KW-DE 1210

Size
(inches)

16.13x36

17x36

16.75 x 36

16.75 x 36

17 x 36

17.25 x 36

16.75 x 36

17 x 36

Ultimate Load
(lbs.)

1,171

1,084

2,370

1,494

1,730

1,512

1.S59

1.849

Ultimate Moment
(ft lb/ft)

363

319

707

446

509

438

555

544

Equivalent Ultimate Uniform Load
(psl)

6*0" span

80.7

70.9

157.2

99.1

113.0

97.4

123.3

120.9

6'6" span

68.8

60.4

134.0

84.4

96.3

83.0

105.1

103.0

6'9" span

63.8

56.0

124.2

78.3

89.3

77.0

97.4

95.5

7*0" span

59.3

52.1

115.5

72.8

83.0

71.6

90.6

88.8

i'uhle 4 - Roof Proof I^KKI Test Results

Panel No.

1

2

3

4

5

6

7

8

9

Maximum Deflection
(in.)

0.14)

0.145

0.148

0.094

0.083

0.093

0.096

0.104

0.131

Effective Span L
(11)

4.9

5.0

5.0

4.5

4.3

4.4

4.5

4.6

4.8

Maximum Moment (ft Ih)
for Effective Span L

151.9

154.4

155.9

124.0

117.0

123.5

125.7

130.7

146.6
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METRIC CONVERSION

CONVERSION FACTORS

TO CONVERT FROM:

foot

inch

pound

pound/square foot

fool-pound

pound (avdp)

TO:

meter (m)

millimeter (mm)

newton (N)

kilopiiscal (kP;i)

newion-metcr (N-ivO

kilogram (kg)

MULTIPLY BY:

0.3048

25.4

4.448

0.04788

1.356

0.4536
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Session VI-B
Probabilistic Seismic Hazard
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DEVELOPMENT OF AN IMPROVED METHODOLOGY FOR PROBABILISTIC
SEISMIC HAZARD ANALYSIS

Robert J. Budnitz
Future Resources Associates, Inc.

2000 Center Street, #418
Berkeley, California 94704

ABSTRACT

In the late 1980s, the methodology for performing probabilistic
seismic hazard analysis was exercised extensively for eastern-
U.S. nuclear power plant sites by the Electric Power Research
Institute (EPRI) and Lawrence Livcrmore National Laboratory
(LLNL) under NRC sponsorship. Unfortunately, the seismic-
hazard-curve results of these two studies differed substantially
for many of the eastern reactor sites, which has motivated all
concerned to revisit the approaches taken. This project,
jointly sponsored by NRC, EPRI, and the U.S. Department of
Energy, is that revisitation.

The NRC, EPRI, and the U.S. Department of
Energy (DOE) are jointly supporting an 18-
month project that began in the spring of
1993, with the goal of developing a
recommended methodology, including
implementation guidelines, suitable for
performing PSHA. The final product of the
project will be a methodology that can be
used in seismic regulation of nuclear power
plants and other critical facilities.

To accomplish this objective, an independent
committee of technical experts, the Senior
Seismic Hazard Analysis Committee, has been
established under joint NRC, DOE, and EPRI
sponsorship.* This Committee is developing
the desired implementation guidelines for
PSHA. In the course of this work, it is
expected that the Committee will evaluate the
PSHA methodologies already developed by

EPRI and under NRC sponsorship by LLNL.

Technical Support Panels sponsored by NRC,
DOE, and EPRI will perform analyses and
studies as defined by the Committee. A
final Committee report will summarize the
work performed in this project and provide
the desired implementation guidelines,
including a recommended methodology,
suitable for the performance of PSHA.

This paper will discuss the progress to date
for this important project, including the
approach being taken and some of the key
technical issues that are being confronted.
Among these are how to provide definitive
guidance on seismic zonation, scismicity
modeling, ground-motion modeling, and
expert elicitation.

The members of the Committee are Robert Budnitz (chair),
George Apostolakis, David Boore, Lloyd Cluff, Kevin Coppersmith,
Allin Cornell, and Peter Morris.
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A DETERMINISTIC AND PROBABILISTIC SEISMIC HAZARD EVALUATION
OF THE LOS ALAMOS NATIONAL LABORATORY

Ivan Wong, Mark Hemphill-Haley, Tom Kolbe, Robert Green
Jacqueline Bolt, and Helen Kanakari

Woodward-Clyde Federal Services and
Woodward-Clyde Consultants

500 12th Street, Suite 100
Oakland, CA 94607

Keith Kelson and Colleen Haraden
William Lettis & Associates

Oakland, CA 94607

Jamie Gardner, Leigh House, Steven Reneau, and Dean Keller
Los Alamos National Laboratory

Los Alamos, NM 87545

Walter Silva and Cathy Stark
Pacific Engineering & Analysis

ElCerrito, CA 94530

ABSTRACT

A comprehensive seismic hazard evaluation of the Los Alamos National Laboratory
(LANL) was initiated in 1991 with the purpose of updating the seismic hazard criteria
as defined in UCRL-53582 and an informally accepted 20-year old deterministic
seismic design criteria developed for the Plutonium Facility. This evaluation included
a program of geological, seismological, geophysical, and geotechnical studies. Regional
Quaternary and tectonic investigations, airphoto interpretation, paleoseismic trenching,
age-dating, and historical and contemporary seismicity evaluations were performed to
characterize the earthquake sources significant to LANL. The Maximum Credible
Earthquake (MCE) for most of the LANL is a moment magnitude (Mw) 7 event on the
Pajarito fault at source-to-site distances of less than 5 km. Drilling, downhole velocity
measurements, and dynamic laboratory testing were performed to characterize the site
geology beneath several moderate and high hazard facility sites. Based on this data,
both deterministic and probabilistic ground motion parameters were estimated.
Preliminary deterministic peak horizontal accelerations for LANL, assuming the MCE,
ranged from about 0.5 to 0.7 g. For an annual exceedance probability of 2x10"* (high
hazard), preliminary peak horizontal accelerations ranged from about 0.25 to 0.35 g.
A significant factor influencing these ground motion values is the near-surface geology
beneath LANL, particularly a thick sequence of alternating nonwelded to densely
welded volcanic tuff.
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INTRODUCTION

The Los Alamos National Laboratory (LANL) is located
near the western margin of the Rio Grande rift (Figure 1),
a seismically and volcanically active tectonic structure
which dominates the geology of north-central New
Mexico. Since 1991, an ongoing seismic hazard
evaluation has been performed whose purpose is to
update the seismic design criteria presently being used at
LANL. This study was also motivated in part by the
recent recognition that the Guaje Mountain fault, which
is partially located within the laboratory boundaries
(Figure 2), has been active in the Holocene (past 11,000
years) [1]. Both deterministic and probabilistic
earthquake ground motion assessments have been made
for eight specific technical areas at the LANL.

OBJECTIVES

The intent of the LANL study was to perform a state-of-
the-art seismic hazard evaluation based on the
identification and characterization of seismic sources and
probabilistic and deterministic assessments of ground
motions. The study consisted of two phases: Task 1
involved a review of existing data to identify specific
issues relevant to the potential seismic hazards at LANL
and to develop a focused program (Task 2) to evaluate
them. Task 2 activities provided a systematic approach
to address the most significant issues and maximize
critical data. Based on this program, other remaining
seismic hazard issues significant to the LANL could be
identified, prioritized, and addressed in future studies.

It was recognized in Task 1 that several seismic sources
may be significant*^ LANL in terms of earthquake
hazards. Task 2 was designed to focus on those seismic
sources that pose the highest hazard and would probably
control the seismic design criteria for LANL. These
sources are three faults or fault segments that either
border or intersect LANL: the Pajarito, Rendija Canyon,
and Guaje Mountain faults (Figure 2).

The specific objectives of Task 2 activities were:

1) Identify active faults or other potential earthquake
sources in the LANL region (as defined in Figure
1) that may significantly contribute to the seismic
hazard at LANL;

2) Characterize the location, geometry, maximum
magnitude and recurrence of these seismic
sources;

3) Assess the effects of the subsurface geology on
strong ground shaking especially in the near-
surface beneath each major facility site;

4) Estimate deterministic ground motion parameters
from the most significant earthquake sources;

5) Estimate ground motions by performing a
probabilistic seismic hazard analysis which
incorporates the range of parametric uncertainties;
and

6) Develop site-specific seismic design and seismic
safety criteria for LANL.

This paper describes and summarizes the preliminary
results of our Task 2 studies.

SEISMOTECTONIC SETTING

The LANL is located along the western margin of the
Rio Grande rift (Figure 1). The rift in north-central New
Mexico and south-central Colorado is a broad
physiographic and structural depression located between
the Colorado Plateau on the west and the Great Plains on
the east. The rift in north-central New Mexico is
composed of a series of north-trending, elongate
topographic and structural basins that are collapsed parts
of a broad area of Laramide structural uplift [2]. The
structural basins are arranged in a right-stepping, en
echelon pattern (Figure 1), and are characterized by thin
crust, high heat flow, late Quaternary faulting, Quaternary
volcanism, and thick basin fills [3]. The Rio Grande rift
exhibits geologic and geophysical characteristics that are
similar to continental rifts throughout the world, such as
the Kenya rift of the East African rift system and the
Baikal rift of the Mongolian Plateau.

The historical seismicity record indicates that only six
earthquakes of estimated Richter magnitude (MJ 5.0 or
greater have occurred in the LANL region. The most
significant event was the 1918 Cerrillos earthquake of
estimated M^ 5lA which occurred approximately 50 km
southeast of LANL.

Microseismicity recorded by the LANL regional network
from 1973 to 1992 indicates, as is commonly observed
throughout the Basin and Range province, that events are
generally not associated with mapped faults or structures.
Few well-located earthquakes have occurred in the
immediate vicinity of LANL or the three local faults.
The Valles caldera also appears to be seismically
quiescent. The maximum depth of seismicity in the
northern Rio Grande rift appears to be about 15 km,
which is consistent with elevated crustal temperatures.
Focal mechanisms exhibit both normal and strike-slip
faulting generally on northwest- to northeast-striking
planes. The tectonic stress field is characterized by
approximately east-west extension.
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SEISMIC SOURCES

Within the LANL region, 26 faults and five seismic
source zones were identified as potential seismic sources
significant to LANL in terms of ground shaking. The
three most significant and closest faults to the LANL
were the Pajarito, Guaje Mountain, and Rendija Canyon
faults (Figure 2). The Pajarito fault is a 47-km-long
north-trending discontinuous fault zone that defines the
active western boundary of the Rio Grande rift. The fault
is located along the western boundary of the LANL and
is a down-to-the-east normal fault dipping moderately to
the east beneath the laboratory. The Rendija Canyon
fault is located 3 km east of the Pajarito fault (Figure 2).
The 10-km-long fault trends north-south across the LANL
site. The fault is a steeply west-dipping normal or
oblique slip fault; the amount of lateral slip, if any, is not
well constrained. The Guaje Mountain fault is located 1
to 2 km east of the Rendija Canyon fault (Figure 2). The
14-km-long fault is similar to the Rendija Canyon fault in
its orientation, tectonic setting, and probable sense of slip.
Previous paleoseismic trenching along the Guaje
Mountain fault shows that the fault is active with
repeated late Quaternary surface ruptures [1]. The most
recent earthquake on the Guaje Mountain fault may have
occurred about 4,000 to 6,000 years ago.

As part of Task 2, paleoseismic investigations were
conducted along the Pajarito, Rendija Canyon, and Guaje
Mountain faults. Based on our analysis of aerial
photography, aerial reconnaissance and field mapping,
several possible sites for detailed investigations were
identified. Six sites were selected for detailed
investigations on the basis of geomorphic expression of
faulting, availability of surficial deposits to record late
Quaternary displacement, and potential for obtaining data
on deposit ages and fault characteristics. Exploratory
trenching revealed that the Pajarito fault has ruptured
during multiple surface-faulting events in the past
100,000 to 200,000 years; thus the fault is considered
active. The estimated slip rate on the fault during the
past 1.1 Ma ranges from 0.05 to 0.20 mm/yr. Similarly,
paleoseismic trenching shows that the Rendija Canyon
fault has repeatedly ruptured during the late Quaternary,
with the most recent event occurring at about 8,000 to
9,000 years ago. Estimated recurrence intervals on the
Rendija Canyon fault range from 25,000 to 100,000
years, and the slip rate ranges from 0.01 to 0.05 mm/yr.
The Guaje Mountain fault exhibits evidence of multiple
surface ruptures during the past approximately 150,000 to
300,000 years. Recurrence intervals for this fault are
estimated to range from 50,000 to 150,000 years, and the
slip rate ranges from 0.01 to 0.03 mm/yr. The wide
range of intervals for all three local faults demonstrates

the considerable uncertainty in the timing of past surface-
faulting events.

The probability of activity, maximum magnitude, source
geometry, orientation, sense of slip, slip rate, and
recurrence intervals were estimated for each fault
considered in the hazard analysis. Based on estimated
rupture lengths and rupture areas, maximum magnitudes
were calculated for the 26 faults using the empirical
relationships developed by Wells and Coppersmith [4].
Four potential rupture scenarios were postulated for the
Pajarito fault. The maximum magnitudes for the Pajarito,
Rendija Canyon, and Guaje Mountain faults were
moment magnitude (MJ 7, 6Vi, and &/i, respectively,
with uncertainties of ±V* magnitude unit. In general, the
faults in the Rio Grande rift are assumed to be northerly-
trending, moderately-dipping normal faults. For each
fault, a characteristic earthquake model has been used to
represent the recurrence of larger earthquakes. The range
of slip rates ranged from 0.01 mm/yr for the lowest
activity faults to 0.2 mm/yr for faults such as Pajarito,
Embudo, and Puye faults.

To address the hazard posed by earthquakes not
associated with known or identified geologic structures,
seismic source zones were incorporated into the
probabilistic analysis. The source zones are defined as
regions with similar seismotectonic characteristics in
which earthquakes are assumed to occur randomly. In
most regions of the western U.S., events larger than about
ML 6'/4 are usually accompanied by surface rupture, and
thus, repeated events of this size will produce
recognizable fault or fold-related features at the earth's
surface. Seismic source zones considered in this
evaluation included the Rio Grande rift, Jemez Volcanic
province, the Colorado Plateau Transition zone, the
Southern Rocky Mountains, and Great Plains provinces.
Maximum magnitudes for the random earthquakes within
these provinces ranged from M* 6 to &h. Recurrence for
these seismic source zones was computed based upon an
evaluation of the historical and contemporary seismicity.

DETERMINISTIC GROUND MOTION
EVALUATION

Based on empirical data and observations, it is well
known that near-surface geology can significantly
influence, if not dominate, the level and spectral content
of strong ground motions. In particular, the thick
volcanic sequence beneath the LANL called the Bandelier
Tuff may be capable of strongly affecting ground
motions. Thus, the subsurface geology beneath the
LANL was investigated through a program of corehole
exploration, downhole velocity measurements, and
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dynamic laboratory testing of corehole samples. Core
holes were drilled at four sites and logged for lithology
and structure. Downhole shear-wave velocity and some
damping measurements were performed in each hole.
Laboratory testing of undisturbed samples for dynamic
properties was also performed to assess the range of
properties with lithology and depth, particularly for soils
and unconsolidated sediments. Based on these site-
specific data and seismic source characterization,
deterministic and probabilistic ground motions were
estimated.

The deterministic ground motions were evaluated through
empirical and stochastic approaches. Because of their
proximity, the Pajarito, Rendija Canyon, and Guaje
Mountain faults will produce the greatest ground shaking
at the LANL sites. Thus, deterministic ground motions
were computed for the maximum events on these faults.
The empirical approach consists of using attenuation
relationships based on recorded strong motion data for
both peak ground accelerations and response spectral
accelerations. Based on the characterization of the
surface geology developed for each site, each technical
area was classified as either a rock or soil site. Four of
the sites are underlain by nonwelded Bandelier Tuff
which, because of the tuff's low shear wave velocity
(<750 m/sec) are classified as soil sites in this study.
This classification, unfortunately, oversimplifies the
complex nature of the sequence of Bandelier Tuff.

Based on this soil or rock classification, attenuation
relationships were selected to evaluate the peak
acceleration and response spectral values (Figure 3). For
the rock sites, the relationships by Joyner and Boore [5],
Campbell [6], Tsai et al. [7], and Idriss [8] were used.
The relationships developed by Joyner and Boore [5],
Campbell [6], and Sadigh (described in [5]) were used for
the soil sites. Empirical peak horizontal accelerations
generated by the three local faults generally ranged from
0.4 to 0.6 g at the eight facility sites with the Mw 7
earthquake on the Pajarito fault generally producing the
highest values. Typical spectra for one site are shown in
Figure 3.

Site-specific stochastic acceleration response spectra were
also computed for the maximum earthquakes on the local
faults based upon the finite fault version of the Band-
Limited-White-Noise source model and random vibration
theory [9]. The advantages of the stochastic approach are
that source effects and site response could be
incorporated into the ground motion estimates. In the
near-field region of large earthquakes, as is the case for
the LANL, -.he effects of a finite source including rupture
propagation, directivity, and source-site geometry can be

10 •' 10 •' ID °

Period, seconds

IECENO

Campbell, 1993
JoyiwrtBoon, 1988

Stochutlc

Figure 3. Median Empirical and Stochastic
Acceleration Response Spectra
for Parajito Fault MW7 Earthquake

quite significant, and thus, should be incorporated into
strong ground motion predictions. An equivalent-linear
approach to estimate nonlinear soil response was also
employed to incorporate the effects of the low velocity,
nonwelded Bandelier Tuff beneath the sites.

Response spectra were calculated for all sites based on a
Mw 7 earthquake on the Pajarito fault and for a M, 6.5
event on the Guaje Mountain fault (Figure 3). Selected
input parameters were randomly varied to arrive at the
parametric uncertainty which was then incorporated into
the hoiizontal ground motion estimates. The 5%-damped
absolute acceleration response spectra from SO runs with
all the parameters simultaneously randomized were
assumed to be log-normally distributed, and estimates of
the 16th, median and 84th perccntiles of the distribution
were made.

The stochastit peak horizontal accelerations were similar
to the empirical values except for three of the eight sites.
Significant site amplification occurs at these three sites
with peak horizontal accelerations ranging up to nearly
1.0 g. Comparison between the empirical and stochastic
response spectra, however, showed considerable
differences partially as a result of the generalized
classification of sites into rock and soil required by the
empirical approach (Figure 3). The site-specific
stochastic spectra exhibited significant effects cf site
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characterize the southern projections of these faults within
the LANL and to assess their potential for surface
rupture.
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Figure 6. Significant Seismic Source
Contributions to Peak Acceleration

ACKNOWLEDGMENTS

Many individuals contributed to this study and to them
we would like to express our sincere gratitude: Sue
Penn, Norma Biggar, Susan Chang, Said Salah-Mars, Jim
Springer, Gary Simpson, Jay Noller, Bill Lettis, Jeff
Unruh, Doug Wright, Sylvia Li, Ky Lang, Suzanne
Meuret, James Lakings, Scott Baldridge, Karen Carter,
John Hawley, and Steve Forman. Our thanks to Bruce
Redpath of Redpath Geophysics for performing the
downhole shear wave velocity measurements and Ken
Stokoe and his associates of the University of Texas for
the dynamic laboratory testing. Technical reviews of
various aspects of this study were provided by Michael
Machette, James McCalpin, Michael Cline, Bill Lettis, Al
Sanford, Jeff Kimball, Tom Cardonne, and Bob Youngs.
This study was supported by LANL Contract 9-XT1-
092K-1.

REFERENCES

[1] Gardner, J.N., Baldridge, W.S., Gribble, R.,
Manley, K., Tanaka, K., Geissman, J.W.,
Gonzalez, M., and Baron, G., 1990, Results from
seismic hazards trench #1 (SHT-1) Los Alamos
Seismic Hazards Investigations, Los Alamos
National Laboratory Report No. EES1-SH90-19,
57 p.

[2] Baltz, E.H., 1978, Resume of Rio Grande
depression in north-central New Mexico, New
Mexico Bureau of Mines & Mineral Resources,
Circular 163, p. 210-228.

[3] Morgan, P., Seager, W.R., and Golombek, M.P.,
1986, Cenozoic thermal, mechanical and tectonic
evolution of the Rio Grande rift, Journal of
Geophysical Research, v. 91, p. 6263-6276.

[4] Wells, D.L. and Coppersmith, KJ., 1993,
Updated empirical relationships among
magnitude, rupture length, rupture area, and
surface displacement, Bulletin of the
Seismological Society of America (in press).

[5] Joyner, W.B. and Boore, D. M., 1988,
Measurement, characterization and prediction of
strong ground motion, in J.L, Von Thun (ed.),
Proceedings of the Conference on Earthquake
Engineering and Soil Dynamics: Recent
Advances in Ground Motion Evaluation,
American Society of Civil Engineers, p. 43-103.

[6] Campbell, K.W., 1993, Empirical prediction of
near-source ground motion from large
earthquakes, International Workshop on
Earthquake Hazard and Large Dams in the
Himalaya, Indian National Trust for Art and
Cultural Heritage (INTACH), New Delhi, India.

[7] Tsai, Y.B., Brady, F.W., and Cluff, L.S., 1990,
An integrated approach for characterization of
ground motions in PG&E's long-term seismic
program for Diablo Canyon, Proceedings, Fourth
U.S. National Conference on Earthquake
Engineering, v. 1, p. 597-606.

[8] Idriss, I.M., 1991, Earthquake ground motions at
soft soil sites, Second International Conference on
Recent Advances in Geotechnical Earthquake
Engineering and Soil Dynamics, v. 3, p. 2265-
2272.

[9] Silva, W., Darragh, R., Stark, G, Wong, I.,
Stepp, J.C., Schneider, J., and Chiou, S., 1990, A
methodology to estimate design response spectra
in the near-source region of large earthquakes
using the Band-Limited-White-Noise ground

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

265



amplification and material damping due to the nonwclded
to densely welded Bandelier Tuff (Figure 3).

PROBABILISTIC GROUND MOTION
EVALUATION

The use of probabilistically-based hazard analysis is
especially appropriate for seismotectonic regions such as
the northern Rio Grande rift where the recurrence
intervals of faults is on the order of several to many
thousands of years. The probabilistic seismic hazard
analysis approach used in this study is based on the
model presented by [10] which is similar to other
available seismic hazard analysis models (e.g., [11]).

The seismic sources were modeled in the hazard analysis
in terms of maximum magnitude, geometry and
earthquake recurrence using logic trees (Figure 4). This
approach allows the incorporation of the range of possible
source, path, and site parameters and their uncertainties.
The geometric source parameters included fault location,
segmentation model, dip, and depth of seismogenic zone.
The recurrence parameters included recurrence model
(exponential and characteristic), recurrence rate (slip rate
or average return time for the maximum event on the
faults or number of events over the minimum magnitude
for the source zones), and slope of the recurrence curve
(b-value).

To describe the attenuation of ground motions, both
empirical and site-specific stochastic relationships were
used. For the probabilistic analyses, we used the same
attenuation relationships as for the deterministic analyses.
To incorporate source, path, and site-specific effects into
the probabilistic seismic hazard analysis, attenuation
relationships were developed for peak acceleration and
spectral accelerations at periods of 0.2 and 1.0 sec for
each site using the point source version of the BLWN-
RVT methodology.

Seismic hazard curves were developed for each LANL
site for peak horizontal acceleration and response spectral
accelerations at periods of 0.2 and 1.0 sec. For an annual
exceedance probability of 2x10"* (high hazard), the
preliminary peak horizontal accelerations ranged from
0.25 to 0.35 g (Figure 5). At a probability of lxlO3 for
low and moderate hazard, the peak accelerations ranged
from 0.14 to 0.19 g. The highest values for several sites
are due to the significant site amplification occurring
beneath these sites.

The seismic hazard in terms of peak acceleration is
dominated by the closest sources with the highest
likelihood of producing large earthquakes (Figure 6).

— • - 95th percent;le
61th pe'-centile
Mean

16th percentile

— • - 5th percent!le

Figure 5. Seismic Hazard Curves

Specifically, the Pajarito fault, which dips beneath the
LANL, and the Rio Grande rift zone, which the site is
located in, are the dominant contributors to the hazard at
all eight sites. Other seismic sources of significant but
lesser importance include the Puye and Embudo faults.
The nearby Rendija Canyon and Guaje Mountain faults
do not contribute significantly to hazard until low
exceedance probabilities (< 10"*) are considered due to
their long estimated recurrence intervals (Figure 6). The
remaining faults and source zones in the LANL region do
not contribute significantly to the total hazard at the
LANL because they are too distant and/or their
recurrence rates are too low.

In addition to the seismic sources, the contributions from
the different attenuation relationships results in the widest
variation in the total hazard. The use of the site-specific
stochastic attenuation relationships with the empirical
attenuation relationships results in a wide variation of
potential ground motions and large confidence intervals.

Although not as significant in terms of ground shaking at
annual exceedance probabilities of 10"3 to 1O'\ the
Rendija Canyon and Guaje Mountain faults are important
because of their potential for surface faulting at some
facility sites. Current investigations are underway to
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NATURAL PHENOMENA ISSUES - A CHALLENGE FOR DOE

Joseph E. Fitzgerald, Jr.
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Director, Office of Risk Analysis and Technology

Assistant Secretary for Environmenl, Safely and Health
U.S. Department of Energy

INTRODUCTION

Good afternoon. I appreciate this
opportunity lo share with you some observations
concerning DOE's Natural Phenomena Hazards
Safety Programs. Following a few introductory
commenis, 1 plan to focus my remarks in the
following areas:

First, 1 want to provide a Headquarters'
perspective on the recently issued NPH policy
requirements and relate these to the elements of
the DOE NPH Program thai support
Departmental and National Safely Objectives;

Second, I want lo address major NPH issues
and needs facing the Department; and,

Third 1 will summarize the DOE agenda that
addresses some of the needs.

To put things in perspective, it is worth
noting that the DOE NPH program has the scope
of a National Program. Many of the Natural
Phenomena that occur world-wide occur al
various DOE sites as well. Each site is
vulnerable to impacts from some natural
phenomena. The necessity and means lo
mitigate their effects arc much the same for DOE
as they arc to the nation. Consequently, DOE
has a strong interest in the development and use
of standards and guidance for national and
international use.

During the past three years, DOE concerns
have been raised based upon operational feedback
from the Department's recently-strengthened
accident and occurrence reporting systems, and
from the recently-formed NPH program liaison
groups. Property losses from natural hazards
events ai DOE sites have significantly increased
during the past few years, and are nearly an order
of magnitude higher than experienced in earlier
years. DOE sites incurred losses of over SI5
million during 1990 - 1992. More significant is
an average of one fatality per year during the past
decade. These losses were due to NPH events

that can be characterized as "expected" events --
events that are likely to occur within our lifetime
or the lifetime of the facility, rather than the
much larger "design basis" events which
generally have return periods of 1(),()(K) or more
years. These losses may be a symptom of
management neglect; something we all need to
examine.

Effective, siic-iniiiatcd programs al LBL,
SLAC and LLNL reduced damage and injury
during the Loma Prieta Earthquake that caused
catastrophic losses elsewhere. Life-safety
concerns exist at other sites. Some are being
evaluated, but few fixes arc underway. Other
sites, like Ihe Nevada Tcsi Site, were found lo be
vulnerable (SI M damage) to the 1992
earthquakes in Southern California.

Although the Loma Pricta earthquake
damage was minimal, the S5 M in freezing
losses thai occurred the next year (1990) al ihc
same sites were unacccpiably high.

Some sites have recurring Hooding problems
which have become more frequent since the
facilities were constructed. Faster and more
frequent runoff due to inadequate storm water
control and upstream development occur al the
Oak Ridge Y-12 site and the Plant in Kansas
City. This is a common problem, alTecting
communities and other agencies as well.

The DOE Panic* Plant and the DOE power
administrations have periodic million dollar
losses due to 100+ mph winds, and related storm
damage, and ihc Oak Ridge Site had similar
losses due lo tornadoes last spring.

With the billions of dollars lost nationally
lo recent earthquake and hurricanes in mind, we
believe ii is timely that current DOE Directives
require an improved NPH risk design, and that
our standards provide performance goals to
achieve this.
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NPH PROGRAM

The Office of Environment, Safety, and
Health has the DOE lead responsibility for
initialing and coordinating DOE projects and
activities for reduction of the effects of natural
phenomena hazards (NPH) on workers, DOE
property and the public. The Natural Phenomena
Hazards Safely Programs Group of the Risk
Assessment and Technology Division has
responsibility for managing these programs for
EH.

To meet this responsibility, the Natural
Phenomena Hazards Safety Program of EH,
together with EH's Office of Nuclear Safety
Policy and Standards, developed a new Order,
"Natural Phenomena Hazards Jvlitigation," DOE
5480.28.

The Order states, "It is the policy of the
DOE to design, construct, and operate DOE
facilities so that the workers, the general public,
and the environment are protected from the
impacts of natural hazards." To quote a recent
article in Phenomenal News describing the NPH
Order signing, this is "a DOE Landmark in
setting policy for the mitigation of natural
hazards by DOE Programs at all Department
sites."

The DOE NPH policy is linked lo
Departmental ES&H and Nuclear Safely Policies
as well as to National/Federal
programs/standards: "DOE mitigation
requirements will be consistent with the safely
policy and goals of the National Earthquake
Hazards Mitigation Program and the Executive
Order on Seismic Safety." DOE's policy
requirements have goals to ensure 1) "safe work
places", 2) minimal Federal "properly loss or
damage", 3) "operation of essential facilities",
and 4) protection of "public health, properly, and
Ihe environment against exposure to hazardous
materials."

While the primary focus of the Order is on
seismic, wind, tornado, and flood, the policy
applies to mitigation of all natural hazards.

ISSUES

Lei's discuss some issues that I think arc
important.

First, we need to identify and understand the
NPH vulnerabilities of existing buildings,
facilities, and operations, for earthquakes and

other phenomena, and get on with fixing them.
A priorilization standard/guideline is under
development to assist in the screening,
evaluation, and determining fix priorities.
However, several sites have already undertaken
efforts that have proven successful in initiating a
seismic mitigation program for existing
facilities.

The seismic safety program at LBL is a good
example of what can be done. LBL was among
the first to establish a site-wide seismic safely
program. Their mitigation efforts - albeit
designed by yesterday's standard - saved many
lives and precluded nearly S60M in losses from
the Loma Prieta earthquake. These tremendous
savings cost only $4M due lo creative solutions
engineered over a period of 15 years. Similar
efforts are underway at LANL and Oak Ridge.
EH-33.1 has a pilot effort underway to complete
a preliminary first order seismic "risk"
assessment of the DOE complex and is
coordinating this effort at sites where local
assessments of existing facilities have been
initiated or completed.

We believe that existing standards, codes and
methods arc adequate to provide significant
mitigation in new and existing facilities.
Identifying and fixing existing risks is not
something that is easy to do. The main
challenge is one of identifying the life-safety
risks in over 12,000 buildings, with consistency
in criteria and approach, and then prioritizing ihe
risks for corrective action. LBL documented their
upgrading experience and LANL has taken steps
lo prioritize some 2500 buildings/struclurcs.
Both used simplified processes that can easily be
used at other sites.

There is also a need for Federal policy and
requirements for evaluation of existing buildings,
and fixing the deficiencies found. The Federal
building at one DOE Oak Ridge office has been
judged lo be a life-safety hazard (based on
consensus evaluation standards). Fixing ii was
bound up in the bureaucracy of dealing with
Federal agencies who have their own priorities.
At increased risk were nearly 800 DOE and olhcr
agency employees.

The 1990 enabling legislation for the
NEHRP program (asked FEMA (in coordination
with other agencies) to develop methods for
evaluation and retrofit of existing Federal
buildings. DOE has committed resources to
work with the Intcragency Committee on
Seismic Safety in Construction (ICSSC) lo
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develop an Executive Order and related standards
for screening, evaluation, and retrofit of existing
buildings. Examples of upgrading and related
costs are currently needed.

As a principal mechanism for identifying
NPH risks, we will need to assure that NPH is;
included in the Department's oversight activities.
To dale, oversight activities addressing the NPH
aspects of DOE programs and facilities (with
exception of DP activities at LANL and Rocky
Flats) have been largely fortuitous or ad hoc. We
have obtained seismic experience data and
evaluation information from EPRI and are
currently providing this to the DOE Program
Ofiiccs and sites for use in self-inspections.

As a part of the oversight process, we also
need to expand the use of the independent review
process for seismic and wind design, not only for
new projects, but especially for retrofit and
repair. While it is general knowledge that cost
benefits have been achieved through third party or
"peer review", programs arc reluctant to utilize
the resources available. One DOE site office
saved "millions" using third party review on a
wind and seismic upgrade project, yet has not
utilized the process for other major projects.

DOE Orders require this independent review
of all projects, and the UBC provides such a
service for member organizations. The
membership fee is only S75. Sites that aren't
members pay several thousands in purchase of
ICBO/UBC materials. What are we wailing for?
Only ten of the 50 DOE sites arc participating.

To our knowledge, only LBL docs a third
party review on every project -- as mandated by a
University of California policy that applies only
to their activities in California. This is
inconsistent. Policy, standards and documented
methodology can help, but they must be used if
we are to achieve cost effective, quality fixes for
existing problems.

The DOE NPH pogram is developing
standards and guidance documents, conducting
workshops and conferences, issuing Newsletters
and Safety Bulletins. Bui this is not enough --
DOE also needs the organizations rcprcsenicd in
the audience to initiate and propose creative and
effective solutions to address site-specific needs.

My second issue is meeting the challenges
of implementing the Executive Order on Seismic
Safety. There will be major impacts on
programs and organizations outside of DOE thai

receive financial assistance ihrough DOE
programs, including Congressionally-funded
projects. The E.O. requires DOE and other
agencies to assure that Federal standards are used
to build earthquake-rcsisiant buildings.

We are working with Procurement to revise
the Financial Assistance Rules (in 10 CFR 600)
and, with ER, CE, FE, to include procedures on
loans and loan guarantees to require and assure
use of seismic standards. We plan lo assist DOE
programs and organizations in the
implementation of other aspects of the E.O.
DOE is currently working with other agencies
(through the ICSSC) to develop and implement
Federal guidelines related to the E.O.

My third and last issue deals with DOE
involvement in the International Decade on
Natural Disaster Reduction (IDNDR). This
involvement includes Federal, national and
international NPH programs. We need to make
available our talents, products and ideas to help
solve problems on a world-wide scale. By the
way, this could mean getting involved in your
local community to resolve NPH concerns,
especially al hospitals, schools, and other
essential facilities.

DOE plans to recommend adoption of a
revised Seismic Safety Guide and a Seismic
Detailing Document by the National Earthquake
Hazards Reduction Program Intcragency
Committee. Also, we have proposed lhat the
Seismic Safety Guide and the Earthquake Alert
System be used in support of the US effort for
the Decade for Natural Disaster Reduction. The
Department, just this month, committed use of
DOE-deve!opcd technology lo FEMA in support
of natural hazards mitigation strategics.

NPH AGENDA

In my previous discussions, I noted
examples of what it took to put DOE HQ, Field
and Contractor NPH Safety programs in place.
Those efforts were supported through the
initiatives of individuals and organizations.
We've already cited the LBL experience that saved
lives and produced a seismic guide for use by
others. The ad hoc processes and organizational
relationships have contributed in the past, but
there is a clear need to structure an NPH Program
using the DOE line organization to set the
Department's safety priorities.

I want to leave you with some insight to our
agenda, addressing the issues and needs discussed

Fourth DOE Natural Phenomena Hazards Mitigation Conference -1993

272



earlier, and addressing responsibilities within the
Department.

The Office of the Assistant Secretary for
ES&H is committed to a strong, cooperative
effort for NPH mitigation within the
Department, with full participation of DOE
program offices and contractor organizations. In
the Risk Assessment and Technology Division,
Jim Hill continues as manager of NPH safety
programs and serves as the Secretary of Energy's
appointed Seismic Safety Coordinator.

Mitigation program planning will expand to
focus, not only on protection of the public and
environment, but also on safety of building
occupants where there are serious injury and death
concerns. We must reduce the risk to occupants
from NPH events through improvements in
structures, equipment, and lifelines and through
training in responding to those events.

EH will encourage and support substantial
participation in the National Earthquake Hazard
Reduction Program and related activities of the
Decade for Natural Disaster Reduction. This
includes dissemination of knowledge developed
by DOE and of lessons learned by others as a
result of disasters.

EH has led in the development of NPH
policy and is developing related standards on
NPH safety programs for the Department. We
will continue to develop NPH related guidance
and will be providing advice and assistance to
line program implementation.

Finally, we plan to integrate DOE and
Interagency resources in support of understanding
the risks from earthquakes, deriving schemes for
prioritizing the fixes and deriving methods for
cost-beneficial solutions.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

273



Fourth DOE Natural Phenomena Hazards Mitigation Conference -1993

274



Session VII-A
Testing, Material & PR As

11M ...

Fourth DOE Natural Phenomena Hazards Mitigation Conference 1993

275



REBASELINING SEISMIC RISKS FOR RESUMPTION OF
BUILDING 707 PLUTONIUM OPERATIONS AT THE ROCKY FLATS PLANT

Frank Elia, Jr., Stone & Webster Engineering Corp.
Terry Foppe, EG&G Rocky Flats, Inc.

Edwin Stahlnecker, EG&G Rocky Flats, Inc.

ABSTRACT

Natural phenomena risks have been assessed for plutonium handling facilities at the
Rocky Flats Plant, based on numerous studies performed for the Department of Energy
Natural Phenomena Hazards Project. The risk assessment was originally utilized in the
facilities Final Safety Analysis Reports and in subsequent risk management decisions.
Plutonium production operations were curtailed in 1989 in order for a new operating
contractor to implement safety improvements. Since natural phenomena events dominated
risks to the public, a re-assessment of these events were undertaken for resumption of
plutonium operations.

INTRODUCTION

The Rocky Flats Plant (RFP) is a government-
owned and contractor-operated facility, which is part of the
nationwide nuclear weapons production complex managed
by the Department of Energy (DOE). RFP is located in
Colorado about 16 miles northwest of downtown Denver.
The plant site encompasses about 10 square miles of
federally-owned land with the major structures located
within a half square mile section. The remainder of the
land serves as a buffer zone between the processing
facilities and the general public.

RFP was primarily involved with metal fabrication,
assembly, and cb mical processing associated with the
nuclear weapons program and other work directly related to
national defense. Activities included numerous
metal working, fabrication, and assembly shops; chemical
recovery and purification processes; and associated quality
control functions. This involved materials such as
plutonium (Pu), enriched and depleted uranium, beryllium,
and various alloys of stainless steel.

Building 707 was built at RFP in the early 1970's
as a Pu production facility involving foundry, machining,
and assembly operations. It consists of 10 production
modules which are physically separated. The structural
system used for Building 707 is a precast, prestressed
concrete twin-tee roof and second floor, supported on

precast concrete columns. It was designed to industrial
code requirements in effect at that time which did not
include special requirements for extreme natural
phenomena events. Site-specific design basis accident
(DBA) criteria for a high hazard nonreactor nuclear facility
were initially established in the early 1970's after Building
707 was operational, and these DBA criteria changed over
time as a result of studies for the DOE Natural Phenomena
Hazards Project (LLNL, 1990). Building 707 was
evaluated to the RFP site DBA criteria in effect in the late
1970's to mid-1980's during development of an accident
analysis for its Final Safety Analysis Report (FSAR).

The Building 707 FSAR (EG&G, 1991) accident
analysis addressed natural phenomena events including
earthquakes, winds, tornados, meteorites, floods, snow
loadings, and lightning. Credible hazards that could result
in a release of radioactivity include earthquakes, extreme
winds, and tornados. The other natural phenomena events
were determined to not be credible or damage would not
result in a release of radioactivity (DOE, 1980; Rockwell,
1981; LLNL, 1990; EG&G, 1991; EG&G, 1992).

Since structural (Agbabian, 1980) and vital
equipment (Blume, 1981; Blume, 1982) evaluations
demonstrated that the facility could not meet the DBA
criteria, the FSAR accident analysis approach was based
on probabilistic risk assessment (PRA) techniques in order
to provide data for risk management purposes such as
where could cost-effective upgrades be made. The PRA
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approach evaluated a range of natural phenomena events,
starting with threshold damage of the facility (i.e., loss of
confinement capability) up to DBA criteria, or lesser level
which could result in collapse or total damage to the
facility. The risk assessment approach and results were
presented at the First DOE Natural Phenomena Hazards
Mitigation Conference (Foppe. 1985). The process for
estimating consequences from natural phenomena events
was based on numerous studies for the DOE Natural
Phenomena Hazards Project which were discussed in the
previous paper (Foppe, 1985). This process involved:

• Determining credible events and establishing DBA
criteria

• Assessing the capability of structures and vital
equipment to DBA criteria

• If DBA criteria cannot be demonstrated, then
provide a realistic assessment of damage based on
experiential data

• Determine hazards related to process material-at-
risk, and how often present

• Calculate radiological source term released to
environment

The source term estimates were used to calculate
consequences to the public, such as radiological dose to a
maximum offsite individual and number of latent cancer
fatalities in the general population. Mean risk estimates,
and an uncertainty analysis, were calculated by applying
estimates of return periods from natural phenomena hazards
curves. This risk assessment was utilized for the Building
707 FSAR and for risk management decisions.

REBASELINING SEISMIC RISKS FOR
RESUMPTION OF BUILDING 707

PLUTONIUM OPERATIONS

Pu production operations at RFP were curtailed in
late 1989 by the DOE so that a new operating contractor,
EG&G Rocky Flats Inc., could assess the safety of
resuming Pu operations and implement a new safety culture.
In order to establish an interim authorization basis to allow
resumption of plutonium operations, several facilities'
FSARs were reviewed and supplemented by additional
technical documentation. Several resumption teams were
established to assess the safety of resuming plutonium
operations, and the adequacy of their FSARs, Operational
Safety Requirements (OSRs), and vital safety systems
(VSSs). Specifically, Resumption Team 3 (RT-3), the
FSAR/OSR Review Team, assessed RFP Pu operations to
provide assurance that resumption of operations would be
in a manner consistent with the approved FSAR/OSR
radiological consequence envelopes (EG&G, 1990). Other

resumption teams and efforts concentrated on enhancing or
establishing programs to effect a new safety culture
consistent with commercial and government nuclear
industry practices for power reactor facilities.

Due to the limited scope of RT-3's review, and
concurrent with other FSAR/OSR/VSS audits that
identified numerous issues, the DOE Headquarters Defense
Programs requested that the DOE Rocky Flats Office
(RFO) organize and direct a multi-discipline team (i.e.,
Task Force) to validate the facility risk envelopes defined
by the FSAR risk curves and to assure that the RT-3 report
was technically adequate and defensible. The DOE Special
Task Force consisted of experts from the DOE complex in
the fields of safety analysis, risk assessment, and
plutonium operations. The DOE Special Task Force
assessed risk dominant accident scenarios, including
seismic and wind events, and validated that the risk curves
were reasonable for resumption of Pu operations in the
first building to be restarted (i.e., the Building 559 Pu
Analytical Laboratory) and that, within the scope of the
RT-3 review, their "report covered all major issues that
make significant impacts on resumption of Pu operations"
(DOE/RFO, 1991). Although the DOE Special Task
Force focused on Building 559, their review also evaluated
methods and key assumptions applicable to other
resumption facilities. DOE/RFO requested that EG&G
direct a similar task force to assess the next building to be
resumed, Building 707.

EG&G established an FSAR Review Team, using
many of the same industry experts who participated on the
Building 559 DOE Special Task Force such as Science
Applications International Corporation (SAIC) who was
responsible for analyzing additional accidents (including
natural phenomena), and Stone & Webster Engineering
Corporation (SWEC) who was responsible for documenting
and rebaselining the Building 559 FSAR results. SWEC
lead the Building 707 Review Team effort under the
general direction of EG&G Rocky Flats Nuclear Safety
Engineering Department. The results of the Building 707
FSAR Review Team validated that the risk curves were
reasonable for resumption of Pu operations and that no
new OSRs were required (SWEC, 1991).

The general approach established by the DOE
Special Task Force for Building 559, and later applied by
the EG&G Building 707 FSAR Review Team, was to
establish sub-teams to address the following topics:

• Radiological consequences of accidents
• Frequencies of accidents and risk assessments
• Adequacy of OSRs being revised for resumption
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VSS reliability analyses and operability
verifications
Chemical hazards and accidents
Criticality ••. • idents and risks
Additional bounding accidents not included in the
FSAR

This required that the DOE Task Force and the
EG&G FSAR Review Team formally document the FSAR
risk assessment assumptions and calculations, located in
backup "shelf files." If errors were encountered,
rebaselined risk estimates and sensitivity analyses were
performed to determine their effects on the risk curves.
The teams also performed "sanity checks" by applying
contemporary calculational models (e.g., applying the
MACCS computer code for dispersion and dose
assessments) and assumptions (e.g., release fractions and
leak path estimates) that had been used for safety analyses
at other DOE and NRC-licensed nonreactor facilities.

Seismic Risk Rebaselining

Since the FSAR accident analysis chapter was
based on a realistic risk assessment which concluded that
seismic events dominated radiological risk to the public, the
Building 707 FSAR Review Team established a process to:

• Determine how much credit could be taken for
structural upgrades implemented after the FSAR
was approved

• Reassess the frequency of earthquakes by updating
seismicity data used for the original DOE hazard
curve model, and by addressing soil amplification
considerations

• Reassess potential damage to the building structure
and equipment

• Evaluate additional bounding seismic events not
included in the FSAR

• Reassess radiological consequences to the public
• Revise the risk assessment

Earthquake risks analyzed in the FSAR were based
upon a realistic damage assessment from earthquakes by
EQE, Inc., and LATA (1985) that were categorized into
four levels; 1) 0.16g surface (0.08g bedrock); 2) 0.18g
surface (0.09g bedrock); 3) 0.24g surface (0.12g bedrock);
and 4) 0.26g surface (0.13g bedrock). The 0.26g surface
(0.13g bedrock) event could be roughly translated as
equivalent to the previous RFP definition of a design basis
earthquake (DBE) of 0.14g bedrock acceleration from a
Magnitude 6.0 on the Richter scale (or Modified Mercalli
Intensity VIII) located at an epicenter of 16 miles (which
was established in the early 1970's as design criteria for a
plutonium recovery facility, Building 371). Since the

accident analysis in the Building 707 FSAR (EG&G, 1991)
was performed, structural upgrades have been completed
on Building 707A (i.e., Modules J and K) which is
approximately 20% of the facility. Because of the
structural upgrades to Building 707A, it is expected that
Building 707A will not experience total collapse until an
earthquake severity of approximately 0.3g surface (0.15g
bedrock).

The FSAR Review Team concluded that a 0.21g
surface acceleration, corresponding to a 5,000 year return
period, recommended for high hazard facilities at RFP in
UCRL-15910 appears to be reasonable. This magnitude of
seismic event is well below the 0.26g surface acceleration
used in the Building 707 FSAR analysis. Thus, the FSAR
consequence analysis goes substantially beyond the
currently recommended level when assessing seismic risks
associated with Buildings 707 and 707A.

Building 707's seismic capability was re-assessed
by the FSAR Review Team and seismic risks were
rebaselined for resumption of production operations
(SWEC, 1991). This included a re-assessment of the
FSAR seismic risks along with the inclusion of additional
bounding seismic scenarios. This included seismic
scenarios with and without concurrent fires and explosions.
The currently defined DBE of 0.21g surface (0.105g
bedrock) was evaluated, along with a more severe event at
0.26g surface (0.13g bedrock), because it was previously
analyzed within the definition of the pre-1989 DBE which
could affect the total risk profile. The 0.21g surface
(0.105g bedrock) earthquake was analyzed assuming
increasing consequences, but at lower probabilities.
Additionally, a severe accident beyond DBE which results
in the collapse of Buildings 707 and 707A was analyzed
for an 0.3g surface (0.15g bedrock) acceleration
earthquake.

Reassessment of Potential Damage to
Building Structure and Equipment

The Review Team performed an independent
evaluation of the building structural response to an
earthquake with a peak ground acceleration of 0.21g based
on the previous building damage calculations. The ground
response spectra recommended in UCRL-53582 (LLNL,
1984) for RFP was used for the evaluation. A comparison
was also made to the 2% damped response spectrum of the
NRC Regulatory Guide 1.60 (NRC, 1973). For periods of
interest, less than 0.4 sec, the spectra are similar. In
addition to reviewing the building response, the Review
Team also evaluated the response of the floor mounted
equipment for peak ground horizontal accelerations of
0.08g, 0.14g, and 0.21g. This evaluation was not intended
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to be detailed. Rather, it was intended to independently
determine damage estimates to confirm those provided by
LATA/EQE for inclusion in the Building 707 FSAR. The
results of the 0.21g earthquake estimate were used in the
evaluation of the additional accidents evaluated by the
Review Team. The review of the Building 707 structural
response to the 0.21g earthquake indicated that:

• The fatigue strength of the welded connections
between the precast concrete components is likely
to be exceeded resulting in the precast concrete
components becoming disconnected.

• The greatest relative motions between precast
components with failed connections are mos? likely
to occur at locations of structural discontinuities.
The infill concrete block shear walls are the most
important structural discontinuities identified.

• The locations where the building is most
susceptible to this type of damage is on its
perimeter at the west side adjacent to the column
lines coincident with the south walls of Module C
and Module E (column lines 7 and 11). At these
locations, infill shear walls oriented in the east-
west direction are most likely to result in relative
displacements large enough to cause localized
structural failure.

• The areas affected by this failure are the southwest
corners of Modules C and E, the northeast corner
of Module D, and the northwest corner of Module
F. The first floor slab above Module C will resist
the impact loads associated with the collapse of the
second floor and roof.

• The above structural failures will impact
gloveboxes and the glovebox ventilation/inerting
system for Modules A, B, and C. Gloveboxes C-
125 and E-125 are expected to be within the
envelope of roof and second floor panels which
collapse. The header of the glovebox inerting
system for Modules A, B, and C is routed directly
below the floor and roof panels which are expected
to collapse. This will result in the loss of inerting
to the gloveboxes in these three modules.

The building structural response summarized above
for the 0.21g earthquake is consistent with the LATA
estimate that 1 of 20 exterior panels would fall away from
the building given a 0.24g earthquake. However, the
LATA damage estimates included total collapse of Building
707A. The Review Team concluded that the structural

upgrades to this building are sufficient to preclude any
damage to the building following a 0.2 lg earthquake.

The Review Team evaluation of the response of
floor mounted equipment to a 0.2lg earthquake concluded
the following:

• This equipment is specifically designed to elevate
the work space and material handling equipment
to a height above the floor that is convenient for
a standing technician. This design is inherently
less able to resist externally-applied lateral loads
of the shaking induced by earthquakes. Raising
the equipment with an extended support structure
without also widening the width of th; base
results in a tendency for the equipment to ' >p over
rather than slide along the floor in response to
these loads.

• A simplified model of the equipment shows that
if its center-of-mass is higher than 3.5 times its
base width, it will tip. If its mass center is lower
than this, it will slide. When considered as a
separate structure, the equipment has a tendency
to exhibit tipping behavior. When it is considered
that many components are interconnected, the
wider support base of the overall assembly will
produce a stabilizing effect that promotes sliding
behavior.

• The equipment will not tip over completely until
its initial horizontal velocity becomes high
enough. It will simply rock and settle to its
original position. The equipment is less likely to
rock for lower mass centers and wider support
bases. Velocities which result from a 0.21g
earthquake are insufficient to cause overturning of
the equipment studied.

• Interconnected equipment will slide less than one
inch. This distance is considered to be small
enough to preclude gross distortion of the utility
service connections to the equipment and the
support structure.

The guidelines provided by UCRL-15910 (LLNL,
1990) were used to re-assess the frequencies of occurrence
of earthquakes analyzed in the FSAR and additional
bounding seismic scenarios. The FSAR frequency of
occurrence determinations were performed in terms of
bedrock accelerations. The frequencies of occurrence of
these bedrock accelerations were determined from the
TERA (1982) surface acceleration earthquake hazard curve
as if the TERA curve had been at bedrock. The FSAR
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Review Team believed that this interpretation was incorrect
and results in overstating seismic frequencies and risks
(i.e., an overestimation). They believed that the currently
accepted method for determining the frequencies is to
covert the bedrock accelerations of interest to surface
accelerations utilizing soil amplification factors and then to
determine the frequencies of those surface accelerations
from the TERA curve. Using this currently accepted
method resulted in frequencies of occurrence considerably
smaller (i.e., longer return periods) than those in the FSAR
analyses.

The TERA seismic hazard curve was reviewed by
the FSAR Review Team which concluded that it would not
be expected to change substantially as a result of current
seismicity methodologies and data, including the latest
understanding of the capability of the Golden Fault and the
1882 Colorado earthquake. However, the Review Team
recommended that it be updated to reflect the results of a
site-specific seismicity study and soils/structures interaction
analysis, which should be performed early in the Systematic
Evaluation Program. Further information on this subject is
presented in a separate paper for the Fourth DOE Natural
Phenomena Hazards Conference (McGuire, 1993).

Taking into account more conservative bounding
seismic scenarios, the FSAR Review Team concluded that
the risk curves reported in the FSAR are a reasonable
representation of risk for plutonium operations, and that the
findings of the RT-3 review were adequate and defensible.
Seismic risks from resuming production operations were
found to still dominate risk to the public, and results of the
rebaselining will be useful for future upgrading studies and
the Systematic Evaluation Program. In addition, no new
OSRs were identified as a result of the risk rebaselining.

REBASELINING RISKS FOR
THE NEW MISSION

In 1992, the RFP mission was changed to
decommissioning, decontamination, and environmental
restoration. In order to support this new mission, the
Building 707 FSAR (EG&G, 1991) and the Building 707
FSAR Review Team Report (SWEC, 1991) required
rebaselining of the risk of resuming thermal stabilization of
Pu by electrical heating in an air environment, as well as
other activities to support the building in a standby and
interim storage mode.

The same FSAR Review Team that rebaselined
Building 707's production mission was commissioned to
assess the new mission risks (SWEC, 1992), utilizing many
of the same safety analysts who participated on the Building

707 and 559 teams. Their general approach for assessing
the new mission was to update the FSAR rebaselining of
fires, explosions, spills, criticalities, and seismic events for
the previous production mission. Accident scenarios were
reviewed for applicability to the new mission and risk
dominant scenarios were identified. Event tree analyses of
the risk dominant scenarios were modified to establish
accident sequence frequencies for the new mission.
Radiological source terms were revised to reflect the
quantities of material at risk for the new mission. While
the total amount of material is reduced due to the mission
change, the amount of powder is expected to be greater.
Radiological consequences and risks were analyzed with
the MACCS computer code for radiological doses to the
maximum offsite individual and latent cancer fatality risks
to the general population within 10 and 50 miles of the
RFP.

Risk information was presented in terms of mean
risk estimates and risk curves. The new mission curve is
dominated by seismic events, including the 0.2 lg surface
acceleration event with partial collapse of Modules A and
C, and the 0.26g surface acceleration resulting in collapse
of Modules A through H (SWEC, 1992).

A comparison of risks was made to risk curves
from severe accident analysis of commercial power
reactors (NRC, 1975; NRC, 1990) and to the DOE SEN-
35-91 (DOE, 1991) quantitative safety goals (i.e., less than
0.1% prompt fatalities and less than 0.1% latent cancer
fatalities). When considering Building 707 operational
accidents without seismic events, the risk to the public is
well within the comparable risks from commercial nuclear
power, especially in the low probability region, and much
less than that from industrial and societal risks. The
comparison to the DOE Safety Goals showed that both
goals were met. That is, there were no projected early
fatalities and the latent cancer fatality goal was met by
approximately three orders of magnitude. This conclusion
was also valid when risk to the public from Building 559
resumption of plutonium operations (DOEyRFO, 1991) was
included (SWEC, 1992).

Severe earthquakes have historically resulted in a
significant number of fatalities to building occupants from
collapsing rubble, depending on a number of factors such
as magnitude of the earthquake, distance from the
epicenter, soil attenuation and amplification characteristics,
population densities, local building codes, types of
structures (e.g., reinforced concrete, non-reinforced
masonry, steel frame, wood frame), etc. The risk
assessment report for the Building 707 startup mission
estimated that a Modified Mercalli Intensity VIII (roughly
equivalent to the RFP DBE) could result in 700 to 7,000
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deaths in the metropolitan region surrounding the Rocky
Flats Plant where up to 2 million people reside (SWEC,
1992). If Building 707 collapsed, a few fatalities could be
expected from the 100 to 200 personnel in the building.
Building 707A (i.e., Modules J and K) was seismically
upgraded to the current requirements for a design basis
earthquake (i.e., 0.21g surface acceleration) and would be
expected to survive the severe seismic event postulated for
this comparison.

Impacts to the public from releases of plutonium
from Building 707 collapse were assessed (SWEC, 1991;
SWEC, 1992), concluding that there would be no early
fatalities from radiation exposures to the public. The risk
to 2 million people within 50 miles of the Rocky Flats Plant
of latent cancer fatalities from a 50-year dose commitment
period was also assessed in that evaluation. These latent
cancer fatalities are based on a conservative assumption that
any amount of radiation may be linearly correlated with
cancer fatalities. This assumption however, is not
supported by empirical data at low doses. It was concluded
that under average weather conditions, no latent cancer
fatalities would be expected, while under more unfavorable
"worst case" weather conditions (defined as an annual
probability exceeding one in one million, including the
estimated frequency of occurrence of the severe seismic
event (i.e., exceedence frequency is greater than 10'6), only
a few latent cancer fatalities might be expected. The small
number of increased latent cancer fatalities from Building
707 releases is considered negligible compared to the
thousands of people every year in this population that would
normally die from cancers of all causes (EG&G, 1991), and
the 700 to 7,000 that could die from the seismically-induced
collapse of buildings within the Denver metropolitan area.

CONCLUSION

Taking into account more conservative bounding
seismic scenarios, the Building 707 FSAR Review Team
concluded that the risk curves reported in the FSAR are a
reasonable representation of risk for plutonium operations,
and that the findings of the Resumption Team 3 review
were adequate and defensible. Seismic risks were found to
still dominate risk to the public, and results of the
rebaselining will be useful for future upgrading studies by
the Systemats. Evaluation Program. In addition, no new
OSRs were identified as a result of the risk rebaselining.

Risk to the public from resumption of Building 707
thermal stabilization is well within the DOE Safety Goals
and estimates of seismic fatalities from collapsing buildings
in the metropolitan region. When considering Building 707
operational accidents, the risk to the public is well within

the comparable risks from commercial nuclear power,
especially in the low probability region, and much less
than that from industrial and societal risks.
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SEISMIC PROBABILISTIC RISK ASSESSMENT FOR
K REACTOR AT THE DOE SAVANNAH RIVER SITE

H. E. Wingo, WSRTC, J. W. Reed, Bahman Lashkari, M. W. McCann,
JRB & Associates

ABSTRACT

An improved method was developed to estimate the frequency of core
melt for the K Reactor. The analysis indicated an improvement in the
strength of the plant as the result of analyses and structural and
equipment upgrades done for the reactor to satisfy requirements of the
NRC USI A-46 unresolved safety issue. A comparison of this analysis
with an analysis done earlier for the P Reactor [1] indicated that the
major contributors to the core melt were changed from seismically-
induced failures to the cooling water system and relay chatter to random
failures and human errors. The frequency of core melt for the K
Reactor, using the most recently developed seismic hazard, showed a
slight increase in core melt frequency when compared to the P Reactor
analysis. The evaluation for operator errors used the THERP
methodology and applied this method to conditions required as the result
of earthquakes.

The seismic hazard for the K Reactor used an evaluation of the
Lawrence Livermore (LLNL) and the Electric Power Research Institute
(EPRI) Hazard analysis for the plant site, with generic soils factors from
the EPRI study. This hazard was determined from the two studies by
comparing the predicted hazards with the historical record and deleting
those predictions that did not come close to the historical record.

INTRODUCTION

The Seismic condition of the reactors at the
Savannah River Site (SRS) have received
increasingly more attention in physical upgrades,
in procedure revisions, and in training. More
evaluations have been performed to determine
and document the seismic strength of structures
and systems and to measure the resultant risk of
core damage from earthquakes. The plant was
evaluated and upgraded in order to meet
requirements of the NRC USI A-46 unresolved
safety issue. Training was specifically directed
toward proper response to a scismically-induced
accident, using revised operating procedures,
validated by dry runs. New equipment was
installed to cope with seismically-induced
leakage and cooling water loss.

Improvements were also made in analytical
methods to quantify the risk of core damage by
reevaluation of the seismic hazard for use in the
probabilistic assessment, and tools were
developed to directly integrate into the seismic
evaluation the details of evaluations done for the
internal events analysis. Human actions are
important in coping with a seismically-induced
accident, and since human evaluation is not
straightforward, a renewed emphasis was placed
on this part of the evaluation.

This paper evaluates in a probabilistic fashion
the risk of core melt frequency for the K Reactor
at the Savannah River Site after the
improvements were made. Since these
improvements were made, the reactor has been
shut down and placed in cold standby, and
implementation of improvements to reduce the
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estimated core melt frequency, although
possible, have not been made and are not
planned.

DISCUSSION

Background

The reactors at the Savannah River Site are low-
temperature, heavy-water moderated reactors for
the production of radionuclides, using a once-
through cooling system. The plant site has five
such production reactors, K Reactor being the
most recently operated. All reactors are now
shut down. Cooling water is supplied from the
Savannah River to a large reservoir at the reactor
area through an underground piping system. A
cooling tower was constructed for the reactor but
was never used. Neither of these cooling water
sources were seismically qualified. Electrical
power for pumps at the river pump house and at
the cooling tower operate from the plant
electrical grid widi no backup. Flow of cooling
water was assumed in the analysis to be stopped
by any size earthquake.

A cooling water recirculation system is provided
to circulate used cooling water back to the
cooling water basin in case of loss-of-cooling-
water flow from the river or the cooling tower.
A recirculation system is also provided for
coping with leaks in the heavy-water system of
less than 1000 gpm, and this system was
modeled in the analysis.

An emergency cooling system that feeds from
the reservoir at the K Reactor is provided for
coping with major leaks in the heavy water or
the cooling water system but has no installed
recirculation capability. Use of the emergency
cooling water system to cope with a seismically-
induced accident, which also would stop flow of
cooling water to the reservoir, would eventually
deplete the emergency cooling water supply and
lead to core melt. Thus, for this Level 1
analysis, the emergency cooling water system
was not modeled because its success or failure
would eventually lead to core melt. For a Level
2 analysis, this distinction would have to be
retained.

Analytical methods

Seismic Hazard

The classical method of analysis for a seismic
probabilistic analysis was used, in which the
seismic hazard is combined with structural and
equipment fragility as dictated by the system
model to determine the probability of core
damage. It is believed that significant
improvements were made in each of the
components of the analysis to make this overall
analysis the most accurate possible.

The seismic hazard used in the analysis is shown
in Figure 1, and is a composite of the EPRI and
the LLNL studies for a rock site at our location.
The seismic hazard was modified using generic
soil factors from the EPRI evaluation for the
deep soil conditions at the site. A soil
investigation program is planned to develop
these soil factors for the Savannah River Reactor
soil conditions.

1 0 "

0.00 0.50
Peak

2.501.00 l 50 2.00
Ground Acceleration (g)

Figure 1. SRS seismic hazard curves for peak ground
acceleration and rock-site conditions

The seismic hazard used is represented by an
average hazard at a spectural acceleration
between 2.5 and 10 Hz. This representation was
used in order to be consistent with the structural
and equipment fragility analysis that used the
same range. Use of this representation of the
seismic hazard as opposed to the use of peak
ground acceleration was done in order to have a
representation of the earthquake challenge closer
to the dynamic frequency associated with failure
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than if the peak ground acceleration was used,
and as suggested by Kennedy & Reed [2].

The SRS hazard used the results of both the
LLNL and the EPRI evaluations after applying a
screening test that eliminated all predictions that
were outside the 99.9 percentile record for actual
earthquakes. This approach is believed to be
superior to the approach used in the DOE interim
standard [3]. This standard averaged the
medians of the two studies and then multiplied
the average by a constant to determine a median
value, eliminating predictions that are far
removed from the average of the panel
predictions but with little technical justification.

Fragility Analysis

A sample of the fragility values used in the
analysis is shown in Table 1. For the complete
analysis, a total of 105 components and
structures were evaluated. The fragility
evaluation made extensive use of the results
from the systemic walkdown done to satisfy
requirements of the NRC USI A-46 criteria.
Thus the fragility evaluation had as input the
original design requirements as well as as-built
construction details and calculations to verify
concerns of the NRC USI A-46 criteria.

Table 1. Representative Fragility Values
Component

Reactor Building
Electric Grid
Biogn-y DiesdCcnrds
Diesel DC Generator
Main Process Pumps
PpfigExpansanJorts
Station Batteries
Transitc Wall
REDAC Relays
Surrogate Element

Median
Capacity, Sa

2.98
0.67
0.53
1.30

>6.00
>1.50

0.67
0.67
4.56
1.20

Betar

0.35
0.35
0.34
0.40
0.30
0.30
0.37
0.37
0.38
0.21

Beta u

0.41
0.41
0.34
0.45
0.30
0.30
0.49
0.49
0.46
0.21

The fragility analysis yielded values for
component failure that were not all just
mechanically put into the calculation scheme,
but were used in an efficient manner to reduce
calculation complexity and yet retain the best
representation of failure probability. As an
example, the permanently-installed, emergency-
diesel-driven electrical-power system was
determined by the walkdown inspection to be
weak seismically. This multi-component system

was represented in the analysis by only four of
the weaker components.

It is conceivable that an earthquake could rattle
the relays used in the reactor control rod system,
causing a control rod drive-out accident and an
attendant power-rise accident. However, these
accidents were not included in the model
because tests on the relays showed that only in
extreme cases could they be caused by vibration.
Furthermore, relays and contactors in the valve
control circuit for the heavy-water circulation
and for the cooling water system were not
included in the model because analysis of the
valve circuit indicated that for a valve closure to
occur, the close contactors had to chatter, and the
open contactors, of the same manufacturer,
installed in the same cabinet at the same location
had to not chatter, a condition that was estimated
to be extremely rare. Thus, these contactors
were omitted from the model.

A surrogate fragility element was added in every
appropriate branch of the event tree to represent
the elements that were screened out because they
are relatively rugged. The decision to screen
elements was based on plant walkdowns and
inspection of the equipment. A review of the
criteria used in the systematic evaluation of the
plant that was performed to satisfy requirements
of the NRC UCI A-46 provided the basis for
screening. To account for the lower-bound
capacity assumed in the screening process, the
capacity of the surrogate element was developed
from the underlying screening assumptions. The
median spectral acceleration capacity of the
surrogate element and the combined logarithmic
standard deviation were 1.2g and 0.30,
respectively. These values were obtained by
starting with the HCLPF screening level used in
the analysis, which was 0.8g, spectral
acceleration [4]. Based on the belief of many
structural engineers that the median capacity is at
least a factor of two larger than that of the
HCLPF, a median spectral acceleration capacity
of 1.6 was selected. However, the HCLPF value
is made using the assumption that the ground
motion has a non-exceedance probability of 0.84.
To convert to a PRA-type analysis where the
probability of the ground motion not being
exceeded is 0.50, not 0.84, the median capacity
must be divided by e 6 r s , where B r s is the
logarithmic standard deviation for response
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spectrum variability. For the case under
consideration, eBrs is about 1.3, and the median
capacity for the surrogate element is 1.2g
(1.6g/1.3). The logarithmic standard deviation of
0.3 is just equal to (l/2.3)*ln 2, to be consistent
with the assumed factor of two between the
HCLPF and median capacities. The penalty for
use of the surrogate element was small because
this element alone contributed only about
3.0x10-6 to the mean annual core damage
frequency.

Piping and valve failures were screened out,
greatly simplifying the systems model. The basis
for screening came primarily from the results of
the plant evaluations for the NRC UCI A-46
requirements and the plant walkdown. Example
bounding calculations for a section of piping
indicated that the use of the surrogate element
was conservative for piping.

Virtually all components of importance in the
seismic risk assessment were housed in the
reactor building, which is a large, reinforced-
concrete building imbedded 52 feet in the soft
soil of the site. Adjacent buildings house
cooling water supply facilities and cooling water
recirculation facilities, such that relative building
movement and relative settlement were
important. The effect of settlement and relative
movement were calculated using an extensive
modeling and analysis technique using the
SASSI and FLUSH computer codes made first
for deterministic evaluations, and then expanded
for probabilistic estimations.

This expansion yielded results that did not meet
all the expected behavior patterns of
amplification and frequency shift, so engineering
judgment was used to adjust the results from the
SASSI and FLUSH computer evaluations in
order to produce results that met expectations
more completely.

Human Errors

The THERP methodology [5] was applied to the
operator actions to quantify operator errors
during seismic challenges. A literature search
was first conducted to determine the most
appropriate evaluation methodology used in
recent seismic probabilistic risk assessments,

which showed that no better, generally-accepted
methods exist for evaluating operator errors.
The operator response was divided into three
regions, depending upon the intensity of the
earthquake, following the lead used in the Diablo
Canyon seismic PRA. At the very low
earthquake levels, where damage is possible,
according to calculations but in opposition to
experience, and where alarms in the reactor
would not even respond, the operator errors used
were the same as for the internal events analysis.
Typical operator errors used in the analysis are
shown in Table 2. For operator errors after the
seismic alarms are enunciated, at 0.05g, the
THERP methodology for high stress was used
and applied to actions described in the operating
procedures specifically developed for coping
with an earthquake. For earthquake levels above
0.35g peak ground acceleration, the THERP
methodology for threat stress was used to

Table 2. Sample of Human Errors
NAME, Symbol

Manual Tripping of Reactor
L)Normal Power Available

2)Normal Power Unavailable

Actuation of Reactor Leak
Collection System

3)Noimal Power Available

4)Nonnal Power Unavailable

Actuation of Large CW Leak
Collection System

5) Normal Power Available

6)Normal Power Unavailable

Actuation of Small CW Leak
Collection System

7)Normal Power Available

S)Normal Power Unavailable

Actuation of CW Recirculation
System

13)Normal Power Available

14)Normal Power Unavailable

Operator Fails to Throttle
CWFlow

15)Normal Power Available

16)Normal Power Unavailable

Zerog
Value EF

1.05E-6,
10

2J5E-6,
10

7.1E-4,
5

7.1E-4,
5

1.0E-3,
5

Not
Possible

7.1E-4,
5

7.1E-4,
5

1.9E-4,
5

1.0E-3,
5

1.9E-4,
5

1.9E-4,
5

Lowg
Value»EF

1.05E-6.
10

2.55E-6,
10

6.95E-2.
5

9.45E-2.
5

8.13E-2.
5

Not
Possible

3.31E-2.
5

3.31E-2.
5

6.25E-3,
5

3.13E-2,
5

9.56E-3,
5

3.44E-2,
5

Hizhg
Value! EF

1.O5E-5.
10

2.55E-5.
10

2.74E-1,
5

5.79E-1,
5

2.25E-I,
s

Not
Possible

5.31E-1,
5

5.31E-1,
5

6.26E-3.
5

1.25E-1,
5

4.93E-2,
5

3.32E-1,
5

(*) Range in Sa is 0.076 to 0.114, with median estimate of 0.095
(!) Range in Sa is 0.57 to 1.33, with best estimate of 0.66

evaluate errors, which caused a jump in the
operator errors at O.35g peak ground
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acceleration. This change in stress from high
stress to threat stress at 0.35g corresponds
generally to a Richter Magnitude VI earthquake,
where some damage would be expected in non-
seismically-reinforced components. Operating
personnel would see unusual movement or
physical damage throughout the plant even

though the main safety systems would probably
not be damaged. This would be evident in the
control room, where items would be thrown onto
the floor, and in various other areas of the plant,
which could instill fear and performance-
harming anxiety.

Figure 2. Seismic Initiating Tree
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Calculation Scheme

The seismic probabilistic analysis made
extensive use of the analysis performed to
determine the risk of core damage from random
failures, as described in the internal events
analysis, so that a direct link between the seismic
model and that used for the internal events
analysis could be made.

A seismic event tree was first constructed from
all the initiating trees used in the internal events
analysis to permit evaluating the multiple
accidents caused by earthquakes. This seismic
event tree included only seismic failures, and the
frequency of all the seismically-induced
accidents was obtained at the end points of the
branches of the event tree, as shown in Figure 2.
Not all multiple accidents possible were
included, because some of the combinations had
the same response as the single accident and
were thus not used in the tree for this Level 1

evaluation. For a Level 2 analysis, this
simplistic approach could not be used. For this
reason, the original analysis should be made for
a Level 2 analysis first, if a Level 2 analysis is to
be performed and then simplified for a Level 1
analysis.

A mitigating tree was coupled to the seismic
initiating tree to quantify the probability of
mitigating the seismicallyi-nitiated accidents.
Not all branches of the initiating tree lead to the
mitigating tree because not all accidents could be
successfully stopped. The total risk of core
damage was then obtained as the sum of the end
points of the initiating tree and the mitigating
tree when combined with the seismic hazard.

A fault tree was constructed for each of the
events in the above trees, by reference to both
the internal events analysis and the seismic
system boundaries used in the NRC USI A-46
walkdown effort, so that all components in both
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analyses were included. The starting point for
construction of these seismic fault trees was the
internal events fault trees, to which appropriate
seismic component failures were added.

The CAFTA computer code [6] was then used to
evaluate each of the fault trees by placing a high
failure value on the seismic failures so that they
were all retained when the fault trees were
manipulated. A truncation level was set at
I x l 0 ' 4 t o eliminate random failures of
insignificance to the seismic analysis and the
trees solved to produce cut sets. In this manner,
the logic used in the internal events analysis was
retained, and all seismic failures of importance
were included while reducing the number of
random failures and cut sets to a manageable
number.

The CAFTA computer code was then used to
construct sequences of cut sets according to the
logic indicated in the event trees, so that proper
handling of successes and failures in the
sequences were obtained. These cut sets were
then put into the SHIP Computer [7] code for
final evaluation. For the final seismic
evaluation, 827 cut sets, 149 random failures,

105 component failures, and 17 human errors
were used. Seismic failures had log-normal
failure expressions that increased with the
earthquake level, random failures were constant,
and human errors increased with the earthquake
level to account for increased stress and error.
The SHIP computer code evaluated each item
according to the failure type assigned to it and
combined these expressions with the seismic
hazard for final quantification.

Quantification

The overall plant fragility is shown in Figure 3,
which indicates a 50 percent probability of
failure at a spectural acceleration of 0.52g. The
plant HCLPF is 0.04g.

Use of the DOE interim hazard for the Savannah
River Site caused the calculated overall risk to
increase slightly. The main contributors to risk
were not altered by the use of the DOE hazard
curve, nor was the relative ranking of the main
contributors. Use of any other hazard curve with
a non-increasing slope would also not alter the
ranking of the main contributors.

1.00E+00 —

9.00E-01 4-

8.00E-01 ~

I
7.00E-01 ~

Figure 3. SRS K-Reactor Plant Fragility
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u.

O.OOE+00

0.000

15%

50%

85%

0.250 0.500 0.750

Sa (2.5-1 OHz)

1.000 1.250

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

288



Risk Reduction Possibilities

The analysis indicated that improvements in the
estimated risk of core melt could be made by
recovery actions not included in operating
procedures at the time of the analysis. Most of
the main contributors to the risk of core melt
frequency could be mitigated by use of the
emergency cooling system if throttling were
successfully done throughout the 72-hour period
needed. It is estimated that the success of using
the emergency cooling system in such a fashion
should be at least 20 percent, which would result
in an overall reduction in core melt frequency by
16 percent.

If the cooling water supply to the reservoir ?u ihe
K Reactor were at least as strong as the plant
electrical grid, then some small earthquakes
would not cause a loss of cooling water flow to
the reservoir, as was modeled in the analysis, and
the overall core melt frequency would decrease
by about 50 percent. No basis exists for
estimating the seismic strength of this system.

CONCLUSIONS

The analysis developed a method for modeling
and analyzing the seismic behavior of the K
Reactor in a manner consistent with the internal
events analysis. A computer code was used that
correctly manipulated cut sets contained in the
Boolean expressions for the plant response to
earthquakes and integrated these expressions
with the seismic hazard in order to correctly
evaluate the frequency of core melt.

Using this seismic analysis tool, an evaluation
was made of the K Reactor as upgraded for
compliance with NRC USI A-46. The analysis
indicated a seismically rugged set of structures
and components, but with much reliance placed
on operator actions. The value for the frequency
of core melt depended to a large extent on the
hazard used. When compared to an analysis
done previously for the P Reactor using the EPRI
hazard, the estimate of the frequency of core
melt was calculated to be higher by 6x10~5 per
year after the upgrades than it was before the
upgrades because of modeling improvements.
The frequency of core melt was little changed

from the value of 1.2 xlO^* when using the DOE
interim standard hazard and the hazard produced
from an evaluation of both the EPRI and the
LLNL hazard for the site, which indicated an
estimated value for the yearly core melt
frequency of 6.2xlO"5 and 2.2X10"4 respectively.
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ABSTRACT

A seismic probabilistic risk assessment (PRA) was performed as part of the Level
1 PRA for the Advanced Test Reactor (ATR). The ATR is one of the Department of
Energy (DOE) research reactor and is located at the Idaho National Engineering
Laboratory (INEL). The seismic PRA included a comprehensive and efficient
seismically-induced relay chatter risk analysis. The key elements to this
comprehensive and efficient seismically-induced relay chatter analysis included
(1) screening procedures to identify the critical relays to be evaluated, (2)
streamlined seismic fragility evaluation, and (3) comprehensive seismic risk
evaluation using detailed event trees and fault trees. The fault trees developed
for the seismic analysis w=re modified to include the relay chatter events.
These key elements were performed to provide a core fuel damage frequency
evaluation due to seismically-induced relay chatter. A sensitivity analysis was
performed to evaluate the impact of including seismically-induced relay chatter
events in the seismic PRA. The systems analysis was performed by EG&G Idaho,
Inc. EQE Engineering Consultants developed the fragilities for the relays and
performed the sequence quantification.

INTRODUCTION

EG&G Idaho has been performing the Advanced
Test Reactor (ATR) probabilistic risk assessment
(PRA). The seismic analysis is an integral part of
the external event. Previous seismic analysis
(Reference 1) for the ATR PRA have included the
integration of seismically-induced internal flood and
internal fire, spatial dependency among the similar
type of components, component-structure interactions,
and the modeling human error rates as a function of
the earthquake magnitude. An update of seismic
analysis (to be included in Revision 2 of the ATR

PRA) includes the integration of seismically-induced
relay chatter. This paper describes the integration
of a comprehensive and efficient seismically-induced
relay chatter analysis as part of the ATR PRA.

Seismically-induced relay chatter is a
potential risk concern because temporarily opening or
closing (chatter) of some relays could cause
normally-operating equipment to stop, remotely-
actuated valves to change positions, or other
deleterious events to result. Evaluation of relay
chatter is a necessary step in a comprehensive
seismic risk analysis. Consideration of such events

a. Work supported by the U.S. Department of Energy, Assistant Secretary for Nuclear Energy, Under DOE Idaho Field
Office Contract DE-AC07-76ID01570.

b. Now with Los Alamos Technical Associates (LATA), 2400 Louisiana Blvd. N.E., Building 1, Suite 400, Albuquerque,
NM, 87110.
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is required by the Nuclear Regulatory Commission for

Individual Plant Examinations of External Events

(IPEEEs) for severe accident vulnerabilities.

The procedures for addressing relay chatter

effects in IPEEEs depend upon the approach taken for

the seismic evaluation. The seismic evaluation could

be either a deterministic or probabilistic approach.

The deterministic approach is a seismic margin review

of the plant, whereas a probabilistic approach is a

seismic PRA. Previous relay chatter studies (e.g.,

Seismic Margin Assessment of the Hatch Nuclear Plant

- Unit 1 ) have used the seismic margin review of the

plant approach and did not evaluate the impact of

relay chatter on the core fuel damage frequency.

for the ATR PRA, a probabilistic approach has

been performed to evaluate the impact of seismically-

induced relay chatter on the ATR core fuel damage

frequency. Several steps were taken to provide a

comprehensive and efficient relay chatter risk

analysis. These steps included (1) a screening

procedure to identify the critical relays to be

evaluated, (2) a streamlined seismic fragility

evaluation, and (3) a detailed event tree and fault

tree evaluation with the relay chatter events

included in the fault tree models. These steps, the

Table 1. Comparison of ATR and PWR characteristics

core fuel damage results obtained from the analysis,

and the sensitivity analysis results are presented.

The sensitivity analysis results show the impact of

including seismically-induced relay chatter events in

the seismic PRA.

DESCRIPTION OF THE PLANT

The ATR is a 250-HW(t) test facility located at

the INEL. The ATR, which began operation in 1968,

has a smaller core, higher power density, lower

primary coolant system (PCS) pressure and temperature

(350 psig and 170"F), and greater ratio of coolant

weight to power, than typical commercial pressurized

water reactors (PWRs).

Designed to study the effects of intense

irradiation on samples of reactor materials, the

unique cloverleaf shape of ATR's 1.2-m high core

provides positions for nine in-pile tubes (flux trap

positions), and numerous smaller irradiation

locations. The lobes of the cloverleaf core allow

various power levels to be established at different

lobe positions. Separate loop systems for each

in-pile tube provide coolant at the experiment's

designated temperature, pressure, and flow rate. A

comparison of the ATR to a typical commercial PWR is

presented in Table 1.

Reactor ODeratinq Conditions

Power HW(t)

Core power density (MW/1)
Operation pressure (psig)
Inlet temperature (°F)

Outlet temperature (°F)

Primary coolant flow rate (gpm)
Primary coolant weight (lb)

Primary coolant weight/thermal power (lb/MW)

Decay Heat (MW at 10 s)

(HU at 1 d)
Fuel

Total Uranium weight (lb)

Enrichment (% U-235)

Configuration

Matrix

Fuel temperature (°F)

Fission product inventory

ATR
250
1

355
125

170
<48,000

600,000
2,400

13
1.3

89

93

48 in. long Al plates

attached to side plates
UA1X

430

60-d operation
at 250 MW

PWR
2,000-4,000

0.1
2,250
550

600

300,000
450,000

170

135
19

180,000

2-4
Zirc rods containing
stacked pellets

uo2
2,000-3,000

10 times ATR
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The top of the ATR reactor vessel is located
at ground level, and two floors below house PCS pumps
and heat exchangers, switchgear, loop systems, and
other equipment. Framed with structural steel, the
confinement structure above the reactor is designed
as a barrier to radionucliae release into the
atmosphere. The ATR original design was to
1960 Uniform Building Code (UBC) Zone 2 provisions.
Some of the structures and components were later
evaluated for a safe shutdown earthquake (SSE) of
0.24g. It is planned that the ATR will remain in
operation through the first decade of the next
century, so an assessment of the additional risk
posed by earthquakes is in order. The seismic
accident sequence analysis performed for the ATR
includes a unique fault tree based treatment of
seismically induced-relay chatter.

SCREENING

The first step of the relay chatter risk
analysis involved a screening procedure to identify
the critical relays to be included in the seismic
event tree and fault tree models. The following
ground rule was established for the relay screening
process:

The relays of concern are those that cause a
piece of running equipment to shut down (or
otherwise behave inappropriately) if they are
subjected to seismically induced chatter.
Those relays which might prevent a piece of
equipment from starting if they are subjected
to seismically induced chatter during an
attempt to start are not to be considered.
The window of opportunity for such effective
relay chatter is sufficiently narrow to
provide much less risk to the ATR than that
provided by the relays that will be examined.

The relay screening procedure involved
several tasks. The first task entailed an
examination of the ATR PRA models to identify those
components and systems that are essential following
the occurrence of a seismic event and interaction
with non-essential component which might have an
adverse effect. The one-line electrical drawings of
these identified components and systems were then
reviewed to distinguish the relays associated with
these components and systems. This screening task
reduced the number of potential relays to be
evaluated from thousands to hundreds.

The next task involved further examination of
the one-line electrical drawings of the identified
components and systems. This additional review was
performed to identify only those relays that are
essential to the successful operation of the required
components and systems, e.g., starting relay. This
second task screened out all the nonessential relays
and reduced the number of potential relays down to
approximately 80.

The third task of the screening procedure
involved discussions with ATR Electrical Engineering
(ATR-EE) personnel to verify the specific type and
location of the identified essential relays. From
these discussions, solid state relays were identified
and screened out.

With the location of the remaining relays
known, the final task of the screening procedure was
performed. The final task consisted of a plant
walkdown with ATR-EE and EQE Engineering Consultants
(EQE) analysts. This walkdown was performed to
verify the exact location of the relays. This
walkdown also helped in screening out those relays
that were considered to be seismically robust based
upon type, e.g.. solid state relay. The procedure
used in the walkdown is summarized as follows:

Check whether the relays are firmly mounted
onto or within the cabinet.

Check whether the cabinet is properly
anchored to the floor. Note the details of
anchorage for fragility calculations.

Note the dimensions of the cabinet including
the metal thickness of the cabinet wall.

Check whether adjacent units which contain
essential relays and are close enough to
impact are bolted together.
Note the type of relay, manufacturer's model
number, and location within the cabinet and
with reference to the floor.

Note the location of the relay within the
cabinet and the location of the cabinet
within the structure to judge accessibility
for operator corrective action.

Several relays were recognized to be identical and
perform the same function in different circuits.
Therefore, they were grouped together. Some relays
on the preliminary list were identified to be solid
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state relays, molded case breakers or thermal
overload switches which were screened out on the
basis that they are inherently seismically rugged.
This final screening procedure task identified a
total of 17 relays that were considered to be
susceptible to vibration-induced chatter and
potentially important to seismic risk. These relays
were incorporated into the PRA seismic event models.

FRAGILITY EVALUATION

The next step of the relay chatter risk
analysis involved a streamlined seismic fragility
evaluation. Four categories of relays were
identified for the development of fragility curves.

Relays which are contained in switchgear
cabinets which control the breakers. These
are protective relays for current overload or
undervoltage.

Motor starter which are contained in motor
control centers or similar cabinets.

Relays which are contained in switchgear
cabinets which do not control the breakers or
relays which are mounted in other types of
cabinets.

Motor starters which are contained in non-
motor control center like cabinets.

Based on the type and location of the identified
relays during the plant walkdown, and past
experience, fragility curves were developed.

DETAILED RISK ASSESSMENT

RESULTS

The seismic event quantification produced
three accident sequences that have a core fuel damage
frequency greater than 1.0x10* /yr. The core fuel
damage frequency for the three accident sequences
vary from 9.4x10 to 1.3x10 /yr with a total mean
core fuel damage frequency of 2.1x10 /yr.

When all the non-seismic failures were
removed from the Boolean equations, the total mean
core fuel damage frequency was reduced to 1.5x10
/yr. Therefore, the seismic failures contribute

over 70% to the total core fuel damage frequency.

SENSITIVITY ANALYSIS

A sensitivity analysis to evaluate the impact
of including seismically-induced relay chatter events
on the ATR core fuel damage frequency was achieved by
the examining the results from a previous ATR seismic
event analysis that did not include seismically-
induced relay chatter events (Reference 1). The
results from the previous study contained the same
three accident sequences and their core fuel damage
frequency varied from 1.1x10 to 1.3x10 /yr with a
total mean core fuel damage frequency of 1.9x10 /yr.

When all the non-seismic failures were
removed from the Boolean equations of the previous
seismic analysis, the total mean core fuel damage
frequency was reduced to 1.5x10 /yr. Thus, the
seismically-induced relay chatter events have
negligible impact on the ATR core fuel damage
frequency.

CONCLUSIONS

The third step of the relay chatter risk
analysis was a detailed risk assessment. The
detailed risk assessment entailed modifying the
existing system fault tree models and requantifying
the seismic accident sequences. The system fault
tree models from the ATR PRA were modified to include
the identified critical relays as basic events.
These modified system fault tree models were then
linked with the seismic event tree from the ATR PRA.
The accident sequence Boolean equations were produced
and the seismic accident sequences were then
quantified.

The results from the seismically-induced
relay chatter risk analysis for ATR show that
seismically-induced relay chatter events have
negligible effects on the core fuel damage frequency.
The primary reason that seismically-induced relay
chatter events have negligible effects is because
station blackout is expected slightly above the SSE
value.
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ABSTRACT

Recent Department of Energy requirements have led to a comprehensive evaluation
of the industrial facilities at the Oak Ridge Y-12 Plant. The structures consist of simply
connected steel frames infilled with structural clay tile walls. The objective of the
evaluation was to determine the stability of the unreinforced infills, and whether they
provide the lateral capacity necessary to resist the moderate seismic hazard at the site.

Due to lack of information on the behavior of structural clay tile infills, various
large-scale tests were performed to investigate the in-plane, out-of-plane and combined
in-plane and out-of-plane behavior. The results of these tests are briefly summarized,
and the development of analytical guidelines based on these tests is given. Little
interaction between in-plane and out-of-plane loads was observed, both in terms of
stiffness and strength. Out-of-plane stability can be examined panel by panel based on
arching action. Inter-story drift does not appear to present a stability problem for the
type of infill construction investigated. In-plane behavior may be adequately modeled
with a nonlinear compression strut.

A typical building is chosen for an illustrative application. The methodology and
results of the seismic analysis are presented for this structure.

INTRODUCTION

Unreinforced clay tile infills present a complex
structural system that significantly alters the response of a
building. Although masonry infills have been studied by
several researchers, the state of knowledge of infilled frame
behavior is still somewhat limited. This is particularly true
of clay tile infills as most of the research has focused on
brick and concrete masonry.

To understand the behavior of clay tile infills, a
comprehensive testing and analysis program was begun.
The experimental program consisted of static testing of
various specimens essential to the understanding of clay tile
infill response under lateral seismic forces. Initial findings
have led to preliminary recommendations for the analysis of
clay tile infilled structures.

The typical construction being investigated is steel framing
having no moment-resistant connections and infilled with
unreinforced structural clay tile panels. The tile is laid with
the cores horizontal (side construction) using running bond.
Full width bed joints (Type N mortar) are provided but only
faceshell mortar is used in the head joints. The masonry is
bonded to the framing by packing mortar between the steel
and masonry. No reinforcement is present in the masonry.

Both single and double wythe construction are prevalent.
Single wythe construction consists of nominally 12"xl2"x8"
thick tile. The double wythe panels are made of 8" and 4"
thick tiles with their location staggered in alternating
courses. A gap of approximately 1.5" separates the wythes
with no significant collar joint present.
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MATERIAL PROPERTIES

Several tests were conducted to determine material
constitutive properties. Results of unit tile testing is
presented in Flanagan et al. [1]. Significant uniformity in
the tile was observed for dimensional and compressive test
parameters. Somewhat less uniformity was found for
tension, suction, and bond strength parameters.

Masonry prisms coi sisting of 2' by 4' assemblages
have been tested under uniaxial compressive loading. The
behavior is markedly different in the instance where the
compressive force is normal to the cores of the specimen
versus being parallel to the specimen cores. As indicated in
the stress-strain relationship of Figure 1, failure of prisms
with the cores normal to the load is abrupt following a
relatively linear behavior. Conversely, Figure 2 indicates
a more gradual failure mechanism with significant postpeak
capacity for prisms with the tile cores parallel to the
compressive force. Table 1 gives a summary of the
compressive test results for prisms of both orientations
based on gross area.

IN-PLANE BEHAVIOR

Thirteen in-plane racking tests were performed on
eleven large-scale clay tile infill specimens to determine the
behavior. Two of the infills were repaired or retrofitted
after the first test and retested under in-plane loads. The
specimens consisted of portal frames constructed similar to
the existing field conditions. The specimens were loaded
cyclically in-plane until failure. Particular emphasis was
placed on evaluating strength and stiffness degradation after
cracking.

The tests were designed to evaluate a variety of
engineering conditions including varying frame stiffness,
single and double wythe construction, varying panel aspect
ratio, offset panels, weak column/infill interface, and corner
openings. A summary of the tests is presented in the
schematic of Figure 3. Ultimate in-plane tension (pull) and
compression (push) forces are shown for each test.

Specimens 1 through 3 and 4 and 5 were designed to
envelope the in-situ infill stiffnesses for 8" and 13" walls
respectively. A measure of infill stiffness, Xh, proposed by
Stafford-Smith and Carter [2] was used to estimate relative
panel to frame stiffness. Specimen 2 which had a
moderately stiff frame was used as a control specimen when
evaluating other test parameters. With the exception of
specimen 9, all of the test frames were oriented with the
infill between the flanges and the columns bent about their
weak axis under in-plane loading.

Specimen 9 represented infill framing in which the wall
is butted against the outside face of the column flange. The
column is bent about its strong axis under in-plane panel
loading. This very stiff specimen represents an extreme
instance of relative frame to panel stiffness.

Seismic forces in an actual structure are transferred
from the steel framing to the clay tile walls. Thus, the in-
plane loading of all specimens was through the centroid of
the steel frame. Several types of interfaces exist between
in-situ clay walls and the enclosing frames. Specimen 7 was
designed to investigate the condition where the wall is offset
from the centerline of the framing.

Specimen 10a was constructed with an approximate 1"
gap between the infill and the columns. The beam interface
was snugly packed with mortar similar to the other
specimens. The resulting weak interface was devised to
bound the highly variable construction practice and quality
of workmanship in the field. After completion of the test,
the wail was repaired. All damaged tile were replaced, and
the corners reconstructed with solid concrete masonry units
and Type S mortar, with snug mortar packing along the
column web and beam flange. This new specimen, 10b,
was retested as a potential retrofit scheme to strengthen the
infill corners.

Specimens 2, 21a, and 17 enveloped the typical infill
aspect ratios found in the field. Each panel was nominally
8 feet high with lengths of 8, 10, and 12 feet respectively.
Specimen 21a was repaired after testing with all visibly
damaged tile replaced using normal clay tile construction
methods. The new specimen, 21b, was then tested in-plane
to failure to assess the capacity of a repaired infill
previously damaged by earthquake forces.

Finally specimen 24 is similar to specimen 21a except
that a 2 feet square opening was left in the upper loaded
corner of the panel. This configuration is typical of
industrial facilities with openings for air ducts and other
mechanical equipment.

A partial in-plane hysteresis curve is shown in Figure
4. At moderate to high loading, the infilled frame exhibited
a pinched hysteretic curve composed of two stages. For
small displacements, the infilled frame hysteretic curve was
nearly identical to that of the bare frame. Larger
displacements caused the infill to engage, greatly increasing
the stiffness of the combined system. The pinching was due
partly to interface degradation at the frame-panel boundary,
but primarily due to plastic deformations of the masonry.

Six limit states of the clay tile infilled frame are
identified in Figure 4. Although, these limit states occurred
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at different load and displacement levels for other
specimens, similar behavior was observed. As the
incremental increasing displacements were applied to the
frames, mortar cracking and separation at the base and top
of the panel was observed, followed by cracking in the
mortar joints of the upper corners. Next, diagonal mortar
joint cracks developed in both directions of the cyclic
loading. In the ensuing load cycles, parallel off-diagonal
cracks developed, as the initial diagonal crack width was
reduced. Subsequently, mortar crushing and tile cracking
occurred in the ; pper corners. Ultimate capacity of the
infilled frame was reached coincidentally with splitting of
the upper corner tiles along the intersection of the web and
faceshell. Finally, many of the upper course tiles split and
the corner crushing continued as whole tiles were destroyed
in the upper corners.

Preliminary observations from the series of in-plane
tests are as follows.

(1) In-plane strength of the steel framing is increased
dramatically by the addition of the clay tile infill. For many
specimens, the ultimate strength of the infilled panel was an
order of magnitude higher than the bare frame.

(2) In-plane stiffness of the steel framing is also
increased dramatically with the addition of the clay tile
infill. Under increasing displacement cycles, the secant
stiffness reduced gradually from the beginning of the
loading. The hysteretic loops were stable as indicated by
the second cycle of a given displacement typically following
the path of the first. For the larger specimens, there was a
noticeable reduction in stiffness coincident with the onset of
major diagonal cracking. Panel diagonal cracking occurred
at a shear stress of 15-20 psi measured on the gross
horizontal cross-section of the infill. For all specimens,
there was a marked shift in stiffness as ultimate capacity of
the infill was reached.

(3) Varying the steel frame stiffness had a significant
effect on the stiffness of the infilled frame system.
However, variations in frame stiffness had only a marginal
effect on the ultimate capacity of the infilled frame system,
after accounting for the different capacities of the steel
frames. For the stiffest infill specimens, the ultimate
capacity was reached at lower displacement levels than for
the softer infilled frames.

(4) Varying the aspect ratio of the specimens by
increasing the infill length increased the capacity of the
infilled frame system slightly. The longer specimens also
exhibited a more ductile post-peak behavior.

(5) Double wythe panels exhibited a similar failure
pattern as the single wythe specimens. A significant
separation of the wythes of the upper courses was observed
as the tiles of each wythe failed independently in the latter
portions of the load history. This follows logically as there
was no appreciable collar joint or other special binding to
prevent the wythes from responding separately. Little
additional strength was observed in the double wythe panels
as compared with the single wythe panels. Similar strength
comparisons can be made for single and double wythe
prisms with the load parallel to the tile cores.

(6) The in-plane stiffness and strength of an infill
partly enclosed in the framing was approximately that of a
concentrically constructed specimen times the ratio of the
net area enclosed over the total net area.

(7) The presence of a weak interface consisting of
nominal 1" gaps between the columns and the infill resulted
in a softer specimen throughout the in-plane loading. As
expected the lower displacement cycles were dominated by
the frame behavior but exhibited a pinched hysteresis early
in the loading due to the snug boundary at the beam/infill
interface. The ultimate strength of the weak interface panel
was only marginally smaller than that of a similar specimen
with solid boundaries.

(8) An opening in the upper loaded corner of an infill
resulted in a soft hysteretic curve for the push cycles of the
in-plane loading. 'ihe push cycles were similar to those of
the weak interface test. The stiffer pull cycles of the in-
plane hysteresis were similar to those of a solid panel. A
more dramatic postpeak strength degradation was also
observed for the panel with an opening. The presence of a
corner opening on the loaded side of the panel reduced the
ultimate in-plane capacity by 25% in the pull direction and
over 50% in the push direction.

(9) The repair of an infill (previously tested to failure)
by replacing all damaged tile (upper two courses) resulted
in a somewhat softer in-plane hysteresis and approximately
80% of ultimate capacity of an undamaged infill. The
retrofit of an infill with a weak column/infill interface
(previously tested to failure) by adding solid concrete
masonry units in the upper corners increased the infill
stiffness to that of a solid panel with no weak column/infill
interface. The ultimate strength of the retrofitted panel was
approximately 75% of an undamaged panel.

OUT-OF-PLANE BEHAVIOR

Eight infill panels were tested normal to the plane of
the wall under either simulated drift or uniform lateral
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pressure. Figure 5 provides a summary of the out-of-plane
testing.

INTER-STORY DRIFT
The stability of infill panels under cut-of-plane inter-

story drift was evaluated by testing two large-scale
specimens. Details of this study are contained in Flanagan
and Bennett [3]. The specimens were subjected to cyclic
out-of-plane displacements imposed at either the top or
midheight of the columns. The specimens were then loaded
in-plane to failure to determine the effect of the out-of-plane
drift on in-plane stiffness and strength.

Specimen 11 was loaded near the top of the columns
producing a cantilever type curvature. Increasing
increments of displacement were imposed up to
approximately 1.7 percent of the panel height. Minimal
damage to the masonry was observed in the form of hairline
cracks in the mortar joints.

Specimen 13 was first loaded near the midheight of the
columns with the top of the specimen restrained. This
produced a beam type curvature. Secondly, the upper
restraint was removed and the infill was subjected to a
cantilever curvature loaded near midheight. The maximum
midheight displacement imposed was approximately 1.2
percent of the height of measurement. Again, minimal
damage to the masonry was observed.

There was little relative movement of the infill panels
with respect to the steel framing as the out-of-plane drift
loading was applied. Infill panels constructed snugly to the
framing, but without ties or other reinforcing, were shown
to remain stable when subjected to cyclic out-of-plane drift
displacements within the range that a typical infill might
experience.

The results of the following in-plane tests were
compared to specimen 2 which was similar except having
been loaded only in-plane to failure. The in-plane failure
modes were similar to that of the control specimen. Only
minimal degradation of in-plane stiffness and strength
resulted from the out-of-plane drift displacements.

UNIFORM LATERAL PRESSURE
Three infill panels were tested out-of-plane with a

uniform lateral loading supplied by an air bag. The tests
were designed to simulate the inertial effects of the panel
normal to its plane. Each infilled frame was nominally 8
feet by 8 feet. Three different wall thickness were tested;
two single wythe panels of 4" and 8" and one 13" double
wythe panel.

Static load-unload cycles were applied to the specimens
until ultimate capacities were reached and overall panel
stability began to deteriorate. Two cycles were performed
at each increasing pressure increment. The pressure versus
midpanel displacement relationship for specimen 18 is
shown in Figure 6.

The behavior was dominated by arching action of the
masonry. With the presence of panel edge restraint,
membrane forces developed in the infill as fracture lines
divided the panel into separate segments. As the segments
moved out of the plane of the wall and rotated about their
boundaries, arching forces continued to develop until failure
in the masonry occurred along the boundaries.

Typically vertical arching developed as horizontal
cracking appeared in the bedjoint at midheight of the panels.
Ultimate capacity was reached as the upper course tiles
failed in a shear and tension mode. After reloading the
specimen, a similar type failure of the bottom course tiles
occurred. With the upper and lower course tiles damaged,
horizontal arching developed allowing for considerable
postpeak strength and stability.

The test specimens were designed to envelope the
range of typical infill height to thickness ratios. Allowing
that each specimen was the same height but with varying
thickness, the ultimate capacities appeared to vary with
square of the panel thickness.

Two additional specimens were tested using sequential
in-plane racking and out-of-plane air bag loadings.
Specimen 19 was first loaded to approximately 75% of
ultimate in-plane capacity using incremental cyclic
displacements. This partially damaged infill was then
subjected to uniform lateral pressure loadings. The ultimate
lateral capacity was approximately 85% of a similar
undamaged specimen.

Specimen 20 was first loaded with an uniform out-of-
plane pressure of approximately 75 % of ultimate. The infill
was then subjected to in-plane racking forces and achieved
approximately the same ultimate capacity as a similar
undamaged specimen.

BI-DIRECTIONAL BEHAVIOR

Specimen 23 was loaded with combined in-plane and
out-of-plane forces. After a series of cyclic racking loads
were completed, the in-plane drift was held as uniform
lateral pressure load-unload cycles were applied. This
sequence was repeated until ultimate in-plane capacity of the
infill was reached.
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The maximum out-of-plane load obtained was 2.3 psi,
or 60% of the pure out-of-plane capacity, under an in-plane
drift of 0.002. However, the system was still able to
withstand an out-of-plane load of 1.2 psi at an in-plane drift
of 0.015. Although some interaction of in-plane and out-of-
plane forces exists, this interaction does not appear to be
significant at low to moderate levels of loading.

ANALYSIS METHODOLOGY

For analysis of complex industrial facilities constructed
of steel framing infilled with structural clay tile, it assumed
that a three dimensional analysis may be required due to
geometric or mass eccentricities contributing to torsion.
Typically seismic analyses of such facilities are performed
using equivalent static or response spectra modal analysis.
The methodology for seismic evaluation of clay tile infills
described below is applicable for these instances as well as
simpler conditions where two dimensional analysis or cruder
approximate techniques are employed.

The process of evaluating infilled frames is as follows.
The masonry infill is idealized as an equivalent compression
strut in the plane of the wall. Because the stiffness of the
infill is a function of the previous load history, the strut
model is necessarily nonlinear. After seismic loads are
determined, the in-plane capacity of the infill is assessed
based on allowable strain in the masonry. The resulting
out-of-plane drift stability is assessed by comparison with
allowable ratios. Out-of-plane inertial strength is evaluated
by comparing maximum panel accelerations with equivalent
acceleration levels computed from uniform lateral load
equations incorporating arching action. Frame members are
evaluated based on the controlling in-plane drift and any
significant thrust forces due to arching.

The conditions required for a compression strut to
develop must be present. Openings, interface gaps, and
other discontinuities may affect development of a
compression diagonal. Equivalent strut methods are
typically formulated without consideration of vertical forces.
Thus, vertical loads should be omitted during lateral load
analysis and superimposed later.

Attention to detail in modeling the compression strut is
also important. For instance, the use of a nonsymmetric
strut may result in erroneous axial forces in members at
reentrant corners of buildings. It is recommended that a
compression only strut be used in each direction. If a
compression only element is not available, a tension-
compression truss member may be used with half the strut
area in each diagonal direction.

The compression strut formulation suggested is similar
to that developed by Stafford-Smith and Carter [2]. The
method has been extended to include nonlinear behavior of
the infill. The contribution to lateral stiffness may be
computed using the relationships of Equation 1-4. Refer to
Figure 7 for parameter details.

The length of column bearing on the infill, a (in), is
given by

a = (1)

where

\ =
Em t sin2Q

4 Es h * '
(2)

in which Em is the gross elastic modulus of the masonry
(psi), Es Ic the flexural rigidity of the column (psi, in"), 6
the slope of the infill diagonal to the horizontal, t the infill
gross thickness (in), and h' the infill height (in). The width
of the equivalent strut, w (in), is then determined by

w = cos0

and the area of the equivalent strut, a (in2) by

a - wt

(3)

(4)

It is suggested that the length of contact be limited to 20%
of the panel height (h'). The parameter C varies with the
in-plane drift displacement. Typical values of C are given
in Table 2.

For specimens in the range of height tested, ultimate
in-plane capacity of the clay tile infills should be limited by
a 1" in-plane drift displacement. This corresponds to an in-
plane drift of approximately 1%. Caution should be
exercised in extrapolating this drift limit for extremely tall
panels. In a recent test of a 24 feet tall by 28 feet long clay
tile infill specimen of similar construction [4], the ultimate
capacity was reached at a much smaller in-plane
displacement. It is believed that this ultimate load
corresponds to the panel cracking load exhibited in the
smaller specimens. In the large panel, the panel cracking
load was reached early in the loading sequence and was
greater than the corner crushing mode of failure. This type
of failure may be less prevalent in slightly cracked panels
typical of existing masonry infill construction. Precracked
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panels will more likely be controlled by corner crushing
modes of failure and should exhibit more gradual stiffness
reductions and strength increases through cycles of in-plane
loading.

An upper limit of 50 kips for single wythe panels and
60 kips for double wythe panels should also be used for the
in-plane capacity of the infills (maximum horizontal
component of equivalent strut force). Stiff frames creating
a greater length of contact along the infill will be limited by
this criteria and will reach predicted ultimate capacity at a
lower in-plane displacement.

Beyond peak capacity the in-plane strength of the infill
is assumed to reduce to 75% of peak at an in-plane drift of
1.5 times the displacement at peak. Postpeak testing of the
infilled frames indicates significant capacity well beyond a
displacement of 1.5 times that reached at peak capacity.
However, this displacement serves as a practical limit in
predicting repairable damage levels of the masonry as well
as an indicator of potential damage to the columns.

Specimen 17 has been used to illustrate the nonlinear
compressive strut method. The results of this equivalent
strut method compare well with the envelope of observed in-
plane hysteretic behavior. Figure 8 presents a comparison
of test versus analytical methodology. The test specimen
consisted of partially restrained connections, so a fixed base
and pinned base calculation with the compressive strut
formulation is given. The masonry elastic modulus used in
the calculations is from the prism tests with the compressive
load parallel to the tile cores. Although the state of stress
in the corners of the masonry panels is biaxial at low
precracking load levels, the behavior of the panel appears to
be more influenced by the compressive behavior in the
lateral direction at higher load levels.

Out-of-plane story drifts due to the relative top-bottom
displacements of orthogonol walls may be evaluated based
on an allowable drift ratio of 1 %. Panels drifts exceeding
1 % may be stable but require more detailed evaluation.

Out-of-plane inertial loads are evaluated for individual
panels based on the maximum acceleration computed for a
given elevation. The uniform lateral load capacity, q (psi),
of an individual infill may be determined from

< 7 = 0 . 8 / m
a 7 5 < 2 ( - (5)

/2.5 V / 2 . 5 '

in which f̂  is the masonry gross compressive strength (psi)
and I' the infill length (in). Originally developed by Dawe

and Seah [5], this relationship incorporates arching action
for infills supported on all four boundaries.

The parameter a is a measure of (he relative stiffness
of the bounding columns

a = - ( Es I, hn + Gs Jc t h' )025 < 35 (6)

in which Gs is the column shear modulus, and Jc the column
torsional constant. The parameter /3 is a measure of the
relative stiffness of the bounding beam

P = ji ( ^ V 2 + Gs Jb t I')°* < 35 (7)

in which Ih is the beam moment of inertia and Jb is the beam
torsion constant. Effective acceleration limits may be
computed from the ultimate static pressures and compared
with the results of the dynamic analysis.

Figure 9 presents a comparison of this uniform lateral
capacity formulation for various h/t ratios versus the results
of three static pressure tests. Good correlation of test data
is made with these arching equations. The masonry strength
used in the calculations is from the prism tests with the
compressive load normal to the cores. This is appropriate
as the primary behavior mode of the panels was vertical
arching (horizontal cracking) prior to peak capacity.

Frame member forces may be computed from the in-
plane and out-of-plane behavioral conditions. Forces in the
columns due to in-plane loading may be estimated based on
the in-plane drift of the frame and the contact forces
computed along the column infill boundary. Similarly,
uplift forces in the beam may be computed based on the
contact along the beam/infill boundary. Depending on the
construction, the bending forces in the beam resulting from
lateral loading may be negated by those resulting from
vertical loads.

For out-of-plane drift, the frame forces are estimated
directly from the level of frame drift. In the case of out-of-
plane inertial loads, the frame thrust forces due to arching
action require more detailed evaluation. Depending on the
vertical loading in the beam and the presence of adjacent
infills along the columns, these thrust forces may also be
negated.

ILLUSTRATIVE EXAMPLE

A three dimensional modal analysis of a prototypical
industrial facility was performed using the previously
described analysis methodology. Although many
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simplifications have been made in the details of the
structure, this prototypical building is of the same general
size, mass, eccentricity and construction as many existing
facilities.

A schematic showing plan and elevation views of the
structure is given in Figure 10. The building includes three
full stories with a penthouse creating part of a fourth floor.
W 16x67 columns are used throughout with W24x76 floor
beams and W16x45 roof purlins. The steel frame is infilled
with structural clay tile around the perimeter of the building
and in two interior bays. A open area with no masonry is
assumed in the two bays comprising the reentrant corner of
the building.

Infill walls in the first story are 13" double wythe
construction and the top three stories are 8" single wythe
construction. The double wythe walls have been assumed
to weigh 52 psf and the single wythe walls 32 psf. Total
floor loads have been taken as 120 psf and roof loads taken
as 30 psf.

Two seismic inputs were used in the analysis. The
first is a 0.15g Newmark-Hall response spectra and the
second is a 0.18g site specific response spectra developed
for the Oak Ridge, TN area and incorporating eastern U.S.
earthquake characteristics and the latest Department of
Energy hazard criteria. Figure 11 provides a graph of the
two input spectra for 10% damping. These spectra were
used for both horizontal acceleration inputs and the vertical
input was assumed to be 2/3 of the horizontal. The modal
analysis results for different spectra directions and modes
were combined using the square root of the sum of the
squares method (SRSS).

Fundamental frequencies of the structure are presented
in Table 3. There is a significant difference in the building
frequencies for the two analyses since the stiffness of the
infills is nonlinear and based on the strain in the masonry.
Sufficient modes were used in the analysis to obtain at least
95% mass participation. An amplified displaced shape of
the structure under Newmark-Hall is shown in Figure 12.
For the in-plane evaluation of the masonry infills, column
line 3 bay CD has been highlighted. See Tables 4 and 5 for
details. The Oak Ridge site specific earthquake has less
acceleration input for lower frequency ranges and thus the
in-plane drift and compression strut forces are less than for
the Newmark-Hall spectra. Using the in-plane drift
displacements or C values, the masonry damage levels may
be roughly correlated with those in Table 2. For Newmark-
Hall, the lower stories are near ultimate capacity and some
tile cracking in the corners would be expected. For Oak
Ridge, only diagonal cracking would be expected.

Maximum out-of-plane nodal accelerations and their
locations are tabulated for both seismic inputs in Table 6.
Since the frequency of the panel is significantly higher than
the building structure, the maximum panel acceleration is
approximately the nodal acceleration. Using equation 5, the
capacity is 0.44 psi or 2g, which is significantly greater than
predicted panel accelerations. Therefore, no panel stability
problems are expected.

CONCLUSIONS

A rational method for seismic analysis of steel frames
infilled with structural clay tile is presented. The
methodology has been validated with a significant of amount
of large-scale experimental results. The method
accommodates standard techniques for dynamic analysis
while incorporating the nonlinear behavior of masonry infills
in a computationally efficient manner.
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Table 1 Summary of Prism Compression Tests

Parameter

c a»si)
Em (ksi)

Strain at f̂,

8" Prism

Parallel to cores

436

329

0.00222

Normal to cores

810

768

0.00135

13" Prism

Parallel to cores

372

410

0.00125

Normal to cores

332

731

0.00088

Table 2 Typical Values of C for Varying In-Plane Drift Displacements

c
5

7

11

14

16

18

-

Displacement (in)

0.0-0.05

0.05-0.2

0.2-0.4

0.4-0.6

0.6-0.8

0.8-1.0

1.5 x Disp @ Ultimate

Typical Infill Damage

None

Diagonal Mortar Joint Cracking

Off Diagonal Mortar Joint Cracking

Banded Diagonal Mortar Joint Cracking

Corner Mortar Crushing and Tile Cracking

Tile Faceshell Splitting (Primarily Corner Regions)

Tile Faceshell Spalling

Table 3 Summary of Fundamental Natural Frequencies

0.15g Newmark Hall Spectra

NS

2.2 Hz

EW

1.2 Hz

VER

11.9 Hz

% Mass

90

78

26

0.18g Oak Ridge Site Specific Spectra

NS

2.6 Hz

2.8 Hz

EW

1.6 Hz

VER

12.1 Hz

% Mass

88

56

31

28
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Table 4 Summary of In-Plane Forces for Column Line 3 Bay CD - 0.15g Newmark Hall

Elevation

1060

1045

1030

1015

1000

Story

4

3

2

1

C

7

7

14

16

A (in)

1.36

1.28

1.13

0.60

0

5 (in)

0.08

0.15

0.54

0.60

Strut Force (k)

8.3

16.5

28.4

46.6

Strut Allowable (k)

58.3

58.3

58.3

70.0

Table 5 Summary of In-Plane Forces for Column Line 3 Bsy CD - 0.18g Oak Ridge

Elevation

1060

1045

1030

1015

1000

Story

4

3

2

1

C

5

5

7

7

A (in)

0.35

0.32

0.27

0.14

0

5 (in)

0.03

0.05

0.13

0.14

Strut Force (k)

7.7

8.8

14.1

24.1

Strut Allowable (k)

58.3

58.3

58.3

70.0

Table 6 Summary of Maximum Nodal Accelerations

0.15g Newmark Hall Spectra

Direction

NS

EW

VER

Acceleration (g)

0.39

0.35

0.23

Location

Al

B5

C2

Elevation

1045

1045

1060

0.18g Oak Ridge Spectra

Direction

NS

EW

VER

Acceleration (g)

0.25

0.33

0.35

Location

Cl

A5

C2

Elevation

1060

1045

1060
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Figure 3 Summary of In-Plane Testing

'3

1 - Diagonal Mortar Joint Cracks
2 - Off Diagonal Mortar Cracks
3 - Mortar Crushing, Tile Cracking
4 - Tile Splitting (Ultimate Load)
5 - Tile Faceshdl Spilling
6 - Loss of Upper Course Tiles
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Figure 4 Partial In-Plane Hysteresis of Specimen 17
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Figure 5 Summary of Out-of-Plane Testing

1 - Horizontal Crack at Midheight
2 - Splitting Sounds in Tile
3 - Failure of Upper Course Tile
4 - Failure of Bottom Course Tile
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The Effect of Prior Out-of-plane Damage on the In-plane
Behavior of Unreinforced Masonry Infilled Frames

R. C. Henderson and W. D. Jones
Center for Natural Phenomena Engineering

Martin Marietta Energy Systems, Inc.
Oak Ridge, TN 37831

E. G. Burdette
223 Perkins Hall

The University of Tennessee
Knoxville, TN 37996-2010

M. L. Porter
416A Town Engineering Bldg.
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Ames, Iowa 50011

In order to address the effect of prior out-of-plane damage on the in-plane
behavior of unreinforced masonry infills, two full-scale (24 feet tall by 28 feet
long) structural clay tile infills and one frame-only (no infilling) were
constructed and tested. The infilled frame, consisting of two wide flange
columns surrounded by masonry pilasters and an eccentric wide flange purlin,
was identical to many of the infills located at the Oak Ridge Y-12 Plant*. The
masonry infill was approximately 12.5 inches thick and was composed of
individual four- and eight-inch hollow clay tile (HCT) units. One of the infill
panels was tested out-of-plane by four quasi-static actuators - two on each
column. The test structure was deflected out-of-plane equally at all four actuator
locations in order to simulate the computed deflection path of the top and bottom
chords of a roof truss framing into the columns at these locations. Prior to the
infill testing, a bare frame was loaded similarly in order to determine the
behavior and stiffness contribution of the frame only. Following the out-of-
plane test of the infilled panel, the structure was loaded in-plane to failure in
order to ascertain residual strength. A second, identical infilled frame was then
constructed and tested in-plane to failure. In this way, in-plane behavior with
and without prior out-of-plane damage could be established and compared. For
both out-of-plane and in-plane testing, reversed-cyclic quasi-static loading was
used in order to obtain full tension/compression hystereses. Also, natural
frequencies of the first infilled panel were determined before and after the out-of-
plane testing. This paper describes the test series and discusses the conclusions
pertinent to the effect of out-of-plane cracking on in-plane stiffness and behavior.

Managed by Martin Marietta Energy Systems, Inc. for the U. S. Department of Energy under contract
DE-AC05-84OR21400
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INTRODUCTION

The use of structural steel frames infilled
with unreinforced masonry (URM) is a common
construction technique, particularly in older
industrial facilities. Infilled frames are very efficient
structural elements in that the construction process
is uncomplicated and the resulting structure
responds to in-plane lateral loads with significant,
stiffness and ductility [1, 3]. Because of the
stiffness of the infill material and the confinement
provided by the surrounding frame, the infilled
structure demonstrates much greater strength and
ductility than either of the two materials acting
independently.

Infilled frames subjected to seismic forces
must typically resist earthquake components both in-
plane and out-of-plane. Often, when buildings are
composed of infilled walls in one direction and
moment resisting frames in the orthogonal direction,
out-of-plane damage to the URM results from
seismic drift (as opposed to inertia! forces of the
infill material). Tests have shown that small
amounts of out-of-plane drift may produce full crack
patterns that completely penetrate the thickness of
the infill material [2, 3]. Hence, the URM in most
infilled frames has likely experienced some degree of
post-elastic behavior (i.e., mortar joint cracking,
degradation of the frame to infill connectivity, etc.)
over the structure's full displacement history.
Therefore, the effect of prior damage on the in-plane
behavior and capacity of infilled frames is important
to understand.

Toward this end, Martin Marietta Energy
Systems, Inc. and Iowa State University have tested
two, full-scale frames infilled with hollow clay tile
(HCT) as shown in Figure 1 and one, full-scale steel
frame without infilling. Reversed-cyclic,
sequentially-displaced, quasi-static loads were
applied to the bare frame out-of-plane in order to
determine a baseline stiffness and rotational spring
constants for the column to floor connections. The
first infilled frame was subjected to significant out-
of-plane, quasi-static deflection followed by in-plane
quasi-static loading to failure. The second infilled
frame was tested to failure by applying in-plane,
quasi-static loads without prior damage. This paper

discusses the effect that prior damage has on the in-
plane behavior and capacity of infills.

TEST STRUCTURE

The type of construction used in this testing
is unique in that an attempt was made to replicate as
closely as possible the in situ conditions of many of
the walls at the Department of Energy's Y-12 plant
(circa 1940). The construction process, also
described in Reference [2], was as indicated in the
following paragraphs. The two wall specimens were
full-scale (24 feet tall by 28 feet long) hollow clay
tile infills constructed with cores running
horizontally. The wall panels were double wythe
and built with a mortar mix conforming to ASTM C
270 Type N mortar. The walls were composed of
four- and eight-inch HCT with a 0.75-inch collar
joint so that the full wall thickness was
approximately 12.5 inches. The HCT were laid with
running bond; however, the construction was
somewhat atypical in that the four- and eight-inch
block alternated positions from course to course
(i.e., there was no full-height collar joint), thereby
creating composite wall behavior. Bed joints were
1/2-in. thick, full and continuous, and head joints
were 3/8-in. thick with mortar applied to the face
shells only. No reinforcement was used in the
masonry.

Red clay (terra cotta) tile units
manufactured to comply with ASTM C 34 Grade
LBX (structural clay load-bearing wall tile)
specifications were used to construct the infills.
These cored tile units were sampled and tested in
accordance with ASTM C 67. Likewise,
representative mortar cube specimens were made
during construction of the walls and tested at 7, 14,
21 and 28 days in accordance with ASTM C 109 as
were six-inch mortar cylinders. The average 28-day
mortar compressive strength for the cylinders and
cubes was 1700 psi and 1900 psi, respectively.
Additionally, twelve bond wrench specimens for the
first wall and eleven for the second wall, for a total
of twenty-three specimens, were constructed and
tested per ASTM C 1072. The average ultimate
bond strength was 110 psi with no distinguishable
difference between the four- and eight-inch blocks.
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Also, a parallel study on the prism compression
strength of the block and mortar combination used in
the full-scale wall testing was performed by the
National Institute for Standards and Technology as
per ASTM E 447. Twenty, 12.5-inch prisms were
constructed and tested (10 parallel to the cores and
10 normal to the cores). The average parallel and
normal compressive strengths on the gross section
were 880 psi and 480 psi, respectively.

Wall-to-column connectivity was developed
via 25-inch wide by 16.5-inch thick pilasters that
were composed of four- and six-inch HCT. The
four- and eight-inch blocks used in the wall
construction did not extend into the column flange
area; however, studies of the in situ wall-to-column
interfaces, from which the test structure was
constructed, indicated that considerable keying of the
wall to the column existed as a result of substantial
scrap and mortar inside the column flanges as shown
in Figure 2. The effectiveness of the wall-to-column
connection was further augmented by horizontal wall
cores and vertical pilaster cores, thereby allowing
for the transfer of mortar from one course to an
adjacent course during the construction process.

Minimal rotational resistance at the column
to floor connection was desired as a further means of
replicating in situ boundary conditions. However,
extremely large uplift forces coupled with the high
magnitude in-plane racking loads, precluded the use
of typical "pinned" type connections. In an effort to
satisfy high uplift forces and minimal rotational
capacity, a portion of the column web was removed
so that a single anchor bolt could be used as a tie
down (See Figure 3). The out-of-plane shear
resistance, lessened by the removal of a portion of
the column web, was replaced by the connection of
shear members to the column flanges. The anchor
bolts extended through the base plate, a rocker plate,
and the laboratory floor. The rocker plate had an
area slightly greater than the cross-section of the
W10 column and was used as a means of precluding
prying action of the base plate and to more closely
represent the rotational resistance of the in situ
column-to-floor connections.

The structural steel frame for the frame-only
testing as well as the infill tests consisted of two

wide-flange columns (W10X33) and a wide-flange
purlin (WI6X36) as shown in Figure 4. The W16
purlin had coped flanges at the ends of its length and
its web was bolted to the flanges of the W10
columns. The web of the W16 purlin was flush
with the face of the wall (i.e., the inner flanges of the
W16 were embedded in the wall) thereby creating an
eccentricity in the in-plane load path. The columns
were oriented such that weak-axis bending was in
the plane of the wall (See Figure 1). The beam was
oriented with its strong axis resisting vertical loads
(See Figure 4).

TEST PROCESS

Similar to the wall construction process,
which was specifically intended to replicate the
existing infill structures at the Department of
Energy's Y-12 plant, the intent of the test process
was to simulate the method of application and
intensity of load that can be expected from seismic
forces in situ. The testing process, also described in
Reference [2], was as indicated in the following
paragraphs. The in situ out-of-plane forces are
resisted by trusses that connect to the exposed
flanges of the infilled frame columns at the top and
bottom chord locations. Because of the stiffness of
these trusses (in the plane of the truss) there is little
differential, horizontal movement at the top and
bottom chord point where the truss frames into the
infill column. Furthermore, because of the stiffness
of the trusses as compared to the out-of-plane
stiffness of the infill, the truss drift essentially
governs the out-of-plane motion (behavior) of the
system. For these reasons, the infilled frame drifts
out-of-plane in response to the lateral loads applied
by the trusses. These out-of-plane forces can be
simulated by four actuators — one at each of the top
and bottom chord locations — that cycle with equal
deflections. Thus, the bare frame and the first infill
panel were tested out-of-plane by four quasi-static
actuators — two on each column (See Figure 5).

The in situ in-plane forces are transmitted
from the steel trusses and the roof diaphragm into
the purlin which connects to the infill as well as to
the W10 columns as shown in Figure 4. The in-
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plane deflection-controlled loading was applied at
the purlin location through an extension arm by a
200-kip tension/compression actuator. The
following sections describe the out-of-plane
followed by in-plane testing of the first infilled panel
as well as the in-plane testing of the second infilled
panel.

OUT-OF-PLANE TESTING (1 s t INFILL)
The first infilled panel was deflected out-of-

plane equally at all four actuator locations in order
to simulate the computed deflection path of the top
and bottom chords of a roof truss framing into the
columns at these locations (the computed deflection
assumes no arching action of the infill). The out-of-
plane, quasi-static loading process consisted of
incrementally increasing cyclic displacements until
the predetermined deflection or a desired limit state
was achieved.

The instrumentation used in the first infilled
frame test consisted of 28 displacement transducers
(8 on the pilasters and 20 on the wall as shown in
Figure 5), 15 quarter-bridge strain gages (6 on the
outer flanges of each column and 3 on the outer
flanges of the purlin), and 4 crack-o-meters for
measuring horizontal crack width at the base and
lower actuator locations. The out-of-plane
deflection limit for the infilled panel was 2.6 inches
and was selected such that significant damage would
be applied to the infill out-of-plane before continuing
the test sequence with in-plane loading. Reversal of
the cycling direction occurred at every 0.05-inch
displacement increment.

The four actuators were driven by four,
independently-acting hydraulic hand pumps. Hand
pumps were used to maintain control of the applied
deflections to within 0.02 inches of differential
displacement (less than 1% of full displacement).
The minimization of differential displacement at the
actuator locations was necessary to avoid torsion of
the test structure and to ensure uniform and
symmetrical behavior as would occur in situ.

IN-PLANE TESTING (1 s t and 2 n d INFILL)
In-plane, quasi-static loading was applied to

both of the test structures at the purlin location as
shown in Figure 6. The W16 purlin was extended

out and attached to a 200-kip load cell and actuator
for application of the in-plane load. Eight string
potentiometers, four on each end of the test
structures, were used to measure lateral
displacement. Two diagonal deformation gages
measured diagonal shortening and lengthening of the
panel orthogonal to the compression strut.
Additionally, 15 strain gages were placed at the
outer flange edges of the columns and purlin in order
to measure in-plane strain, and ultimately stress, in
the frame.

The in-plane actuator was driven by a hand
pump at the onset of the testing and, later, by a
single electric pump. The hand pump was used
initially in order to apply finely controlled reversing
cycles at every 0.05 inches. Later, as the in-plane
stiffness of the test structure degraded, an electric
pump applied the load required for displacement
cycles of 0.1 inches. Both infilled frames were
cycled to a maximum displacement of 3.0 inches in
tension and compression; however, only qualitative
data (i.e., crack propagation and damage levels)
were recorded for the first infill after an applied
displacement of 2.0 inches.

TEST RESULTS

The out-of-plane and in-plane test results for
both infills, also described in Reference [3], were as
indicated in the following paragraphs.

OUT-OF-PLANE (1 s t INFILL)
Thorough preliminary analyses of the test

structure using finite elements were performed prior
to testing in order to predict the magnitude of
actuator loads as a function of applied deflection as
well as to determine behavior and crack patterns.
Damage to the test structure as a result of applied
out-of-plane displacements was, generally, as
anticipated. Overall panel damage was primarily
confined to bedjoint cracking (i.e., horizontal cracks
formed at the mortar interface between structural
clay tile courses); however, some headjoint cracking
(i.e., vertical cracks formed at the mortar interface
between adjacent masonry units in the same course)
did occur. Damage to the HCT units themselves
was extremely rare and consisted of localized,
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vertical microcracking at the edges of the HCT
blocks near the bed joints.

At the onset of testing the infill behaved as if
fixed at the base; thus, the highest bedjoint stresses,
those resulting from negative moment, were between
the floor and the first course. A base crack began to
appear in the regions near both columns at an
applied displacement of 0.1 inches and propagated
inward toward the centerline. As the migration of
the base crack from each column was approximately
half complete, a second crack pattern at the lower
actuator location began near each of the columns.
Because cracking at the base relieved some of the
flexural stress, a continuous transition from double-
curvature bending to single-curvature bending
ensued. In a similar fashion, as complete crack
patterns formed, flexural stresses were redistributed
until the infill structure behaved, essentially, as a
series of horizontal beams. The final crack pattern,
at an applied displacement of 2.6 inches, is shown in
Figure 7.

Figure 8 shows the out-of-plane, load-
displacement hysteresis at the lower actuators.
Initially, the infill panel was quite stiff, resisting the
applied out-of-plane loads at 90 kips/inch.
However, stiffness was significantly reduced with
the formation of each bedjoint crack. At the
completion of the out-of-plane testing, the lateral
stiffness had been reduced to 18 kips/inch — twenty
percent of the original value. This final stiffness
was approaching that of the bare frame, which was
determined to be 10.8 kips/inch. The applied out-of-
plane drift resulted in numerous fully-penetrating
crack patterns, in addition to a corresponding loss in
stiffness. However, because of the confinement
provided by the structural steel frame, the infill
panel was still completely stable and laterally
resistive.

IN-PLANE (1st INFILL)
The first visible response to the applied

displacement was widening of the vertical headjoint
cracks that existed as a result of the out-of-plane
loading. Soon thereafter, significant sliding of the
upper portion of the structure was observed along
the preformed, out-of-plane crack patterns shown in
Figure 7. Differential movement between the top

and bottom of the test structure was approximately
1/8 inch early in the loading sequence with
maximum values of near 1/4 inch later in the testing.

Up to 0.75 inches of applied displacement,
only small to moderate amounts of additional
damage to the infill panel occurred. Cracks that did
occur during this displacement range were
characteristic mortar joint stair-step-cracks,
propagating generally from the lower comers toward
the upper corners. However, this cracking tended to
be discontinuous and bounded by the pre-formed
horizontal bedjoint cracks. Thus, it appears that
when through-cracks of significant length are
present, sets of discontinuous compression struts
replace the single, diagonal compression strut typical
of in-plane loads on a virgin structure [3].

The displacement range from 0.75 inches to
2.0 inches was marked by the onset of HCT block
damage. The most severe block damage began and
was concentrated in the upper corners on the purlin
side and resulted from compression and buckling of
the face shells caused by bearing of the steel frame
on the infill material. The onset of full face shell
spalling began at an applied displacement of just
over 2.0 inches and propagated from the
column/purlin juncture toward the center of the
infill. Final damage to the infill at a displacement of
approximately 3.0 inches was marked by large,
symmetrical openings in the infill as indicated in
Figure 9.

Figure 10 shows the in-plane, load-
displacement hysteresis for the first infilled pane!.
Initial tensile stiffness was 790 kips/inch while the
initial compressive stiffness was 390 kips/inch. This
difference, attributable to greater out-of-plane
damage on the compression side, diminished to near
zero after the first few cycles. Loads gradually
increased to the peak values of 49 kips (A = 1.15
inches) and 64 kips (A = 0.75 inches) for tension and
compression, respectively. As illustrated by the
smoothness of the hysteresis (and corroborated by
the recorded cracking) damage occurred in a very
flexible fashion without sudden stair-step-cracking
and accompanying sharp drops in load or increases
in deflection.
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IN-PLANE (2 n d INFILL)
The second infill panel was extremely stiff

upon the application of in-plane loading and little or
no visible movement or damage was recorded for the
first two cycles (up to about 0.10 inches). However,
as a deflection of 0.15 inches was reached on the
compression stroke, loud popping occurred and stair
step cracks, emanating from the compression toe
diagonally to the center of the wall, were recorded on
both sides of the test structure. This same
phenomenon occurred on the tension stroke with a
diagonal crack propagating from the opposite corner
to the center of the panel. Separation of the infill
material from the surrounding steel frame occurred
at the same time or slightly before the first lower-
structure diagonal crack and may have actually been
a catalyst for this behavior.

As in-plane applied displacement was
increased, numerous brittle diagonal cracks were
formed in the upper portion of the infill. This
cracking occurred on both sides of the test structure
and was symmetrical in the upper corners. At
approximately 1.3 inches of applied displacement,
spalling of the face shells began on the frame side of
the panel. This spalling began soon thereafter on the
pilaster side and for both cases propagated from the
center toward the column/purlin juncture. Though
the interim behavior of the second infill was
considerably different than that of the first, the final
damage conditions were virtually identical (i.e., very
similar to that shown in Figure 9).

Figure 11 shows the in-plane, load-
displacement hysteresis for the second infilled panel.
Initial tensile and compressive stiffnesses were 820
and 930 kips/inch, respectively. The maximum
tensile and compressive loads of 51 kips (A = 0.10
inches) and 61 kips (A = 0.12 inches) were achieved
on the third hysteretic loop. Immediately thereafter,
a dramatic loss in load capacity occurred which
corresponded to the first incidence of diagonal
cracking on the tension and compression strokes.
After reaching approximately 1.2 inches of
displacement, the load declined almost linearly for
both tension and compression with a final in-plane
stiffness of approximately 5 kips/inch.

CONCLUSIONS

The comparison of in-plane data for the two
infilled panels indicates that prior damage reduces
initial in-plane stiffness. Also walls with prior
damage respond to loads in a much less brittle
fashion than those with no prior damage. This is in
direct contrast to virgin structures that store
considerable potential energy under the first few
cycles of applied displacement and release it in a
sudden fashion through brittle diagonal stair-step-
cracking. The primary conclusion from the
complete test sequence is that prior damage to infill
structures has little effect on the overall in-plane
performance or the final damage state as long as
confinement by the frame is maintained. This fact is
very important to the analysis of most older
structures, which have, typically, been subjected to
some cracking [4]. The response that would
logically come from conclusions drawn from this
research is a reassessment of the current design
standards for infilled masonry construction.
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FIGURE 7: OUT-OF-PLANE CRACK PATTERN
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OVERVIEW OF SEISMIC BASE ISOLATION SYSTEMS, APPLICATIONS, AND
PERFORMANCE DURING EARTHQUAKES *

David J. Trummer and Stanley C. Sommer
Lawrence Livermore National Laboratory

P.O. Box 808, L-197
Livermore, California 94550

ABSTRACT

Seismic base isolation is a technique for mitigating the effects of earthquakes on
structures. A structure is decoupled from the potentially damaging forces of an
earthquake by placing a flexible isolation system between the structure and the ground.
A database has been created for the U.S. Department of Energy which contains
information about systems used to achieve seismic isolation, their applications in
structures, and how they have performed during earthquakes. This paper will present an
overview of the database.

INTRODUCTION

There are many U.S. Department of Energy (DOE)
facilities which operate in areas of high seismic hazard. A
potential method of reducing the effects of earthquakes on
these facilities is seismic base isolation. In the United
States, seismic base isolation has been used in new
buildings, existing buildings, and large equipment. In order
to apply seismic base isolation within the DOE, further
technical development is needed to develop criteria for
meeting DOE performance goals using base isolation.

As part of the technical development, a database has
been created for the DOE which contains information about
systems used to achieve seismic isolation, their applications
in structures, and how the isolated structures have
performed during earthquakes. The database is based on
information contained in the Natural Phenomena Hazards
Technology Center at the Lawrence Livermore National
Laboratory (LLNL). Currently, the LLNL database includes
information only on U.S. applications of seismic base
isolation systems and the responses of the systems to U.S.
earthquakes. The LLNL database will be expanded next
year to include worldwide applications and system
responses. Information in the database about the
characteristics of the base isolation systems, on the other
hand, is not limited to U.S. suppliers and fabricator,- since a
system developed outside the U.S. could be implemented in
a structure built in the U.S.

The LLNL database is not complete at this time and
will evolve as the technology of base isolation evolves.
Comments on the database are welcome to help make it
more complete and to keep it current. One goal of
developing the database is to make it useful for other
organizations besides the DOE.

This paper gives an overview of the LLNL database.
The tables in this paper are based on the database and
provide information on base isolation systems, their
applications, and their performance during earthquakes. The
papers listed in the bibliography at the end of this paper are
the sources of information for the LLNL database.

SEISMIC BASE ISOLATION SYSTEMS

Seismic base isolation can be achieved in many
different ways. The basic elements of seismic isolation are
flexible mounting systems that typically include some
means of damping. These flexible devices shift the response
of a structural system away from the peak response of an
earthquake in order to limit the forces which can be
generated in the supported structure. Damping is used with
the devices to dissipate the ground motion energy and to
limit the displacements of the flexible system to acceptable
limits. An isolation system also provides rigidity under low
lateral loads. Currently, the main types of flexible mounting
systems are elastomeric bearings and friction sliders. These
two systems are shown in Figures 1 and 2, respectively.
This paper describes the following versions of the two types
of seismic base isolation systems: lead rubber and high
damping rubber elastomeric bearings, and the Friction
Pendulum System which is a friction slider.

Elastomeric Bearing • Lead Rubber
The lead rubber elastomeric bearing is a block of

laminated rubber with a cylindrical core of pure lead (see
Figure 1). The laminated rubber consists of closely spaced
horizontal steel plates that are bonded to the rubber during
fabrication. These steel plates confine the lead plug and
provide vertical stiffness to the bearing by inhibiting the
rubber from bulging outwards. Under low horizontal
displacement, the lead plug remains elastic and provides

* This work was performed at Lawrence Livermore National Laboratory under the auspices of the United States Department
of Energy, Contract No. W-7405-ENG-48.
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wind restraint with its high lateral stiffness. However, at
large displacements, the lead yields to provide damping.
This damping absorbs earthquake energy and helps control
lateral displacements. Table 1 provides a list of
performance issues and characteristics for lead rubber
isolators.

Elastomeric Bearing - High Damping Rubber
The high damping rubber elastomeric bearing is

geometrically similar to the lead rubber bearing, except that
it does not have the lead plug (see Figure 1). The damping
for the high damping rubber bearing is incorporated into the
rubber with the appropriate compounds in the elastomeric
matrix. Under low horizontal displacements, the rubber
provides wind restraint with its high lateral stiffness. At
design level horizontal displacements, the lateral stiffness
reduces significantly. This results in lower frequency
response of the isolated structure with the hysteretic
damping absorbing the earthquake energy and limiting the
lateral displacement For displacements much greater than
the design displacement, the horizontal stiffness of the
bearing increases and this provides an ultimate restraint.
Table 2 provides a list of performance issues and
characteristics for high damping rubber isolators.

Friction Slider - Friction Pendulum System
The Friction Pendulum System (FPS) consists of a

stainless steel, spherical, concave surface (see Figure 2). A
stainless steel articulated slider surfaced with a low-friction
composite bearing material slides on the concave surface.
The FPS design is based on the principles of pendulum
motion. Under low lateral loads, such as wind, the static
(breakaway) coefficient of friction acts as fuse preventing
lateral displacements. During lateral loads due to an
earthquake, the articulated slider moves along the spherical
surface, and raises the supported structure. The potential
energy of the elevated structure provides the lateral restoring
force that returns the structure to its original position. The
earthquake energy is dissipated through hysteretic friction of
the composite bearing material in contact with the concave
spherical surface. Table 3 provides a list of performance
issues and characteristics for the FPS isolators.

Spherical surface Articulated friction slider

Flange plate Lead plug (lead rubber bearing only)

Cover rubber
Steel plates
•Rubber layers

Composite bearing material

Figure 2. Friction slider.

Figure 1. Elastomeric bearing.

APPLICATIONS OF SEISMIC BASE
ISOLATION SYSTEMS

Applications of seismic base isolation exist throughout
the world. These applications include both new and retrofit
installations in buildings and several nudear power plants.
Currently, there are over 65 approved base isolated
buildings in Japan, while in the U.S. there are over 30.
Other applications of base isolation are in bridges and
equipment. The LLNL database is divided into U.S.
applications of seismic base isolation systems in buildings
and in non-buildings.

Seismic base isolation in the U.S. has become
increasingly popular in recent years. In 1993, there are 16
new structures and 18 retrofit structures that have been
completed or are in design or construction. Of these 34
structures, 27 are in California (12 new and IS retrofit) and
the remainder are in Utah, Oregon, and Nevada.

Government has played an important role in promoting
the use of base isolation in the U.S. In 1989, the state of
California enacted Senate Bill 920 which encouraged the
State to be a leader in using new technology to mitigate the
effects of earthquakes. Among the Bill's requirements were
the selection by the State Architect of three state-owned
buildings as demonstration projects, one being a new
building and two being seismic retrofits. The new building
slated as a demonstration project has yet to be selected, but a
candidate is the Transportation Management Center that will
be located in San Diego, CA. Only one of the two retrofit
buildings has been identified and it is the State of California
Justice Building in San Francisco, CA.

Table 4 lists applications of base isolation in the U.S.
both for new and retrofit construction of buildings. Details
about the isolation system, type of construction, total area,
and engineering firms are included in the table. Of the 34
applications listed, 23 have an isolation system selected.
The majority of these applications use the lead rubber
bearings, high damping rubber bearings, or the FPS isolators
discussed earlier in this paper.

New Buildings
As listed in Table 4, the first application of base

isolation in new construction was the Foothill Communities
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Law and Justice Center in 1985. Since that time, five
additional new buildings have been completed, including the
first hospital to be base isolated, the University of Southern
California University Hospital in 1991. Another ten
projects listed in Table 4 as new buildings are in various
phases of design or construction. Included in Table 4 is the
PRISM Advanced Liquid Metal Reactor which is a
proposed DOE reactor for which a site has not been
selected.

The function and size of new buildings with base
isolation varies considerably. Building function ranges from
hospitals that provide critical services to manufacturing
facilities that house sensitive equipment Sizes range from a
4,700 square foot residence to the 900,000 square foot, five
building San Bernardino County Medical Center.

Retrofit Buildings
The first application of base isolation in retrofit

construction was the Salt Lake City and County Building in
1988. Of the 18 retrofit structures listed in Table 4, four
have been completed with the remainder in design or
construction. Some of these buildings did not meet current
seismic design requirements and in many cases were
damaged by the 1989 Loma Prieta earthquake. The majority
of the retrofit projects are in California and are for buildings
of historical importance, such as the San Francisco City Hall
and the U.S. Court of Appeals. Base isolation is used with
historical buildings as an alternative to conventional
strengthening and anchoring in order to preserve the
architectural features of the building. The size of the retrofit
projects vary from the 20,000 square foot Hawley
Apartments to the 500,000 square foot San Francisco City
Hall.

Non-Building Structures
There have been other applications of seismic isolation

in the U.S. The concept of base isolation can be applied to
non-buildings that need protection from seismic ground
motions using similar design techniques as those which have
been developed for buildings. Examples of the application
of base isolation to non-buildings include bridges, storage
tanks, art objects, and equipment. Table 5 lists some of
these non-building applications. Not all of the non-building
applications of base isolation in the U.S. are listed in Table
5. In particular, about ten base isolated bridges are not
listed in the table. For bridges, they are isolated by placing
an isolator between the tops of the columns and the bottom
of the deck. The isolation system protects the columns,
which are below the isolators, from the forces that would
otherwise be generated by the bridge deck during an
earthquake.

PERFORMANCE OF SEISMIC ISOLATION
SYSTEMS DURING EARTHQUAKES

With the existence of many base isolation systems and
the applications of those systems, it is of interest to review
how the base isolation systems have performed during
earthquakes. To date, no base isolated structure in the U.S.

has experienced an "ultimate" earthquake. However, a
significant amount of data exists on the response of isolated
structures to small and moderate sized earthquakes.

This paper covers the performance of U.S. buildings to
earthquakes. Of the ten completed base isolated structures
(six new and four retrofit), many have experienced
earthquakes. Table 6 tabulates the performance of four
buildings, the Foothill Communities Law and Justice Center
(Bld=4), the Los Angeles County Fire Command and
Control Facility (Bld=10), the Rockwell Seal Beach Facility
(Bld=19), and the University of Southern California
University Hospital (Bld=31) (Bid refers to the building
numbers listed in Table 4). All four buildings use
elastomeric bearings as the base isolation system.

The Foothill Communities Law and Justice Center has
experienced low level motions from seven earthquakes
(Redlands, Palm Springs, Whittier, Upland, Sierra Madre,
Landers, and Big Bear) since its completion in 1985. The
horizontal accelerations recorded at the building foundation
ranged from 0.02g to 0.14g. These low level accelerations
were transmitted across the isolation system with essentially
no reduction in magnitude, except for the Upland
earthquake. During the Upland earthquake which had the
largest acceleration of the seven earthquakes, the isolation
system reduced the maximum acceleration from 0.14g to
0.05g. The other three buildings each experienced low level
motions from the Sierra Madre, Landers, and Big Bear
events.

The low level motions experienced at the four buildings
resulted in some amplification of the accelerations from the
basement of the building to the roof. Because the
accelerations and lateral displacements were small, the
elaslomeric isolators responded with high lateral stiffness.
As a result, the isolation system was only partially effective
in limiting the accelerations transmitted to the
superstructure. Therefore, the isolated building response
was more like the response of a fixed based building with
amplified accelerations at the roof level. No damage
occurred in the buildings due to the small accelerations and
displacements. The isolation systems become more
effective in reducing the accelerations that are transmitted
from the foundation to the basement as the ground motion
increases. At design level displacements, the lateral
stiffness of the isolation system is greatly reduced from its
initial stiffness. This results in lower frequency response of
the building.

SUMMARY

This paper presented information on seismic base
isolation systems, their applications in buildings and non-
buildings in the U.S., and the performance of isolated
buildings to U.S. earthquakes. As the technology of seismic
base isolation evolves, the LLNL database discussed in this
paper will reflect that evolution. The current LLNL
database can be used to make qualitative comparisons
between various isolation systems. Additionally,
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performance data such as earthquake response records can
be used to validate analytical studies and to discover
technical issues pertaining to the use of seismic base
isolation in new and retrofit design.
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Table 1. Seismic base isolation systems - lead rubber isolators.

Performance Issue
Design period (seconds)
Effective damping (% of critical)

Effective lateral stiffness (kips/inch)
- low horizontal displacement
- design horizontal displacement

Vertical stiffness (kips/inch)
Vertical load capacity of isolator (kips)
Vertical frequency (Hz)
Rubber diameter (inches)

(Square isolator length)
Rubber total thickness (inches)

Lead plug diameter (inches)

Isolator total height (inches)
Connection detail
Materials

Environmental protection
Suppliers / fabricators

Range*
1.5-3.0
10-25

16-34

3170-45100
735 - 3307

12-20
16-63

(18 - 26)
3.5-9.5

1-11

9-26
-

-

Performance Characteristic
Typically from 2 to 2.5 seconds
Provided by lead plug; helps control lateral building displacement;
depends on nature of earthquake and supported structure
Slope of line from peak to peak force in a hysteresis loop

- High initial elastic stiffness of lead plug provides wind restraint
- Lead plug yields to provide damping that absorbs earthquake

energy and helps control lateral displacements
High vertical stiffness provides vertical load capacity
Provided by steel plates
High vertical stiffness results in high vertical frequency
Determined by diameter of steel plates that provide vertical load
capacity; related to bearing stability
Provides lateral flexibility; number of rubber layers limes the
rubber layer thickness
Lead plug provides damping to absorb earthquake energy and to
limit lateral displacements
May be a clearance issue in retrofit applications
Dowelled or bolted, with bolted being most common
Rubber provides lateral flexibility
Steel plates provide vertical load capacity and confine the lead plug
Lead plug provides wind resistance and reduces earthquake forces

and displacements with energy dissipation
Cover layer of rubber protects steel plates

Dynamic Isolation Systems, Inc.
(U.S. license)

Oiles Industries, Ltd. (Japan license)

FURON - Structural Bearing Division
LTV Energy Products Company
Bridgestone Corporation

* values from literature contained in the Natural Phenomena Hazards Technology Center at LLNL
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Table 2. Seismic base isolation systems - high damping rubber isolators.

Performance Issue
Design period (seconds)
Effective damping (% of critical)

Effective stiffness (kips/inch)
- low horizontal displacement
- design horizontal displacement
- high horizontal displacement

Vertical stiffness (kips/inch)
Vertical load capacity of isolator (kips)
Vertical frequency (Hz)
Rubber diameter (inches)

Rubber total thickness (inches)

Isolator total height (inches)
Connection detail
Material

Environmental protection
Suppliers / fabricators

Range*
1.2-3.5
8- 30

3-36

1470-45100
45 -1740
9.1 - 29.5
9.7 - 55.9

1.7-11.4

8-24

-

Performance Characteristic
Tvoicallv around 2 seconds
Characteristic of the rubber compound; helps control lateral
building displacement
Slope of line from tlie peak to peak force in a hysteresis loop

- stiffness is high and provides wind restraint
- stiffness much lower for seismic loading at design levels
- stiffness is high, increasing frequency of isolated structure

High vertical stiffness provides vertical load capacity
Provided by steel plates
High vertical stiffness results in high vertical frequency
Determined by diameter of steel plates that provide vertical load
capacity; related to bearing stability
Provides lateral flexibility; number of rubber layers times the
rubber layer thickness
May be a clearance issue in retrofit applications
Dowelled or bolted, with bolted being most common
Rubber provides lateral flexibility and damping
Steel plates provide vertical load capacity and confine the lead plug
Cover layer of rubber protects steel plates

LTV Energy Products Company
Bridgestone Corporation
Dynamic Isolation Systems, Inc.
Fyfe Associates

FURON - Structural Bearing Division
Malaysian Rubber Producers' Research Assoc.
Rubber Consultants of England
Dynamic Rubber, Inc.

1 values from literature contained in the Natural Phenomena Hazards Technology Center at LLNL

Table 3. Seismic base isolation systems - friction pendulum system isolators.

Performance Issue
Design period (seconds)

Design damping (% of critical)

Radius of curvature of concave surface (inches)
Lateral restoring stiffness (kips/inch)
Static (breakaway) coefficient of friction (%)
Dynamic (sliding) coefficient of friction (%)

Vertical load capacity of isolator (kips)
Stick-slip condition

Isolator diameterlinches)
Isolator total height (inches)

Materials

Environmental protection

Suppliers / fabricators

Range*
1.3-3.5

15-30

39-88
0.1-27

-
5-10

4-5000
-

20-42
6-12

-

-

Performance Characteristic
Determined using pendulum equation, T=2nV(r/g), which is
independent of the building weight; function of radius of
curvature, r, of spherical surface (g = acceleration of gravity)
Provided by hysteretic friction; helps control lateral building
displacement
Determines period of system
Directly proportional to the supported weight (k=W/r)
Acts as fuse for wind loads
Increasing ihe coefficient lowers the displacement; used to
control lateral building displacement
Determined by diameter of articulated slider
Uniform contact pressure between concave surface and semi-
spherical slider reduces high frequency stick-slip motions
Any diameter to accommodate required seismic displacement
Small variation in height relative to supported loads; isolation
period independent of height
Stainless steel concave surface and articulated slider
Composite bearing material provides high load capacity and

low friction
Circular retainer with seal; spherical concave surface faced
downward for dust protection
Earthquake Protection Systems, Inc.
VSL Corporation

values from literature contained in the Natural Phenomena Hazards Technology Center at LLNL
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Table 4. Applications of seismic base isolation to buildings in the U.S. (Key to abbreviations listed after Table 5).

ft)
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Bid
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Application
Charming House Retirement Home
Educational Services Center
Evans & Sutherland Building 600
Foothill Comm. Law & Justice Center
iawley Apartments
Hay ward City Hall
Caiser Data Proces. & Telecomm. Cent.
Kerckhoff Hall, UCLA
LA County Emerg. Operations Center
LAC Fire Command & Control Facil.
LAC & USC Diagn. & Treatment Build.
Loma Linda Hospital
-ong Beach Hospital
Mackay School of Mines
ML King-CR Drew Diagn. Trauma Cent.
Masonic Hall
Oakland City Hall
PRISM Advanced Liquid Metal Reactor
Rockwell Seal Beach Facility
Salt Lake City & County Building
Salt Lake City Medical Building
San Bernardino County Medical Center
San Francisco Asian Art Museum
San Francisco City Hall
San Francisco Main Public Library
State of California Justice Building
Tandem Computers Manufacturing Facil
50 United Nations Plaza
U.S. Court of Appeals
U.S. Customs House
USC University Hospital
Utah State Capitol Building
Water Control Cent.-Water Quality Lab.
West Los Angeles Residences

Location
Palo Alto, CA
Los Angeles, CA
Salt Lake City, UT
Rancho Cucamonga, CA
San Francisco, CA
Hayward, CA
Corona, CA
-os Angeles, CA

East Los Angeles, CA
East Los Angeles, CA
Los Angeles, CA
Loma Linda, CA
^ong Beach, CA
Reno, NV
Watts, CA
San Francisco, CA
Oakland, CA

Seal Beach, CA
Salt Lake City, UT
Salt Lake City, UT
Colton, CA
San Francisco, CA
San Francisco, CA
San Francisco, CA
San Francisco, CA
San Jose, CA
San Francisco, CA
San Francisco, CA
San Francisco, CA
Los Angeles, CA
Salt Lake City, UT
Portland, OR
West Los Angeles, CA

Type
retrofit
retrofit
new
new
retrofit
retrofit
new
retrofit
new
new
new
new
retrofit
retrofit
new
retrofit
retrofit
new
retrofit
retrofit
new
new
retrofit
retrofit
new
retrofit
new
retrofit
retrofit
retrofit
new
retrofit
new
new

solation
LR
EBS
LR
HDR
FPS
HDR&FPS
LR & HDR
LR
HDR
HDR

LR & PTFE
HDR & PTFE
HDR & BAS

LR

LR
LR

HDR

LR
HDR

FPS

LR & HDR

LR
GERB

Status
design
construction
completed -1988
completed- 1985
completed- 1991
design
completed -1992
construction
construction
completed -1990
design
design
design
completed - 1993
design
stopped
construction
design
completed -1991
completed -1988
design
design
design
design
construction
design
stopped
design
construction
design
completed -1991
design
design
completed- 1992

so
113

98
98
31
36

32

156
106

100

78
447

200

170

248
300
149

35

Owner
Channing House
L.A. Community College District
Evans & Sutherland, Corporation
County of San Bernardino
Dr. Hawley
City of Hayward
Kaiser Foundation Health Plan
Regents of University of California
County of Los Angeles
County of Los Angeles

Veteran's Administration
Veteran's Administration
University of Nevada Reno
County of Los Angeles

City of Oakland
General Electric
Rockwell International
Salt Lake City Corporation

County of San Bernardino
City & County of San Francisco
City & County of San Francisco
City & County of San Francisco
State of California
Tandem Computers
US General Services Administration
US General Services Administration
US General Services Administration
National Medical Enterprises & USC

Portland Water Bureau
David Lowe

Sty

9
4
5
4

11
2
6

2
6

12
3

18

8
C

",

1

6
4

6
4
5

: 8

u



Table 4 cont'd. Applications of seismic base isolation to buildings in the U.S. (Key to abbreviations listed after Table 5).
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Bid
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Superstructure Characteristics
1962 R/C moment frame & shear wall
1961 concrete frame
steel moment frame
braced steel frame & concrete basement
1920 wood bearing wall
1969 nonductile R/C moment frame
1968 K braces with concrete walls
1929 pour-in place concr. & hollow tile

perimeter braced steel frame
moment resisting steel frame

1967 R/C perforated shear wall
1908 unreinforced mason, bearing wall

1912 building
1914 steel frame & unreinf. masonary

1967 nonductile R/C moment frame _,
1894 unreinforced mason, bearing wall

5 separate structures
1916 steel frame & unreinf. masonary
steel moment frame
steel moment frame on mat slab
1919 steel frame & unrcinf. masonary
braced steel frame
U936 concr. & steel frame with mason.
• 1905 steel frame & unrcinf. masonary
• 1911 siecl frame & unrcinforccd mason.
; perimeter braced steel frame

i moment frame
I

Area
260000

90000
160000
230000
20000

145000
120000
100000
33000
32000

400000

350000
50000

140000

153000

300000
170000

900000
170000
500000
377000
252000

Cost

$1,013,000
$8,000,000

$36,000,000

$7,000,000
$32,000,000
$15,300,000

$6,000,000
$6,300,000!

$80,000,000

$7,000,000
$40,000,000
$2,391,049

$76,800,000

$14,000,000
$30,000,000
$20,000,000

$500,000,000

$100,000,000
$87,000,000
$40,000,000

j
345~006
350000
142000
350000

28000
4700

i

: $14,000,000
; $50,000,000

i _.__

820,000

Structural and Isolation Engineers
Rinnie & Peterson /Dynamic Isolation Systems
Fleming Corporation
Rcavcly Engjn. & Assoc. / Djmamic Isolation Syst.
Taylor & Gaines / Reid & Tarics
Earthquake Protection Syst.
EQE - San Francisco / Charles Kircher & Assoc.
Taylor & Gaincs / Englckirk, Hart, and Sabol
Brandow & Johnston /The Hart Group
DMJM
Fluor Daniel Engineers
KPFF Engineers

J±.C. Martin & Associates / Dynamic Isolation Syst.
Jack Howard & Associates / Base Isolation Consult.
John Martin / Base Isolation Consultants

Forcll-Elsesscr Engineers / Dynamic Isolation Syst.

Englekirk & Hart
E.W. Allen / Forell-Elscsscr Engineers
Reid & Tarics
KPFF Engineers / Taylor & Gaincs
Rutherford & Chekcne / Charles Kircher & Assoc.
Forell-Elsesser Engineers
01mm Structural Design / Forell-Elsesser Engineers
Rutherford & Chekene / Charles Kircher & Assoc.
Forrell-Elsesser / Dynamic Isolation Systems
H.J. Dcgcnkolb Associates
iSkidmorc, Owings, Merrill
rURS Blume
iKPFF Engineers

Harris Group / Dynamic Isolation Systems

Supplier
Dynamic Isolation Systems

JDyjiamic Isolation Systcms/Furon
Oil States Industries (LTV)
Earthquake Protection Systcms/VSI
Earing. Protect. Syst. & Bridgcst.
Dynamic Isolation Systcms/Furon
Dynamic Isolation Systems/Furon
Bridgcstonc Corporation
Fyfc Associatcs/Dynur„-, jv.abbtv

Dynamic Isolation Systcms/Furon
Furon
Dynamic Isolation Systcms/Furon

Dynamic Isolation Systems

Dynamic Isolation Systcms/Furon
Dynamic Isolation Systems/LTV

Dynamic Isolation Systems

Dynamic Isolation Systems
[Bridgeslonc Corporation

r • • • - • •

Earthquake Protection Systcms/VSl

Dynamic Isolation Systcms/Furon

Dynamic Isolation >Systems
David Lowe iCERB



Table 5. Some applications of seismic base isolation to non-buildings in the U.S.
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Application
All American Canal Bridge
Art Objects at J.P. Getty Museum
Beverly Park Elevated Water Tank
Bridges B764E&W
Circuit Breakers
Clackamas Connector
Eel River Bridge
I.S.P. Ammonia Storage Tanks
Liquid Argon Calorimeter
Main Yard Vehicle Access Bridge
Maple Leaf Elevated Water Tank
Mark II Detector Unit
Mobile Excitors
Olympic Boulevard Bridge
Pittsburgh Emergency Water Tank
Poplar Street Bridge, East Appro.
Santa Ana River Bridge
Sierra Point Overhead
Sexton Creek Bridge
Squamscott River Bridge
S.W. Myrtle #2 Elev. Water Tank
Titan Solid Rocket Motor Storage

Location
Imperial, CA
Malibu, CA
Seattle, WA
Verdi, NV
CA
Portland, OR
Rio Dell, CA
Calvert City, Ky
Stanford, CA
Los Angeles, CA
Seattle, WA
Stanford, CA
Diablo Canyon, CA
Walnut Creek, CA
Pittsburgh, CA
St. Louis, MO
Riverside, CA
San Francisco, CA
Sexton, IL
Exeter, NH
Seattle, WA
Vandenburg, CA

Type
retrofit

retrofit
retrofit
new
new
retrofit
retrofit
new
retrofit
retrofit
new
new
new
new
retrofit
retrofit
retrofit
new
new
retrofit
new

Sys
LR

LR
HDR
LR
LR
FPS
LR
LR

LR

LR
FPS
LR
LR
LR
LR
LR

HDR

Superstructure
1960 bridge - 3 spans

1959 tank - welded & 18000 kips
1950 bridge - 7 span steel girder & bent

bridge - 8 span cont. cone, box girder
1941 bridge - 2 span steel truss
steel tank - 450000 lbs, 12 ft. x 60 ft.

1954 bridge-2 span
1949 tank - riveted & 9000 kips
3.2 million lbs. & 30 feet tall

bridge - 4 span cont. composite steel gir.

1966 bridge
1936 bridge -13 span steel truss & gir.
1957 bridge -10 span concrete & steel
bridge - 3 span cont. steel plate gir.
bridge - 6 span cont. composite steel gir
1949 tank - riveted & 9087 kips

Iso
12

12
4
...

8

4

128
28
36

Status Owner
completed - 1987
completed- 1991
design
construction
completed -1977
construction
completed- 1987
completed -1993
completed
completed - 1987
design
completed -1987
completed
construction
completed - 1988
completed- 199C
completed - 1986
completed - 198^
completed
construction
design
completed - 1992

Calirans

Nevada DOT
CADcpt. of Water Res.
Oregon DOT
Caltrans
Inter. Specialty Product
SLAC
LAC Trans. Com.

SLAC
Pacific. Gas & Electric
Caltrans
DOW Chem. Company
Illinois DOT
Metro. Water Distr.
Caltrans
Illinois DOT
New Hampshire DOT

U.S. Air Force

Key to Abbreviations in Tables 4 and 5:

Bid = building number
Iso = number of isolators
Sty = number of stories
Area = area in square feet
LR = lead rubber bearings
EBS = Earthquake Barrier System isolation

HDR = high damping rubber bearings
FPS = Friction Pendulum System
PTFE = polytetrafluoroethylene (Teflon)
BAS = bronze alloy sliders
R/C = reinforced concrete
Sys = isolation system



Table 6. Performance of base isolated structures to U.S. earthquakes.

to

1

3*
a
o
n
**
M

5*

3

Bid

4
4
4
4
4
4
4

10
10
10
19
19
19
31
31
31

Event

Redlands

Palm Springs

Whittier

Upland

Sierra Madre

Landers

Big Bear

Sierra Madre

Landers

Big Bear

Sierra Madre

Landers

Big Bear

Sierra Madre

Landers

Big Bear

Date

2-Oct-85

8-Jul-86

l-Oct-87

28-Feb-90

28-Jun-91

28-Jun-92

28-Jun-92

28-Jun-91

28-Jun-92

28-Jun-92

28-Jun-91

28-Jun-92

28-Jun-92

28-Jun-91

28-Jun-92

28-Jun-92

Mag

4.8
5.9
5.9
5.5
5.8
7.5
6.6
5.8
7.5
6.6
5.8
7.5
6.6
5.8
7.5
6.6

Dist

(km)

30
90
47
12

43
106
70
28

161
125
57

160
126
29

163
127

Period

Trans

Fixed

(sec)

0.57

0.57

0.57

0.57

0.57

0.57

0.57

0.36

0.36

0.36

1.10

1.10

1.10

1.00

1.00

1.00

Period

Long

Fixed

(sec)

0.61

0.61

0.61

0.61

0.61

0.61

0.61

0.32

0.32

0.32

1.10

1.10

1.10

1.00

1.00

1.00

Period

Trans

Isol

(sec)

2.00

2.00

2.00

2.00

2.00

2.00

2.00

2.17

2.17

2.17

2.75

2.75

2.75

2.21

2.21

2.21

Period

Long

Isol

(sec)

2.00

2.00

2.00

2.00

2.00

2.00

2.00

2.17

2.17

2.17

2.75

2.75

2.75

2.30

2.30

2.30

'eriod

Trans

Event

(sec)
-
-
-

0.75

0.85

0.73
-

0.91

0.96
-
-

1.48
-

1.00

1.28

-

Period

Long

Event

(sec)

-
-
-

0.74

-

0.76
-

0.86

1.00

-
-

1.36

-
-

1.24

-

MAcc

rlorz

FreeF

(g)
0.05

0.02

0.05

0.24

0.04

0.12

0.04

0.12

0.05
-
-
-
-

0.16

0.05

-

VLAcc

rlorz

Found

(g)
0.03

0.02

0.03

0.14

0.03

0.11

0.06

0.18

0.05

0.05

0.02

0.04

0.04

0.09

0.04

0.05

vIAcc

Horz

Base

(g)
0.02

0.02

0.03

0.05

0.04

0.10

0.05

0.09

0.08

0.05

0.02

0.09

0.05

0.05

0.09

0.03

MAcc

rlorz

Roof

0.03

0.05

0.06

0.16

0.08

0.19

0.07

0.11

0.12

0.05

0.03

0.09

0.08

0.09

0.09

0.06

Ampf

Horz

%
50

150
100
220
100
90
40

22,

50
0

50
0

60
80
0

100

RelDs

Trans

Base

(cm)

-

1.38
-
-

-

-
-

0.83

-

RelDs

Trans

lstFr
(cm)

-

-

-

-
1.62
-
-

1.52
-

-

-

RelDs

Trans

2ndFr

(cm)
-

0.48

-

0.11
-

0.10
-

-

RelDs

Trans

4th Fr

(cm)

-

0.61

-

RelDs

Trans

Roof

(cm)

1.51

0.14
-
-

2.19

1.22

-

Key to Abbreviations in Table 6:

Bid = building number from Table 4
Bid 1 = Foothill Communities Law and Justice Center
Bid 10 = Los Angeles County Fire Command and Control Center
Bid 19 = Rockwell Seal Beach Facility
Bid 31 = University of Southern California University Hospital
Mag = magnitude of earthquake
Dist = distance from the earthquake epicenter
Trans = transverse direction
Long = longitudinal direction
Fixed = fixed base structure
Isol = base isolated structure
Event = seismic event

MAcc = maximum acceleration
Horz = horizontal direction
FreeF = free field
Found = foundation (below isolation system)
Base = basement (above isolation system)
Fr = floor
Ampf = amplification of roof displacement relative to basement diplaccmcnt

= [(roof-base) / base] x 100
RelDs = relative displacement

For Base: displacement relative to ground
For 1st Fr, 2nd Fr, 4th Fr, and Roof: displacement relative to basement



POTENTIAL ROLE OF SEISMIC BASE ISOLATION IN THE DOE

Stanley C. Sommer
Lawrence Livermore National Laboratory

P.O. Box 808, L-197
Livermore, California 94550

ABSTRACT

For nearly two decades, the United Slates Department of Energy (DOE) has substantially
increased its efforts to reduce the effects of earthquakes on its facilities. Traditional means
within the DOE for designing or retrofitting structures to mitigate earthquake effects
include strengthening and anchoring. A nontraditional and an increasingly popular
concept for mitigating the effects of earthquakes on structures is seismic base isolation.
Because base isolation is emerging as a promising technology for mitigating seismic
effects, its potential role in the DOE must be evaluated. In order to use the technology
within the DOE, criteria and guidance need to be developed since base isolation may
provide a viable design option for mitigating the effects of earthquakes on DOE facilities.
This paper discusses the fundamentals of seismic base isolation, applications of the
technology, and how the technology might be applied within the DOE. The future
involvement of the DOE in base isolation will be part of its efforts to be a leader in
meeting the Federal requirements for seismic safety.

INTRODUCTION

The DOE efforts to reduce the effects of earthquakes
on its facilities include evaluating the seismic hazards at
particular sites, developing design criteria and guidance, and
upgrading existing facilities. Traditional means within the
DOE for designing or retrofitting structures to mitigate
earthquake effects include strengthening and anchoring. A
relatively new and nontraditional technology for mitigating
the effects of earthquakes on structures is seismic base
isolation. With seismic base isolation, a flexible isolation
system is placed between a structure and the ground so that
the isolation system absorbs the motion of an earthquake.
The first building in the United States (U.S.) to use this
technology was constructed in 1985 and since that time the
technology has become increasingly popular for commercial
applications. Because base isolation has been successfully
used to mitigate seismic effects at several commercial
facilities, there is a need to explore the feasibility of this
concept for the design of new DOE facilities and for the
retrofit of existing facilities.

FUNDAMENTALS OF SEISMIC BASE
ISOLATION

Traditional Seismic Design
To protect people and property in areas of seismic

risk, structures in the DOE and throughout the world are
designed to withstand the effects of earthquake motion.
Unfortunately, "a very basic problem in the earthquake

design of low- to medium-rise buildings is that their
fundamental frequency of vibration is in the range of
frequencies where earthquake energy is strongest" [1]. The
peak acceleration in a typical design spectrum occurs in a
period range of 0.15 to 0.5 seconds, while the fundamental
period of 1- to 5-story buildings is typically between 0.2 and
1.5 seconds. Due to the closely matched periods, the ground
motion is amplified in the structure. Traditional means for
designing structures to withstand this amplification of the
earthquake motion are to anchor the structures to their
foundation and to strengthen them to resist the forces
generated by earthquakes.

There are three major problems with strengthening
a structure. First, "strengthening a structural system to
provide superior seismic performance leads to a stiffer
structure which will attract more force to the structure and
its contents" [2]. Stiffening a structure gives it a lower
fundamental period and this lower period can be within the
period range of the peak spectral acceleration. The second
problem with strengthening is that the cost of strengthening
increases as the magnitude of the seismic demand increases.
In order to balance the cost of strengthening a conventional
structure with its ability to withstand an earthquake,
building codes basically require that the structure will not
catastrophically collapse and endanger life. The third
problem of strengthening is that it does not necessarily
preclude damage to a structure due to an earthquake. "The
code minimum life-safety performance goal reflects the
assumption that during severe ground shaking, seismic
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energy is dissipated by ductile yielding and hysteretic
response throughout the structure. Thus, it is accepted a
priori that the building may experience structural and
nonstructural damage without collapse" [3J. While the code
provisions ensure life-safety, they do not ensure continued
operation of a structure during or after an earthquake and they
do not provide explicit protection for the contents inside a
structure.

Using modern design techniques based on
strengthening, it can be feasible to design and construct a
structure which will withstand the effects of earthquake
motion. Some damage to the structure may occur due to an
earthquake, but the damage is typically repairable. On the
other hand, existing structures which were designed with
older design techniques may experience costly or
unrepairable damage during an earthquake. In order for these
mature structures to meet modem design requirements, they
must be retrofitted and typically the retrofit of older
structures is costly. Seismic base isolation is a technology
which can preclude the limitations of traditional design
techniques by greatly minimizing structural damage due to
earthquakes and by providing a cost effective technique for
retrofitting mature structures.

Technical Fundamentals of Seismic Base
Isolation

The main purpose of base isolation is to decouple a
structure from the potentially damaging motion of an
earthquake. Ideally, a flexible isolation system shifts the
natural period of an isolated structure above the predominant
period range of an earthquake. Typical isolated structures
have fundamental periods between 2 and 3 seconds. These
periods are above the period range of peak earthquake
acceleration for typical earthquakes at firm soil sites. The
period shift is caused by the relative difference in the
fundamental periods of the structure and the isolation
system. Testing on shake tables has verified the benefits
associated wiih this period shift. "Results from the shake
table tests show significant reductions in superstructure
accelerations, interstory drifts, and base shear forces due to
the isolation systems, when compared with the expected
response for the equivalent fixed-base building" [2J.

In addition to the period shift, isolation changes the
dynamic response of the structure due to the flexibility of
the isolation system as compared to the structure. "If the
fixed-base fundamental frequency of the building is much
higher than that of the isolated system, say 3 Hz as
compared to 0.5 Hz for the isolated case, the first mode of
the isolated building is mainly a rigid body mode " [1],
With the rigid body mode, most of the earthquake-induced
deformation occurs in the isolation system. Isolation
essentially transforms the large accelerations from earthquake
motion into large displacements in the isolation system.

A key aspect of seismic base isolation is that the
isolation system is located near the bottom of the

superstructure. In most cases, the isolation system is placed
in the basement directly between the ground and the first
floor of the superstructure. To accommodate the behavior of
the isolation system, a floor diaphragm at the base of the
superstructure is necessary to distribute the horizontal forces
from the superstructure. Because large displacements are
absorbed in the isolation system, horizontal clearance is
provided around the base of the superstructure to
accommodate the displacements. Isolation systems are also
typically relatively short in comparison to the story height
in a building. With its use at the base of a structure and its
function to limit earthquake damage in the superstructure,
base isolation has been compared to the design concept of a
soft first-story. In the 1960s, many buildings were designed
with a soft first-story to achieve the same results as base
isolation. In contrast to base isolation though, a soft firsl-
story does not have the structural capacity to withstand the
amount of horizontal displacement that is required for the
soft first-story to be effective.

In order to obtain substantial benefit from
isolation, the period shift discussed earlier must occur.
"Short buildings having short fundamental periods of
vibration without base isolation benefit the most, on a
comparative basis, from base isolation. As a basic
guideline, base isolation is best suited to relatively stiff,
squat, low-to-mcdium-rise buildings in the range of 2 to 5
stories" [4]. If a structure is not relatively stiff, the
isolation system cannot shift the period to the desired period
range because the structure and the isolation system have
comparable periods. The shift does not occur also if the soil
conditions are not appropriate. "In general, when base
isolation is used, sites founded on moderately stiff to stiff
soil will experience greater relative reductions to the input
motion than will sites founded on softer, long period soils"
[4]. A softer soil is a form of isolation and its fundamental
period may be similar to the fundamental period of an
isolation system. This tuning could cause an undesired
resonant effect in the structure.

In addition to the period shift, the isolation system
dissipates energy through nonlinear hysterelic behavior. The
hysteretic characteristics of different isolation systems will
be discussed later. In many isolation systems, damping is
added to increase the amount of energy dissipation and to
limit displacements. Damping is beneficial in limiting the
large lateral displacements in the isolation system and in
suppressing resonant effects due to earthquake motion in the
period range of the isolation system. However, using
additional elements for damping can induce responses in the
higher modes of a structure.

A main attribute of seismic base isolation is that it
substantially limits damage in a structure by significantly
reducing the interstory drift and the forces that are generated
during an earthquake. While the displacements are
essentially limited to the rigid body displacement with
negligible interstory drift, the seismic demand is essentially
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limited to the base shear or base acceleration transferred
through the isolation system. Since "damage to structural
frame members, shear walls and other elements associated
with displacement are influenced by interslory drift" [5],
isolation provides protection to these elements due to the
small amounts of interstory drift. Isolation also limits
nonstructural damage to the superstructure and its contents
because floor accelerations are significantly reduced.

Isolation Systems
To achieve seismic isolation, there are several

different types of isolation systems. The two basic types are
elastomeric bearings and sliding systems. There are other
systems which incorporate different forms of passive energy
dissipation, but these systems are typically used in
conjunction with bearings or sliding systems. Within the
two basic types, some of the systems are proprietary because
of the novel approach they use to achieve isolation. With
most of the systems, the goal is to combine low horizontal
stiffness with high vertical stiffness. The low horizontal
stiffness is necessary for the period shift while the high
vertical stiffness is necessary to support the superstructure.
In addition, damping is added to dissipate energy and to
control the lateral displacements in the isolation system.

The first basic type of an isolation system is
elastomeric bearings. The bearings are either natural rubber
or neoprene and the bearings are made by bonding sheets of
rubber to thin steel reinforcing plates. To enhance resistance
to environmental effects, the outside of the bearings is made
of different compounds. In current practice, bearings have
relatively thick steel end plates bonded to the rubber and
these end plates are bolted to plates in the superstructure and
foundation. Design requirements for the bearings are
accomplished by varying the properties of the rubber and the
number of plates in the bearings. Low horizontal stiffness
is achieved with the relatively soft rubber while high vertical
stiffness is achieved with the steel plates. A key
characteristic of most elastomeric bearings is that they are an
integral unit with the flexibility and damping functions
contained within the bearings. As an integral unit, the
bearings can simplify design and construction procedures.

During an earthquake, the elastomeric bearings have
a nonlinear response characterized by a hysteretic loop, or
force-displacement curve. The area inside the loop
corresponds to energy dissipation. For increasing levels of
earthquake acceleration, the size of the hysteretic loops grow
as the bearings dissipate more of the energy from the
earthquake motion. The basic properties of elastomeric
bearings, effective horizontal stiffness and effective damping,
are determined from the hysteretic loops. Horizontal
stiffness corresponds to the slope of the force-displacement
curve, while hysteretic dampi^ corresponds to the area in
the hysteretic loop. Both the effective horizontal stiffness
and damping vary nonlinearly with the displacement level in
a bearing.

There are two major types of elastomcric bearings,
high damping and lead rubber. For high damping
elastomeric bearings, there are three distinct levels of
effective horizontal stiffness. At low displacements, the
bearing has high stiffness in order to provide resistance to
low level input like wind loads and low level earthquakes.
For moderate or design levels of displacement, the bearing
has reduced stiffness in order to achieve the period shift
necessary for isolation. Finally, at high levels of
displacement, the bearing again has high stiffness. This
high stiffness at displacements greater man the design level
provides a safety margin for failure in high damping
bearings. "If a superstructure is designed just to be at yield
level at the design strain of the isolators, the superstructure
would have to be able to sustain a base shear of six times
the yield level in order that the isolation system would fail
before the superstructure would collapse. With this
approach to isolation design it can be anticipated that the
isolation system is not the weakest link" [6J. The damping
in high damping bearings decreases with displacement and is
generally 10% of critical or greater in the design
displacement region.

In contrast to other elastomeric bearings, lead
rubber bearings have an additional design detail. A lead core
which is cylindrical in shape is inserted in the middle of the
elastomeric bearing. For proper performance, a tight fit
between the lead core and the matrix of rubber and steel
plates is necessary. At low displacements, the lead core is
elastic and the horizontal stiffness in the bearing is high.
As with high damping bearings, this high stiffness provides
resistance to low level input. For design levels of
displacement, the lead core becomes plastic and the bearing
exhibits the reduced stiffness needed for isolation. With the
lead core, the damping achieved by a lead rubber bearing is
between 20% and 40% of critical, which is greater than the
levels achieved with high damping elastomeric bearings.

The other basic type of an isolation system is
sliding systems which consist of two surfaces rubbing
against each other to limit the transfer of shear across the
isolation interface. The weight of the superstructure above
the isolation system creates high normal forces which are
converted to frictional forces in the isolation system. Low
horizontal stiffness is achieved with the appropriate friction
coefficient and high vertical stiffness is achieved with the
interface between the two surfaces of the isolation system.
In contrast to elastomeric bearings, sliding systems "have
the very beneficial effect of spreading out the response
frequencies over a wide band. Hence, 'resonance' is not
possible with any frequency" [7]. As the two surfaces of a
sliding system rub together, they can experience highly
nonlinear stick-slip behavior. Stick-slip behavior results
from the change from the static or stick coefficient of
friction to the dynamic or slip coefficient of friction. Stick-
slip behavior generates "high-frequency vibrations in the
structure, vibrations at frequencies which may not even be
present in the ground motion. The action of the system is

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

330



to transform low-frequency energy into high-frequency
energy in the structure" [8]. This high-frequency energy can
be undesirable for frequency-sensitive equipment in the
structure. Currently, many sliding systems are proprietary
and the two main versions of these systems are the friction
slider and friction pendulum system.

An example of a friction slider is a system which
combines a steel-laminated neoprene bearing with a friction
interface between two plates. This system separates the
flexibility and restoring function of an isolation system.
The neoprene bearing provides the restoring force and some
of the horizontal flexibility. A stainless steel plate and a
lead bronze alloy plate form the friclional interface. The
frictional interface controls the amplified accelerations
imparted to the isolated structure and components and limits
the distortion of the neoprene bearing. During an
earthquake, the system has two types of response depending
on the level of displacement. For small displacements, the
neoprene bearing remains within its linear range and the
frictional interface does not move. During large levels of
displacement, the frictional interface is activated which
reduces the forces transmitted to the superstructure.

The friction pendulum system is an integral unit
which has a friction slider on a spherical surface. A typical
friction pendulum system consists of a friction slider which
moves along a concave surface. The system works if the
concave surface is facing down or up. To achieve isolation,
the friction pendulum system produces a natural period of
vibration based on the pendulum equation which is
dependent on the radius of curvature of the pendulum and not
on the mass of the superstructure. During an earthquake, the
response of the system is bilinear with the "yield point"
equal to the dynamic coefficient of friction for the isolators.
In contrast to other friction systems, the friction pendulum
system has uniform pressure along the friction interface
which can reduce the occurrence of stick-slip problems.

APPLICATIONS OF THE TECHNOLOGY

New Buildings
With the maturing of the technology of isolation

systems, seismic base isolation is gaining acceptance within
the structural engineering community. There are currently
10 base-isolated buildings in the U.S., over 30 base-isolated
buildings in Japan, and many other applications of base
isolation throughout the world. Experiences at base-isolated
structures are demonstrating the potential benefits of the
technology for the design of new and retrofit structures.
There are five categories of structures in which base
isolation has been used. These categories are new buildings,
retrofit buildings, nuclear power plants, equipment, and
bridges. Based on the types of structures that exist within
the DOE, examples of U.S. applications of base isolation in
all the categories except bridges will be discussed. The use
or development of base isolation at several DOE facilities is
also discussed. Further detailed information on U.S.

applications of base isolation in all five categories is
contained in the document, Overview of Seismic Base
Isolation Systems, Applications, and Performance During
Earthquakes [9]. - •

The first modern building to use base isolation is
the William Clayton Building in Wellington, New Zealand.
It was built in 1982 and is supported on lead rubber
bearings. Since 1986, the world leader in applying base
isolation to new buildings has been Japan. Currently, there
are about 30 completed buildings in Japan with about the
same amount of buildings in final design or under
construction. "Base isolation has advanced rapidly in Japan
for several reasons. The expenditure for research and
development in engineering is high, the large construction
companies aggressively market ihe technology, and the high
seismicity of Japan - severe earthquakes are common -
encourages the Japanese to favor the long-term benefits of
life safety and building life-cycle costs when making seismic
design decisions" [10].

Several construction companies in Japan have built
"demonstration buildings" in which measurements are
constantly made on the performance of those buildings. An
example of a "demonstration building" is the Shimizu test
facility at Tohoku University in Sendai. This facility
consists of two identical reinforced concrete buildings. One
of the buildings is isolated, while the other is not. Direct
comparisons between the earthquake responses of ihe fixed-
base and the base-isolated building are made at the facility.
In addition, different isolation systems are placed underneath
the isolated building so that comparisons can be made on the
earthquake response of different systems. Response data
from the many buildings in Japan like the Sendai test
facility has been extremely useful in demonstrating the
potential benefits from seismic base isolation.

Even though the U.S. is not the world leader in
using base isolation in new buildings, there are extensive
efforts in the U.S. to further the development of the
technology. The first U.S. building to use seismic base
isolation was the Foothills Community Law and Justice
Center in Rancho Cucamonga. California. Construction on
the building began in 1982 and was completed in 1985.
High damping elastomeric bearings are used in the building
to shift the fundamental period of the building to 2.0
seconds. After the Law and Justice Center was constructed,
numerous isolation projects were initiated in the U.S.

A more recent application of seismic base isolation
to a new building is the Los Angeles County Fire
Command and Control Facility in East Los Angeles,
California. The building is supported on high damping
elastomeric bearings which shift the fundamental period of
ihe building to 2.2 seconds. Three factors contributed to the
decision to base isolate this building. First, the building,
also known as the "911-Building", is "an indispensable link
in the County earthquake lifelines, directing county-wide fire
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and medical emergency relief service following a major
earthquake and its aftershocks" [7]. Continued operation of
the building during and after an earthquake is critical to its
function within Los Angeles County. Second, the
equipment and contents of the building have a comparable
cost to that of the building. Finally, the building is an ideal
candidate for base isolation due to its structural configuration
and site location. The building "is a two story braced frame
rectangular structure" that is on a site which "is characterized
as stiff clay fill underlain by siltstone bedrock" [11]. These
building and site characteristics provide high levels of
stiffness which are necessary to achieve the period shift from
isolation.

During the design phase of the Fire Command and
Control Facility, fixed-base and base-isolated designs were
considered. Both designs were based on seismic design
criteria requiring that the structure "remain essentially elastic
during the maximum design earthquakes" and that the
equipment be "suitably supported (seismically hardened) to
resist maximum expected accelerations from earthquakes"
[7]. While the design criteria were met for the fixed-base and
base-isolated designs, "a cost comparison showed the base
isolation concept to be about six percent less than the fixed
base design. Furthermore, the reduced level of shaking in a
base-isolated facility should greatly reduce the potential for
impaired operator performance" [7]. The six percent cost
savings resulted from the reduction in the measures needed
for properly supporting the equipment. Comparable cost
savings are likely in new buildings such as the "911-
Building" which have high operational requirements for the
facility and its equipment.

Retrofit Buildings
In contrast to new buildings, the U.S. is leading

efforts to apply seismic base isolation to existing buildings.
The retrofit of existing buildings has become an extremely
promising application of the technology. Base isolation "is
readily applied to the rehabilitation of older buildings of
architectural and historic merit that presently do not comply
with buildings codes" [1]. Within the DOE and other
Federal agencies, there are many buildings which may not
meet modern seismic requirements. The U.S. Navy has a
program in which it is investigating the seismic risk to all
of its facilities. Of the 14.000 buildings that have been
evaluated, "about 5 percent of the existing structures, about
750, require structural upgrading" [12]. Seismic base
isolation may offer a nontraditional and cost-effective way to
retrofit existing facilities to modern seismic regulations.

An application of seismic base isolation in the
retrofit of an existing building is the Rockwell Seal Beach
Facility in Seal Beach, California. Built in 1967, the eight
story building has a nonductile reinforced concrete moment
resisting frame. The isolation system for the building is
lead rubber elastomeric bearings which shift the fundamental
period of the building to 2.8 seconds. An interesting design
detail of the isolation system it that it is not in the

basement of the building, but is placed in the support
columns at about 2/3 the column height between the first
and second floors. Three factors contributed to the decision
to retrofit this building. First, the building was built prior
to special detailing requirements for ductile concrete frames
so it was at risk to a large seismic event. Second, the
building contains an extensive amount of computer
equipment which is sensitive to earthquake motion, is
expensive, and requires long periods of operation. Finally,
the functionality requirements of the building necessitate
that it remain operational at all times.

In order to address the three factors for retrofit, the
design criteria for the building had two objectives. The first
objective was to reduce the seismic forces generated in the
superstructure so that there was no yielding of steel and no
spalling of concrete. This first objective essentially required
that the building remain elastic so that it would suffer no
permanent damage during an earthquake. It was important to
limit spalling of the concrete because if spalling occurred,
building officials might temporarily close the building after
an earthquake in order to allow for further investigation.
The second objective was to reduce floor accelerations in
order to have "no disruption to human beings or contents of
the building during a design level earthquake" [13]. Both
objectives reflect the functionality requirement of continued
operation of the building during and after an earthquake.
Retrofit with base isolation not only met the objectives of
the design criteria, it allowed for minimal disruption of the
building operations during construction. The retrofit scheme
used in the building allowed for, "on all but the first floor,
normal building operations during the 1-1/2-year retrofit
construction phase" [13].

Nuclear Power Plants
There have been considerable efforts throughout the

world to apply seismic base isolation to nuclear power
plants. For the design of many nuclear power plants,
seismic induced forces are the governing loads which have
resulted in excessive expenses and delays. Base isolation has
been identified as a means to significantly reduce the level of
the seismic forces. In addition, base isolation offers a way
to standardize the seismic design of the plants. Plants at
sites with different input motion could use different isolation
systems to accommodate the standardized seismic design
level of a plant. Base isolation is attractive for the design of
nuclear power plants because "the seismic response of
isolated nuclear structures is of a predictably lower
amplitude, the risk of accidents due to uncertainties in the
input motions can be reduced, public safety margins can be
increased, plant investment protection can be enhanced, and
standard plant design can be achievable" [14].

Currently, the only applications of base isolation
for a nuclear power plant are six Pressurized Water Reactor
units designed by Electricite de France (EDF). Four of the
units are located in Cruas, France and two of the units are
located in Koeberg, South Africa. The EDF standard design
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is based on a seismic acceleration of 0.2 g. If a plant is
isolated at a site with higher seismicity, seismic isolation is
used to limit the seismic loads to the levels of the standard
design. Based on the success of the EDF units, base
isolation has been considered for several advanced reactor
concepts.

In the U.S., much of the work on applying base
isolation to advanced reactor concepts has been done at the
Argonne National Laboratory (ANL), which is a DOE
facility. ANL has been deeply involved since the early
1980s with testing and developing seismic base isolation for
application in nuclear power plants. The ANL program has
included the development of computer codes for isolation
systems and isolated structures, an experimental test
program for isolator bearings, testing requirements for
elastomer compounds, and nuclear-grade design and
fabrication specifications for isolation systems. As part of
the program, the effects of long period ground motions,
aging, temperature, and other environmental factors on the
behavior of isolated structures have been studied.

Seismic base isolation was first considered at ANL
for application in the Advanced Liquid Metal Reactor
(ALMR) concept. Both the Rockwell-International ALMR
design, SAFR, and the General Electric ALMR design,
PRISM, considered the use of base isolation in their design
concepts. Based on testing and development done at ANL,
the "current ALMR concept in the U.S., the PRISM
modular plant design by General Electric, uses seismic
isolation for the nuclear reactor module to avoid excessive
material thicknesses in the reactor vessel and piping, and to
enhance the economical standardization of their plant design"
[15]. After their involvement with the ALMR design, ANL
studied the use of seismic base isolation with the DOE New
Production Reactors (NPR). Seismic base isolation was
considered for NPR due to the unique operational
requirements of the facility. A major design requirement for
NPR was "that the facility be returned to full production
following a major seismic event with minimum downtime
and at a reasonable cost" [15]. Even though base isolation
was not selected for the NPR reference designs, extensive
research and development was conducted by ANL to help
advance the technology of base isolation.

As part of the ANL program, testing was conducted
on the response of elastomeric bearings and of isolated
structures. Testing of the response of elastomeric bearings
to cyclic loading was done at two facilities, the Earthquake
Engineering Research Center at the University of California
Berkeley and the Energy Technology Engineering Center,
which is a DOE facility. "Tests were performed on scale-
size laminated seismic isolators both within the design shear
strain range to determine the response of the bearing under
expected earthquake loading conditions, and beyond the
design range to determine failure modes and to establish
safety margins" [16]. To test the response of isolated
structures to earthquake motion, ANL participated in a joint

study program with Shimizu Corporation of Japan. For the
program, Shimizu provided use of the Scndai test facility,
which was discussed earlier, while ANL supplied the
bearings to be used at the facility. Between 1989 and 1991,
two different isolation systems were installed under the
isolated building in the test facility for data collection and
earthquake observation. Based on results of the testing, it
was "concluded that isolation systems comprised of
laminated steel-elastomer bearings, if properly designed, can
act as effective filters to reduce seismic forces" [17].

Equipment
In many of the applications of base isolation, part

of the function of the isolation system is to protect the
contents of the structure. "It has long been recognized that
computers, sensitive equipment, power plant vessels, and
tanks are more susceptible to earthquake damage than
buildings. One way of protecting such components is to
isolate the buildings in which they are housed. Another is
to isolate individual components" [18]. Because the
equipment inside a building can be comparable in size,
mass, and strength to the building, traditional seismic
hardening of equipment is similar to traditional seismic
design for buildings. Base isolation can offer the same
benefits to equipment isolation as it does for building
isolation. For example, the hardening requirements were
high for the contents of the Los Angeles County Fire
Command and Control Facility discussed earlier. "By
contrast, the acceleration requirements for the base-isolated
case are of such a low level that they could be met without
the need to undertake detailed anchorage analysis of each
item" [7].

Two applications of base isolation with equipment
are at the Stanford Linear Accelerator Center (SLAC) in Palo
Alto, California. Both applications were isolated in 1987
with lead rubber elastomeric bearings. The first application
at SLAC, which is a DOE facility, is the Mark II Detector
at the end of the accelerator. The detector weighs 3.2
million pounds and is 30 feet tall. Four bearings support
the detector and help mitigate the effects of seismic forces on
the detector components. The other application at SLAC is
a liquid argon calorimeter. Similar to the Mark II Detector,
the calorimeter is a large piece of equipment that could
benefit from base isolation. An attribute of many large
pieces of equipment like the detector and calorimeter is that
they are relatively stiff. This stiffness as compared to the
low stiffness of an isolation system aids the period shift
which is required for isolation.

Concerns About Applying Seismic Base
Isolation

In applying base isolation to different types of
structures, several concerns have surfaced. Some of those
concerns are the cost of isolation, the effects of long period
motion, the lack of standardized material data and testing
requirements for isolation systems, and the response of
isolated structures to low level earthquakes. Currently, there
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is research and development addressing these and other
issues. By addressing the concerns with base isolation,
decision makers and designers will be further encouraged to
consider the technology as a design option.

There exists a general perception that new
technology costs more than traditional technology. This
perception has prevented many decision makers from
considering the "new" technology of base isolation. Based
on the general trends of the costs of several isolation
projects, "it has been found that there is a cost increase to
incorporate seismic isolation in new construction, whereas
there may be a cost savings in the upgrade of existing
buildings" [19] The cost increase in new construction has
generally been less than 5%. A problem when considering
the costs of isolation is not necessarily the increase since it
may be small, but the performance objectives of the
structure. While "risk-adverse decision makers would tend to
choose base-isolation to lessen the potential consequences of
the worst-case scenario, decision makers who are not risk-
adverse might choose the life-safety fixed-base scheme (least
initial cost) and essentially gamble that a major earthquake
('the big one') will not occur during ihe economic life" [20].
In order to demonstrate the potential cost benefits of base
isolation for comparable performance in a conventionally
designed structure, the techniques used in cost studies need to
be modified. One modification is to include life-cycle costs
as a major part of the economic analysis. "When disruption
costs and the value of building contents are important,
seismic isolation has a substantial economic advantage over
other systems regardless of initial construction costs, under
almost all conditions" [19].

The design spectra used for conventional structures
is based on empirical data that has been collected for many
years. Unfortunately, the data is not fully developed for the
period range of isolated structures due to several reasons.
The first reason is that since conventional structures have
fundamental periods in the short period region of the specira,
much of the collected data is for that region. In addition,
"the long period motions in the empirical data base are not
as reliable as the high frequency motions. In particular, at
periods greater than about 4 seconds, the empirical data is
often filtered to remove baseline errors. As a result, the
long period motion in the empirical data base may
underestimate the true long period ground motions" [21].
Recent research on long period motion has provided
technical insight about the spectra that are needed for isolated
structures.

With no commercial standard for the specifications
of seismic isolation systems, the advantages and
disadvantages of different systems must be carefully studied.
As discussed earlier, some of the systems are proprietary and
it can be difficult to obtain engineering details about those
systems. In addition, there does not exist a structural
engineering handbook for isolation systems as there is for
other structural engineering components. Many times, the

safety margins associated with the systems are not
quantified. One solution to these problems is requirements
on the testing of isolation systems. With the uncertainties
about different systems, "testing of the elements of the
isolation system is undoubtedly of the same if not greater
importance than the proper analysis and design of the
system" [22]. Further efforts are needed, though, to
standardize the material specifications and testing
requirements for isolation systems. Currently, the Building
and Fire Research Laboratory of the National Institute of
Standards and Technology is developing a draft guideline for
the testing and evaluation of seismic base isolation systems.
One of the major elements of that guideline will be the
specification of quality control testing of isolation systems.

A technical issue with isolated structures that is
causing concern is the response of those structures to low
level earthquakes. In the U.S., all the isolated structures
have experienced only low levels of earthquake input. The
largest acceleration measured at an isolated building in the
U.S. is 0.24 g at the Foothill Communities Law and Justice
Center during the 1990 Upland Earthquake. Most of the
other measured accelerations have been less than 0.05 g.
The concern about the response of the buildings during the
low level earthquakes is that the buildings are not
necessarily responding as an ideal isolated structure. In
some cases, the peak ground acceleration (PGA) is being
amplified in the superstructure. "For earthquake motions
with small PGAs the isolation system is only partially
effective in limiting the accelerations transmitted to the
superstructures. In these minor events the upper floors of
the building exhibit amplified accelerations. However, as
the PGA of the input motion increases, the isolation effect
becomes more pronounced, and the roof-ground acceleration
amplification ratio is reduced" [23]. The technical reason
why the buildings are responding to low level earthquakes
more like conventional structures than like isolated
structures is that the isolation systems are responding in the
initial high stiffness region of their hysteretic curves during
the low level earthquakes. In most cases, the response
levels in the buildings to the low level earthquakes are
nearly insignificant and no damage resulted. Further research
is needed to address how isolated buildings respond to low
level input when they are designed for a high level
earthquake.

HOW THE TECHNOLOGY MIGHT BE
APPLIED WITHIN THE DOE

Natural Phenomena Hazards Mitigation
One of the reasons that base isolation is being

considered within the U.S. is the increased awareness of
seismic hazards. In 1977, the National Earthquake Hazards
Reduction Program (NEHRP) was initiated with the goal of
reducing the risks to life and property of future earthquakes.
While the Federal Emergency Management Agency and the
National Institute of Standards and Technology were the
principal agencies, many Federal agencies like the DOE
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established plans and programs to meet the goal of NEHRP.
These efforts were substantially increased with the passage
of Executive Order 12699 in January 1990 for new Federal
buildings. The mandates of that Order are "to reduce risks to
the lives of occupants of buildings owned by the Federal
Government ..., to improve the capability of essential
Federal buildings to function during or after an earthquake,
and to reduce earthquake losses of public buildings, all in a
cost-effective manner" [24]. Currently, the Interagcncy
Committee on Seismic Safety in Construction is working
on standards that will require similar provisions as those in
Executive Order 12699 for existing Federal buildings. Base
isolation offers a way to meet the Federal provisions of
Executive Order 12699 and the forthcoming order on
existing facilities.

Based on Federal requirements on the effects of
earthquakes such as Executive Order 12699, the DOE has
implemented an extensive natural phenomena hazards (NPH)
program. The NPH program not only addresses the effects
of earthquakes on DOE facilities, but it addresses the effects
of other natural phenomena such as wind and flood. DOE
Order 5480.28 governs the NPH program by requiring all
DOE sites and facilities to use a graded approach for natural
phenomena hazards mitigation. The policy of the DOE,
which is specified in the Order, is "to design, construct, and
operate DOE facilities so that workers, the general public,
and the environment are protected from the impacts of
natural phenomena hazards on DOE facilities" [25]. In order
to implement the requirements of the Order for structures,
systems, and components (SSCs), DOE Standards and
guidance documents such as DOE STD-1020-92 are used.
With the graded approach, structural design requirements
vary depending on the intended performance of the structure
being considered. There are five performance categories (PC)
in DOE Order 5480.28 ranging from PC 0 in which no
consideration of natural phenomena is necessary to PC 4 in
which the SSCs pose a potential hazard to safety and the
environment because radioactive or toxic materials are
present in significant quantities. It is within the graded
approach instituted by DOE Order 5480.28 that base
isolation could be applied within the DOE.

There are two factors that make base isolation
appealing for application within the DOE. The first factor
is that base isolation can ensure continued operation during
and after an earthquake. In addition to design objectives
about life safety, DOE Order 5480.28 requires that SSCs
must "prevent loss of capability to perform functions
consistent with: (1) importance to safety for workers and the
public; (2) impact on the environment; (3)
repair/replacement costs; or (4) programmatic mission" [25].
Base isolation may be the only design option which can
meet all these design objectives for some structures. It was
objectives like these that contributed to the decisions to base
isolate the Los Angeles Fire Command and Control Facility
and the Rockwell Seal Beach Facility which were discussed
earlier. The second factor is that base isolation can be a

cost-effective way to retrofit existing facilities. As the
requirements of DOE Order 5480.28 are implemented within
the DOE, many of the mature facilities may be structurally
inadequate to meet the provisions of the Order. "In two
recent detailed cost studies, seismic isolation was shown to
be 15 to 30% less expensive than a conventional upgrade.
In addition, disruption to the operation of the facility was
avoided during construction with the use of seismic
isolation" [19]. Based on these two factors and the many
examples of the benefits from base isolation, base isolation
can be an important part of the NPH program.

Design Criteria
To use seismic base isolation within the DOE,

criteria and guidance need to be developed. These criteria and
guidance provide the tools by which the technology can be
applied. Without criteria, there will be a reluctance within
the DOE to consider base isolation as a design option.
Design criteria, usually in the form of a design code, are one
of the main tools designers use. "The availability of design
codes is a key step in the implementation of any new
technology since it provides the design profession with a
consensus on requirements that should be used" [26].
Currently, DOE seismic design criteria do not include
provisions for base isolation. Special provisions for base
isolation are necessary due to the differences between the
requirements of traditional seismic strengthening and of
seismic isolation.

Within the last several years, design criteria for
base-isolated buildings have been developed for commercial
applications. For most seismic isolated buildings.
Appendix 2 of Chapter 23 of the Uniform Building Code
(UBC) provides requirements for the design and construction
of the buildings. The provisions in the UBC are based on
Appendix 1L of the Structural Engineers Association of
California "Blue Book". Appendix 1L provides general
design requirements applicable to a wide range of possible
seismic isolation systems. There are two approaches in
Appendix 1L for determining the earthquake response of
structures. The first approach "uses a formula (similar to
the seismic-coefficient formula now used in conventional
building design) to prescribe peak lateral displacement and
force as a function of seismic zone, soil profile, proximity
to active faults, and isolated-building period and damping"
[27]. For situations for which the first procedure is not
applicable, the second approach "relies on dynamic analysis
procedures lo determine maximum force and displacement
response of the isolated building" [27]. Currently, most
designers use the static formula to obtain general design
parameters and then use dynamic analyses lo perform detailed
design of the structure. To properly analyze the dynamic
behavior of isolated structures, the nonlinear characteristics
of the isolation system must be properly modeled.
Extensive research is being done to determine the appropriate
way to model isolation systems. A standardized approach
for modeling the idealized behavior of isolation systems is
needed in Appendix 1L or the UBC.
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The design criteria in Appendix 1L or the UBC can
be adopted for use within the DOE. Using commercial
design codes is consistent with the requirements of DOE
Order 5480.28 which states that "it is the intent of this
Order to conform to and/c - use national consensus codes and
standards wherever practicable" [25]. Before directly
adopting the requirements of the UBC for the DOE, study
and analysis must be done to determine the performance
levels achieved by the UBC. As discussed earlier, the graded
approach in DOE Order 5480.28 is based on different
performance levels for different types of structures. Because
current applications of base isolation like the Los Angeles
County Fire Command Control Facility and the Rockwell
Seal Beach Facility were designed for high performance, it is
likely that the UBC requirements will meet the performance
specifications of at least PC 2 and potentially PC 3 and PC
4. With careful consideration, the role of base isolation
within the graded approach can be developed so that isolation
can be added as a design option within the appropriate DOE
Standards.

A major problem with commercial design codes
such as the current UBC is that there is a significant
difference in the performance requirements of conventional
and isolated structures. Essentially, conventional structures
are required to protect life safety while isolated structures are
required to remain elastic during design level earthquakes.
"Because of the uncertainties associated with predicting the
maximum earthquake ground motion and the ensuing
damage, an economic and performance evaluation of a base-
isolated building design versus a conventional building
design must be addressed in a probabilistic manner" [4].
Fortunately, the graded approach used by the DOE is
probabilistically based and can accommodate the performance
differences between conventional and isolated structures.
With the graded approach, conventional and isolated
structures will be evaluated against the same performance
requirements.

Design Guidance
With established design criteria, guidance

documents will be needed to assist designers in properly
applying the criteria. A potential form of base isolation
guidance is a screening process to determine which structures
at a DOE site are appropriate candidates for seismic base
isolation. The screening process would consider design
parameters like cost, performance goal, and site conditions.
As part of their response to the NEHRP, the U.S. Navy has
conducted earthquake safety investigations of its facilities.
The investigations use a screening process similar to the
type that could be developed for base isolation. As part of
the screening, the U.S. Navy evaluates site hazards, conducts
preliminary structural analyses, performs detailed structural
analyses, and recommends mitigation measures. The DOE
could prepare guidance on conducting investigations of its
facilities for base isolation based on the screening procedure
used by the U.S. Navy.

After determining which structures arc appropriate
for base isolation, ihe design phase of those structures can
begin. "Feasibility studies are required early in the design
phase of a project to evaluate both the technical and
economic issues. If inclusion of seismic isolation is
appropriate from a technical and first-cost perspective, then
significant life-cycle cost advantages can be achieved" [19].
Technical and economic guidance is needed that addresses the
use of base isolation in the design phase of a project.
Technical issues for base isolation include the desired period
shift, the site seismicity, configuration of the supported
structure, and the performance requirements for the isolation
system. Guidance on economic issues is as important as
that for technical issues. In many projects, economic
constraints have driven the technical solutions. With base
isolation, the economic issues can be complicated due to
differences in performance objectives. For a recent economic
analysis of a building retrofitted with base isolation, the
results were mixed. "In all earthquake loss scenarios, for the
design schemes with comparable performance objectives, the
results indicated that the life-cycle cost of the base-isolated
scheme was always less than that of the repairable-damage
fixed-base scheme. However, the results varied when
comparing life-cycle costs of the isolated scheme and life-
safety fixed-base scheme, depending on the risk perspective
used to evaluate earthquake losses (probable-case or worst-
case)11 [20]. In order to properly evaluate the economic
issues of a base-isolated structure, guidance needs to be
developed which deals with determining life-cycle costs that
reflect desired performance characteristics.

As discussed earlier, the greatest potential for the
application of base isolation to DOE facilities is for the
retrofit of mature structures. Guidance needs to be developed
which addresses the technical feasibility of applying base
isolation for retrofit design. Because of the constraints
already present in an existing structure, retrofit of existing
structures to improve their earthquake safety involves
additional considerations when compared with new
construction. These constraints affect retrofit design whether
or not isolation is considered due to the limitations and
unknowns of the existing structure. A problem with using
isolation with existing structures is that the level of their
stiffness is unknown, or may be inadequate, which makes
the proper period shift difficult to achieve. The limitations
of the existing structure greatly affect whether or not it can
be identified as a candidate for isolation. Limitations include
the type of foundation, utility connections, and structural
configuration. After identifying a potential structure for
retrofit with base isolation, evaluating its performance may
be difficult due to the lack of information about its current
state. Data about the condition of the structure, the degree
of structural deterioration, and the modifications made to the
structure is critical to evaluating the performance of the
existing structure. Finally, applying base isolation to an
existing structure has a major impact on the construction
issues. As an existing building is retrofitted and as isolators
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are added progressively to the existing building, the stiffness
of the building gradually changes. These changes must be
properly addressed with design guidance. In addition, the
building must sometimes remain in service which requires
special construction provisions. In order to address the
many issues associated with retrofit design with base
isolation, guidance needs to be developed.

In order to create the necessary background and
understanding for developing design criteria and guidance
about seismic base isolation, an experience database is
needed. The database should contain details about different
base isolation systems, their applications in structures, and
their performance during earthquakes. A major element of
this database is the application of base isolation to existing
structures. Information for this database will be collected
from literature searches and by attending symposiums on
base isolation. In order to transfer the gathered information
within the DOE, workshops or short courses can be planned.
These workshops and short courses could also present
information on the developed design criteria and guidance
documents discussed earlier.

"Demonstration Project"
Design criteria and guidance for base isolation

would be enhanced if they were applied to a "demonstration
project", such as a new design or an existing structure that
needs seismic upgrading. In addition, base isolation could
be included as a design option for several DOE projects.
Base isolation would be applied according to the developed
criteria and guidance discussed earlier and an intensive study
would determine the applicability of the technology for the
project. To identify structures which are potential candidates
for a "demonstration project", a screening process similar to
the one discussed earlier would be used. There are three
main characteristics of the structures that should be
considered. First, the site characteristics such as the seismic
zone and the type of site soil need to be evaluated. The
superstructure characteristics would be studied next and some
analyses may be necessary to provide all the necessary
information. Superstructure characteristics such as its
geometry, size, mass, and structural design would be
compared to recommendations in guidance documents.
Finally, the facility characteristics would need to be reviewed
because they determine the operation requirements for the
structure as well as provide information for the economic
analysis. After screening potential candidates, an appropriate
"demonstration project" could be found. With a
demonstration of the use of seismic base isolation, the DOE
will be encouraged to consider and apply the technology.

CONCLUSION

This report has provided a general overview of
seismic base isolation and how it might be applied within
the DOE. The potential benefits of base isolation are
summarized in the main conclusion from the joint study
between ANL and Shimizu discussed earlier. The study

concluded that the performance of isolator bearings "in an
isolated structure in moderate and strong earthquakes will
assure that the response of the isolated structure be far
superior to that of conventional structures. More
importantly, the isolation system will provide high levels of
damage control to the structure and will provide high levels
of protection to internal equipment and other building
contents" [17]. These benefits parallel the requirements of
DOE Order 5480.28 which sets the policy for natural
phenomena hazards mitigation. As the DOE has been a
leader in the use of a graded approach for natural phenomena
hazards mitigation, it can be a leader within the Federal
government with the application of the innovative
technology of base isolation. The state of California has
recognized the potential of base isolation by adopting Senate
Bill 920 which encourages "the State to take a leading role
in using new technology to mitigate earthquake risk and to
incorporate life cycle costs into the decision making
process" [26]. The future involvement of the DOE in
seismic base isolation is part of its efforts to be a leader in
meeting Federal requirements for seismic safety. There are
many DOE facilities which operate in areas of high seismic
risk and these facilities must be protected. Seismic base
isolation may provide a viable design option for mitigating
the effects of earthquakes on those facilities.
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ABSTRACT

Current Department of Energy criteria for facilities subjected to natural hazards
provide guidelines to place facilities or portions of facilities into usage categories.
Usage categories are based on characteristics such as mission dependence, type of
hazardous materials involved, and performance goals.

Seismic requirements are significantly more stringent for facilities falling into higher
"hazard facility use categories". A special problem arises in cases where a facility or
portion of a facility is dependent on another facility of lower "hazard facility use
category" for support or protection. Creative solutions can minimize the cost impact
of ensuring that the lower category item does not compromise the performance of the
higher category item.

In this paper, a base isolation solution is provided for a "low hazard facility use
category" weather enclosure designed so it will not collapse onto a "high hazard
facility use category" high level waste storage facility at INEL. This solution is
compared to other more conventional procedures. Details, practical limitations,
licensing and regulatory considerations, and cost comparisons are provided.

This work was performed under the auspices of the U.S. Department of Energy by
WINCO under contract DE-AC07-84ID12435 and ICF Kaiser Engineers under
subcontract 218014.
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INTRODUCTION

The design of the High Level Waste
Tank Farm Replacement (HLWTFR) Project at
the Idaho National Engineering Laboratory
(INEL) calls for four 500,000 gallon waste
storage tanks placed in an underground concrete
vault. The tanks are designed to hold high level
radioactive liquid waste generated by the fuel
dissolution and separation processes at the Idaho
Chemical Processing Plant (ICPP). The roof of
the vault is at grade level and is protected by an
above-grade steel structure referred to as the
weather enclosure.

Figures 1, 2 and 3 show the tanks, the
vault and the weather enclosure building. The
tanks and the concrete vault are classified as
high hazard facility use category structures. The
weather enclosure building, which sits on top of
the concrete vault, houses 10 and 25 ton cranes,
does not function as a containment structure,
and is classified as a low hazard facility use
category structure.

When a lower hazard facility use
category structure, is located on top of or
adjacent to a higher hazard facility use category
structure, a potential failure of the lower hazard
facility may have an adverse impact on the
integrity and/or function of the higher hazard
facility. To adequately address this concern, it is
necessary to pursue one of the following options:

1. Analyze the lower hazard facility using
the higher loads intended for the design
of the higher hazard facility. The
objective of this approach is to try to
demonstrate that the higher hazard
facility will not be functionally impacted
by the failure or damage of the lower
hazard facility. This approach typically
shows substantial overstress and non-
linear behavior of the lower hazard
facility structures. The overstress can be
so severe as to make a definitive
determination of adequacy very difficult.
Licensing of the facility can be

significantly delayed because regulators
tend to enforce a higher level of scrutiny
for this approach.

2. Change the classification of the lower
hazard facility to that of the higher
hazard facility, and design accordingly.
This is the "safest" approach from a
licensing/approval perspective, but it
typically results in a substantial design
and construction cost increase.

3. Develop a base isolation or energy
dissipation design concept so that the
non-linear behavior of the lower hazard
facility is carefully controlled. This
approach is elaborated upon in this
paper.

CRITERIA AND FUNCTIONAL
REQUIREMENTS

The HLWTFR Project Design Criteria
for the tank farm replacement project (PDC,
Reference 1), invokes References 2 and 3 and
UCRL-15910 (Reference 4) for natural
phenomena design requirements. The PDC also
provides for conservatism beyond the UCRL-
15910 criteria.

UCRL-15910 establishes the criteria for
consideration of natural phenomena hazards in
the design of DOE facilities. DOE has recently
prepared two standards to replace UCRL-15910.
These standards, DOE-1020-92 and DOE-1021-
92, use new terminology that replaces "facility
use categories" with "performance classifications".
The new standards do not significantly affect the
selection of base-isolation to address interaction
of adjacent facilities. UCRL-15910 uses a graded
approach, in which facilities with more severe
consequence of failure are submitted to more
stringent design requirements.

Both the PDC and UCRL-15910 provide
for significant difference in the criteria and
seismic loads for these two facility use
categories.
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For low hazard facility use category
structures, Section 4.2 of UCRL-15910,
stipulates that the Uniform Building Code
(UBC, Reference 5) static force method shall be
used. Analysis procedures and acceptance
criteria are to conform to UBC. The UBC Zone
3 and 4 provisions are to be met for all detailing
requirements.

The HLWTFR PDC provides similar
requirements based on the UBC static force
procedure. However, different values of the
UBC coefficients I and Z are specified for low
hazard category structures containing radioactive
materials (The PDC specifies I = 2.0 and Z =
0.20 while UCRL 15910 specifies I = 1.25 and
Z = 0.14).

It should be noted that the magnitude of
the seismic design forces is dependent on the
value of the UBC's numerical coefficient Rw

which is a function of the type of lateral load
resisting system. Design Response Spectra
generated to the above requirements for
different framing types are plotted and compared
in Figures 4 and 5.

For high hazard facility use category
structures, UCRL 15910 stipulates that analysis
procedures and acceptance criteria shall be in
terms of elastic dynamic analysis, including soil-
structure interaction (SSI) effects. The Design
Basis Earthquake is defined by a median
amplification curve, such as found in UCRL-
53582, applied at a rock outcrop, with a zero
period acceleration (ZPA) of 0.2 lg horizontal,
and 0.14g ZPA vertical. UBC Zone 3 and 4
provisions for all detailing requirements shall be
met.

The HLWTFR PDC provides similar
requirements, but defines the Design Basis
Earthquake as the USNRC Regulatory Guide
1.60 (Reference 6) horizontal spectra, applied at
a rock outcrop, with a zero period acceleration
(ZPA) of 0.24g horizontal, and 0.16g ZPA
vertical. The PDC also requires that analysis
procedures and acceptance criteria shall be in

accordance with UBC, UCRL-15910 and U. S.
Army TM5-809-10-1, Change No. 1 (Reference
7). Since the PDC requires a detailed SSI
analysis, an estimated amplification of 2.0 was
selected to avoid costly SSI analysis in the
preliminary design stages. Therefore, the
corresponding ZPA value was multiplied by 2.0
and used as the anchor point for the Reg. Guide
1.60 horizontal spectra. This amplified spectra,
along with the spectra obtained from the actual
SSI analysis of the vault at a later stage, is also
shown in Figures 4 and 5.

As can be readily seen from Figures 4
and 5, the spectral values for the high hazard
spectra structures are an order of magnitude
higher than those for low hazard structures.
With this difference in load level, it would be
very difficult to analytically provide a definite
determination of adequacy for a structure
designed using loads and criteria consistent with
low hazard facility use category and subjected to
loads intended for the design of high hazard
facility use category structures.

This paper explores the other options:
to design the lower level facility using the higher
loads, or to provide a base isolation or energy
dissipation system.

FACILITY DESCRIPTION

The vault dimensions are 165 feet by 186
feet by 51 feet deep. The concrete vault has
five foot thick walls and four foot six inch thick
roof slab. The roof slab has numerous access
openings for remote inspection and
maintenance. These openings substantially
increase the vulnerability of the storage tanks to
damage because of collapse of the weather
enclosure and cranes above. The roof slab of
the vault serves as the floor for the weather
enclosure building (Figures 1, 2, and 3).

The design of the weather enclosure
structure calls for an approximately 60 foot high
structural steel frame with steel siding. The roof
consists of steel decking with 4" concrete fill.
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Overhead cranes running on steel crane girders
are provided for handling equipment. A line of
interior columns is provided within the 165 ft.
width of the building. The building is supported
by the concrete vault along exterior and interior
vault walls. Figures 6 and 7 show the layout and
general dimensions of the braced frame option,
Figure 8 shows a typical section view of a
moment frame option.

The design of the HLWTFR Project
includes four new tanks with provisions for
future expansion for a total of eight tanks. Both
the concrete vault and the weather enclosure
superstructure will accommodate the future
expansion. The future expansion of the weather
enclosure calls for removal of one of the
enclosure walls so that the future configuration
provides a single, open bay to allow the initial-
configuration cranes to serve all eight tanks.
This precludes the use of bracing or shear walls
in the wall to be removed. Another severe
constraint is the need to provide enough head
clearance to accommodate using the crane for
maintenance and removal from the tanks
(through the roof slab openings) of long rigid
components such as steam jets, radio frequency
probes, corrosion coupons, and air lifts.

STRUCTURAL SOLUTIONS

The design of the weather enclosure
structure is controlled by lateral loads due to
natural phenomena. The design lateral loads
include wind loads and seismic loads. The design
wind pressures are based on the requirements
delineated in UCRL-15910 (Reference 4,
Chapter 5). The design wind pressure for the
INEL site is based on a maximum wind speed of
70 mph for low hazard category use structures
and 95 mph for high hazard category use
structures. A preliminary evaluation determined
that wind loads are significantly lower than the
seismic loads. The extreme wind load results in
approximately the same base shears as the low
hazard seismic load (1200 lbs. per foot width).
The base shear corresponding to the high hazard
category use seismic load requirement is about

11,000 lbs per foot therefore, evaluation of the
weather enclosure proceeded with focus on
seismic loads.

For comparison of alternatives, an initial
design of the weather enclosure has been
developed using seismic loading consistent with
low hazard facility use category criteria. This
design consists of a braced steel frame with 20'
column spacing. The steel roof deck with 4" of
concrete acts as a diaphragm to resist bending
moments and transfer shear loads. The columns
are assumed to be fixed at the base. A
reference building height of 60 ft. to the eave
line is selected for the initial study. Uniform
dead weight loads for the concrete roof deck
and steel side walls (including miscellaneous
items such as columns, piping, attachments etc.)
were estimated to be 60 psf and 15 psf,
respectively. Since the primary objective of this
study is to obtain a preliminary cost comparison
for feasibility and cost benefit evaluation,
approximate analysis and design methods are
considered adequate.

To resist the increased design earthquake
lateral loads consistent with high hazard facility
use category criteria, the following three
alternatives were selected for evaluation and cost
comparison.

BRACED FRAME

The first alternative includes braced
frames at each end of the weather enclosure
(Figures 6 and 7). The high lateral seismic loads
due to the concrete-steel deck roof require the
introduction of horizontal roof trusses to transfer
the shear loads to the braced frames at the end
bays. Two 30'-0" deep roof trusses are used.
Major cost increases are due to the additional
steel for the trusses, the increased beam and
coiumn sizes, and the bracing.

Due to the high member forces,
additional cost for design and fabrication of the
connections would also be incurred. The cost
increase over that of the lower hazard baseline
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reference design is summarized in Table 1.
Table 2 shows the comparison for the design
cost when the future expansion is included.

One disadvantage of this braced frame
design is the presence of braces at the end
frame; the braces for this frame will have to be
removed for the construction of the future
expansion. The braces also restrict access
through the two ends of the building.

MOMENT-RESISTING SPACE FRAME

The second alternative uses a moment-
resisting space frame (Figure 8). This design
eliminates the need for lateral roof trusses and
the bracing system; however, the required
column and girder sizes increase the cost over
that for the braced frame system.

BASE ISOLATION

The major cost increase component for
the high hazard design braced and moment
frame options is the increase in member sizes
(bracing or moment-frames) to resist the
amplified seismic loads. The use of a base
isolation or energy absorption approach was
explored as a third option to minimize the cost
of a structural solution. Over the last few years
several systems have appeared in the market; a
relative comparison was made among all
available systems, and the Friction Pendulum
System (FPS) (References 8, 9 and 10) was
selected.

The friction pendulum is a sliding
isolation/energy absorption device with a
spherical surface (Figures 9, 10 and 11). In this
system the isolated structure is supported by
bearings. Each bearing consists of an articulated
slider on a spherical concave chrome surface.
The slider is faced with a bearing material that
provides a pre-determined and reliable friction
coefficient. The FPS acts as a fuse that is
activated only when the earthquake forces
overcome friction. When in motion, the bearing
provides a lateral resistance equal to a

combination of the friction force and the
restoring force developed as the structure rises
along the spherical surface. The restoring force
can be easily calculated as being proportional to
the displacement and the weight carried by the
bearing, and is inversely proportional to the
radius of curvature of the spherical surface
(Figure 11). The following are the significant
advantages of the FPS for this application:

• The all metal construction of the FPS
makes it ideal for applications where
factors such as time, radiation or
temperature could affect other systems.

• The system is rigid for forces lower than
those required to break friction.
Preliminary evaluations determined that
95 mph wind loads will not break
friction.

• The lateral force resistance of each
bearing is proportional to the weight
carried by the bearing. This is a
significant advantage for this system
because the resultant resisting Ibrce
coincides with the center of mass.
Eccentricities are eliminated and the
torsion load acting on the structure is
always zero regardless of the location of
the cranes.

• The designer has complete control of the
period of the isolated structure. The
period is independent of the mass of the
structure and related only to the radius
of curvature of the spherical surface.

• The friction mechanism provides an
ideally shaped and stable hysteresis
diagram. The energy absorption capacity
of the device is a significant advantage of
this system (Figure 12).

The cost increase of the base isolated
design is practically limited to the cost and
installation of the base isolators. For the
weather enclosure, there is a minimal amount of
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ducting and cabling crossing the isolation plane
requiring special detailing to accommodate
potential relative seismic displacements. The
weather enclosure being a self standing
structure, there is no cost to providing a seismic
isolation gap around it to accommodate the
isolator displacements. The future expansion of
the weather enclosure will use the same base
isolation and will not require seismic separation.
A total of 47 base isolators are required for the
initial configuration and a total of 68 based
isolators are required for the final expanded
design.

COST ESTIMATES AND COMPARISON

The cost of the Weather enclosure
building based on low hazard facility use
category seismic loading are used as the baseline
reference. Tables 1 and 2 show the base
isolated solution as the most advantageous from
the total cost of design and construction point of
view. It should be noted that the cost for the
base isolation scheme includes a $30,000
additional "licensing cost".

REGULATORY AND LICENSING
CONSIDERATIONS

The use of base-isolation is a new
concept for DOE high level waste storage
facilities. As such, significant external technical
scrutiny should be anticipated if detailed design
proceeds.

This scrutiny is expected as part of the
safety analysis process. The HLWTFR Project
safety analysis should address the base-isolation
design concept and should incorporate its impact
in the project's risk assessment report. Through
the safety analysis, the examination by DOE's
technical oversight committees is anticipated.
The Project should develop detailed justification,
including references to prior use of FTPS in the
private sector along with data from its
performance in actual earthquake events. These
reviews will add costs and may require a
schedule extension.

Estimated additional costs associated with
the licensing are included in Tables 1 and 2.
These costs are relatively trivial and are far less
significant than the potential for schedule delays.
To minimize the schedule impact, the technical
reviews should start concurrent with the
initiation of detailed design.

As more empirical results of base-
isolation performance in major seismic events
becomes available, the acceptability of this
system should improve and should become more
readily accepted by the DOE community. The
cost of oversight approval will be more
predictable and would probably be small
compared to the significant amount saved in the
design and construction costs.

CONCLUSION AND RECOMMENDATIONS

The study indicates that by adopting the base
isolation design approach, the structural design
can be simplified and the overall cost reduced as
a result of the minimization of dynamic response
amplification. Associated design adjustments
such as provisions for perimeter gaps,
requirements of flexible connections, and
mechanical component isolation for relative
displacements are dependent on the project
specific design. However, these factors can be
coordinated, optimized and designed to minimize
the added costs.

With respect to licensing and regulatory
approval requirements, the associated costs are
expected to be small compared to the savings in
structural and construction costs once the
concept of base isolation design is generally
accepted by the DOE and Regulatory
communities.

Based on the result of this study, it is
recommended that the base isolation design
alternative be seriously considered for use in
DOE projects where high seismic loads result in
significant cost impact.
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TABLE 1 - SUMMARY OF TOTAL COSTS
(INITIAL DESIGN)

. , , 4 , , , 1 HAZARD USE
FRAME rATFrnnv
TYPE CAILGOKY

Moment

Frame

Braced
Frame

Low

High

High

Base Isolation || High

TOTAL
COSTS

(Dollars)

1,920,000

2,427,600

2,201,600

2,040,800

TABLE 2 - SUMMARY OF TOTAL COSTS
(DESIGN INCLUDING FUTURE

EXPANSION)

FRAME
TYPE

Moment

Frame

HAZARD USE
CATEGORY

Low

High

Ecc. Braced 1[ High
Frame

Base Isolation || High

TOTAL
COSTS

(Dollars)

3,438,000

4,346,000

3,939,000

3,613,400
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ABSTRACT

This paper presents the results of an analytical study of the retrofit of a
three-story noaductile concrete frame (NDCF) with a friction-based energy
dissipator.

The energy dissipator used is the Energy Dissipating Restraint (EDR). The
EDR is a friction device which was used to dissipate the energy introduced
into the structure by a seismic event. Special characteristics of this device
are that it is self-centering, the friction force is proportional to the displace-
ment, and it can be configured to provide energy dissipation for a wide
range of seismic event magnitudes.

In this study, the EDR was deployed as part of a lateral bracing system
which was used to retrofit an existing NDCF. The addition of the EDR to
the structure increases both the stiffness and the damping of the frame. The
goal of the study was to design a bracing system which would prevent the
brittle concrete frame elements from going beyond their ultimate capacity.
Thus, it was required that in the final bracing design that the response of
the structure must be elastic or have a very low ductility demand.

The main parameters addressed in the study include stiffness of the bracing
system and the configuration of the EDR.

The study showed the importance of brace stiffness in systems with and
without the EDR. The results demonstrated that, properly configured, the
EDR reduced the response to such an extent that the magnitude of earth-
quake which the NDCF could withstand was substantially increased.
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INTRODUCTION
This paper describes the preliminary analyti-

cal investigation of the retrofit of 3-story nonduc-
tile reinforced concrete frame (NDCF) using brac-
ing and a passive energy dissipation device.

The principal problem in retrofitting a
NDCF is to prevent displacement which will
induce a sudden failure. Reducing deflection
immediately suggests the application of a stiff
bracing system. A conventional bracing system is
simple and very reliable. However, it has the
disadvantage of increasing the seismic demands
on the structure. An energy dissipating system
offers the possibility of reduced deflections and
reduced or unchanged seismic demands.

This deflection requirement means that the
energy dissipation device must be reliable enough
to perform its function in a life safety role.

The specific energy dissipator used was the
Energy Dissipating Restraint (EDR). The EDR is
a passive friction device which can be used to
dissipate the energy introduced into a structure by
a seismic event. The unique characteristics of
this device are that it is strongly self-centering
and the friction force is proportional to the rela-
tive displacement between the ends of the device.
The EDR increases both the stiffness and damp-
ing of the structure in which it is installed.

This study compares the effect of two
configurations of the EDR and conventional con-
centric bracing systems. A major focus is the
stiffness of the bracing system. The stiffness of
the bracing system is a very significant parameter
whether or not a friction energy dissipator is
inserted into the bracing system. The purpose of
focusing on stiffness is to assess the significance
of the damping versus stiffness in reducing the
displacements for a NDCF. When life safety is
the issue, the simplicity and reliability of a con-
ventional bracing system will make it the
appropriate choice unless the advantages of damp-
ing are overwhelming.

The displacement, acceleration, shear, and
interstory drift for the several forms of structural
bracing are examined for comparison. The con-

clusions of the study are expressed in terms of the
expected peak ground acceleration at failure for
the various bracing and energy dissipation
configurations considered.

THE ENERGY DISSIPATING RESTRAINT

The EDR is a friction device which is
intended to be installed as bracing in a vertical
plane to resist lateral loads. The mechanics of the
EDR are described in detail in Reference [1].

The examples of the hysteretic behavior of
the EDR is shown in Figures 1 and 2. These
figures illustrate that the device is strongly self-
centering and the load is proportional to the dis-
placement. Figure 1 illustrates a loop with two
rectangular lobes (S configuration) wJiile figure 2
shows the result when the EDR is configured to
generate triangular hysteresis loops (T
configuration). The self-centering property of the
device could potentially prove valuable in a struc-
ture which had little capacity to restore itself to
its undeformed position. The slight anomalies in
the loops are plotting artifacts: the result of using
a fixed time step rather than an event-to-event
solution algorithm. In the S configuration, the
stiffnesses ko and kt can be made to have arbi-
trary values which depend on the internal
configuration of the device and the stiffness of the
bracing system in which the device is placed. k2

is the inverse of ko. F{ is the initial slip load and
F2 is the return load. Fj is arbitrary. For the T
configuration, the stiffnesses ko is arbitrary. Test-
ing has shown these loops are stable and repeat-
able over a very large number of cycles [2].

DESCRIPTION OF
THE MODEL STRUCTURE

A scale model of an actual NDCF was
selected for this study. The prototype structure is
a barracks constructed in the State of Washington
which was designed under the 1955 Pacific Coast
Uniform Building Code and the 1951 ACI code.
A 1/3-scale model of the prototype is being con-
structed for testing at the U.S. Army Construction
Research Laboratory, Champaign, Illinois [3].
The outline of the model is shown in Figure 3.
The base girder shown in the figures is assumed
to be a rigid connection between the model and
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the shake table platform. The location where the
braces or EDR's would be installed is shown in
Figure 4.

Due to inadequate development length and
anchorage of the reinforcing bars, the prototype is
nonductile. Because these reinforcing details will
be replicated in the model, the model will have
very limited ductile capacity, Because the model
has been carefully scaled with respect to length,
mass distribution, material properties, and details,
the results are expected to be representative of the
prototype structure.

For this structure, the first floor is the
ground floor. Thus, the 3 dynamic degrees of
freedom correspond to the floors from the second
floor to the roof. In the model, lead weight
amounting to approximately 100 pounds per
square foot will be placed on the slabs. A weight
of roughly 11 kips was assigned to each dynamic
DOF. The analytical frequencies for the unbraced
structure are given in Table 1.

Mode 1st 2nd 3rd

Frequency | 2.6 8.0 | 13.4

Table 1
Frequencies of the Unbraced Model

(Cycles/Second)

DESCRIPTION OF
THE DYNAMIC ANALYSIS

A series of nonlinear time history analyses
were performed. The EDRs or braces were con-
sidered as diagonal bracing elements which
spanned one floor. Because the frame is brittle
there is little reserve capacity in the members.
Therefore, in this analysis, the frame is assumed
to have no ductile capacity. Thus, the structure
itself and the conventional non-energy dissipating
braces were assumed to remain elastic throughout
the analyses; the EDRs were the only nonlinear
elements in the analyses.

A plane frame model of one half of the
structure was constructed and then statically con-
densed to a three degree-of-freedom dynamic
model. The member forces were recovered by

reversing the process to obtain the joint rotations,
then using the joint displacements, joint rotations
and member stiffnesses. The damping ratio used
for the basic structure was 5%.

The primary variable in these analyses was
the stiffness of the bracing system. Four
stiffnesses for the conventional bracing system
were chosen based on increasing the first natural
frequency of the unbraced structure by 20%,
50%, 100%, and 200%. The initial stiffnesses
(ko) of the EDR's were chosen so that the slopes
for the initial loading, for the S and T
configurations, were the same as the conventional
brace stiffness. Brace stiffnesses and EDR pro-
perties used are given in the tables below.

Property

ko (K/in)
kj (K/in)
Fi(K)

Frequency Increase

20%

21.3
0.8
1.2

50%

61.8
2.5
1.2

100%

154.7
6.2
1.2

200%

452.3
18.1

1.2

Table 2
Properties of S EDR's

Property

ko (K/in)

Frequency Increase

20%

21.3

50%

61.8

100%

154.7

200%

452.3

Table 3
Stiffness of T EDR's

Frequency Increase

20%

21.3

50%

61.8

100%

154.7

200%

452.3

Table 4
Stiffnesses of Braces

(Kips/in)

A useful measure of the influence of the
bracing and energy dissipation systems on the
model structure is a prediction of the peak ground
acceleration level for a given earthquake at which
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the model would fail. This peak ground accelera-
tion is simply a scaling factor for the earthquake
signals used in the analysis. An expected failure
mode must be defined to make this prediction.
Candidates for the failure mode considered were
interstory drift, moment in the slab, and moment
in the column. The failure mode selected was
attainment of the ultimate moment capacity in the
lowest interior column at the junction of column
with the bottom of the second floor slab, "tie
critical moment in the columns was observed at
this location in many of the analyses and this
failure could lead to overall failure of the struc-
ture. Note that the base of the column has a
higher magnitude of moment, but in the model
this reinforcing detail has been strengthened to
preclude failure at this location. This moment
directly reflects the interstory drift values.

The ground motion signals for the results
presented here are based on the El Centra and
Zacatula earthquakes. The El Centro signal is
characterized by a strong impulse and the Zaca-
tula signal has a broader range of frequency con-
tent and the input energy is more evenly distri-
buted throughout the time-history. Both the sig-
nals were time scaled consistently with the scal-
ing of the model structure. This two signals give
a good insight into how the modified and
unmodified structure will behave, but because of
the wide range of variability of earthquake signals
a larger suite of earthquakes will be used in
future analyses to confirm the conclusions
presented here.

ANALYTICAL RESULTS

The results of the analyses are summarized
in a series of figures. These figures illustrate the
behavior of the unbraced frame and the frame
stiffened by the EDR's in both the S and T
configurations.

Figures 5 and 6 compare the results for the
braced model and the model with the EDRs
installed. Both plots are for the El Centro signal
with a peak ground acceleration of 10% g with
the stiffnesses of the EDR and braces based on
increasing the unbraced model frequency by
100%. The plots compare the overall displace-

ments relative to the base, interstory drifts, brace
and EDR axial forces and total shear forces in the
model. The nomenclature is the same in both
plots. The "Shear With EDRs" plot compares
forces in the EDRs along the member axis with
the total shear at each story for the model with
the EDR installed. The "Shear With Braces" plot
is similar for the braced model.

In Figure 5, the EDR results shown are for
the S configuration. The figure shows that,
although the bracing with the EDR resulted in
much lower brace forces and total shears, the dis-
placements and interstory drifts, which are critical
for the NDCF, were lower for the conventionally
braced configuration.

In contrast to Figure 5, where the use of the
EDR did not improve the critical structural
responses, when the EDR was in the T
configuration the key responses improved
significantly. Figure 6 illustrates this. Note that
the response of the structure with the EDR in the
T configuration is linear [4] as, of course, is the
response of the braced structure. Thus, the rela-
tive relationships between the responses of the
conventionally braced frame and the frame with
EDR's, with a given brace stiffness will be the
same for all input levels of a given earthquake
signal. In addition to reducing the displacements,
the T configuration EDR also reduced the shears.

Figure 7 shows the expected peak ground
acceleration at failure for the El Centro and Zaca-
tula earthquakes based on the moment at the top
of the lowest interior column versus the bracing
configuration. The labeling convention for the
bracing configurations is "Brace type-Percent fre-
quency increase". For example, "BR-200%" is
the conventionally braced configuration with a
stiffness which would increase the natural fre-
quency of the model by 200%.

In Figure 7, the trends are very consistent.
As the stiffness of the bracing increased for both
the conventional bracing and the EDR, the level
of ground acceleration the model was predicted to
be able to withstand increased. The most marked
increase was for the change in stiffness from the
100% shift in frequency to the 200% increase.
The S configuration EDR braced frame did not
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perform as well as the conventionally braced
frame. Changes in the S configuration, such as
increasing the initial slip load (F2 in Fig. I) or
increasing the energy dissipation, could improve
the response. The T configuration EDR outper-
formed the braced structure at all levels. Unlike
the S configuration, the stiffness of the T
configuration did not diminish as the displacement
rose and, as the displacement increased, the
energy dissipation also increased. This effect is
most dramatically seen for Zacatula earthquakes
with 100% and 200% frequency shifts.

The specific g levels in Figure 7, are a func-
tion of the failure mode identified and the magni-
tude of the estimated ultimate capacity of the
column. The specific g levels will be sensitive to
a different failure model or a more refined esti-
mate of the ultimate capacity. However, the
overall trends in the behavior, are expected to be
generally consistent with the trends observed.

CONCLUSION

The critical structural responses in a non-
ductile concrete frame (NDCF) are the displace-
ments. Increasing the stiffness of the bracing sys-
tem, whether or not it included an EDR, reduced
the displacements and moments in the frame.

With the EDR in the T configuration, the critical
structural displacements were reduced and, addi-
tionally, the shear forces were lower compared to
the conventionally braced system. Thus, it was
shown that in the proper configuration, the EDR
is a suitable candidate for further investigation in
improving the response of nonductile concrete
frames (NDCFs).

With the EDR in the S configuration, with param-
eters used in the analysis presented here, the dis-
placements of the frame braced with the EDR
were greater than the displacements of the con-
ventionally braced frame. Optimizing the param-
eters of the S configuration could improve the
comparison. However, from this study it does
not appear that the energy dissipation gained, by
the lower stiffness of k b offsets the effect of the
reduction in stiffness on the displacements.

Future work on applying EDR to NDCFs
includes refining the failure criteria, incorporating
some small measure of ductility in the model, and
attempting to optimize the parameters of the S
configuration. The role of stiffness versus damp-
ing should also be investigated further.
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ABSTRACT

The High Level Waste Tank Farm Replacement Project anticipates
bringing construction vehicles onto the Idaho Chemical Processing Plant
Tank Farm. Buried vaults 713 and 780 through 786 at the tank farm
are evaluated for at-rest soil pressures and for loads from 62 vehicles.

Procedures based on Theory of Elasticity are used to calculate vertical
soil pressures on the vaults. Procedures based on equivalent nonlinear
properties of soils, using hyperbolic stress-strain relationships and 2-D
finite element soil-structure interaction models, are used to calculate
lateral soil pressures on the vaults.

Maximum number and category of vehicles allowed in each of four
types of zones in the tank farm are determined, based on an acceptance
criteria that demand on vault structural members due to vehicle loads
will be no more than 10% above demand due to at-rest soil conditions.
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INTRODUCTION

Westinghouse Idaho Nuclear Company
(WINCO) manages the Idaho Chemical
Processing Plant (ICPP), at the Idaho National
Engineering Laboratory (INEL). The ICPP High
Level Liquid Waste Tank Farm (Tank Farm) has
buried vaults containing liquid waste storage
tanks (Fig. 1), constructed several decades ago.
WINCO anticipates that the construction phase
of the current High Level Waste Tank Farm
Replacement (HLWTFR) Project, and later
operational and remedial investigation related
activities, will result in locating various vehicles
and construction rigs directly above, and/or near
the ICPP Tank Farm (Table 1).

WINCO engaged Advanced Engineering
Consultants, Inc. (AEC) to prepare evaluations
of existing Tank Farm vaults and buried pipes
for these vehicle loads. The results of this study
are used to determine access to the Tank Farm
to Table 1 vehicles associated with activities
described above.

The buried vaults and pipes are in compacted
fill from native soils. The ICPP area geology is
characterized by Tertiary to Quaternary volcanic
rocks interbedded and overlain with lacustrine,
eolian and alluvial sediments. The volcanic
rocks consist of extrusive basalts. Subsoils at
the site generally consist of dry sandy gravel
overlaying the basalt.

DESCRIPTION OF BURIED VAULTS

There are three types of buried vaults at the
ICPP Tank Farm, all of which are constructed
cas?-in-place reinforced concrete (R/C) basemats
founded on rock, and covered by at least 7 ft of
soil. Vault 713 (Fig. 2) is 122 ft sq. in plan and
40 ft tall. The vault perimeter walls, and two
interior walls, create enclosures for four steel
waste tanks. The west wall is 18 in. thick with
four counterfortes to help resist lateral pressure.
The other perimeter and interior walls are each

42 in. thick. The roof consists of east-west
precast inverted T-beams that carry 6 in. slabs
poured after the beams had been placed. There
are several small appurtenant structures such as
sump risers located on the roof of the vault

Vaults 780 and 781 (Fig. 3), hold one steel
waste tank each, and have an octagonal shape
30.25 ft on a side. Above the basemat is a 3-D
space frame, consisting of eight massive
columns, a ring beam and four haunched three-
segmented roof girders. Wall panels and a roof
slab cover the space frame, and there are several
small appurtenant structures such as sump risers
located on the roof of the vault.

Vaults 782 through 786 are octagonal precast
(Pillar and Panel) type of construction, and hold
one steel waste tank each (Fig. 4). Vaults 782
through 784, constructed first, have eight
pentagonal shaped precast columns at the
octagonal nodes, and another eight square
columns located at the midpoint between these
nodes. A ring beam at the top consists of
sixteen segments, supported by seats and
interlocking keys at the top of the columns. The
sides of the vaults are covered by 6 in. thick,
precast panels that fit in vertical pockets along
the edges of the columns. The roof of the vaults
consists of precast roof beams and cast-in-place
roof slabs. Vaults 785 and 786, constructed at
a later date, are nearly identical to vaults 782
through 784. There are minor changes in some
member sizes, but the principal difference
between these Pillar and Panel vaults, and those
constructed earlier, is that these are more heavily
reinforced.

SOIL PROPERTIES AND
ACCEPTANCE CRITERIA

The most challenging tasks in this project were
development of an acceptance criteria, and the
technical approach for calculating realistic lateral
soil pressures for at-rest conditions and for
surface vehicle loads. A detailed criteria
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document was developed for this project Its
most critical sections were definition of material
properties, and the acceptance criteria. Soil
properties are very critical for determining
lateral pressures on the vaults. This study
assumed the soils to be dry during vehicle load
applications. The scope of work identified eight
soil investigations at the ICPP site for use in this
project. These investigations recommend
similar, but not identical, soil properties. A
more significant problem is that the technical
approach selected for the project requires a
minimum of 11 different soil properties, most of
which are not explicitly defined in the various
soil investigations at the ICPP site.

AEC performed a parametric study to determine
conservative soil properties. Soil investigations
at the site, and test results for similar soils, from
the open literature, were used as initial estimates
for this study. Critical parameters, such as the
friction angle («|»), coefficient of at-rest lateral
pressure (KJ and the bulk modulus (KB) were
varied to evaluate sensitivity of the results.
Results of this study were used to develop the
following estimated soil properties:

Unit weight, y 125 pcf
Young's modulus no., K 750
Young's modulus exponent, n 0.4
Failure ratio, R, 0.8
Bulk modulus no., K, 500
Bulk modulus exponent 0.4
Cohesion, c 0.0
Angle of internal friction, <|> 40°
At rest lat. earth pres. coef., K, 0.38
Unload./reload. modulus no., K,,r 750
Poisson's ratio, v

(for settlement calculation) 0.4

After extensive discussions with WINCO, the
acceptance criteria for this project requires that
increases in the maximum demand on any
member of the force resisting system, due to
unfactored vehicle loads, be equal to, or less

than, 10% the demand from at-rest soil
conditions (referred to as the 10% acceptance
criteria). The 10% acceptance criteria is a
rational choice. It recognizes that these vaults
have withstood at-rest soil pressures for several
decades, without apparent signs of distress.
Furthermore, these vaults have been subjected to
significantly higher short term loads from
saturated, or semi-saturated, soil conditions
during heavy rainstorms and/or snow melts, and
loads from surface construction vehicles brought
on site periodically to support operations of the
Tank Farm. This performance history of the
tanks justifies the conclusion that they can
accommodate 10% higher stresses than those
from at-rest, dry soil conditions.

TECHNICAL APPROACH

The scope of work for this project postulates
that: 1) the soil will be dry; 2) vehicle loads are
of short duration and, therefore, do not need to
be considered concurrent with natural
phenomena or other short duration loadings; 3)
the only loadings concurrent with the vehicle
loads are the vertical and lateral stath soil
pressures; 4) the velocity of the vehicles will be
restricted to slow speeds, such that impact loads
do not need to be considered; and 5) two or
more vehicles may be located immediately
adjacent to one another.

An explicit evaluation of all vehicle load
combinations for each vault was not a
practicable alternative. Therefore, the technical
approach was based on limiting the number of
evaluations by dividing the Tank Farm into
zones, and grouping the vehicles into four
categories. Each vehicle category (Table 1) was
assigned a weighting factor to facilitate
determining the combination of vehicles allowed
in a given zone. Design loads of 11 kips, 30
kips and 70 kips were used to represent category
I, II and III vehicles, respectively.
Combinations of these loads were used to
determine vehicles allowed in zones A, B and C.
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Category IV loads assumed for the exclusion
zones included a Grove HL 150T crane with a
12 kip lift load, a fuUy loaded CAT 235 Crawler
Backhoe and a 0.50 ksf uniform load over a 20
ft deep area of the exclusion zone. The uniform
load is equivalent to densely packed and fully
loaded 10 yd. concrete trucks throughout a 20 ft
deep strip of the exclusion zone.

Four zones were defined for the Tank Farm
(Fig. 1), as follows:

Zone A: There are four zone A's, one each
above tank cells in vault 713. Access to these
zones is limited to Category I vehicles, except
Bobcat 753.

Zone B: There are seven zone B's, one each
above the octagonal vaults. Access to these
zones is limited to Category I vehicles.

Zone C: There are five zone C's, which cover
areas of the ICPP Tank Farm not covered by
zones A, B or D. Boundaries of these zones are
shown in Fig. 1, and access to them is limited to
one of four combinations of Categories I, II and
III vehicles, described in the conclusions section
below.

Zone D: There are four zone D's (also called
exclusion zones). Boundaries of these zones are
a minimum of 50 ft from any vault wall, and are
100 ft wide (Fig. 1). Exclusion zones are
postulated to be the locations where vehicles are
parked, operations are staged and some of the
large cranes are operated to lift and move heavy
loads. There are no restriction on the number
and category of vehicles listed in Table 1 that
can be parked or operated in the exclusion
zones.

Soil Pressures on Vaults
Rigorous analyses to calculate at-rest

stresses in soil, and pressures on buried
structures induced by surface loads, are not well
developed. The highly non-linear and non-

homogenous behavior of soils, and the
significant influence of past loading history on
soil properties, extremely complicates detailed
modeling and stress-strain analyses of structures
buried soil. Current state-of-the-art geotechnical
engineering is primarily directed at conservative
design approaches for earth retaining structures.

Conventional Coloumb and Rankine methods to
determine soil pressures on retaining structures
assume the retaining wall is rigid, moves
(rotates) as a unit and the soil behind it
undergoes prescribed failure patterns.
Conventional methods for calculating lateral soil
pressures on unmovablc walls (at-rest soil
conditions, or K, case) are based on empirical
equations [1,2], which are a function of the
friction angle (<{>). The assumptions in these
methods are rarely true in actual structures, and
ignore the true nature of static soil-structure
interaction, the nonlinear behavior of soil, the
process of construction and the effects of
structure flexibility, which are significant
parameters of the solution.

Another conventional method for obtaining
stresses in soils is the Boussinesq equation based
on Theory of Elasticity [2], This equation
calculates vertical and horizontal pressures due
to a point load on the surface of a semi-infinite,
homogenous, isotropic, weightless, elastic half-
space. This methodology has been extended
over the years to consider bounded uniform
loading and line loads. The Boussinesq equation
can be modified to calculate lateral soil
pressures on an infinitely deep, perfectly smooth
and immovable (rigid) wall [2]. These solutions
also ignore the true nature of static soil-structure
interaction, nonlinear soil properties, the process
of construction and effects of structure
flexibility. Nonetheless, past experience has
shown that Theory of Elasticity solutions, with
proper engineering judgement and factors of
safety, can be useful as a design tool to limit
displacements under shallow footings and for
design of some retaining structures.
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Duncan et al., [3, 4, 5] have used extensive
analytical studies and comparisons with data
from conventional laboratory soil tests to
develop a hyperbolic stress-strain relationship
for use in soil stress-strain calculations. These
studies also introduced an iterative procedure to
be used with the hyperbolic stress-strain
relationship to approximate the nonlinear,
inelastic and high stress dependency of soil
material properties. In all, nine parameters are
employed in the hyperbolic stress-strain
relationship. The most critical parameters being
the friction angle (<j>), cohesion intercept (c),
Young's modulus (E) and the bulk modulus
(KB). The later is related to Poisson's ratio (y)
of the soil.

Boulanger et al., have developed a computer
finite element program SSCOMPPC [6], which
is a 2-D general purpose program for static soil-
structure interaction problems. SSCOMPPC
uses plane strain elements to model the soil, and
structural element library and programming
concepts and solutions of the program SAP to
model the structure. A modified version of the
hyperbolic stress-strain soil material property
models (using stress dependent bulk moduli),
and the Seed and Duncan compaction-induced
stress and deformation analysis methods, are
used to solve for soil pressures and
displacements. An interface element is used to
model friction between the structure and the soil
(downdrag force).

SSCOMPPC calculates stresses, strains and
displacements in soil elements, and internal
forces and displacements in structural elements.
The analysis simulates a construction sequence
prescribed by the input. Nonlinear and stress
dependent properties of the soil are addressed by
iterative, step-wise linear, calculations that vary
the values of the modulus and Poisson's ratio as
a function of the stress. The iterations are
carried out until reasonable convergence of the
solution is achieved. This program was selected
for use in this project.

Lateral and Vertical Vehicle loads
Vehicle loads are bounded by contact area

of supports (tires, treads etc,), and the lateral
pressures they apply to the vault walls will vary
with the depth and the width of the wall. A 2-D
solution postulates a structure and line load of
infinite lengths. The attempt is to calculate an
equivalent line load that will best represent in 2-
D the actual demand on the vault walls from the
vehicle loads (i.e. the 3-D behavior). The
overall approach adopted was to use 3-D Theory
of Elasticity solutions to calculate base shear
and overturning moments on a 50 ft deep wall
due to finite vehicle loads. The same type of
solutions were then used to back calculate for a
line load that will give an equivalent base shear
or overturning moments on the same wall.
Equating the base shear signifies that the total
lateral soil pressure applied to the wall from the
two loadings is the same. Equating the
overturning moments at the base of the wall
signifies that the resultant of the lateral soil
pressures from equivalent total lateral pressures
are applied at the same height from the base of
the wall. Results from these analyses, and using
a factor of safety of two, gave the following
equivalent loads:

Distance
from

5
10
25
50

ft
ft
ft
ft

of Load
wall

Line
1 kip

Load (k/ft) for
total veh. load

0.13
0.08
0.04
0.03

A similar approach was used to determine
equivalent line loads from exclusion zone
loading.

Vertical pressures on the vault roofs are due to
self weight of the soil overburden and any
vehicles placed above the vaults. Theory of
Elasticity solutions for an elastic semi-infinite
layer on a stiff elastic half space were used for
these calculations. This assumes that the vault
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is significantly stiffer than the soil above the
roof. Vertical soil pressures calculated from
these analyses are applied to the vault roof.

Analysis Procedures
2-dimensionaJ models of the vaults and soil

were developed for use with SSCuMPPC to
determine lateral soil pressures on the walls
from at-rest soil conditions with and without
vehicle loads. The models use beam elements
for vault walls and roof. Element stiffnesses in
the model are selected to conservatively
represent the actual 3-D vault structure. The
walls are assumed to be fixed at the basemat.
Figure 5 shows lateral soil pressures calculated
from one such model for maximum vehicle
loads allowed in all four zones next to a wall.

Theory of Elasticity solutions for vertical
stresses on vault roofs were calculated for
maximum vehicle loads allowed in zones A and
B. Figure 6 shows maximum vertical pressures
on vault 713 roof from a specific vehicle load.

These lateral and vertical pressures from at-rest
soil conditions, with and without vehicle loads,
were applied to the vault structures, and member
shear forces and moments were calculated.
Vehicle load combinations that did not increase
any of the member forces by more than 10%
over at-rest conditions satisfied the acceptance
criteria for the project.

CONCLUSIONS

Principal conclusions from this study are:

1. Buried vaults meet the 10% acceptance
criteria provided lift loads do not exceed 12
Kips for all cranes, and the following restrictions
on vehicle loads are met:

a. A maximum of two Category I vehicles
(except Bobcat 753), with at least 10 ft
clear between supports, are allowed in
each zone A at any given time. The

Bobcat 753 is not allowed in this zone.

b. A maximum of two Category I vehicles,
at least 10 ft clear between supports, are
allowed in each zone B at any given
time.

c. Each zone C can only accommodate
four Category I vehicles, or two
Category I vehicles and one Category II
vehicle, or two Category II vehicles,
one Category III vehicle.

Each zone C can also accommodate any
other combination of vehicles with a
sum of weighting factors of 4.0, or less.

d. Each zone D can accommodate any
combination of Category I, n, III or IV
vehicles given in Table 4.

e. Vehicles shall be kept at low speeds
(2.5 mph recommended maximum
speed) so that wheel pressures are not
dynamically amplified.

f. Vehicles shall not be located in zones A
through D during saturated soil
conditions, as happens after a rain
storm, or snow melt.

2. Vehicles allowed in zones A, B and C in 1
above assume that no other surface loads than
vehicle loads are in these zones.

3. Effects of soil excavation, earth moving
and/or changing the soil profile in the Tank
Farm have not been considered in this project.

4. The vehicle restrictions in 1 above consider
the vehicles to have their maximum allowable
loads (i.e. their rated capacity, or 12 kips,
whichever is less), and be placed at the
minimum allowable clear distance from each
other. This allows maximum flexibility for
movement and loading of vehicles, but is most
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restrictive in terms of number of vehicles [3]
allowed in a given zone. Studies may justify
allowing a larger number of vehicles in a zone,
with specific limitations on location and loading
of those vehicles.
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ESTABLISHING IN SITU CONDITIONS OF HANFORD WASTE TANKS SUBJECTED TO THE
AGING EFFECTS OF THERMAL DEGRADATION AND CREEP OF CONCRETE

L. J. Julyk and M. P. Weis
Westinghouse Hanford Company

P. O. Box 1970
Richland, Washington

A. D. Dyrness
ADVENT Engineering Services, Inc.

3 Crow Canyon Court, Suite 100
San Ramon, California

ABSTRACT

Some of the underground reinforced-concrete waste-storage tanks at the
U.S. Department of Energy's Hanford Site have been exposed to high temperatures
(greater than 200 °F) generated by radioactive liquid wastes. Establishment of the
in situ conditions of these tanks is the first step toward their remediation. In this
environment concrete damage can result in the form of mechanical property
degradation, increased creep response, and cracking from thermal expansion and
load redistribution. Regression analyses of data from tests on Hanford-concrete
mix designs conducted in the mid-1970's provided mechanical property correlations
that are a function of time at temperature. Creep compliance functions were
developed on the bases of literature reviews and limited Hanford Site test data.
The property-degradation correlations are thermal-history dependent because of the
irreversible nature of the degradation processes. In addition, tests were conducted
to determine the thermal expansion coefficient of the Hanford concrete.

This paper discusses the implementation of these correlations into a nonlinear
concrete constitutive subroutine that is linked to a general-purpose finite-element
computer code. The methodology used to treat variable temperature histories is
illustrated. A case study of the Hanford Site's buried, high-heat, single-shell,
waste storage tank 241-C-106 illustrates the degradation history predicted over its
service life. In addition, this paper provides a statistically based discussion of the
effects of potential batch-to-batch variation of concrete strength. It addresses
material property uncertainties, including the thermal-expansion coefficient.

INTRODUCTION temperature excursions that exceeded 300 °F.
Conventional building codes restrict the service

Underground reinforced-concrete waste-storage temperature of the concrete to below 150 °F.
tanks at the U.S. Department of Energy's Hanford Site Exposure of concrete to elevated temperatures can
have been repositories of heat-generating radioactive degrade the mechanical properties, increase the creep
waste. Some of these tanks have been exposed to high response, and promote cracking as a result of thermal
temperatures (greater than 200 °F) generated by stored expansion and load redistribution,
radioactive wastes. The bottom of tank 241-C-106, for
example, has been predicted to have experienced
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The American Concrete Institute (ACI) code
requirements and evaluation methodology are most
appropriate for design. An alternate method of
measuring the in situ structural integrity of a structure is
to develop a model capable of physically and
Theologically representing the structural behavior to the
point of failure, apply the simulated service history, and
analytically determine (he reserve capacity. Such an
assessment emphasizes material characterization.

This paper presents a brief description of the
modeling of the Hanford concrete material properties
used in the structural analysis of the Hanford Site's
buried single-shell waste-storage tank 241-C-106 [1].
Items discussed include the origin and implementation of
the concrete property degradation equations, the creep
equation, variations in thermal-expansion coefficients,
and sensitivity to material property variation. Selected
results from the 241-C-106 structural analysis are used
to illustrate the in situ concrete degradation predicted for
this high-heat tank.

HANFORD CONCRETE MODELING

Proper characterization of inelastic concrete
behavior is necessary for evaluating the structural
integrity and functional performance of concrete
structures subjected to long-term operation at elevated
temperatures.

EXPERIMENTAL DATA
In the mid-1970's, the Portland Cement Association

(PCA) conducted a long-term test program at its
Construction Technology Laboratory (CTL) in
Skokie, Illinois, for the U.S. Department of Energy
(DOE), to quantify the effects of elevated temperatures
on concrete used at the Hanford Site [2]. PCA
attempted to duplicate the tank farm concrete design mix
to estimate the original in situ strength and determine the
effects of high temperatures on the mechanical and creep
behavior of Hanford concrete.

Standard 6- by 12-in. unsealed cylindrical specimens
were cast and tested by PCA at CTL for concrete mix
designs with nominal 28-day design compressive
strengths of 3,000 and 4,500 lbf/in2 as used in the
construction of the Hanford waste-storage tanks.
Hanford concrete was fabricated from basalt aggregates
and American Society of Testing and Material (ASTM)
Designation C150 Type II (low alkali) portland cement.
To simulate the compositions and properties of the
concretes used in the construction of the Hanford waste-
storage tanks, test specimens were fabricated from the

same mix proportions specified in the original
construction. Cements, aggregates, and admixtures
came from the same sources as materials used in the
Hanford tank construction. Specimens were moist-
cured for 200 to 300 days before heating and then
continuously heated at 250, 350, and 450 °F for up to
920 days. Strength and modulus tests were performed
while the concrete was essentially in the "hot"
condition.

HENAGER CORRELATIONS
A statistical analysis of the CTL/PCA test data

was conducted by Battelle Pacific Northwest
Laboratory (PNL) to establish concrete property
equations and uncertainty bands for Hanford concrete.
The following empirical expressions were developed
by Henager [3] from the CTL/PCA high-temperature
test data for Hanford concrete.

E = 5.3947 + 0.1233 S - 0.006751 T

- 0.1786 loge(/+l) / + Eb

fr = 4416.38 + 490.919 S - 4.714 T.

+ (1.273 TB - 230.24)loge(?+l) / + fcb

ft = 448.1758 + 23.7436 S - 0.6077 TA

(1)

(2)

- 18.4341 loge(r+l) / +ftb

where

E = modulus of elasticity (106 lbf/in2)
fc = compressive strength (lbf/in2)
f, = splitting tensile strength (lbf/irr)
S = nominal 28-day compressive strength

(103 lbf/in2) (valid range 3 < S =s 4.5)
T = constant value of temperature (°F)
TA = max [0, T-350] (°F)
TB = max [0, 350-T] (°F)
t = time at constant temperature (days)
I = 0 for T < 200 °F

= (T - 200)/50 for 200 °F < T < 250 °F
= 1 for T > 250 °F

Eb = uncertainty band width for modulus
(106lbf/in2)

= 0 for best fit
= + 0.26 for 95 confidence band
= ±0 .76 for 95/95 tolerance band

fcb = uncertainty band width for compressive
strength (Ibf/in2)

0 for best fit

(3)
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= ± 507 for 95 confidence band
= ±1,292 for 95/95 tolerance band

fa, = uncertainty band width for tensile
strength (lbf/in2)

0 for best fit
= ± 37 for 95 confidence band
= + 120 for 95/95 tolerance band.

The 95 confidence band provides a 95-percent
probability that the average or expected value falls
within the upper and lower confidence bands. The
95/95 tolerance band provides a 95-percent probability
that 95 percent of the property values will fall within the
upper and lower tolerance bands. Figure 1 compares the
best-estimate compressive-strength equation and resulting
linearized uncertainty bands with the CTL/PCA data for
3,000-lbf/in2 Hanford concrete.

The database used in establishing these empirical
equations is limited to a temperature range of 250 to
450 °F. Extrapolation to temperatures significantly
above 450 °F is not recommended. Adapting these
empirical equations to a general constitutive model for
practical applications in a general purpose finite-element
computer code required accommodating a lower range of
temperatures and cyclic changes in temperature.
Recognizing that exposure of concrete to constant
temperatures below 200 °F generally causes insignificant
loss in strength and modulus with exposure time, a cut-
off region is defined so that no time-dependent
degradation occurs below 200 °F, and a linear transition
is applied between 200 and 250 °F. This cut-off and
transition condition is implemented through the T term
applied to the time-dependent terms in the above
equations. The equation for modulus of elasticity still
yields decreasing modulus values with increasing
temperature below 200 °F, independent of time.
Figure 2a shows the resulting compressive strength trend
at the lower tolerance band for 3,000-lbf/hf Hanford
concrete as a function of time at a constant temperature.
In Figure 2b the trends are reported as a percent of a
reference value, determined at 100 °F with zero hold
time.

Because the mechanisms causing deterioration are
not reversible (i.e., a return to lower temperatures does
not replace lost moisture and cannot heal micro-cracks),
the loss in properties is treated as nonrecoverable on
return to lower temperatures. Thus, no recovery of
material properties occurs during cool down, but the
time-degradation term in the equations remains active as
long as the material is at temperatures above 200 °F.
However, on temperature increase, the temperature-
dependence term is not active until the temperature
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Figure 1. Compressive Strength Test Data for
Hanford 3,000 lbf/in2 Concrete Compared
to Empirical Equation with Uncertainty
Bands (a) 250 °F, (b) 350 °F, and
(c) 450 °F.
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Band).

exceeds the previous maximum temperature
experienced by the material. These Hanford-specific
concrete-property-degradation equations (Equations 1,
2, and 3) were implemented into a concrete
constitutive subroutine provided in ANACAP-U [4]
that is linked to the general purpose ABAQUS [5]
finite-element computer code. To track the
degradation at each integration point the concept of
material time is introduced.

PROPERTY DEGRADATION ILLUSTRATION
An example of how the material time can differ

from real time is illustrated in the following examples
of tensile-strength degradation. Two separate
temperature histories are used to highlight the salient
features of the tensile-strength equation for
4,000 lbf/in2 Hanford concrete. One represents a heat-
up transient with step-wise increases in temperature;
the other represents a cool-down transient with step-
wise decreases in temperature. The temperature
histories are illustrated in Figure 3. Because of the
linear interpolation scheme employed between 200 and
250 °F, the temperature hold-time-dependent features
of the tensile-strength equation are activated in this
range where the temperature- and time-dependent
terms are multiplicative. For temperatures greater than
350 °F, the temperature- and time-dependent terms are
decoupled.

Figure 3.

100 200 300 400 500 600 700 800 900
Time (days)

Sample Heat-up and Cool-down
Temperature Histories.

Figures 4 and 5 illustrate the procedure used to
adapt the tensile-strength degradation equation to the
variable temperature histories shown in Figure 3. In
the case of the heat-up transient, at 210 °F the tensile
strength decays exponentially for 300 days (see
Figure 4). When the temperature is increased
instantaneously to 230 °F, there is no instantaneous
temperature dependence, so the material time is simply
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Figure 4. Tensile-Strength Degradation History
Measured in Material Time for Heat-up
Temperature History.

adjusted to correspond to that which would have
produced the same amount of degradation with time at a
constant temperature of 230 °F. From that point the
tensile strength again decays for the next 300 days. As
the temperature is increased instantaneously to 400 °F,
the material-time is first re-adjusted to that which would
have produced the same amount of degradation with time
at a constant temperature of 250 °F, and then
instantaneously degraded as a result of temperature
exposure above 350 °F. This two-step process is
necessary because the coupled time- and temperature-
dependence occurs only for temperatures between 200
and 250 °F. The tensile-strength equation predicts the
same time-dependent degradation at 250 °F as it does at
350 °F. Above 350 °F, the time-dependent degradation
remains the same, but the instantaneous temperature-
dependent degradation term is activated. At this point
the tensile strength again decays over the next 150 days.
At the next instantaneous temperature increase to
450 °F, no adjustment is made to the material time, but
instantaneous degradation occurs that corresponds to the
increase in temperature above 350 °F.

A somewhat different but analogous procedure is
used to address the cool-down transient illustrated in
Figure 3. Starting at 450 °F, the tensile-strength
equation decouples the time and temperature

Figure 5. Tensile-Strength Degradation History
Measured in Material Time for Cool-down
Temperature History.

dependencies. The tensile strength both degrades
instantaneously (corresponding to the temperature
above 350 °F) and decays exponentially with time in
the precise manner as that for temperatures above
250 °F (see Figure 5). After the fir:' 25 days of
exponential decay in strength at 450 °F, the
temperature is decreased instantaneously to 250 °F.
Because there is no recovery on cooling and the time-
dependent degradation is unchanged, the tensile
strength continues the exponential decay for the next
25 days until the temperature is decreased
instantaneously to 240 °F. At 240 °F there is still no
recovery, but there is a material-time adjustment
corresponding to the time-dependent material
degradation that would have occurred at a constant
temperature of 240 °F. In this case, the material time
obviously is adjusted forward. Figure 6 illustrate the
degradation resulting from these two temperature
histories in real time.

CREEP RESPONSE
The basis for the Hanford-concrete creep relation

implemented in ANACAP-U is given as follows. The
CTL/PCA program tested six 4,500 lbf/in2 Hanford
concrete cylinders to obtain creep strain data at
250 and 350 °F under an applied stress of 500 and
1,500 lbf/in2. Because of the limited nature of these
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where T is temperature in °F and <£(T) is unitless.
The resulting creep-compliance function is shown in
Figure 7 as a function of time and temperature.

0 100 200 300 400 500 600 700 800 900

Time (days)

Figure 6. Tensile-Strength Degradation History
Measured in Real Time for Heat-up and
Cool-down Temperature Histories.

data and apparent inconsistencies when extrapolated to
lower temperatures with other data in the literature, an
effort was made to base the Hanford concrete creep
response on the broader database available through the
literature. There is very little data for creep of concrete
at temperatures above 200 °F. Browne [6] and
Hannant [7] have reported data in the temperature range
from 68 to 200 °F and for hold-times up to
approximately 1,000 days. The Hannant data appears to
be the most consistent qualitatively and is used as the
basis for the specific creep function for Hanford
concrete. On the basis of these data, the creep
compliance J is assumed to be a function of time and
temperature only and can be represented as

J(T,t) = 4.(7) C(t) (4)

where C(t) is the specific creep function vs. time, and
<£(T) is a temperature enhancement factor. With the
Hannant data from 167 °F, a four-term exponential
series is fit by James [4] to the data as

C(t) = 0.1936 (1 - e"00691) + 0.280 (1 -

+ 0.375 (1 - e-
0OOO69t)

+ 0.348 (1 - e-
oooooe9t),

(5)

where time is in days and C(t) is in units of IQ6 in/in
per lbf/in2. The temperature shift then is fit from the
other Hannant data with a power series as

<J)(I) = 226.09 - 0.00429 T

+ 147.52 T0367 - 309.26 T0M ( 6 )
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Figure 7. ANACAP-U Hanford-Concrete Creep
Compliance vs. Time at Temperature.

MATERIAL PROPERTY SENSITIVITY

THERMAL EXPANSION COEFFICIENT
VARIATION

Two sets of thermal expansion tests were
performed by CTL/PCA on 0.5-in.-diameter
specimens, including six from Hanford structures, and
eight specimens prepared by CTL/PCA according to
the Hanford 4,500 lbf/iri2 and 3,000 lbf/in2 design
mixes [8]. CTL reported mean thermal expansion
coefficient (a) values ranging from 2.1 to
4.5 x 10'6 in/in-°F for a temperature range of 72 to
1,000 °F. The CTL/PCA data from [2] is the most
consistent with an average a of 4.2 x 10"6 in/in-°F
obtained from cyclic thermal-expansion tests. The
smallest value of a derived from core samples of tank
farm structures over the temperature range of interest
(72 to 450 °F) is 1.6 x 10"6 in/in-°F. The range
comprising all of the data reported by CTL/PCA,
including the tank farm specimens, is roughly
±1.5 x 10* in/in-°F. A maximum value of
5.7 x 10"6 in/in-°F represents the mean value from the
cyclic tests described in Reference [2] plus half the
range from all of the test data. The normal range of
concrete thermal expansion coefficient is from
4.5 to 7 x 10^ in/in-°F.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

375



The number of parameters that contribute to the
variability of the coefficient of thermal expansion makes
it difficult to specify any single representative value. A
small value may be conservative because it creates a
greater differential in the thermal expansion between the
concrete and the reinforcement. This differential
expansion could cause additional tensile stress and thus
cracking. A large value clearly will result in greater
thermal expansion and will be much more sensitive to
thermal gradients. Therefore, in the 241-C-106 case
study, the structural response to the historical maximum
temperature experienced by the tank was studied with the
an upper- and lower-bound value of a.

Compressive stresses near the haunch region are
larger with the lower-bound-a case while stresses
elsewhere tend to be larger with the upper-bound-a case
Larger radial displacements are evident with the case of
the upper-bound a, particularly toward the bottom of the
wall where temperatures are greatest. Cracking was not
strongly influenced by this range in a.

Section forces and moments corresponding to the
two bounding cases of a also were reviewed. Section
shear in the lower half of the tank tends to be larger for
the case with the upper-bound a; however, factors of
safety for shear in this portion of the tank are, in
general, sufficiently large to absorb larger section
shears. The exception occurs at the basemat adjacent to
the knuckle, where shear with the lower-bound a is
nearly twice the shear with the upper-bound a. Under
combined axial and moment load, a larger value of a is
beneficial in that the moment capacity is increased (for
axial loads less than the "balance point" load). Thus, a
greater moment is not of concern in cases where the
axial load increase is at least proportional to the moment
increase and the axial load is less than the "balance
point" load. At some of the tank sections, the moment
increase resulting from the upper-bound a out paces the
axial load increase. Sufficient capacity generally exists
at these sections to accommodate the larger demand. An
exception to this is at intermediate dome sections, where
the upper-bound value of a could generate a moment
greater than that allowed by the code.

Neither of the two potential code violations
attributable to the upper-bound value of a are extreme.
Therefore, the lov. y-bound value of « for Hanford
concrete is considered in the detailed evaluations because
it produces a more severe condition for the more critical
haunch region of the tank structure.

EFFECTS OF COMPRESSIVE STRENGTH
VARIATION

Three values of compressive strength, 3,000,
4,597, and 5,889 lbf/in2, are used to investigate the
sensitivity of compressive strength to the ultimate
collapse load of the 241-C-106 tank. Figure 8 shows
results of these cases plotted together. The jump
discontinuity, associated with a sudden increase in
wide-spread cracking, decreases with decreasing
strength. With 3,000 lbf/in2 concrete the collapse load
is only about 15 percent less than for the lower-bound
(95/95) concrete. The difference between the best-
estimate and the lower-bound concrete is about the
same as that between the 3,000 lbf/in2 and the lower-
bound concrete. Clearly, ultimate capacity is not
directly proportional to concrete strength. In fact, the
dome collapse load shows only a 15-percent change
with a corresponding 35-percent change in compressive
strength. This implies that the collapse load is
approximately proportional to the square root of the
compression strength.

Load distributed at
soil surface over
10-fl radius aboul
center of tank dome

0 500 1000 1500 2000 2500 3000

Surface Load (tons)

Figure 8. Sensitivity of Load-Deflection Curve and
Tank Capacity to Concrete Properties.

241-C-106 DEMONSTRATION CASE
On the basis of the upper-bound thermal analysis

presented in Figure 9, analysts determined histories of
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Figure 9. Upper-Bound Temperature History at
Selected Locations in Tank 241-C-106.

concrete properties at various points in the
241-C-106 tank (elastic modulus, compressive strength,
and tensile strength). Figure 10 shows the degradation
of the compressive strength at selected locations in the
tank for the lower-bound concrete properties. There is
no recovery in stiffness or strength associated with
decreases in temperature. However, the compressive
strength at any location did not degrade below the
specified compressive strength of 3,000 lbf/iri2.

VERIFICATION OF IN SITU CONDITIONS
THROUGH CORE SAMPLE DATA

With the exception of Poisson's ratio, the properties
of concrete typically are derived from its compressive
strength by means of standard empirical relations.
Therefore, this discussion is limited to compressive
strength, even though independent equations were
provided for tensile strength and elastic modulus by
Henager [3]. No ccntrol-cylinder compressive-test
results from the actual construction phase are available.
However, a review of construction specifications and
associated ASTM field strength requirements indicate
that quality control was an integral part of the 241-C-106
tank construction. The extent to which the mean 28-day
concrete strength was in excess of the specified design
strength can be only estimated.

The ASTM specification that governed the tank
construction required that the compressive strength from
90 percent of all tests be greater than 90 percent of the
specified compressive strength. Section 5.3.2 of
AC± 318-89 [9] requires a probability of less than 1 in
100 that the average of three consecutive tests fall below
the specified compressive strength and a similar

4500 •
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3500
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10 40 50 60

Figure 10.

20 30
Time (years)

Predicted Concrete Compressive
Strength Degradation at Selected
Locations in Tank 241-C-106 for Upper-
Bound Temperature History and Lower-
Bound Concrete Properties.

probability that an individual test have a compressive
strength below that specified by more than 500 lbf/in2.
When applied to at least 30 tests, the following two
equations satisfy these conditions, respectively:

fcr = fc' + 1.34 s
L, = f * + 2.33 s - 500

(7)
(8)

where

fc' = specified compressive strength
fcr = mean compressive strength
s = standard deviation.

The CTL/PCA degraded-concrete data is
inarguably the most relevant to the Hanford waste-tank
concrete. The mean of this data is not a single value,
but rather a function of hold time at temperature.
Even though the quality control in the laboratory is
expected to be greater than that obtainable in the field,
imposing the ACI Section 5.3.2 requirement on the
CTL/PCA data provides an estimate of the
compressive strength that could be used as the
specified strength as a function of time at temperature.
Unlike the Henager equation, a regression analysis
using only the 3,000 Ibf/in2 Hanford concrete mix
specimens was performed on the CTL/PCA data. The
form of the Henager equation was kept intact. The
standard deviation was calculated as the error from the
mean (best-fit) function. Figure 11 illustrates as a
function of temperature for a 55-year hold time, a
comparison between the compressive strengths that
Equations 7 and 8 would imply from the PCA data and
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the Henager predicted compressive strengths (best-
estimate and lower-bound).

On the basis of the CTL/PCA data, an undegraded
specified compressive strength of 5,442 lbf/irr would
have satisfied the ACI criteria. The use of the Henager
lower tolerance band equation shows a great deal of
conservatism relative to what the ACI would define as
the specified compressive strength. A major factor
leading to this observation is the relatively small
standard deviation of 294 lbf/in2. Even with a relatively
large standard deviation of 700 lbf/in2, more typically
found in the field, the resulting ACI-specified
compressive strength of 4,702 lbf/in2 would still be
larger than the 4,597 lbf/in2 compressive strength
predicted by the lower-bound Henager equation for
undegraded Hanford concrete. The statistical
significance of the Henager correlation, leaves little
doubt that the trend of property degradation with hold
time at temperature is appropriate for assessing the
in situ concrete properties. The only debated issues is
the magnitude of in situ concrete strength before
exposure to high temperatures.

Tests performed on core samples of concrete from
Hanford structures were reviewed. ACI recognizes that
core samples typically exhibit a strength slightly lower
than that from control cylinder tests which are the basis
of the ACI specified compressive strength requirements.
Section 5.6.4.4 of ACI 318 [9] requires only that the
average compressive strength from three consecutive
core samples be greater than 85 percent of the specified
strength and that no single test show a minimum
compressive strength lower than 75 percent of the
specified strength. In terms of the core sample data
reviewed, the average strength was calculated for each
data set (i.e, 241-T, -A, -U Waste Tanks, 241-SX-115
Waste Tank, PUREX M and N Cell, and PUREX
Sample Gallery). Only the data with temperatures less
than 200 CF were used to represent the in situ-specified
compressive strength before degradation. The PUREX
M and N Cell data showed the lowest average strength
of 6,215 lbf/in2. The average of all the low temperature
data is 7,634 lbf/in2, remarkably high for 3,000 lbf/in2

specified-compressive-strength concrete, but not
unexpected for low-temperature, aged concrete, which
typically gains in strength with time.

The magnitude of the in situ-specified compressive
strength can be confirmed by taking the average of the
three lowest tested strength cores divided by 0.85 and
taking the overall lowest tested strength divided by 0.75.
The core sample tests revealed that the samples from the
PUREX M and N Cells had the lowest average

Compressive
Strength (Ibffin*)
6000

2000
100 150 200 250 300 350 400 450

Temperature (°F)
Henager best-estimate (Equation 2)

"""• Henager lower-bound (Equation 2 lower tolerance band)
•*" PCA best-fit for 3,000 psi data only
•*" PCA-ACI mean -1.34 s (Equation 7)
• PCA-ACI mean - 2.33 s + 500 (Equation 8)

Figure 11. Hanford Concrete Compressive Strength
Comparison vs. Temperature at 55-Year
Hold Time: Henager Correlation
(Equation 2) Compared to ACI
Requirements (Equations 7 and 8).

compressive strength; dividing this average by 0.85
yields a specified compressive strength of
4,388 lbf/in2. The probability that the three core
samples with the lowest compressive strength were
taken consecutively, as required by ACI 318 to
confirm the specified compressive strength, is
1 in 220. From among all the data derived from the
core sample tests, the lowest compressive strength
from any single sample divided by 0.75 yields a
specified compressive strength of 4,587 lbf/in2.

There is no evidence that the compressive strength
of the original in-place concrete was less than
3,000 lbf/in2, but substantial evidence suggests that it
was much greater than this. Even after three decades
of service, the 241-SX-l 15 tank exhibited a mean
compressive strength in excess of the specified
compressive strength by a factor of two [10]. The
single compressive strength test on a core sample from
241-C-106 resulting in a value of 6,430 lbf/irr supports
the validity of using the Henager lower-bound (95/95)
correlation to represent the in situ mechanical
properties of the concrete, and is consistent with
reported concrete strength for similar concrete [11].
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CONCLUSION

The 241-C-106 structural analysis illustrates a
practical approach to predicting the in situ conditions of
waste tank concrete subjected to a high-temperature
environment. In this case study the in situ compressive
strength is predicted to be greater than the minimum
specified strength even after 45 years of service. The
compressive strength degradation behavior is strongly
supported by statistical analysis of laboratory data. The
magnitude of the compressive strength found in actual
in situ core samples supports the ascertain that the in situ
strength is greater than originally specified.

Variation in compressive strength that may
accompany batch-to-batch placement is shown to have a
small effect on the tank's ultimate capacity. Variation in
the thermal expansion coefficient cannot be
conservatively bounded by a single value. The
temperature distribution, reinforcement density,
mechanical properties of both the steel and concrete, and
tank geometry must be considered to arrive at a
conservative value of a.
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ABSTRACT

A studj' of the effect of viscosity on the dynamic response of a liquid
storage tank subjected to base excitations is presented. The tank is a
typical high level waste storage tank which has a diameter of 50 ft. and
liquid height of 20.4 ft. The liquid density is taken to be 93.6 lb/ft3. The
tank is assumed to be rigid. Both harmonic and earthquake excitations are
used in the study. The finite element method is employed to attack the
problem. The response functions examined include the sloshing wave
height and the impulsive and convective components of the hydrodynamic
pressure. A small tank, about 1/15 the size of the typical waste storage
tank, is also used in the study to understand the effect of viscosity on the
response of liquid storage tanks and to investigate the dependency of the
viscosity effect on the size of the tank. The results of this study show that
the effect of viscosity depends strongly on the size of the liquid-tank
system. For the typical waste storage tank considered, the effect of
viscosity on the sloshing wave height and the impulsive and convective
pressures is very small and can be neglected. For the viscosity effect to
become noticeable in the response of the typical waste storage tank, the
liquid viscosity must be greater than 10,000 cP. This value is far greater
than the estimated viscosity value of the high level wastes, which may
range from 60 to 200 cP.

*This work was performed under the auspices of the U.S. Department of Energy, Technology Support
Programs under Contract No. W-31-109-Eng-38.
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INTRODUCTION

The dynamic response of liquid storage
tanks subjected to earthquake ground motions has
been the subject of numerous studies in the past
thirty years. A fundamental assumption made in
most of the previous studies is that the liquid is
incompressible and inviscid. Therefore, the effect
of the liquid viscosity on the dynamic response of
the liquid-tank system is neglected. Recently,
DOE-EM has initiated a high-level waste tank
safety program. One of the objectives of the
safety program is to develop seismic design and
evaluation criteria for use in assessing the seismic
response of the existing underground high level
waste (HLW) storage tanks and for use as design
guides for new underground HLW storage tanks.
As the high level waste is quite viscous, use of the
methods based on inviscid assumption for the
liquid becomes questionable. Thus, one of the
tasks in the DOE seismic design and evaluation
program for underground waste storage tanks is to
study the effect of viscosity on the dynamic
response of the tank. As is well known, if
viscosity is to be included in the analysis, the
governing equations become very complicated, and
in most cases, closed form solutions are
unattainable. Therefore, it is necessary to use the
finite element method to attack the problem
numerically. The finite element computer code
used in this study is FLUSTR-ANL (FLUid-
STRucture interaction code developed at Argonne
National Laboratory). For the theoretical
background and algorithm used in FLUSTR-ANL,
the reader is referred to Chang et. al. [1].

The objectives of this paper are (1) to
elucidate the effect of viscosity on the dynamic
response of the liquid-tank system, and (2) to
provide guidance for the analysis of the HLW tank
considering the effect of viscosity. Both harmonic
and earthquake excitations are used as the input
motions. The response functions examined include
the sloshing wave height, the impulsive and
convective components of the hydrodynamic
pressure. For the definitions of the impulsive and

convective components, the reader is referred to
Housner [2J. It should be mentioned herein that
in this paper, all responses are considered to be
linear.

LIQUID-TANK SYSTEM AND
INPUT GROUND MOTIONS

Two liquid-tank systems are studied in this
paper. One is a large tank, which is a typical
high level waste storage tank, with a diameter of
50 ft. and liquid height of 20.4 ft., and the other
is a small tank with a diameter of 40 in. and
liquid height of 18 in. Both tanks are assumed to
be rigidly supported on their bases. The base
excitations considered include both the harmonic
excitations and earthquake motions. The
harmonic excitations used herein are sinusoidal
waves with the amplitude of 1 in./sec2, and the
excitations frequencies of resonant and non-
resonant frequencies of the liquid-tank systems are
considered. The earthquake motions used are: (1)
a ten-second synthetic time history whose
response spectrum matches the Newmark-Hall
median response spectrum with a damping value
of 2% of critical and is anchored to the ZPA of
0.24 g, and (2) a 29-second longitudinal
component of the September 16, 1978 Tabas
earthquake in Iran which has a peak acceleration
of 0.81 g. These two earthquakes are identified in
this paper as Base Motion 1 and Base Motion 2,
respectively.

SYSTEM RESPONSE TO
HARMONIC EXCITATIONS

An earthquake motion can be viewed as a
series of harmonic excitations with different
frequencies. In order to get insight into the
problem investigated, the responses of the system
to the harmonic excitations are studied first. The
harmonic excitations used herein are the
sinusoidal waves with the maximum acceleration
scaled to 1 in./sec2. Two excitation frequencies of
the sinusoidal waves are used for the small liquid-
tank system: the first sloshing frequency of 0.915
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Hz and a non-resonant frequency of 5 Hz. For the
large liquid-tank system, only one excitation
frequency is used; it is a non-resonant frequency
of 0.5 Hz. The computer simulations of the
responses of the two liquid-tank systems are
performed. The calculation is terminated until the
response of the system reaches its steady state.
The results are summarized as follows.

Small Tank
The total and impulsive pressures at various

heights along the tank wall and the sloshing wave
height for the values of viscosity equal to 60, 200
and 1000 cP are tabulated in Tables 1 and 2 for
harmonic excitation cases with frequencies of
0.915 and 5 Hz, respectively. The data listed in
these tables are the steady state responses after the
cessation of the influence of the initial conditions.
The following trends are observed in these tables.

1. The sloshing wave height and the total
pressure are noticeably affected by the
fluid viscosity especially for the case
presented iri Table 1.

2. The impulsive pressure is affected neither
by the viscosity nor by the frequency of
the excitation.

Since the convective pressure is the
difference of the total pressure and the impulsive
pressure, from the above observations one can
conclude that the convective pressure is affected
by the viscosity effect.

Large Tank
The response functions at various heights

along the wall of the large-tank system for the
values of viscosity equal to 60, 200 and 1000 cP
are tabulated in Table 3 for harmonic excitation
with a frequency of 0.5 Hz. One can see that the
data presented in this table has the same trends as
those observed in Tables 1 and 2.

SYSTEM RESPONSE TO
EARTHQUAKE MOTIONS

The two earthquake motions, Base Motion
1 and Base Motion 2, are used as the input
motions to perform the seismic response analyses,
and the results are presented in this section.

Small Tank
Three values of viscosity are used in this

analysis. They are 60, 200 and 1000 cP. The
maximum sloshing wave heights, the convective
pressure and impulsive pressure exerted on the
tank wall of the small liquid-tank system
subjected to two input motions are presented in
Table 4. Examining the data presented in Table
4, one observes that both sloshing wave height
and convective pressure decrease with the increase
of the value of viscosity; however, the impulsive
pressure is practically unaffected by the effect of
viscosity. This observation is consistent with that
of the harmonic analysis.

Large Tank
The response functions for the large liquid-

tank system are presented in Table 5 which are
the counterparts of the data presented in Tables 4.
Observing the data of Table 5, one can see a
slight decrease for the sloshing wave and the
associated convective pressure as the value of the
viscosity increases. This decrease, which is, for
all practical purposes, negligible, is much smaller
than that observed in the small liquid-tank system.
This indicates that, for the same liquid viscosity,
the effect of viscosity on the dynamic response of
the liquid-tank system depends on the size of the
tank-liquid system. Also, observed in Table 5 is
that the impulsive pressure remains the same for
all values of viscosity considered herein.

CONCLUSIONS

The response characteristics of storage
tanks filled with high viscosity waste are
analyzed. In order to understand the effect of the
viscosity on a liquid-tank system, two types of
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Table 1. Harmonic response of sloshing wave height, total pressure, impulsive pressure for exciting
frequency of 0.915 Hz, small tank

Response Function

Sloshing Wave Height, in.

60

6.332

Viscosity, cP

200

2.829

1000

0.6807

Total
Pressure

psi x 10-2

Height, in.

17.125

15.25

13.25

11.125

9.0

7.0

5.125

3.25

1.25

0.125

Height, in.

17.125

15.25

13.25

11.125

9.0

7.0

5.125

3.25

1.25

29.37

24.75

20.92

17.68

15.25

13.52

12.37

11.57

11.15

11.13

0.0467

0.0879

0.1192

0.1449

0.1634

0.1766

0.1851

0.1911

0.1941

13.13

11.07

9.366

7.916

6.834

6.058

5.547

5.190

5.004

4.997

0.0466

0.0878

0.1192

0.1449

0.1634

0.1766

0.1851

0.1911

0.1941

3.155

2.665

2.248

1.894

1.637

1.446

1.333

1.241

1.207

1.240

0.0468

0.0885

0.1201

0.1459

0.1641

0.1776

0.1854

0.1918

0.1938

Impulsive
Pressure,
psi x 10'2

0.125 0.1940 0.1943 0.1915
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Table 2. Harmonic response of sloshing wave height, total pressure, impulsive pressure for exciting
frequency of 5 Hz, small tank

Response Function

Sloshing Wave Height, in.

60

0.007322

Viscosity, cP

200

0.003397

1000

0.002348

Total
Pressure

psi x 10"2

Height, in.

17.125

15.25

13.25

11.125

9.0

7.0

5.125

3.25

1.25

0.125

Height, in.

17.125

15.25

13.25

11.125

9.0

7.0

5.125

3.25

1.25

0.05991

0.09886

0.1287

0.1529

0.1704

0.1827

0.1908

0.1964

0.1993

0.1995

0.0468

0.0879

0.1193

0.1448

0.1635

0.1766

0.1852

0.1911

0.1942

0.04399

0.08583

0.1176

0.1437

0.1625

0.1757

0.1844

0.1904

0.1936

0.1938

0.0468

0.0878

0.1193

0.1448

0.1634

0.1766

0.1851

0.1911

0.1942

0.0381

0.08174

0.1143

0.1408

0.1600

0.1736

0.1824

0.1886

0.1917

0.1923

0.0467

0.0878

0.1191

0.1448

0.1633

0.1766

0.1850

0.1912

0.1941

Impulsive
Pressure,
psi x 10"2

0.125 0.1946 0.1944 0.1947
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Table 3. Harmonic response of sloshing wave height, total pressure, impulsive pressure for exciting
frequency of 0.5 Hz, large tank

Response Function

Sloshing Wave Height, in.

60

1.00

Viscosity, cP

200

1.00

1000

.986

Total
Pressure

psi x 10"2

Height, in.

220.8

172.8

133.8

103.8

78.8

59.8

41.8

23.8

9.8

2.4

Height, in.

220.8

172.8

133.8

103.8

78.8

59.8

41.8

23.8

9.8

2.300

2.444

2.758

2.931

3.030

3.085

3.122

3.145

3.153

3.154

0.9153

1.7765

2.1849

2.4162

2.5496

2.6255

2.6767

2.7086

2.7186

2.296

2.440

2.755

2.929

3.028

3.083

3.120

3.143

3.151

3.152

0.9152

1.7765

2.1847

2.4162

2.5495

2.6255

2.6766

2.7086

2.7185

2.271

2.421

2.740

2.915

3.016

3.071

3.109

3.132

3.139

3.141

0.9149

1.7762

2.1843

2.4161

2.5490

2.2656

2.6761

2.7085

2.7178

Impulsive
Pressure,
psi x 10-2

2.4 2.7195 2.7194 2.7186
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Table 4. Seismic response of large tank liquid system

Base Motion 1 Base Motion 2

Response Function Viscosity, cP Viscosity, cP

60 200 1000 60 200 1000

Sloshing Wave
Height, in.

22.42 22.41 22.40 55.72 55.69 55.55

Convective
Pressure, psi

Height

220.8

172.8

133.8

103.8

78.8

59.8

41.8

23.8

9.8

2.4

Height, in.

220.8

172.8

133.8

103.8

78.8

59.8

41.8

23.8

9.8

0.877

0.648

0.535

0.470

0.433

0.412

0.398

0.389

0.386

0.386

0.848

1.645

2.023

2.237

2.360

2.431

2.478

2.508

2.517

0.877

0.647

0.535

0.470

0.433

0.412

0.398

0.389

0.386

0.386

0.848

1.645

2.023

2.237

2.360

2.431

2.478

2.508

2.517

0.876

0.647

0.534

0.469

0.433

0.412

0.397

0.389

0.386

0.386

0.848

1.645

2.023

2.237

2.360

2.431

2.478

2.508

2.517

2.137

1.587

1.333

1.182

1.093

1.042

1.007

0.986

0.979

0.978

2.871

5.572

6.852

7.578

7.996

8.234

8.395

8.495

8.526

2.136

1.587

1.333

1.181

1.092

1.041

1.007

0.985

0.979

0.977

2.871

5.572

6.852

7.578

7.996

8.234

8.395

8.495

8.526

2.130

1.582

1.330

1.178

1.090

1.038

1.004

0.982

0.976

0.974

2.871

5.572

6.852

7.578

7.996

8.234

8.395

8.495

8.526

Impulsive
Pressure, psi

2.4 2.518 2.518 2.518 8.529 8.529 8.529
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Table 5. Seismic response of small tank liquid system

Base Motion 1 Base Motion 2

Response Function Viscosity, cP Viscosity, cP

60 200 1000 60 200 1000

Sloshing Wave
Height, in.

12.44 10.85 6.86 17.16 15.45 11.16

Convective
Pressure, psi

Height

17.125

15.25

13.25

11.125

9.0

7.0

5.125

3.25

1.25

0.125

Height, in.

17.125

15.25

13.25

11.125

9.0

7.0

5.125

3.25

1.25

0.567

0.470

0.391

0.327

0.280

0.248

0.226

0.212

0.204

0.205

0.0434

0.0814

0.110

0.134

0.151

0.164

0.171

0.177

0.180

0.492

0.408

0.304

0.287

0.248

0.220

0.202

0.189

0.182

0.182

0.0433

0.0813

0.110

0.134

0.151

0.164

0.171

0.177

0.180

0.322

0.273

0.231

0.195

0.168

0.149

0.137

0.128

0.124

0.131

0.0430

0.082

0.111

0.135

0.151

0.164

0.171

0.178

0.179

0.738

0.597

0.492

0.408

0.348

0.306

0.279

0.260

0.250

0.249

0.147

0.276

0.374

0.454

0.513

0.554

0.581

0.599

0.609

0.668

0.548

0.457

0.382

0.327

0.288

0.263

0.246

0.236

0.237

0.147

0.276

0.374

0.454

0.513

0.554

0.581

0.599

0.609

0.519

0.434

0.362

0.303

0.261

0.232

0.212

0.199

0.192

0.204

0.147

0.275

0.373

0.454

0.512

0.553

0.580

0.599

0.608

Impulsive
Pressure, psi

0.125 0.180 0.180 0.180 0.610 0.610 0.609
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tanks are considered. One is a typical HLW tank,
the other is a small tank 1/15 the size of the HLW
tank. The response of these two tanks is analyzed
under both harmonic and seismic input motions.
The results show that for all practical purposes, the
impulsive pressure is not affected by the fluid
viscosity. However, the size of the tank is an
important factor for the viscosity to affect other
response quantities such as the sloshing wave
height and the convective pressures. Nevertheless,
for typical HLW tanks with viscosity values
observed in practice (60-200 cP), the viscosity
effects are negligible.
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LOCAL STRAINS IN WASTE TANK DEFLAGRATION ANALYSIS (U)

BJ Bryan and H.E. Flanders, Jr.
Westinghouse Savannah River Company

Savannah River Site
Building 707-49B

Aiken, South Carolina 29808

ABSTRACT

In recent years extensive effort has been expended to qualify buried nuclear
waste storage tanks under accident conditions. One of these conditions is
deflagration of the combustible gasses which may build up over time. While
much work has been done to calculate the general strain state, less effort has
been made to address the local strains at structural discontinuities.

An analytical method is presented for calculating these local strains and
combining them with the general strain state. A closed form solution of the
local strains is compared to a finite element solution.

INTRODUCTION

Some forms of nuclear waste release combustible
gasses as they undergo radiological decay. These
gasses can accumulate inside nuclear waste storage
tanks and, if ignited, can burn rapidly. This
deflagration event would cause a rapid increase in
internal tank pressure and temperature. Since most
tanks are not designed for deflagration this is a
beyond design basis event.

A common approach to deflagration analysis of
waste tanks is to use a strain limit as an acceptance
criterion. This is the methodology used in
NUREG/CR-5405 [1]. A nuclear waste storage tank at
Savannah River Site's In-Tank Precipitation facility
is analyzed using this methodology. The tank design
details and strain analysis methodology are
discussed below.

TANK DESIGN
The waste tank analyzed is a buried double

walled cylindrical tank with a center column. It is
designed with a steel wall as primary containment,
and a reinforced concrete vault with a steel liner as
secondary containment. In the annular space between
the two walls are ventilation ducts, instrument
tubing, and other obstructions. In the event of a

deflagration, the sudden increase in pressure could
cause the primary tank wall to expand and contact
the secondary wall. The primary wall would be bent
around the obstructions in the annulus causing
localized strains. Figure 1 shows the tank
configuration. The instrument probe shown is the
obstruction which caused the highest local strain.

Combustible
Gasses

Figure 1. Waste Tank Design
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Figure 2 shows a section view of the instrument probe
and bracket.

Primary Tank

Figure 2. Waste Tank Design Details

NUREG/CR-5405 METHODOLOGY
In NUREG/CR-5405 [1] the general strain state

calculation is a finite element analysis (FEA) based
on axisymmetric theory or a small (5° to 10°) wedge
which does not address local strain concentrations.
The general or far field strains are accepted based on
the uniaxial ultimate strain, £„, which has been
reduced by three factors:

K^ - Model Sophistication Factor
K2 - As Built Condition Factor
K3 - Material Degradation Factor

In addition to the K factors from NUREG/CR-
5405 [1], the uniaxial ultimate strain, £„, must be
reduced by a triaxial strain factor in order to address
multiaxial loading. This triaxiality factor, TF, was
originally proposed by Davis and Connelly [2].

Therefore, the allowable strain,
calculated as follows:

is

(1)

sophistication knockdown factor, Xj. This paper
presents a method for calculating K, based on the
structural design details and the refinement of the
global strain calculation.

When calculating the model sophistication
knockdown factor, Ku the strain concentrations from
all sources must be included. In addition the engineer
must be careful not to include strains addressed in the
far field analysis. This paper documents a closed
form solution for calculating Kv the model
sophistication factor, and compares it to a finite
element solution.

LOCAL STRAINS
Local strains are produced by structural

discontinuities or design details. Since the global or
far field strain analysis uses an axisymmetric model
which produces the general strain state, the local
strains are not addressed by the FEA. The model
sophistication knockdown factor, Ku addresses these
local strains. This paper presents an analytical
method for calculating the local strains, combining
them with the general strain state, and quantifying
the value of Ky

ANALYSIS

The local strains caused by bending the primary
tank wall around the bolts and bracket are calculated
using two methods: classical closed form solution, and
the finite element method.

CLOSED FORM SOLUTION
The local strains are calculated using classical

limit analysis methods by Hodge [3] and plastic
strain distribution methods by Nadai (4).

Equilibrium Equations
Assuming flat (in lieu of curved) plates

separated by the height oi the stud bolts and pipe
clamp, the plastic hinges of the system are identified
as follows. The equations of equilibrium, derived
from Figure 3, are as shown below.

(2)

(3)
(4)

NUREG/CR-5405 [1] does not give a
methodology for calculating or quantifying the model

For the full plastic hinges at both points A & B,
the moments have the same value which is the
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Po

Figure 3. Primary Tank Loading at Obstruction

ultimate moment of the section (MA = MB = Ma). It is
noted that the pressure loading which produces the
plastic hinge at point B applies a direct load on the
secondary liner and concrete. Thus, since the primary
tank between points A & B responds as a cantilever,
the reaction force at point A is equal to the total load
on the tank section (VA = p(e), and the reaction force
at point B is zero. Thus the equilibrium equations
reduce to the following.

*e =

(6)

(7)

Thus it is concluded that the effective length
( (e) is a function of the ultimate moment capacity of
the material and the applied pressure.

Results
The ultimate moment capacity of the plate is

based on the material (ASTM A537 Class 1)
properties and is calculated as follows. The collapse
load yield stress, O0, is from the ASME Code Fl 334.6
[5] which allows the greater of 1.2SV and 1.5Sm,but

not larger than 0.7Su

Collapse load Yield Stress
ao = o.7Su

Plate Width (Unit)
Plate Thickness
Inertia (Unit Strip) l^-kWt*

W
t
1

psi
in
in
in4

52,800
1.0
0.5

.0104

Plastic Shape Factor (rectangular)

Plastic Moment Mo = f\ —^~
10.5/

/

Mn inlb

1.5

3300

Applying the value of the plastic hinge moment, the
loading on the unit strip plate is as follows.

Applied Loading (Unit Strip)
Total Displacement (Stud Bolt
Height)

Effective Length f.e = I -

Reaction Force at A VA = P(l^,

Rotation Angle ty = tan~liA/it.)

The bending moment in the primary liner for this
loading is as follows.

(8)

Using the moment equation, the length oi the plastic
region, f , is derived as follows.

Po

Po

A

i,-

vA
0

Ib/in

in

in

lb
rad

75

2.5

13.3

995
0.186

M- VA

Figure 4. Plastic Region of Primary Tank

Summing the moments at point C, as shown in Figure
4, yields the following equation.

, , - M ( l =0 (9)

Bending moment at initial yield
point is as follows. M, = Mo / /
Solving Equation (9) for /'

f _VA±M-4(
P 2(P0/2)

M, inlb

m

2200

1.16

Since the plastic zone of the plate extends on both
sides of the support, the total plastic length, Lp, is a
minimum of 2/;,. Using the angle of plastic rotation
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and the total plastic length, the plastic strains at
the plastic hinge are as follows. (Seu Figure 5.)

Total plastic length L;, = 2/;,
The plastic "strain deflection" is

The plastic strain is as follows.
K

in

in

11/
/in

2.32

0.0466

0.020

Figure 5. Plastic Strains

The total plastic strain is 2%. The implied
assumption in the preceding calculation is that the
plastic strains are uniformly distributed over the
total plastic length. The accuracy of this assumption
is investigated using the finite element method.

K^ Knockdown Factor
The /0, knockdown factor, when divided into

the ultimate uniaxial strain, accounts for the local
strains caused by structural discontinuities. The
value of the K, factor is based on the ratio of local

strain and ultimate strain from a uniaxial tensile test
as shown in the following equation. This ratio
produces a K{ value that, when divided into the
ultimate strain, reduces the strain allowable by the
value of the local strain.

Using the ultimate strain of £„ =0.18, the K,
knockdown factor is calculated as follows.

£„
= 1.13 (10)

FINITE ELEMENT ANALYSIS
The effective length and local strains are

calculated using the ABAQUS finite element code I6|.
The model consists of a deformable mesh of shell
elements and a rigid surface. The shell elements
represent the primary tank wall as shown below in
Figure 6. The rigid surface represents the tank vault
wall and instrument probe bracket as shown in Figure
7. The FEM, like the closed form solution, is based on
a unit strip theory.

x-symmetry y-symmetry

Figure 6. Deformable Finite Element Mesh

Deflagration Pressure

Figure 7. Finite Element Model
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Model Description
The primary tank and the surface which it

contacts (the bracket, bolts and secondary vault wall)
are modeled in the finite element analysis.

The primary tank is modeled as a deformable
mesh of shell elements. A four node reduced
integration linear shell element with five
integration points through the thickness is used.
Symmetry boundary conditions are used to implement
the unit strip theory. The model also takes
advantage of symmetry at the instrument probe center
line as shown in Figure 7.

Two cases are analyzed. In the first case the
material properties are assumed to be elastic-
perfectly plastic. In the second case the material
strain hardening effects are included.

Analysis Method
In order to maintain tight tolerances on

equilibrium, the automatic pressure incrementation
scheme in ABAQUS is used. This implicit algorithm
uses Newton's method [7] to integrate the equilibrium
equations. The pressure is applied incrementally up
to 75 psi, and the increment size is adjusted based on
the convergence rate. The pressure increment size is
reduced when the contact conditions change and at
the onset of plastic deformation in the primary liner
near the bolt as dictated by the incrementation
algorithm.

FEA Results
The results of the finite element analysis

include displacements of the model and strains.

Effective Length. The effective length, fe,
calculated using the finite element model with
elastic-perfectly plastic material properties is
presented below in Figure 8. From the displaced
shape plot it can be seen that the effective length is
13.8 in. The finite element solution is within
engineering accuracy of the theoretical.

The finite element model which includes
material strain hardening effects produces an
effective length, I\,, of 19.8 in. (Figure 9). This longer
effective length is attributed to the increased moment
capacity of the primary tank wall due to strain
hardening.

Figure 8. Finite Element Model Displaced Shape
Elastic-Perfectly Plastic Material

Figure 9. Finite Element Model Displaced Shape
Strain Hardening Material

Maximum Local Strain. The maximum local
plastic strains calculated using the elastic-perfectly
plastic finite element model are presented below in
Figure 10. From the plastic strain contour plot it can
be seen that the highest strain is 30% at the point
where the primary tank contacts the bolts. The FEA
results are much higher than the closed form solution
results because there is no redistribution of the strains
to other parts of the structure. Once the section of the
primary tank in contact with the bolt starts to yield
the strains accumulate at that point.

As can be seen in Figure 11 below, the inclusion
of strain hardening material properties causes the
plastic strains to redistribute away from the initial
point of yielding. The maximum plastic strain
calculated using the strain hardening model is 2.6%.
This is in good agreement with the closed form
solution results. The assumption that the plastic
strains are uniformly distributed over the total
plastic length is fairly accurate for a strain
hardening material.
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Bolt
Location

I
Figure 10. Plastic Strain Contours from FEA

Elastic-Perfectly Plastic Material

Bolt
Location

Figure 11. Plastic Strain Contours from FEA
Strain Hardening Material

CONCLUSION

This paper presents a method for calculating
the local strains at a structural discontinuity. These
local strains are combined with the general strain
state by use of the K: knockdown factor from
NUREG/CR-5405 [1],

• When calculating the model sophistication
knockdown factor, Klf the strain concentrations
from all sources must be included. In addition
the engineer must be careful not to include
strains already addressed in the far field
analysis.

• The closed form solution and the elastic-
perfectly plastic finite element analysis are in
excellent agreement on the effective length, (r.

The closed form solution and the strain
hardening finite element analysis are in good
agreement on the maximum plastic strain, £p.
The assumption that the plastic strains are
uniformly distributed over the total plastic
length is reasonable for a strain hardening
material.

The methods presented in this paper for
quantifying the NUREG/CR-5405 |1) model
sophistication knockdown factor, Ku are valid.
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CONTINUUM SOIL MODELING IN THE STATIC ANALYSIS OF BURIED STRUCTURES

L. J. Julyk, R. S. Marlow and C. J. Moore
Westinghouse Hanford Company

P. O. Box 1970
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ABSTRACT

Soil loading traditionally has been modeled as a hydrostatic pressure, a practice
acceptable for many design applications. In the analyses of buried structures with
predictive goals, soil compliance and load redistribution in the presence of soil
plasticity are important factors to consider in determining the appropriate response
of the structure. In the analysis of existing buried waste-storage tanks at the
U.S. Department of Energy's Hanford Site, three soil-tank interaction modeling
considerations are addressed. First, the soil interacts with the tank as the tank
expands and contracts during thermal cycles associated with changes in the heat
generated by the waste material as a result of additions and subtractions of the
waste. Second, the soil transfers loads from the surface to the tank and provides
support by resisting radial displacement of the tank haunch. Third, conventional
finite-element mesh development causes artificial stress concentrations in the soil
associated with differential settlement.

In predicting the response of the buried high-heat single-shell waste-storage tank
241-C-106 to thermal cycling and significant surcharge loading, a Drucker-Prager
plasticity model is used to address soil compliance and surcharge load distribution.
Triaxial test data from the Hanford Site are used to derive soil model parameters,
which are needed to describe the Drucker-Prager constitutive model.

Finite-element meshes normally are developed to represent the unloaded condition,
including the absence of gravity. Because of the significant stiffness and weight
differences between the soil and the buried structure, significant differential
settlement occurs as the gravity load is introduced. To address the differential
settlement, three methods of mesh development and corresponding gravity
application are described, in order of increasing complexity. The first method
involves the application of a prestress condition. The second method uses built-in
vertical "slip planes" where relative displacement is allowed to release artificial
stresses at locations of discontinuity. The third method uses a mesh that is
developed incrementally in layers to simulate the actual construction sequence.

INTRODUCTION Unlike the representation of soil via invariant traction
loads or grounded spring elements, the properly

In the static analysis of a buried structure, the formulated continuum model will distribute soil
benefits of modeling soil as a continuum are apparent. deadweight and surface loads correctly to the structure.
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Furthermore, it automatically will capture soil-structure
interaction. Continuum soil models also allow the
analyst to study the effects of backfilling and
compaction.

These benefits come at the expense of increased
complexity and cost of the analysis. Nonlinear finite-
element analysis is the method of choice, because soil
constitutive models are usually nonlinear. The material
parameters for the analysis must be calibrated from
nonstandard material test data. The finite-element mesh
representing the soil must be defined so that there is
adequate refinement in regions of large stress gradients,
and a sufficient volume of soil must be modeled to
preclude spurious boundary effects. Other important
modeling considerations are contact conditions between
the soil and the structure, and the soil's initial stress
state.

This paper discusses briefly a few of the prevalent
constitutive models for soil and describes various
techniques for developing suitable finite-element models
for the static analysis of buried structures. These
techniques are demonstrated by describing their use in
the axisymmetric analysis of a buried waste tank. This
paper concludes by identifying several topics needing
additional study.

SURVEY OF SOIL CONSTITUTIVE MODELS

Several constitutive soil models are available in the
ABAQUS [1] general-purpose finite-element computer
code, and many others are described in the literature [2].
In general soil constitutive models are more complicated
than linear elastic models. Until the development of
modern computers, practical problems involving soils
modeled as continua were not solvable partly because of
the complexity of the soil constitutive relations. Finite-
element computer codes that can compute soil
deformations effectively are now available.

The most widely known soil constitutive model is
the Mohr-Coulomb model. The Mohr-Coulomb model
is actually a failure criterion. The material is assumed
to behave as a linearly elastic solid until failure occurs.
In its simplest form, the Mohr-Coulomb criterion states
that the absolute value of shear stress in a plane at
failure is an affine function of the normal stress in the
plane [3]. The two parameters that define the failure
line are called the cohesion and the angle of internal
friction. The cohesion defines the intercept of the
failure line with the shear stress axis. The angle of
internal friction determines the slope of the failure line.

Another widely known soil constitutive model is
the Drucker-Prager model. The classical Drucker-
Prager model [4] postulates a yield function that
depends on the hydrostatic pressure and the magnitude
of the deviator stress. Until failure, the material
behaves as an elastic solid. On yielding, the material
becomes perfectly plastic. The Drucker-Prager model
has been modified with post-yield strain hardening and
a compression cap on the yield surface. This modified
Drucker-Prager model is included in the ABAQUS
Version 5.2 finite-element computer code.

Many other types of soil constitutive models have
been proposed. In the 1960's, researchers at
Cambridge proposed the critical state theories after
observing the behavior of soil samples in a uniform
state of stress and strain. The simplest critical state
model, often called the Cam-clay model, is a relatively
complicated four-parameter model. The critical state
is the constant-volume state reached by samples
undergoing shearing deformation. The hyperbolic
model [5] is yet another soil constitutive model. In the
hyperbolic model, the stress-strain relation is a
hyperbolic equation. The equation is implicit in stress,
i.e., stress terms appear on both sides of the equation.

FINITE-ELEMENT MODELING

Practical problems involving buried structures are
solved best via the finite-element method. This section
describes some of the finite-element techniques used to
analyze the 241-C-106 buried waste tank located at the
U.S. Department of Energy's Hanford Site [6]. The
techniques were applied with the ABAQUS finite-
element program; however, the procedures are useful
to analysts using other nonlinear finite-element
programs.

SOIL CONSTITUTIVE MODEL
The University of California at Berkeley has done

considerable research on soil constitutive modeling [5],
[7], [8] that addresses the variation of the soil
properties with depth and confining pressure. The goal
has been to develop a model suitable for finite-element
analysis that models properly the soil structure
interaction as well as the lateral loads introduced by
soil compaction. The Berkeley research employed the
existing soil triaxial-test procedures with confining
pressures; this research resulted in the development of
the hyperbolic model for stress-strain and bulk
moduli [2], [5].
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The hyperbolic model (see Figure 1) assumes that
stress-strain curves for soils can be approximated as
hyperbolas. The local slope of the hyperbolic
stress-strain curve is the tangent modulus E,, which is
defined by

E, = (!-«, SLf KP\-^\ (1)

where

Rf = Constant (0.6 to 0.9)
SL = Ratio of deviatoric stress to deviator

stress at Mohr-Coulomb failure
K, n = Constants relating the initial tangent

modulus to confining pressure
P, = Atmospheric pressure.

The hyperbolic model is really a family of hyperbolic
stress-strain curves that shift with confining pressure or
stress (a}) and the axial compression stress minus the
confining pressure (ox-o^.

The hyperbolic model uses the tangent modulus to
model all situations corresponding to primary loading,
where all loading occurs at a stress level equal to or
higher than all previous stress levels, triaxiai testing of
the Hanford soil shows good agreement with the power
equation relation for initial tangent modulus. Triaxiai
testing of the Hanford soil also shows that, when the
stress level is less than the previous maximum stress, the
soil no longer follows the primary load curve. The soil
responds in an unload-reload path that is defined by the
unload-reload modulus as follows:

K... P (2)

where

K,,, is typically 1.2 to 3 times greater than K.

The hyperbolic model was programmed and
interfaced to ABAQUS as a user-defined material
subroutine. Validation testing of the programming and
performance of the hyperbolic model as implemented
with the ABAQUS structural analysis program showed
very positive results for simple test cases. The simple
test cases included numerical simulation of a series of
triaxiai compression tests with different confining
pressures and compaction of rigidly confined volumes of
soil.

(a) Hyperbolic Representation of Stress-Strain Curve for Primary Loading

(b) Linear Unloading-Reloadtng Stress-Strain Relationship

Figure 1. Hyperbolic Soil Model.

The hyperbolic model was tested with the
241-C-106 single-shell tank structural model. The
hyperbolic model, as implemented through the
ABAQUS user-defined material subroutine,
encountered numerical instabilities in regions of
structural discontinuities. The ABAQUS program
estimates the deflections and strains, then calculates
stresses, and iterates until equilibrium force balance is
obtained. The hyperbolic model as used directly
defines the modulus of stiffness as being dependent on
the stress history; the modulus is used by ABAQUS to
define the stress field so errors compound themselves
with stress fields that can get out of step with the
strain?. Additional work on the convergence criteria is
needed before the Hyperbolic model can be
implemented reliably in complex problems.

Although the hyperbolic stress-strain relation was
unsuccessful because of its numerical instabilities as
implemented in ABAQUS, the power equation
confining pressure relations for tangent modulus and
unload-reload modulus have proven useful for
interpolation and extrapolation of the test data. The
power equation relations were used to help define the
variation with confining pressure and depth in the soil
Drucker-Prager constitutive model.
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The Drucker-Prager plasticity model is one of
several constitutive models that defines a material's yield
surface as a function of confining pressure. Although a
modified Drucker-Prager plasticity model in ABAQUS is
capable of including effects of non-associated flow,
strain hardening, and a capped yield surface, the
classical Drucker-Prager model (elastic, perfectly plastic)
was used in the analysis of tank 241-C-106 for two
reasons. First, nonstandard material test data required to
calibrate the material parameters of the modified model
were lacking, and second, the classical model is more
numerically stable. In the 241-C-106 tank model, the
ANACAP-U [9] concrete constitutive subroutine disables
the ABAQUS automatic load incrementation as described
in [10]. The Drucker-Prager strain-hardening model
does not work efficiently without automatic load
incrementation.

Available test data indicated that Young's modulus
and the uniaxial compressive yield stress of the soil
around 241-C-106 varies as a function of depth, or more
precisely, as a function of the mean stress (pressure) in
the soil. In ABAQUS, many of the constitutive
parameters can be made a function of a user-specified
field variable. Assigning the field variable at any given
location in the soil a value equal to the expected
confining pressure can make the soil constitutive
parameters pressure-dependent. The field-variable
profile (expected confining pressure field) in the soil was
fixed throughout time for the 241-C-106 analysis and
was calculated as follows:

F.V. = mean stress = -(ax + ay + aJ/3 (3)

where

= radial stress = K,/yh
= vertical stress = 7 h
= hoop stress = K -̂yh
= Rankine coefficient of lateral earth

pressure (at rest)
= vl(\-v), where v is Poisson's Ratio
= soil density
= depth of node measured from surface

of soil.

7
h

The field-variable approach is an approximation as
the confining pressure generally changes as the analysis
progresses, and the expected confining pressure is not
known a priori. To improve accuracy, the field-variable
profile can be updated periodically throughout the
analysis to correspond to the changing confining

pressure. Analyses in which the field-variable profile
remains constant throughout will generate useful results
if the changing pressure field resembles the specified
field-variable profile with pressure variances remaining
small. Even in cases where nontrivial pressure
changes occur locally in the soil over the course of the
analysis, load redistribution will tend to diminish the
error attributable to the use of a fixed field-variable
profile.

The Drucker-Prager model used in the 241-C-106
tank analysis accurately reproduces most of the results
of traixial tests on soil from the Hanford Site.
However, the constitutive model compromises some of
the soil behavior for the sake of numerical simplicity.
As mentioned previously, the 241-C-106 analysis did
not use automatic load incrementation because of the
concrete constitutive model. Although the strain-
hardening Drucker-Prager theory could replicate
almost exactly the available triaxial tests, it could not
function properly without automatic load
incrementation. Consequently, preliminary analyses of
the 241-C-106 tank which used the strain-hardening
model failed. The strain-hardening mcdel was
abandoned in favor of the classical Drucker-Prager
model. The Drucker-Prager model used in the final
241-C-I06 analyses has a reduced modulus to capture
some of the softening caused by yielding. It also has
an artificially high yield stress at any given confining
pressure so that the maximum compressive stress
developed during a triaxial test simulation is
representative of measured values.

SOIL DISCRETIZATION
Eight-node biquadratic, reduced integration,

axisymmetric solid elements (CAX8R) were used to
model the soil surrounding tank 241-C-106. The
finite-element mesh of the tank and the surrounding
soil are shown in Figure 2. Because quadratic
elements were used, the mesh is relatively coarse.
However, the degree of soil mesh refinement increases
slightly near the tank.

Approximating the soil as a finite continuum
requires that the distance to the outer boundaries of the
soil be established so that the location of these have
little influence on the stress state at the soil-tank
interface. Three test cases were evaluated with
preliminary models to establish the outside radius of
the soil that would not influence the local effects at the
inside radius adjacent to the structure (tank). These
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Figure 2. Finite-Element Mesh for 241 -C-106
Model.

cases correspond to Ro = 1.6Rf, 2Rf, and 3Rf where R,,
is the distance from the center of the tank to the outer
boundary of the soil and R, is the outer radius of the
tank. The results indicated that an outside soil radius of
2R| is sufficient to define a fixed-lateral-displacement
boundary condition, i.e., the computed stresses at the
outer boundary approach the theoretical free-field
stresses. In keeping with this observation, the radius of
the outer soil boundary in the 241-C-106 model was
specified as approximately two times the outside radius
of the tank wall. The depth of soil underneath the tank
was established as one tank radius. A lesser depth
would likely suffice as the high confining pressure at
depth effectively stiffens the soil to a point where it is
insensitive to tank loads.

SOIL-STRUCTURE INTERFACE CONDITIONS
When modeling a buried structure, the analyst must

specify contact conditions between the soil and the
structure that are capable of realistically simulating soil-
structure interaction. Advanced finite-element codes
such as ABAQUS have special contact elements that may
be used at the soil-structure interface. Unfortunately,
these contact elements tend to be costly. Alternately,
nonlinear spring elements can be used to maintain the
proper contact conditions. The appropriate spring
element is defined as very stiff in compression but very
compliant in tension, to allow separation of the soil from

the structure. The 241-C-106 structural model uses
nonlinear spring elements (SPRING2) to enforce the
contact conditions between the tank and the
surrounding soil. These springs act in a fixed direction
normal to the initial soil-tank interface surface. Thus,
tangential forces from friction at the tank/soil interface
are neglected.

INITIAL STRESS STATE
In analyzing most structures, it is appropriate to

begin with a complete mesh of stress-free, undeformed
elements and subsequently apply the specified loads to
obtain the desired stress state. Buried structures are an
exception in that their response generally is nonlinear
and depends on the history of the loading. The analyst
must take steps to ensure that the actual stress
condition developed during construction, primarily
during backfilling operations, is represented adequately
in the model before applying subsequent loads. In
pursuit of this goal, backfilling around the structure
may be simulated by adding stress-free layers of soil
elements to a previously loaded and deformed mesh.
Alternately, ad hoc modeling techniques may be used
to approximately calculate a stress state representative
of sequential backfilling. The primary advantage of
the ad hoc procedures is the relative ease of generating
the model. Three such ad hoc modeling approaches
are described below.

In the first approach, gravity is applied to the
structure and all the soil in one computational step.
Both the structure and soil are stress free before the
application of gravity. This method is simple to use,
but may produce unrealistic and sometimes large
tensile stresses in the soil. Soil deformation tends to
be overpredicted when this approach is employed.

A second ad hoc approach is to impose a user-
defined stress field onto the undeformed soil mesh. In
ABAQUS, geostatic stress states can be imposed onto
a mesh using the *GEOSTATIC option. Gravity then
is applied in the first computational load step and
displacements are computed to obtain force
equilibrium. This approach is usually not practical
because the quality of the final solution largely depends
on the accuracy of the prescribed preliminary stress
state.

In the third ad hoc approach, strategically-placed
vertical "slip planes" in the soil are activated during
the application of gravity and deactivated for
subsequent loading. These planes allow the two
"columns" of soil on either side of a slip plane
vertically to displace independently of each other.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

399



This approach inhibits the formation of spurious
localized stresses near geometrical irregularities in the
buried structure. These local stresses are bounded to
some degree by the soil plasticity model, irrespective of
the inclusion of slip planes.

The method of developing the initial stress state
that is preferred over the ad hoc approaches is the
"construction sequence" approach that simulates the
actual construction/backfill sequence by adding the
backfill soil a layer at a time. The first layer is added
and the system then is allowed to deform under the
gravitational body force. An undeformed second layer
then is added. Thus, in the analysis, as in reality, the
deformation of any soil layer is due only to its own
weight and the weight of fill layers above it.

The so-called "dummy node" technique described
in [11] may be used to add an undeformed soil layer to a
previously deformed mesh. In brief, a row of dummy
nodes is defined along the interface between the soil
layers. The dummy nodes track the displacement of the
top row of the bottom layer as it deforms. The
displacements at the dummy nodes are held fixed at the
final displacements obtained by the top row of the
bottom layer. A constraint equation is prescribed to
subtract these displacements from the subsequent
displacements of the bottom row of nodes on the top
layer. Thus, the top layer is not affected by the initial
deformation of the bottom layer.

The approach is illustrated in Figure 3 in terms of
one-dimensional elements. The constraint equation
u >. u' - uK = 0 relates nodal displacements. Figure 3(a)
shows the load-free/undeformed initial state of the
system. In the next step, illustrated in Figure 3(b), a
load is applied to the bottom element while displacement
at node J is restrained. Displacements at nodes / and K
are identical. In the step shown in Figure 3(c), the
displacement boundary condition at node J is removed to
allow the top element to deform, node K is held fixed at
its location at the end of the preceding step, and
additional load is applied. Displacement of node J is
equal to the change in displacement of node / from the
end of the preceding step. For this and subsequent
steps, nodes / and / displace together.

The above approach is applied in the tank analysis
to simulate the stress-free addition of soil backfill layers.
In reality, backfilling involves the placement of
numerous thin layers of soil. The analysis approximates
the backfilling sequence by considering four relatively

Note: Nodes I, J, and K are initially coincident.
Nodes are shown offset for clarity.

Figure 3. One-Dimensional Illustration of the
"Dummy Node" Technique.

thick backfill layers (footing soil layer, first wall soil
layer, second wall soil layer, and top soil layer). The
backfill layers modeled are shown in Figure 4. The
bottom soil layer comprises all the soil beneath the
tank floor elevation and is not considered as backfill.
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Figure 4. Backfill Layers in the 241-C-106 Model.
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Compaction of each soil layer can be included by
applying a compaction load to each layer before the
addition of the next layer. Typically, backfilling is
performed by placing a thin layer of soil (approximately
1-ft thick), compacting the soil to a specified density,
and repeating these steps until the compacted soil surface
is at the finish elevation. Unfortunately, backfill
compaction cannot be simulated realistically in an
axisymmetric analysis because any load applied in such
an analysis is a "ring" load and not in character with a
compaction load applied in the field.

Seed and Duncan [7] point out that the horizontal
stress profile in compacted backfill tends to be more
uniform and creates a larger resultant force than a
triangular stress profile predicted by Rankine theory.
Neglecting compaction of fill layers in the model leads
to underestimation of the initial horizontal earth pressure
towards the top of the structure; earth pressure near the
bottom of the structure is reasonably accurate. This
deviation from reality in the model is conservative with
respect to determining the ultimate structural capacity of
241-C-106 tank because the horizontal earth pressure
near the haunch provides resistance to dome collapse
from a vertical dome load.

A model of a generic buried tank was used to
compare the ad hoc methods of calculating the initial
geostatic stress state to the "construction sequence"
method. Geometric irregularities in the generic tank are
similar to those of 241-C-106. The nonlinear springs at
the soil-tank interface and the soil parameters used in the
generic model are identical to those used in the
241-C-106 model.

Figure 5 shows the sequential addition of soil layers
as used in the construction sequence simulation. Gaps
appear between soil layers as a consequence of using the
dummy node method; however, proper interface
conditions are maintained via constraint equations. A
final deformed mesh of the tank with displacements
scaled by a factor of 200 is shown in Figure 6 for each
of the ad hoc modeling approaches (testl, test2, test3)
and the "construction sequence" modeling approach
(test4). The original location of the tank mesh is
indicated by dashed lines. Although absolute
displacements vary significantly among the approaches,
the deformed shapes of the tank are similar. Horizontal
and vertical soil-tank interface spring forces are plotted
as a function of distance along the outside surface of the
tank in Figures 7 and 8, respectively. In the plot of
horizontal spring forces, the midside node spring forces
are distributed to the corner node springs to provide a

more realistic indication of the horizontal load
distribution.

These results indicate that the displacements and
interface forces calculated using any of the ad hoc
techniques were noticeably different from those
calculated using the "construction sequence" approach.
To some degree the magnitude of these differences is
dependent on the parameters of the generic model.
Because of the demonstrated sensitivity of the results to
the modeling approach, it is recommended that the
most realistic approach, i.e., the construction sequence
approach, be used.

CONCLUSION

Soil continuum models may be used effectively in
the static analysis of buried structures, as demonstrated
by the analysis of the 241-C-106 buried waste tank [6].
The benefits of explicitly modeling the soil (or any
similar material in which a structure is buried) are
two-fold. First, such modeling provides a means of
accurately distributing surface load and soil weight to
the structure. Second, it appropriately addresses the
soil-structure interaction. Of course, soil continuum
models increase the complexity of the analysis because
in general, they are nonlinear. Furthermore, they
increase the size of the finite-element model because
the soil region must be discretized.

Many soil constitutive models are described in the
literature. Some, like the Mohr-Coulomb theory or the
Drucker-Prager theory, are actually failure or yield
criteria joined with a theory of elasticity, usually the
linear theory. Others, like the hyperbolic model, are
complicated, fully nonlinear constitutive models. Each
model has its inherent limitations and advantages. For
example, the Mohr-Coulomb failure criterion has the
advantage of being rather simple to comprehend. The
simplicity, however, limits its ability to capture the
behavior of a soil over a wide range of confining
pressures. More complex soil constitutive models are
available that are capable of capturing more than just
the rudimentary aspects of soil behavior; however,
calibration of the parameters for the model requires
material testing beyond what is generally provided to
the analyst.

The development of a finite-element model of a
soil region requires special procedures. Nonlinear
contact conditions between the soil and the structure
must be specified. A realistic initial stress state must
either be specified or created. Pressure dependence of
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Figure 5. Sequential Addition of Soil Layers in the Generic Buried-Tank Model.

test 1 - gravity tum-on test 3 • vertical slip plane
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Figure 6. Deformed Shape of the Generic Buried-Tank Model.
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the soil constitutive relation may have to be refined with
a field variable.

Several topics in the field of soil continuum
modeling need additional study. Soil compaction is one
such area. The dummy node method can be used to
model soil compaction; however, the correct magnitude
and manner of load application to simulate compaction
accurately and practically are not readily apparent,
particularly for an axisymmetric analysis. Another
subject that warrants additional study is soil-structure
interface friction.

REFERENCES

[1] HKS, 1989, ABAQUS User's Manual, Version 4.8
with 4.9 Supplement, Hibbitt, Karlsson &
Sorensen, Inc., Pawtucket, Rhode Island.
(ABAQUS is a trademark of Hibbitt, Karlsson &
Sorensen, Inc.)

[2] Scott, R. F., 1985, "Plasticity and Constitutive
Relations in Soil Mechanics," Journal of
Geotechnical Engineering, V o l . I l l , N o . 5 ,
pp. 563-595.

[3] Chen, Wai-Fah, and Atef Saleeb, Constitutive
Equations for Engineering Materials, Volume 1:
Elasticity and Modeling, John Wiley & Sons,
New York, New York, 1982.

[4] Drucker, D.C., and W. Prager, 1952, "Soil
Mechanics and Plastic Analysis or Limit Design,"
Quarterly Journal of Applied Mathematics, Vol.
10, pp. 157-165.

[5] Wong, K. S., and J. M. Duncan, 1974,
Hyperbolic Stress-Strain Parameters for Nonlinear
Finite Element Analyses of Stresses and
Movements in Soil Masses, Report No. TE-74-3,
University of California, Department of Civil
Engineering, Berkeley, California.

[6] Harris, J. P., L. J. Julyk, R. S. Marlow,
C. J. Moore, J. P. Day, A. D. Dyrness,
P. Jagadish, and J. S. Shulman, 1993, "Structural
Analysis of Hanford's Single-Shell 241-C-106
Tank: A First Step Toward Waste-Tank
Management," WHC-SA-1880-FP, presented at
the Fourth DOE Natural Phenomena Hazards
Mitigation Conference, Atlanta, Georgia.

[7] Seed, R. B.f and J. M. Duncan, 1983, Soil-
Structure Interaction Effects of Compaction-
Induced Stresses and Deflections, Report No.
UCB/GT/83-06, University of California,
Department of Civil Engineering, Berkeley,
California.

[8] Duncan, J. M., P. Byrne, K. S. Wong, and P.
Mabry, 1980, Strength, Stress-Strain and Bulk
Modulus Parameter for Finite Element Analyses
of Stresses and Movements in Soil Masses,
Report No. UCB/GT/80-01, University of
California, Department of Civil Engineering,
Berkeley, California.

[9] James, R. J., 1993, ANACAP-U, ANATECH
Concrete Analysis Package Version 92-2.2,
User's Manual, ANA-QA-118, Rev. 3,
ANATECH Research Corporation, San Diego,
California. (ANACAP-U is a trademark of
ANATECH Research Corporation.)

[10] Dyrness, A. D. and J. L. Julyk, 1991,
"Comparison of Reinforced-Concrete Models for
Use in the Analysis of Extreme Loads,"
WHC-SA-1010-FP, presented at 1991 ASME
Pressure Vessel and Piping Conference,
San Diego, California.

[11] HKS, 1989, ABAQUS Example Problems
Manual, Version 4.8 with 4.9 Supplement,
Hibbitt, Karlsson & Sorensen, Inc., Pawtucket,
Rhode Island.

Fourth DOE Natural Phenomena Hazards Mitigation Conference -1993

404



Session VIII-B
Lifelines & Flood

Fourth DOE Natural Phenomena Hazards Mitigation Conference 1993

405



FUTURE DIRECTIONS OF LIFELINE EARTHQUAKE ENGINEERING
A DOE PERSPECTIVE

by

Ronald T. Eguchi
Douglas G. Honegger

Stephen A. Short
EQE International
Irvine, California

Robert C. Murray
Lawrence Livermore National Laboratory

Livermore, California

James R. Hill
Department of Energy

Washington, DC.

ABSTRACT

As a result of Section 8(b) of the National Earthquake Hazards Reduction Program,
Public Law 101-614, the Director of the Federal Emergency Management Agency
(FEMA), in consultation with the National Institute of Standards and Technology
(NIST), was asked to prepare a federal plan for developing and adopting seismic design
and construction standards for all public and private lifelines. In developing this plan.
FEMA and NIST organized a Lifeline Standards Workshop which was conducted in
September of 1991. The workshop provided priorities critical to a national program.
Many of these recommendations will inevitably affect federal agencies, such as the
Department of Energy (DOE).

The purpose of this paper is to provide a preliminary assessment of how the
FEMA/NIST plan might affect earthquake hazard mitigation planning at DOE facilities.
Currently, there are a number of DOE programs that address seismic issues. Most of
these programs concentrate on the performance of structures, systems and components at
specific facilities. An evaluation of lifeline seismic vulnerability requires a systems
approach that includes redundancy and flexibility of system operation and inter-
dependence among lifelines.

INTRODUCTION

Lifelines are a critical component of our nation's
infrastructure system. In a general sense, lifelines can be
any system providing functions necessary to maintain the
quality of living conditions. In a civil engineering
context, the term lifeline is commonly limited to basic
services that include electrical power and oil and gas
(energy), communications, transportation, and water,
sewage systems. Other systems that can be considered
lifelines often rely on these basic services in order to
function. Examples of these systems insclude emergency

networks such as fire, and medical service, or systems
that deal with hazardous material release.

Many sites operated for the DOE are equivalent to small
cities. These sites require lifeline services (Table 1) to
support the several thousand inhabitants that reside and
work at these sites. Understanding the impact of an
earthquake on lifelines at these sites is therefore a topic
of extreme interest. The seismic response of lifelines at
all DOE facilities is an issue that is consistent with
DOE's mission to raise the consciousness of facility
operators to the seismic hazards that affect structures,
components and equipment. Locations of DOE sites
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considered in the scope of this paper are indicated on the
map shown in Figure 1. DOE power administrations
transmit electrical power across portions of the United
States. These administrations arc very significant lifeline
systems. The power administration has an ongoing
seismic design, evaluation and upgrading program. A
long term goal for DOE lifeline earthquake engineering
is that efforts DOE sites. DOE power administrations,
and other federal entities should have same level of
consistency.

Table 1: Types of Lifelines Found at DOE Sites

Function

Engergy

Communication

Utilities

Transportation

Type of Lifelines

Fuel Oil
(distribution and storage)

Natural Gas
(transmission and distribution)

Electric
(generation and transmission)

Telephone
Radio
Microwave
Satellite

Potable Water
(distribution & storage)

Fire Water
Sewage

(collection & treatment)

Roads
Railroads
Airports
Bridges

(road and railroad)

In understanding the functions of lifelines and how these
functions may be impaired, it is important not to lose
sight of the system characteristics of lifelines. All
lifelines have some degree of similarity in this regard.
That is, lifelines can be represented by linear elements
distributed over a large geographical area linking
common junction pointa or nodes. Numerous links to
areas served by such lifelines generally require detailed
systems analysis for evaluation of their performance.
Acceptable performance is often defined by the ability to
rapidly isolate damaged portions of the system and utilize
alternate delivery paths to the reminder of the system.

As an example, consider the damage to water distribution
pipelines in the vicinity of surface faulting caused by the
1971 San Fernando earthquake. Pipeline damage in the
vicinity of the fault is illustrated in Figure 2.
Recognizing the extent of pipeline damage in the vicinity
of the fault, a system enhancement to allow isolation of
damaged portion could have greatly reduced the need for
emergency resources such as water trucks and temporary
above ground distribution equipment.

Another important feature of lifelines is the diversity of
civil engineering structures that comprise these systems
Consider a crude oil transmission pipeline system as
shown in Figure 3. At first, this system would appear to
be simply constructed since transmission of crude oil
typically involves moving product between two locations.
Aside from the buried pipeline, essential crude oil
transmission pipeline components include pipeline
bridges, large capacity product storage tanks, valve
stations, pumping stations, control facilities, and port
facilities for loading and off-loading of oil. Therefore,
various modeling techniques are required in order to
analyze the full extent of vulnerability of these systems.

Lifelines are similar to other civil engineering structures
in that they are susceptible to damage from various
natural phenomena hazards, e.g., earthquake, high wind,
and flood. Earthquake hazards, however, pose the most
serious threat to performance. Earthquake hazards of
primary importance to lifeline systems are strong ground
shaking, surface faulting and permanent ground
deformation caused by the flow of liquefied soil deposits,
densification or triggered landslides. Ground shaking is
a more serious concern for aboveground components,
such as buildings, bridges, towers, tanks, and equipment.
Current engineering practice, however, is considered
adequate for achieving acceptable response to ground
shaking. One exception, however, are electrical
switchyard components that utilize fragile ceramic
insulators. Insulator damage during earthquakes is a
common occurrence and is most often addressed by
maintaining a supply of replacement parts on site.
Permanent ground deformations resulting from
earthquake induced faulting, liquefaction, slope
instability, or subsidence is a more serious concern for
grade or below ground components such as buried
pipelines, roads, and runways. Since many parts of
lifeline systems are located below ground, designing such
components to accommodate differential ground
unevents is of major emphasis in lifeline earthquake
engineering.
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A considerable portion of many lifeline components are
completely or mostly embedded in the ground. Pipelines
are an obvious example but other cases include tunnels,
runways, and roads. These components are relatively
immune to ground shaking effects. As a result, faulting
and permanent ground deformation are the earthquake
hazards of primary interest. These ground deformation
hazards may exist over a large area that cannot be
avoided by the lifeline. As shown in Figure 3, many
lifelines are long linear systems which cannot be sited to
avoid faults and other seismic hazards.

Compared to related efforts on aboveground structure
response, relatively little effort has been undertaken to
understand in detail the response of underground
components to large permanent ground deformations. In
the past, most efforts in this area focused on
characterizing the impact of surface fault rupture on
buried pipelines. Recently (i.e., the last 10 years) there
has been significant progress made in understanding the
earthquake performance of buried pipelines in other
ground failure areas, such as liquefaction. In addition,
research to identify potential liquefaction areas has been
quite active. Approaches that provide a reliable means of
quantifying ground deformations in liquefaction zones
should be forthcoming in the near future.

With the foregoing discussion as background, the
following sections highlight important federal initiatives
that may impact earthquake hazard mitigation planning
at DOE facilities, identify what opportunities currently
exist within existing DOE programs for addressing
lifeline concerns, and suggest a preliminary plan for
implementing a program for reducing seismic hazards to
DOE facilities from failure of lifeline systems.

FEDERAL AND INDUSTRY INITIATIVES

The National Earthquake Hazards Reduction Program
Reauthorization Act (Public Law 101-614) has mandated
that a federal plan be developed to assemble and adopt
seismic design and construction standards for all public
and private lifelines. Federal agencies will be
encouraged to adopt these standards via the President's
Office of Management and Budget circular A-119. In
addition, the Federal Government will be encouraged to
provide incentives to the private sector and to state and
local governments for their voluntary adoption.
Organizations within the government responsible for
reporting to Congress on the national lifeline standards
program are FEMA and NIST. A draft plan for
developing and adopting seismic design and construction
standards for lifelines has been developed with input

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

409



from DOE and lias been submitted to the Office of
Management and Budget. It is expected thai a completed
plan will be submitted to Congress shortly. Six private
contractors, directed by a federally-appointed steering
committee, have provided input to FEMA and N1ST on
the federal lifelines plan. The contractors were assisted
in their efforts by panels of selected experts (including
contributions from DOE).

Current knowledge is not sufficient to adequately
prescribe standards for many lifeline components. The
federal standards development activity will proceed with
the intent that focused research programs will be
conducted to clarify performance issues not fully
understood at this time. The intent of these efforts is to
incorporate newly gained knowledge to continually
improve the existing standard process.

Members of the American Society of Civil Engineers
(ASCE) Technical Council on Lifeline Earthquake
Engineering (TCLEE) have played a key role in
establishing the requirements of the federal lifeline
standards plan. Many members of TCLEE participated
in this effort, either as members of the steering
committee, as authors to the plan, or as members of the
1991 workshop. The role of TCLEE is expected to
continue as the federal plan proceeds to implementation.

Efforts to develop a federal seismic standard for lifelines
will directly affect DOE facilities. Consequently. DOE is
taking an active role in the standards development
activity. The exact mode of this participation is expected
to be clarified once the federal plan has been submitted to
Congress. One point that is clear is that implementation
of a lifeline earthquake program must be consistent with
the performance objectives of DOE Order 5480.28. This
consistency may be accomplished by adapting the main
elements of the Federal lifeline standards plan into DOE-
STD-1020-XX or by developing a DOE implementing
guide for lifelines.

Mitigation of earthquake hazards at DOE laboratories,
reservations, and production facilities is mandated by
DOE 5480.28. DOE 5480.28 establishes: (I)
requirements for mitigation of natural phenomena
hazards (NPHs); (2) consistent requirements for all NPHs
and for all DOE facilities; and (3) NPH requirements
appropriate for facility characteristics and objectives
within a graded approach. By the Order, structures,
systems, and components (SSCs) comprising DOE
facilities are assigned to performance categories. Each
performance category has a target performance goal
expressed in qualitative terms of acceptable behavior and
quantitative terms of annual probability of exceeding

limits of acceptable behavior. Goals and corresponding
performance categories arc selected by persons
knowledgeable of systems, safety requirements, and
facility operations in a manner that DOE safety policies
arc met. Economic and programmatic considerations can
also be the basis for assignment of performance
categories.

Seismic design and evaluation criteria to implement
DOE 5480.28 are provided in DOE-STD-1020-XX This
standard specifies seismic criteria comprised of the
following elements: (I) establishment of seismic loads:
(2) evaluation of seismic response; (3) establishment of
acceptance criteria; and (4) design detailing
requirements. Performance goals are achieved in the
standard by specifying a probabilistically-based seismic
load at a hazard probability. Ppj and including sufficient
intentional conservatism in other steps of seismic criteria
to reduce the risk to the performance goal probability.
Pp. The Standard and the Order requires probabilistic
hazard assessments to be performed at DOE sites having
hazardous or critical facilities, but then employs
deterministic design and evaluation methods in a manner
which meets the desired probabilistic performance goai

DOE-STD-1021-XX. "Natural Phenomena Hazards
Performance Categorization Criteria for Structures.
Systems, and Components" is the standard that provides
methodology and guidance for placing items into the
appropriate performance category. This Standard
provides linkage between the hazard categories used for
safety analysis reports and the performance categories for
NPH evaluation. This document emphasizes
categorization for safety considerations however it
provide needs improvement to little assistance in
assigning categories for mission or economic
considerations.

By complying with the DOE Orders and Standards, all
structures, systems, and components at DOE facilities are
assigned to a performance category and are assured a
known level of protection against earthquakes and other
natural phenomena hazards. Generally, all DOE systems
necessary for safe handling of radiological or toxic
materials and for assuring the safety' of workers are
addressed by the DOE Orders and Standards. This
would include those portions of lifelines necessary to
meet facility safety objectives. Assessing the
performance of DOE facility lifeline systems to NPH is
believed to be an important consideration for maintaining
continuity of facility operations. Continued operation,
while not necessarily a safety concern, may be very
important for maintaining mission performance and for
providing economic stability in facility operations.
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CURRENT DOE NEEDS FOR LIFELINE
EARTHQUAKE ENGINEERING

Transportation, communications, electric power, water
and sewage transfer, and fuel transmission are all
services that support operations at DOE facilities. These
services are also required by society in general. Lifelines
providing these services are therefore expected to be of
primary importance to mission continuity. In addition,
the costs associated with the repair and replacement of
damaged facilities or with production interruption at
selected DOE facilities must also be given special
attention.

For example, a recent evaluation of the Paduccah
Gaseous Diffusion Plant identified a complete reliance on
off-site power to maintain production materials in a
gaseous state. Long term interruption of power could
result in solidification of material in process prompting a
long term interruption in operations and perhaps
irrecoverable damage to equipment. While these
potential consequences do not have immediate safety
consequences, they do impact the production of nuclear
fuel and could threaten the economic viability of the
facility.

An important aspect of any DOE Lifeline Earthquake
Engineering program is the need lo understand the
operations of the various sites. It is difficult at this time
to quantify the significance of lifelines to individual DOE
facilities since a systematic evaluation has not been
performed. Such an assessment should be a fundamental
step in the development of any proposed DOE Lifeline
Earthquake Engineering program. Judging from the
experience of studies of lifeline systems in the public
sector, lifeline systems are critically important to many
DOE facilities.

Detailed information on the specific system
characteristics of lifeline systems at DOE facilities can be
used to develop performance guidelines or criteria. This
criteria can be used to assure that critical lifeline
elements are placed in the appropriate performance
categories. For this purpose, a workshop involving DOE
site personnel and experts in lifeline earthquake
engineering can provide a valuable opportunity to
exchange important information between potential end
users and the developers of lifeline earthquake
engineering evaluation methods. The workshop can also
provide an opportunity for lifeline experts to describe the
importance and vulnerability of lifelines to earthquakes
and other natural phenomena hazards. Finally, the
workshop can provide a forum for which acceptable
performance standards can be developed.

A seismic evaluation of lifeline systems at DOE facilities
should differ from the current evaluation process (DOE
Orders and Standards) in several important aspects.
Since most DOE facilities are generally not self-sufficient
when it comes to lifeline services, examination of lifeline
vulnerability will typically extend off-site and address
systems operated by public or private utilities. Upgrade
of these systems will generally require the cooperalion of
the non-DOE system operators. It is likely that upgrades
to meet the needs of the DOE facility will also result in
benefits to the community at large Finally, there is a
need for DOE to expand its effort as a pro-active
participant in the FEMA/NIST effort lo develop seismic
standards for lifelines.

Lifelines exist within DOE site boundaries but also
extend beyond those boundaries to public lands. Thus, it
is important to realize that even if all lifeline components
located within DOE site boundaries were adequately
protected against seismic hazards, some systems may still
be vulnerable because measures lo mitigate seismic
hazards have not been implemented by private
companies, regional utilities, and other governmental
agencies that service the site. If lifelines extending
beyond site boundaries are of great importance to a DOE
site, DOE must rely on Federal and industry standards to
insure the reliability of these offsite lifelines or provide
backup sources for critical onsite lifelines. The fust
priority should be to assure that Federal and industry
standards meet DOE needs. In this regard, it is
imperative that DOE play a leadership role in the
development of these national standards.

DOE-STD-I020-XX primarily provides seismic criteria
for buildings and equipment anchorage that insure the
performance goals of DOE 5480.28 are achieved. At
present, there are no similar criteria available for some of
the specific structures and components that comprise a
lifeline system. In many cases, there are no seismic
criteria of any kind available for certain items: the
development of such criteria is a major effort for ongoing
lifeline earthquake engineering research. In other cases,
where seismic criteria does exist, it lias not been
developed with the performance goals of DOE 5480.28 in
mind. Such criteria will need to be developed or refined
for the types of lifelines that are important to DOE
facilities.

To understand the needs of DOE in the field of lifeline
earthquake engineering, a logical first effort is to select a
DOE laboratory, reservation, or production facility for a
pilot study. Such a sludy would address categorization of
lifeline systems, impact of off-site extensions of lifeline
systems, and the available criteria and needed tasks to
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conduct a seismic evaluation of lifeline structures and
components for DOE facilities.

SUMMARY AND CONCLUSIONS

A national lifeline standard development program is
being conducted by FEMA and NIST. DOE is following
these developments and supplementing them to meet life
safety and mission requirements for all DOE facilities.
The DOE lifelines earthquake engineering task is
planned to begin in Fiscal Year 1994, as part of the
national phenomena hazards mitigation program. The
task will be overseen by a DOE management team with
technical guidance provided by a steering group of
management and operating contractor representatives.
During Fiscal Year 1994 DOE expects to follow and
participate in the federal program, conduct a workshop,
develop an overall plan, organize a steering group, and
conduct a pilot study at a DOE facility.
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FIRE CONFLAGRATION AND
POST-EARTHQUAKE RESPONSE

OF POWER AND WATER LIFELINES

John M. Eidinger
G&E Engineering Systems, Inc.

5011 Crysialridge Court
Oakland, CA 94605

ABSTRACT

This paper examines how two lifelines, Pacific Gas and Electric's electric power system
and East Bay Municipal Utility District's water distribution system, are inter-related in
providing water service to end users during fire conflagralions and after major earthquakes.

The East Bay area, including the cities of Oakland and Berkeley, is exposed to high fire
and earthquake hazards. Urban intermix fires generally occur in the Berkeley - Oakland
Hills area once every five years. Several faults bisect the East Bay area, most notably the
Hay ward Fault. There is nearly a 30% probability of a Hayward Magnitude 7 or lai^er
event occurring before the year 2020. Fires following earthquakes pose another
significant hazard.

A model of the two lifelines was prepared using the SERA GIS system. About 400
EBMUD facilities and 3,700 miles of buried pipe are included in the model. Twenty-
eight of PG&E's high voltage substations and 215 local distribution circuits are included
in the model. Earthquake damage was simulated using fragility curves for ground
shaking, liquefaction, landslide and surface faulting hazards. Flow analyses were
performed to determine available flows for fire fighting purposes.

Once the damage to the electric and water systems was known, service restoration
analyses were performed. The results from these analyses include Ihe electric power
outage times after the earthquake.

Once the outage times are determined, the lifeline utility manager can develop optimized
post-earthquake emergency plans and pre-earthquake mitigation actions.

INTRODUCTION

This paper examines how two inter-related lifelines
respond to fire conflagrations and maximum credible
earthquakes. This paper is based upon studies of two
lifelines in the East Bay area of San Francisco: Pacific Gas
and Electric's (PG&E) electric transmission and distribution
systems, and East Bay Municipal Utility District (EBMUD)
water distribution system.

Two emergency events are examined: the recent
1991 Oakland Hills firestorm and a future Hayward
Magnitude 7 earthquake. Both the water and electric
lifelines have limitations under these emergencies that will
hamper provision of lifeline services to end users of water

and electricity. Emergency planners at essential facilities
should be aware of these limitations and plan accordingly.

SETTING

The PG&E and EBMUD lifelines discussed in this
paper are located east of the San Francisco Bay, locally
called the East Bay area. The East Bay area examined in this
paper includes 21 communities (Oakland, Berkeley,
Richmond, San Leandro, San Lorenzo, El Cerrito,
Kensington, Crockett, Rodeo, Hercules, Walnut Creek, San
Ramon, Alamo, Lafayette, Orinda, Moraga, Pleasant Hill,
Danville, El Sobrante, Pinole, and parts of Hayward.) This
area has a population of 1,200,000 people. DOE's Lawrence
Berkeley Laboratory is in this area.
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FIRE EXPOSURE

The East Bay area is exposed to a number of fire
risks. All the communities in the East Bay area have
professional fire departments. The Insurance Services Office
has rated the largest communities, Oakland and Berkeley, as
having relatively low fire risk loss exposures.

The East Bay area does not have a particularly high
exposure to "normal" fires. A "normal" fire is one which
consumes a single structure or small group of structures, but
which does not spread past the immediate fire ignition area.

The East Bay area has two additional exposures to
fires which are not "normal". First, about 20% of the
populated East Bay area has been built in what is commonly
called an "urban intermix" environment. An urban intermix
environment is an area where constructed facilities have been
built within rural heavy fuel load zones. The hillside
communities in Oakland, Berkeley, El Cerrito, Kensington,
Orinda, Lafayette, Moraga and environs are in urban
intermix areas. DOE's Lawrence Berkeley Laboratory
facility is in such an area. In these areas, grass, brush and
forest fires can be ignited which can rapidly encroach upon
constructed facilities. The fuel load available for these fires
can be very high, especially if vegetation growlh is left
unchecked by private and public landowners. For example,
the Berkeley - Oakland Hills area has averaged one wildland
fire every five years over the past 70 years. Several of these
fires consumed multiple constructed facilities. The two
most damaging fires were the 1923 Berkeley Hills fire (600
structures burned) and the 1991 Oakland Hills fire (3,000
dwellings burned).

The second "non-normal" fire exposure in the East
Bay area is a Fire Following Earthquake (FFE). As will be
discussed later in this paper, a major earthquake on the
Hayward fault will cause a number of fire ignitions in the
East Bay area. At the same time, fire departments will have
victim extraction activities, the water distribution system
will be heavily damaged, and electric power will be lost over
widespread areas. These contributing factors can result in
lack of Fire fighting response to every fire ignition, possibly
leading to fire spread, especially if the earthquake occurs on a
windy day which could lead to conflagration encroaching
upon DOE essential facilities.

EARTHQUAKE EXPOSURE

The East Bay area is exposed to earthquake risks
from a number of well defined faults. The Hayward fault
runs directly through the cities of Hayward, Oakland,
Berkeley and Richmond. The Hayward fault produced
Magnitude 7 earthquakes in 1836 and 1868. The East Bay
area was sparsely populated at that time, yet 30 persons lost
their lives in the 1868 shock. Smaller magnitude 6± events
producing local area Intensities of VI to VII have occurred
six times between 1888 and 1955. The 1989 LomaPrieta

event caused extensive damage in Oakland for structures
located on soft soil areas (example: Cypress Freeway
collapse) and to a significant extent, damage to structures
located on firm ground areas.

Current best estimates suggest that the Hayward
fault will produce another Magnitude 7 earthquake with a
30% probability by the year 2020 [1]. The East Bay is
also exposed to substantial ground shaking from breaks
along the moderately distant San Andreas and Rogers Creek
faults (about 30% chance each of Magnitude 7 or higher
event by the year 2020). The area is also bisected by the
Calaveras and Concord faults capable of producing
Magnitude 6.5 to 6.75 events at somewhat lower
probabilities.

The EBMUD and PG&E systems were evaluated
for several possible earthquake scenarios. The earthquake
scenarios represent "maximum credible" events and
"probable" events. These earthquake scenarios are
deterministic in magnitude and are otherwise treated in a
probabilistic manner. Uncertainties in ground motions,
equipment responses, and system responses are considered by
running multiple simulations of each scenario earthquake.
This report will describe results for the Hayward Magnitude
7 earthquake (a maximum credible event).

LIFELINE MODELS

Models of the PG&E and EBMUD systems were
developed using the SERA (System Earthquake Risk
Assessment) code. The SERA code is a GIS-based system
for the seismic risk assessment of facilities and lifelines.

The entire EBMUD water distribution system [2]
was modeled. This includes 3,700 miles of buried pipe, 140
pumping plants, 175 reservoirs, 19 office buildings, 6 water
treatment plants, 17 microwave and radio sites, and 20 rate
control stations.

All potentially vulnerable and vital equipment for
each EBMUD facility were included in the model. For
example, a typical pumping plant includes a building,
several electrically-driven pumps, electrical cabinets
including motor control centers, switchgear, etc., and
(occasionally) an overhead trolley crane. Local site PG&E
equipment (pad mounted transformers, pole-mounted
transformers, oil circuit breakers) were explicitly modeled.
In total, the model included 2,300 individual EBMUD
buildings and pieces of equipment.

Each buried pipe was identified by location,
routing, construction material, type of joinery, age, lining,
and coating. About 390,000 individual pipelines were
included in the model. Using GIS techniques, layers of map
information were superimposed over the pipeline database to
determine local conditions: type of soil (ranging from rock
to loose sands to Bay Muds); type of landslide conditions;
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presence of corrosive soil conditions; presence of nearby
open channels, etc.

PG&E's transmission and distribution system in
the East Bay was modeled including 28 substations (500 kV,
230 kV, and 115 kV) and 215 local distribution circuits. At
each substation, the model included circuit breaker,
transformer, air switch, low voltage equipment, ancillary
equipment and control buildings. Fragility curves
(developed using empirical evidence of how similar
equipment performed in past earthquakes) were used to
characterize the response to inertial loadings. Recent PG&E
efforts to upgrade some equipment were included. In total,
the model included 1,300 individual PG&E buildings and
pieces of equipment.

Past efforts by Southern California Edison and
PG&E to characterize their electric systems have
concentrated on the delivery of bulk power using the high
voltage transmission system [3,4]. While this is important
information for the owner of the electric utility, it does not
provide enough information for the end user to answer the
following questions: "Will I have electric power at my
specific site after the earthquake?" or "How long will the
power outage last?" In order to answer these questions, three
additional factors have been incorporated into the SERA
model: the vulnerability of low voltage electric distribution
circuits, the ability of an electric utility to repair damage in
a timely manner, and the parallel hazards from leaking gas
lines, etc. leading to government officials' edicts to cut
power off entirely until immediate hazards are controlled.

Empirical evidence shows that high voltage
transmission hardware are very vulnerable to earthquake
damage, while low voltage hardware is mostly (but not
entirely) rugged. Rarely are the 11 kV to 115 kV hardware
explicitly considered in risk models. In the current analyses,
this lower voltage hardware is explicitly modeled. In the
course of the analyses, it was verified that only modest
levels of damage occur to 115 kV hardware, and that occurs
only at sites with very strong ground shaking (0.5g and
higher). Due to redundancies at substations, damage to this
hardware is easily bypassed shortly after an earthquake.
However, some problematic vulnerabilities were exposed for
low voltage equipment. 115 kV buried transmission lines
crossing the Hayward fault could be broken due to surface
faulting (expected to be 3 to 5 feet), with emergency repairs
possibly taking several days. Local distribution hardware
(poles, transformers, etc. which distribute electricity from
the substation to end users) are mostly rugged, but prone to
sporadic failures. Such sporadic failures include pole failure
due to inertial loading, line failure due to collateral damage
to structures which in turn pulls down the above ground
poles, and failure of unanchoied pole mounted transformers.
Wire slapping of energized lines can lead to local outages.
At the final end user site, many utility-owned transformers
were found to be unanchored, possibly leading to slippage
and, in some cases, failure.

With the exception of the 115 kV buried transmission lines,
all these low voltage equipment failures can be relatively
easily remedied after an earthquake. However, the electric
utility will be faced with many concurrent repair tasks after a
Hayward Magnitude 7 event, and the lime needed to effect
repairs will be limited by shortage of manpower and
possible shortage of replacement part equipment.

HAZARD AND FRAGILTY DESCRIPTIONS

Fragility curves were developed for each piece of
potentially vulnerable equipment. Due to the high level of
potential ground shaking (some sites will experience over
l.Og peak ground accelerations), the empirical database was
augmented with calculations. Fragility curves were
developed which consider damage due to inertial and
permanent ground deformation (PGD) effects.

Inenial loading considers the fundamental frequency
of the equipment item; local site amplifications due to firm
or soft soil effects; response spectral shapes on rock, firm
and soft soils; magnitude effects; and uncertainties in the
attenuation of motions. Median peak ground accelerations
due to a Hayward Magnitude 7 event are about 0.75 g
(adjacent to the fa: 0 and 0.40g to 0.50g (adjacent to the
San Francisco Bay) and about 0.20 to 0.25g (along the most
distant easternmost built-up areas). 84th percentile peak
ground accelerations exceed l.Og in many areas. Fragility
curves include median and standard deviation parameters.

Permanent ground deformation loading considers
the settlements and lateral spreads caused by local site
liquefaction and down-slope movements due to landslides.
The entire East Bay area was micro-zoned using a
combination of USGS generalized geology maps, augmented
with site specific reconnaissance at 110 particularly critical
facility locations [5]. The SERA model determines the
amount of movement at each facility (or pipeline) site by
considering the local soil profile, the duration of ground
shaking, the season (winter or summer), the presence of
nearby open channels, and the empirical evidence of recent
movements (1989 Loma Prieta earthquake). At each
location, the probability of liquefaction / landslide is
calculated. If the site does liquefy / slide, then the amount
of PGD is calculated and the direction of movement is
determined. The direction of movement plays an important
role in assessing the performance of buried pipelines.
Typical PGD levels due to a Hayward Magnitude 7 event
along the fill areas next to the San Francisco Bay are on the
order of 3 feet. Maximum PGD movements in slides in
hillside areas are about 24 feet (winter) or 8 feet (summer).
The PGD models have been validated against recent
earthquakes (Loma Prieta 1989, Cape Mendocino 1992, etc.)
Fragility curves for PGDs for buried pipelines are based
upon empirical evidence augmented by calculations.
Fragility curves for PGDs for above ground structures are
based upon empirical evidence and judgement.
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WATER SYSTEM DEPENDENCE ON OFFSITE
POWER - NORMAL OPERATIONS

Figure 1 is a schematic diagram showing how
EBMUD's gravity-fed and hillside communities are served.

The performance of EBMUD's water system is
dependent upon the performance of PG&E's electric system.
In the following paragraphs, we describe how EBMUD has
designed its system with consideration to the reliability of
off-site PG&E electric power.

The East Bay area is hilly. All of EBMUD's water
treatment plants are located at about 350 feet above sea
level. Water leaving the treatment plants serves about 60%
of EBMUD customers through a gravity system (i.e., those
customers at elevations 0 - 250± feet). For the remaining
40% of customers, water is delivered through a series of
pumping plants into 120 separate pressure zones (those
customers at elevations 250 - 1,500 feet). These pumping
plants depend upon offsite PG&E power for normal
operations.

Over the past 120 years, EBMUD (and its
predecessors) designed its water distribution system serving
hillside communities recognizing that PG&E power may
not always be available. EBMUD designed its system such
that an occasional PG&E power outage should not degrade
the level of potable, industrial and fire fighting water
services.

EBMUD obtains its water from large raw water
reservoirs. The water is released from these reservoirs
through an outlet tower and is then transported to water
treatment plants through large diameter aqueducts. The
water treatment plant shown in this schematic diagram
represents EBMUD's Orinda treatment plant. The treatment
plant converts the raw water into potable water. The potable
water leaves the treatment plant at elevation 350 feet. It is
then transported from Orinda to the Oakland area through a
large diameter tunnel which traverses 3 miles under the
Oakland Hills. Depending upon winter or summer
conditions, the amount of water going through the tunnel
ranges from 100 million gallons per day (mgd) to 150 mgd.

Once through the tunnel, the water goes into the
local pipe distribution network. Figure. 1 shows in
schematic fashion the various elements of the water
distribution system. Three hillside pressure zones and two
gravity pressure zones are represented. (Actual intermediate
pressure zones are omitted for clarity).

Raw Water Reservoir
Pressure Zone

WaterTank

U ' ' ^ H T P u m p l : Potable Water Reservoir

Tunnel Distribution Pipes

Zone A11

Zone A7

Zone A 5

Zone G1

Zone GO

River Crossing
Figure 1. Pressure Zone Schematic Diagram
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Pressure zones Gl and GO (G = gravity, 1 =
nominal elevation, in hundreds of feet) are gravity zones.
Pressure zones A5, A7 and A11 are pumped pressure zones.

A total of four potable water storage tanks /
reservoirs are shown in this schematic diagram. Two
reservoirs are shown with storage capacities of 40 million
gallons (mg) and 120 ing. Two tanks are shown with
storage capacities of 2.3 mg and 4.0 mg. Three pumping
plants rated at 10 mgd, 5 mgd and 2 mgd are shown. Two
end users are shown located at Sites A and B. The reliability
of water sendee to the end users at Sites A and B depends
upon how the different components in the water and electric
systems work.

To provide reliable water service to customers in
gravity zones (including Site B), electric power is only
needed to operate the water treatment plant. Since the
treatment plant has a permanent on-site back-up power
supply, the interdependency of water and electric lifelines for
these customers is minimal. Reliability to Site B depends
upon how well the water system hardware performs during
earthquakes. For Site B, the critical item is the liquefaction
hazard at the river crossing.

104,000 Operational Storage

;|j208,000 Emergency Reserve

180,000 Firefighting Reserve

Figure 2. Hillside Tank (492,000 Gallons Total)

To provide reliable water service to customers in
the pumped zones (including Site A), electric power is
needed to operate the hillside pumping plants. The size
(storage capacity) and the demand for water in these pumped
zones determine just how dependent the water customer is

upon PG&E power. Reliability to Site A depends upon
how well both the water and electric systems perform during
earthquakes (and other emergencies). For Site A, the critical
items are the landslide hazards to hillside pipes, vulnerability
of tanks, and loss of electric power to pumps.

Figure 2 examines how the capacity of a hillside
water tank balances the availability of electric power in
determining water service reliability. Hillside tanks are sized
using current design philosophy such that three "types" of
water are considered: operational storage, emergency
reserves, and fire fighting reserves. Operational storage is
sized to be 0.5 times the projected maximum day normal
consumption demand when the area served by the pressure
zone is completely developed. Emergency reserve storage is
sized to be 1.0 times maximum day demand. Fire Fighting
reserve is sized to be able to provide the required fire flows
for a particular duration of time.

For residential communities in the Oakland -
Berkeley Hills, the code-required fire flows have been
established at 1,000 gallons per minute (gpm) for 2 hours.
This leads to a fire fighting reserve of 1,000 gpm x 120
minutes = 120,000 gallons. This amount of water is
considered adequate to control a single structure blaze, and in
almost all cases prevent conflagration (assuming adequate
fire department personnel, training and equipment).

Over the past 10 years, new tanks in the Oakland -
Berkeley Hills have been designed with a modestly higher
fire fighting reserve. The de-facto design has called for a fire
fighting reserve of 1,500 gpm x 120 minutes = 180,000
gallons. Hillside communities have somewhat higher
exposure to fire risk due to extra fuel loads (large amounts of
brush and forest), and slightly longer fire department
response times (winding streets, distance from fire stations).

Parallel to the design philosophy of the storage
tanks is the design philosophy for pumping plants.
Currently, EBMUD sizes its pumping plants to be able to
fill a reservoir within 16 hours, assuming that the largest
individual pump at the pumping plant is removed from
service for maintenance reasons. For a typical small hillside
pressure zone having a lank with -500,000 gallons storage,
this translates to a pumping capacity of 520 gpm [520 gpm
x 60 min/hr x 16 hrs = 500,000 gallons]. In practice, three
pumps each able to pump about 250 gpm would be installed
[750 gpm total, or 1.1 mgd].

Thus, the dependence on electric power to provide
water service to hillside communities is inversely
proportional to the size of hillside reservoirs. Longer
electric outages can be accommodated by building larger
capacity reservoirs,. However, there are competing factors
that limit the capacity of hillside reservoirs: lack of suitably
large sites; water quality problems; hillside environmental
concerns; and financial considerations.
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In the aftermath of the Chkland Hills firestonn of
1991, Oakland and Berkeley op A nils have moved that this
de-facto standard of 1,500 tzpin x 2 hours become codified.
However, there is evidence that for fighting widespread
conflagrations such as the Oakland Hills firestorm, 1,500
gpm x 2 hours is still inadequate. Ten of EBMUD's hillside
tanks which met or surpassed this fire fighting storage
capacity were still emptied during that Firestorm.
\itemative higher fire fighting reserves have been proposed
L6J (larger tanks, larger pumps) but cost and other factors
have precluded them from being implemented to-date. This
issue is further examined in the next section of ilie paper.

Under normal day-to-day operations, the tanks are
filled to capacity overnight when PG&E power rates are
lowest. During the daytime, normal consumption draws
down the level of the tank. Since most days are not
"maximum demand" days, by the end of the day's peak usage
(about 9:00 pm), the tanks will be at about 80% of capacity.
Then, the pumping plant is turned on and the reservoir is
refilled overnight.

Based upon the design shown in Figure 2, water
customers in a hillside pressure zone will see essentially no
degradation of water service until the local storage tank is
emptied (except for a very slight lowering of pressures).
For example, if PG&E power is lost for a few hours during
a storm, the reservoir will be drawn down but not emptied.
For these "normal" PG&E outages, there is minimal need to
have permanent back-up power supplies at all EBMUD
pumping plants.

The decision to install permanent back-up power
supplies at hillside pumping plants is a decision of cost
versus reliability. Customers are always conscious of water
rates. The cost to install emergency backup power supplies
at every pumping plant is not trivial. Under normal
conditions (including "normal" fires and "normal" PG&E
outages), EBMUD's water tanks are almost never emptied
and reliable service is provided.

In recent years (excluding the 1991 Oakland Hills
firestorm), there have not been cases of emptied reservoirs
resulting in loss of service to customers. This excellent
level of performance is in part due to the large storage
margins included in the reservoirs, and in part due to
redundancies in the number of pump sets at each pui.iping
plant. Another important factor leading to high levels of
reliable service is that EBMUD has installed a real-time
SCADA system which allows operators to monitor reservoir
levels and pumping plant operations. This SCADA system
allows operators to take immediate action if unusually high
water demands or high fire fighting demands are depleting
reservoir reserves. Within a few hours, EBMUD can install
portable pumping or emergency generators at pumping
plants where long-term PG&E outages are likely.

WATER SYSTEM DEPENDENCE ON OFFSITE
POWER - EMERGENCY OPERATIONS

The previous section suggests that under normal
operations, EBMUD's water system is not overly dependent
upon PG&E's electric system. In this section, we examine
two cases where the reliability of PG&E's electric system
may be more important to the reliability of EBMUD's water
system. The first case involves fire conflagrations (such as
the 1991 Oakland Hills firestorm). The second case
involves water operations after a Hay ward Magnitude 7
earthquake.

FIRE CONFLAGRATION

Some reports have blamed the limitations of the
water system during the 1991 Oakland Hills firestorm on the
PG&E power outages caused by the fire, and the lack of
emergency backup power supplies at EBMUD's pumping
plants. While this sounds obvious enough on the surface,
these reports ignore the actual issues involved during the fire
and place the blame on the wrong causes.

A study was performed of the actual fire fighting
water usage during the 1991 Oakland Hills firestorm [7].
The firestorm ultimately consumed over 3,000 dwellings
over a 1,700 acre area. Eleven separate pressure zones
within EBMUD's pumped system were simultaneously
involved in providing tire flows during the firestonn.

6.00&

Normal Usage Normal Usage Design Fire October 1991
(Winter) (Summer) Flow Fire Flow

Figure 3. Typical Hill Area Reservoir

Figure 3 shows the flow rate from a typical hillside
reservoir. The typical reservoir supplied about 6,000 gpm
during the period of peak fire fighting activities, or 4 times
the de-facto 1,500 gpm fire flow requirement.
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Figure 4. Water Usage During 1991 Oakland Hills Fireslorm

Figure 4 traces the usage of water throughout the
firestorm area during the course of the fire. The shading
within the plot area represents the flows within individual
pressure zones. The fire went out of control at about
11:00am. Up to that time, water usage in the area was
about 5,000 gpm, reflecting normal early Sunday morning
consumption.

Fire flows increased to over 25,000 gpm during the
time of peak spreading of the conflagration (around 1:00pm).
Fire flows dipped to about 18,000 gpm at 3:00pm, and then
stabilized at 25,000 to 30,000 gpm from 5:00pm and
overnight. The fire spread was stopped at about 5:00pm on
October 20,1991, and essentially all structures that were
lost had already been burned by that time. The high rate of
usage overnight reflects fire fighter activities to contain the
fire and water lost through open service connections.

PG&E power was lost to nine different EBMUD
pumping plants during the course of the fire. The PG&E
outages occurred starting at 11:35am October 20, 1991.
One reason for the PG&E outages was that the heal of the
firestorm melted underground PG&E distribution wires.

PG&E restored power to three pumping plants at
5:46pm October 20,1991, by stringing new wires to these

pumping plants. Access to the pumping plants were limited
due to heat and fire, and EBMUD crews were unable to put
portable emergency generators in place at these three
pumping plants prior to PG&E restoring offsite power.

At one other pumping plant, EBMUD was able to
put in place two portable pumps by 3:00pm October 20.
All remaining pumping plants had emergency generators or
pumps in place by 2:30pm October 21. PG&E power was
restored lo all pumping plants by October 25.

The lessons learned from the Oakland Hills
firestorm with regards to the interrelationship of water and
electric lifelines are as follows:

1. Fire flows in pumped pressure zones were initially
delivered from in-zone storage. Actual fire flows
greatly exceeded the design flows.

2. The loss of offsite power and the lack of on-site
emergency backup power prevented pumping plan's
from replenishing reservoirs. However, pumping
plant design capacities in most pressure zones were
less than 1,000 gpm. Had power been available,
these pumping plants would have been able to only
incrementally add to total fire flows delivered (about
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5% extra total water). In most areas, water
delivered to one zone would have been at the
expense of water removed from the lower zone.

3. Once reservoirs in lower zones were emptied,
pumps in higher zones would likely have been
unable to draw water from lower zones, even if
power had been available to the pumping plants.

4. Oxygen starvation during a major conflagration
will stop backup diesels from operating. This
occurred at previous fire conflagrations.

5. The reliability of backup diesel driven pumps is not
100%. Excluding operator error, seismic damage or
oxygen starvation, backup diesels fail to operate on
demand about 3% of the lime.

6. Emergency portable equipment (pumps or
generators) can be mobilized and put into service in
a few hours.

It should be clear from the above that the 1991
Oakland Hills was a "beyond design basis" fire. Fire flow
demands greatly exceeded the 1,500 gpm design basis. The
design of the water system would not have allowed much
increased fire flows even if power had been available.
Recent studies have shown that the most cost-effective
upgrades to the water distribution system to combat this
type of firestorm would involve the addition of large
reservoirs at the top elevation of each chain of pressure
zones, with pressure regulators to allow access to this water
in the lower zones. This type of upgrade is more reliable
than the addition of emergency backup power supplies and
increased sizes of pumping plants.

EARTHQUAKE

Currently, 2 of EBMUD's 140 pumping plants
have permanently installed backup power systems. These 2
pumping plants serve large population areas. The remaining
pumping plants are dependent upon PG&E power for normal
operations. EBMUD currently has enough portable
generators and pumps to augment about another 10 pressure
zones. Since it is well known that electric systems will
have outages due to earthquake damage, there is some
question as to whether additional backup power supplies are
needed

The SERA model was used to evaluate the post-
earthquake response of PG&E's electric transmission and
distribution systems. The model included 28 substations
and 215 distribution circuits. Based upon the redundancies
in PG&E's system, the reduced power demands in a post-
earthquake environment, and PG&E's ability to repair
damage, the expected duration of power outages was
calculated. Table 1 presents these results.

Time After Earthquake

lHour
lDay
2 Days
3 Days

Median Number of
Pumping Plants with
PG&E Outages

73
58
26
4

Table 1. Possible Post-earthquake Power Outages at
EBMUD Pumping Plants, Hay ward Magnitude 7 Earthquake

The number of pumping plants were calculated by
exposing PG&E's electric systems to a number of
simulations of the Hay ward Magnitude 7 earthquake. While
variabilities guarantee that different outcomes of post-
earthquake outages can occur, the following trends are
observed:

1. About half of EBMUD's pumping plants will lose
power after a Hayward Magnitude 7 earthquake. No
single failure of a PG&E substation affects all of
EBMUD's pumping plants.

2. Outage durations for most pumping plants are
expected to be on the order of three days.

3. PG&E's substation network in the immediate East
Bay area does not include any 500 kV substations
which are particularly prone to damage. There are
multiple power transmission paths into the East
Bay area both to 230 kV and 115 kV substations,
and generation capacity will not be severely limited
by the earthquake. This network redundancy helps
limit how widespread the outages will be and the
duration of outages.

4. The most vulnerable aspects of PG&E's
substations (live tank circuit breakers) have mostly
been replaced in the East Bay area. PG&E's more
vulnerable 230 kV transformers are being upgraded.
PG&E has already upgraded some of its control
buildings.

Within several hours after an earthquake, EBMUD
can mobilize emergency equipment to provide pumping /
power for about a dozen pumping plants. However, not all
remaining pumping plants need such emergency equipment
to be immediately on hand for the following reasons:

1. Some pressure zones have adequate water storage to
last until PG&E restores power. These zones are
characterized as having large reservoirs, are mostly
located in the outer reaches of EBMUD's service
area away from the Hayward fault, and not prone to
substantial damage to buried pipe.
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2. Additional emergency equipment can be procured
through mutual aid agreements with agencies
located outside the sphere of damage from the
Hayward Magnitude 7 earthquake.

3. Some pressure zones have multiple pumping
plants. Barring a large number of fires following
earthquakes, emergency power may not be needed at
all pumping plants.

A number of additional portable pumps and
emergency generators may still be necessary, and this aspect
will be a factor in future equipment procurement plans and
pumping plant improvements.

The results in Table 1 will also bear on the future
operations and procurement of battery-based backup power
supplies for microwave equipment. Many commercially
available microwave equipment sets are sold with battery
systems with 12 hour capacities. In a post-earthquake
environment, information will be at a premium and the
microwave network must be operated reliably throughout the
post-earthquake recovery period.

The SERA model has also identified a number of
weaknesses in EBMUD's facilities. For example:

1. Some motor control and switchgear cabinets are
unanchored, whereas others are inadequately
anchored. A benefit-cost ratio of almost 10 is
achieved by upgrading these equipment anchorages.
The "costs" in this analysis are the costs to
engineer and install suitable anchorages. The
"benefits" in this analysis are the avoided costs of
earthquake damage, neglecting the indirect benefits
of improved system operability. This high benefit-
cost ratio is, of course, of no surprise.

2. About 10 pumping plant enclosure buildings are
expected to be physically damaged so much that
they may disrupt pumping plant performance.

3. A modest number of steel tanks may be damaged.

4. A high number of all concrete tanks may be
damaged to the extent that they lose their contents.

5. A number of reservoir roof structures will be
damaged (sloshing and inertial loads), mostly
causing financial repair losses.

6. About 75% of all pipeline damage will be a result
of landslide and liquefaction permanent ground
deformations. Landslides are of particular concern
in the hills north of the U.C. Berkeley campus.
These can lead to long repair times to restore water
service to the higher elevation pressure zones in
this area.

7. Damage to the tunnel serving Oakland (shown
schematically in Figure 1) may severely reduce
water availability for long periods of time. The
water utility is examining redundant transmission
aqueducts into the Oakland - Berkeley area which
can improve post-earthquake service.

8. Service outages in some areas of EBMUD's system
may be on the order of weeks to months.

CONCLUSIONS

This paper examines the inter-dependency of
PG&E's electric and EBMUD's waler lifeline systems under
emergency fire and earthquake conditions.

For the managers of these lifelines, the
vulnerabilities discussed suggest areas for pre-earthquake
capital improvements and post-earthquake planning
activities.

The length of service outage from the electric
system lifeline may be on the order of days for most
customers. This may be an acceptable level of service after
a major earthquake.

The length of service outage from the water system
lifeline may be on the order of weeks to months in many
areas. This is probably not an acceptable level of service
after a major earthquake. One particular concern is that
short-term fire fighting needs may not be supported,
possibly leading to conflagrations. In response to this
vulnerability, one East Bay community, Berkeley, has
recently embarked upon the development of a reliable salt
water fire fighting system using water from the Berkeley
marina area and a highly reliable pipe distribution network.
A system of cisterns is also being considered to augment fire
fighting water reserves in hillside areas.
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A COMBINED GIS-HEC PROCEDURE FOR FLOOD HAZARD
EVALUATION

Stephen G. McLin
Los Alamos National Laboratory

P.O. Box 1663 MS-K490
Los Alamos, NM 87545

ABSTRACT

A technique is described for incorporating a drainage recognition capability into a
graphical information system (GIS) database. This capability is then utilized to export
digital topographic profiles of stream-channel cross-scctionaJ geometries to the
Hydrologic Engineering Center's Water Surface Profile (HEC-2) model. This model is
typically used in conjunction with the Flood Hydrograph (HEC-1) package to define
floodplain boundaries in complex watersheds. Once these floodplain boundaries are
imported back into the GIS framework, they can be uniquely referenced to the New
Mexico state plane coordinate system.

A combined GIS-HEC application in ungaged watersheds at Los Alamos National
Laboratory is demonstrated. This floodplain mapping procedure uses topographic data
from the Laboratory's MOSS database. Targeted stream channel segments are initially
specified in the MOSS system, and topographic profiles along stream-channel cross-
sections are extracted automatically. This procedure is initiated at a convenient
downstream location within each watershed, and proceeds upstream to a selected
termination point. HEC-2 utilizes these MOSS channel data and HEC-1 generated storm
hydrographs to uniquely define the floodplain. The computed water surface elevations at
each channel section arc then read back into the MOSS system. In this particular
application, 13 separate elongated watersheds traverse Laboratory lands, with individual
channels ranging up to 11 miles in length. The 50, 100, and 500-year floods, and the
Probable Maximum Flood (PMF) are quantified in HEC-1. Individual floodplains are
then defined for each channel segment in HEC-2 at 250 foot intervals, and detailed
1:4800 scale maps are generated. Over 100 channel miles were mapped using this
combined GIS-HEC procedure.

INTRODUCTION

The Los Alamos National Laboratory was established
in 1943 as a research and development facility committed
to physical, biomedical, and environmental study.
Although the Laboratory has maintained a comprehensive
environmental monitoring program since 1949, it became a
Resource Conservation and Recovery Act (RCRA)
permitted facility in 1990. The U.S. Environmental
Protection Agency (EPA) has stipulated that these waste
treatment, storage, and disposal facilities must delineate all
100-year floodplain elevations within their boundaries.
Floodplain mapping procedures must be equivalent to those

used for the Federal Insurance Administration. Prior to this
RCRA permit condition, floodplain boundary locations had
never been systematically mapped within the Laboratory
complex. This RCRA permit requirement was addressed
by application of the computer based Flood Hydrograph
Package (HEC-1) and the Water Surface Profiles Package
(HEC-2), developed by the Hydrologic Engineering Center
of the U.S. Army Corps of Engineers [1 and 2]. These
techniques are well documented and routinely used for
floodplain analyses in ungaged watersheds [3 and 4].
Unfortunately, HEC-2 simulations require stream channel
and floodplain boundary geometries as input data. This
information can be costly if traditional field surveying is
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required. However detailed topographic information is
commonly available in digital form. These distinctly
separate technologies can be merged if the GIS system has
a drainage recognition capability.

The floodplain mapping procedure outlined here used
topographic data from the Laboratory's MOSS database.
About 65% of the Laboratory has two foot topographic
contour interval coverage, while 35% has 10 foot coverage.
The Laboratory is located in north-central New Mexico
about 60 miles north-northeast of Albuquerque, and 25
miles northwest of Santa Fe. Los Alamos has a semiarid,
temperate mountain climate. This 43 square mile facility is
situated on Pajarito Plateau between the Jemez Mountains
on the west and the Rio Grande Valley to the east. The
Plateau slopes toward the southeast for more than 15 miles,
where it terminates along the Rio Grande at White Rock
Canyon. Altitudes range from 7,800 feet above sea level
along the western facility margin to about 6,200 feel at the
canyon rim. The Plateau is dissected by a system of
ungaged watersheds with ephemeral stream drainage.
These watersheds are elongated in the east-west direction
along Pajarito Plateau, and are extremely narrow in the
north-south direction. All total, there are 13 separate
watersheds draining Laboratory lands that contain over 100
channel miles requiring floodplain definition. These
floodplains were defined at 250 foot intervals using MOSS
topographic data. Obviously, this level of detailed mapping
would have been cost prohibitive if conventional surveying
techniques had been employed. These floodplain boundary
maps will eventually provide a foundation for contaminated
sediment transport simulations required under U.S.
Department of Energy site performance assessment criteria.

GIS DATA EXTRACTION
METHODOLOGY

Integrating graphic information system (GIS)
databases with hydrologic models suggests many exciting
possibilities. Recently automated techniques have been
developed to extract important features from digital
elevation models [5]. Some of these extracted features
include watershed boundaries, drainage networks, and
connectivity relationships. For the surface water
hydrologist, perhaps one of the greatest needs is the ability
to automatically extract stream channel cross-sectional
geometries in digital form. This paper describes an
application of floodplain modeling in complex terrain using
MOSS extracted topographic data.

The successful marriage of modern GIS databases and
hydrologic models is still an emerging technology. Most
federal, and many State, facilities already have significant
GIS topographic coverage. Hence the concepts presented

here should be widely applicable. However, most GIS
systems lack a drainage recognition capability. In other
words, these systems lack the necessary software support
that can uniquely and independently define a random
gravity drainage pathway for a given topographic surface
once a starting point has been specified. The MOSS system
at the Laboratory is certainly no exception. Our solution to
this problem was quite direct. We identified all major
stream channels within the Laboratory complex on 7.5
minute USGS topographic maps. These channel locations
were then digitized and entered into a MOSS file with the
channel name as an attribute. These channel location files
then became the system's drainage recognition mechanism.
These targeted stream channel segments were segregated
within MOSS into cross-section intervals so that
topographic profiles could be automatically extracted.
Each 2-D topographic profile was stored as a 3-D MOSS
line feature using New Mexico State Plane coordinates.
This procedure was initialed at the intersection of the
eastern facility boundary and each watershed stream
channel, and proceeded upstream to the western facility
boundary. These 3-D line features were then exported from
MOSS in an ASCII format satisfying HEC-2 input data
requirements.

In order to transport MOSS topographic data to a
HEC-2 input data file, a scries of user activated steps is
performed on existing and derived MOSS data sets. These
existing data sets include topographic contour and stream
channel location files. Derived data sets include extracted
topographic profiles at stream cross-sections, and the
imported maps produced from these profiles. Once a HEC-
2 watershed simulation has been completed, then floodplain
elevations and station coordinates arc read back into
MOSS. The HEC-2 output file name must correspond to
the original MOSS data extraction output file, and the
individual stream channel cross-sections in both files must
be identically numbered. This scheme enables MOSS to
geographically reference HEC-2 floodplain coordinates
with known bench marks using a MOSS data reformatting
program. Automated topographic data extraction, file
generator and reformatting, and floodplain reinsertion
programs were developed during this project to complete
these tasks. Documentation for these MOSS program
procedures is listed in [6].

SIMULATION OF FLOODPLAIN
BOUNDARIES

Actual floodplain hydrology simulations were
performed on a PC-type microcomputer using HEC-1 and
HEC-2, developed by the COE Hydrologic Engineering
Center in Davis, California. These event simulation models
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arc recognized by the EPA and others as state-of-the-art
techniques for ungaged watersheds. HEC-1 simulates
either real or hypothetical storm hydrographs al selected
channel locations within each ungaged or gaged watershed
in response to user specified rainfall hyetographs. This
information, along with the stream channel geometry
extracted from the MOSS system, was then utilized by
HEC-2 to define each floodplain. This approach employed
the 100-year, 6-hour design storm event for Los Alamos,
and the familiar synthetic unit hydrograph technique.
However, alternative floodplain elevations produced by
different storm events may also be easily computed.

Figures 1 shows the HEC-1 100-year and 2-year
hydrograph peaks, respectively, for all channels crossing
the downstream facility boundary. This figure also shows
corresponding hydrograph peaks produced from an
empirical USGS technique [7] for comparison. The USGS
approach consistently yields higher peak flows than HEC-1.
The reason for these differences is centered on the storm
pattern incorporated into each technique, and the fact that
the HEC-1 model theoretically simulates the rainfall-runoff
process more realistically.

How can we be certain which simulation technique better
represents nature? One method might be to ask any
long-term Los Alamos County resident about 2-year flood
flows. In other words, experience tells us that the 2-year
flows predicted by the USGS technique are consistently too
large. By logical extension, one should also question the
100-year peaks. A more quantitative answer to this
question is shown in Figure 2. Lane el al. [8] have
generated synthetic streamflow and sediment transport data
for Los AJamos Canyon above the Rio Grande. These dala
were previously unpublished but have recently been
reported in McLin [6]. Lane generated these synthetic
streamflows using continuously observed rainfall patterns
from 1943 to 1980, and a rainfall-runoff model similar in
concept to HEC-1. After generating individual runoff
events in response to individual storms, they produced an
annual maximum series of synthetic streamilows. A
frequency analysis of that series was performed here using
Weibull plotting positions. Results of this log-Pearson
Type III analysis are shown in Figure 2; this figure clearly
shows that Lane's synthetic slreamflow data arc statistically
identical to our HEC-1 hydrograph peaks obtained in this
study. These HEC-1 peaks were then used in HEC-2
simulations as explained below.

HEC-2 calculates and plots water surface profiles for
subcritical, critical, and supercritical gradually varied
steady flows in channels using a standard step numerical

method to solve the Bernoulli equation. Many channel
segments may have mixed flow regimes, characterized by
sub- and supercritical flows that occur simultaneously in
different parts of a single cross-section, or in adjacent
cross-sections. Here, separate HEC-2 simulations must be
made for each flow condition to determine the complete
water surface profile. The MOSS data extraction procedure
described above will generate separate HEC-2 input data
files to simulate these mixed flow regimes.

Traditionally, stream channel cross-sectional
geometries have been the most restrictive input data
requirement for HEC-2. This limitation may be overcome
if a GIS database is available. There are numerous
hydrologic modeling implications than can be explored
once a GIS database has been accessed. For example,
hydrologists have typically recommended thai HEC-2
channel cross-sections be optimally located to reduce
surveying costs. Generally these sections are placed
anywhere from 1,000 to 10,000 feet apart, depending on
tributary inflows and changes in channel slope. Access to
GIS cross-sectional data removes this artificial constraint.
Hence we were able to evaluate the influence of cross-
sectional separation distance on predicted floodplain
boundaries by making repeated HEC-2 simulations. Cross-
sectional intervals were systematically varied between 250,
500,1000 and 2000 feet, respectively. Figure 3a shows the
HEC-2 predicted 100-year floodplain lop width-to-depth
ratio for the 250 and 2000 foot section simulations in Los
Alamos Canyon, while Figure 3b shows the cumulative
floodplain areas for each of these model configurations.
These results suggest that closer cross-sectional spacing
generally yields somewhat wider computed floodplain
boundaries. Obviously there is a point of diminishing
returns where hydrologic modeling assumptions and
inaccuracies inherent to the rainfall-runoff process will
overwhelm continued improvements in channel geometry
definition. At Los Alamos, a separation distance between
250 and 500 feet seems adequate for this particular
application.

Without GIS extracted topographic profiles, a detailed
hydraulic characterization of the channel is not practical.
For example, Figure 4a shows unit stream power associated
with the 100-year hydrograph peak along Los Alamos
Canyon as a function of the energy slope/Froude number
ratio. When correlated with particle grain size
distributions, this information may suggest important
sediment transport relationships. A second example is
shown in Figure 4b, which depicts mean channel water
velocity along Los Alamos Canyon.
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Figure 1. Drainage basin area versus 100-year (A) and 2-year (B) peak discharges at the eastern facility boundary.
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Figure 2. Log-Pearson Type III analysis of synthelic and HEC-1 flood flows for Los Alamos Canyon at the Rio
Grande.
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CONCLUSIONS REFERENCES CITED

The Laboratory's MOSS graphic information system [1]
was used in this study to define all topographic profiles for
HEC-2 stream channel cross-sections at 250 foot intervals.
These data were automatically extracted from the MOSS
system in an ASCII format compatible wilh HEC-2 input
data requirements. Approximately 65% of the facility has [2]
two foot topographic contour data, and 35% has 10 foot
data. Once the floodplain boundaries had been defined for
all major watershed channels using the HEC2 model, then
this information was read back into the MOSS system and
detailed maps were generated. This procedure is [3]
recognized as a state-of-the-art technique in ungaged
watersheds, and fully satisfies the RCRA permit condition
requiring floodplain definition.

One might question the influence of refined [4]
topographic contour intervals on the predicted floodplain
boundary. The Laboratory is currently completing a new
aerial photographic survey that will provide two-foot
topographic contour coverage for the entire facility. Hence [5]
comparisons of floodplain simulations using two, 10, or 20
foot topographic contour interval data will be possible.
These efforts may suggest a methodology to characterize
errors in floodplain boundary locations resulting from
profiles constructed wilh different lopographic contour data [6]
sets.

Finally it should be noted that criticism of the rainfall-
runoff event simulation approach used by HEC-1 centers on
the design assumption that rainfall of a given frequency
results in runoff of the same frequency. Continuous [7]
rainfall-runoff simulation models calibrated to specific
gaged watersheds may represent an improvement over the
HEC-1 and HEC-2 modeling procedures employed in this
study. However extension of these research models to
ungaged watersheds has not been adequately documented in
the literature. Until the dynamic nature of the rainfall- [8]
runoff process is better understood, HEC-1 and HEC-2 will
continue to represent the best available technology for
floodplain definition in ungaged watersheds. Combining
these models with GIS data certainly represents an
advancement in their continued use.
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LOCAL DRAINAGE ANALYSES OF THE PADUCAH AND PORTSMOUTH
GASEOUS DIFFUSION PLANTS DURING AN EXTREME STORM*

R. O. Johnson, J. C. Wang, and D. W. Lee
Oak Ridge National Laboratory

P.O. Box 2008
Oak Ridge, Tennessee 37831-6185

ABSTRACT

Local drainage analyses have been performed for the Paducah and Portsmouth
Gaseous Diffusion Plants during an extreme storm having an approximate 10,000-
yr recurrence interval. This review discusses the methods utilized to accomplish
the analyses in accordance with U.S. Department of Energy (DOE) design and
evaluation guidelines, and summarizes trends, results, generalizations, and
uncertainties applicable to other DOE facilities. Results indicate that some
culverts may be undersized, and that the s>torm sewer system cannot drain the
influx of precipitation from the base of buildings. Roofs have not been designed
to sustain ponding when the primary drainage system is clogged. Some
underground tunnels, building entrances, and ground level air intakes may require
waterproofing.

INTRODUCTION

Uniform design and evaluation guidelines have
been developed to protect facilities at DOE sites from
natural phenomena hazards [1]. The goal of the
guidelines is to assure that DOE facilities can safely
withstand the effects of natural phenomena such as
earthquakes, extreme winds and storms, and floods.
This paper summarizes methods and results obtained
from local flood-hazard assessments performed for the
Paducah (PGDP) and Portsmouth (PORTS) Gaseous
Diffusion Plants located near Paducah, Kentucky, and
Piketon, Ohio, respectively. These Moderate Hazard
facilities have a performance goal annual exceedance
probability of 0.0001. The PGDP and PORTS are
required to withstand the effects of local flooding
attributable to an extreme storm having an
approximate 10,000-yr recurrence interval without
sustaining damage that would jeopardize occupant
safety, cause the release of hazardous materials, or
interrupt operations.

REGULATORY BACKGROUND

Criteria for the design and evaluation of DOE
facilities are provided by the General Design Criteria
Manual, DOE Order 6430.1 A [2], which includes the
consideration of natural phenomena such as
earthquakes, extreme winds and storms, and floods.
DOE 6430.1A refers to UCRL-15910 [1] for
determination of the actual design basis events, or
loads. Guidance for the preparation of Safety
Analysis Reports for facilities managed by DOE Oak
Ridge Operations in DOE/OR-901 [3] also refers to
UCRL-15910 for guidance on the determination of
specific design basis events. The UCRL-15910
guidelines apply to both new and existing facilities.

Analyses of the potential effects of a 10,000-yr
precipitation event on PGDP and PORTS have been
performed to assess whether or not local flooding from
creeks, ditches, storm sewers, culverts, dams, and roof
drainage systems constitutes a hazard. Results from
the analyses either demonstrate that the intent of

'This manuscript has been authored by a contractor of the U.S. Government under contract No. DE-AC05-84OR21400.
Accordingly, the U.S. Government retains a nonexclusive, royalty-free license to publish or reproduce the published form of
this contribution, or allow others to do so for U.S. Government purposes.
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UCRL-15910 flood-hazard guidelines are satisfied, or
alternatively, allow identification of those creeks,
ditches, storm sewers, culverts, dams, and roof drainage
systems where mitigating measures may be required to
achieve compliance with UCRL-15910.

Flood-hazard guidelines in UCRL-15910
require that a detailed probabilistic assessment be
performed to evaluate the potential for flooding of
Moderate Hazard facilities at DOE sites caused by
locally intense precipitation. The 10,000-yr recurrence
interval of the extreme storm considerably exceeds the
25-yr, 6-hr design storm recommended in DOE
6430.1 A for the hydraulic and hydrologic design of
local drainage systems.

For the purpose of the local drainage analyses,
PGDP and PORTS should be capable of withstanding
local flooding caused by a precipitation event having
the performance goal annual exceedance probability.
Roofs on safety-related structures must be capable of
carrying ponding loads when the primary roof drainage
system is clogged [1, pp. 6-5 and 6-14]. Secondary roof
drainage systems (e.g., scuppers) must be added or
increased in carrying capacity if excessive ponding
occurs. Small on-site dams that form ponds, lagoons,
and reservoirs adjacent to critical facilities must not
create safety hazards in the unlikely event of
postulated, precipitation-induced dam failures.

SCOPE AND PURPOSE

The analysis of local flooding was performed by
first calculating the carrying capacity of creeks, ditches,
storm sewers, culverts, and roof drainage systems at
PGDP and PORTS, and then comparing the existing,
installed capacity against the flow requirement
necessary to accommodate a 10,000-yr precipitation
event. Storm water levels are evaluated based on
excess undraincd rainwater. Corresponding analyses
were performed to predict small, on-site, dam-break
flood wave elevations. Local flood levels were
compared against top-of-slab elevations of critical
facilities to assess whether or not inundation is a
potential safety hazard.

The evaluation process described in UCRL-15910
considers both regional flooding as well as locally
intense precipitation. Regional flood-hazard
assessments have been performed for PGDP and
PORTS [4]. Results indicated that regional flooding
and large, main-stem dam failures along the nearby
Ohio and Scioto rivers would not contribute to PGDP
and PORTS Design Basis Floods, respectively.
Critical, safety-related structures were located above
calculated 10,000-yr regional flood-stage elevations.

The remainder of this paper outlines the analytical
methods utilized to predict the response of PGDP and
PORTS creeks, ditches, storm sewers, culverts, roof
drainage systems, and on-site dams to an extreme
storm having an approximate 10,000-yr recurrence
interval. Standard engineering practice has been used
to develop most of the hydraulic and hydrologic
approximations. Results obtained from the application
of these methods to PGDP and PORTS are
summarized. Certain generaliza- tions can be inferred
from the results which are applicable to other DOE
sites. The discussion at the end of this paper restates
the features, trends, and generalizations exhibited by
the calculated results including a ranking of
uncertainties.

STORM DEFINITION

Intensity-duration-frequency (IDF) curves were
used to develop a 10,000-yr intensity-duration curve
which mathematically defines the locally intense storm
for evaluating PGDP and PORTS drainage systems.
The rainfall data required to construct IDF curves for
various geographical locations are available from the
U.S. Weather Bureau [5,6]. For a specified recurrence
interval, smaller storms have higher intensities I while
longer duration precipitation events tend to exhibit
lesser intensities. For a given recurrence interval,
rainfall intensity varies inversely with storm duration
D. Both intensity and duration increase with
recurrence interval up to the Probable Maximum
Precipitation (PMP). The PMP is defined as the
reasonable maximization of the meteorological factors
that operate to produce a maximum storm [7]. The
PMP has a very long, but unknown, recurrence interval.
The PMP is neither the maximum rainfall that would
be observed at a specified location, nor a value that is
completely immune to exceedance. Estimates of the
all-season PMP are available [8]. The 10,000-yr IDF
curves for PGDP and PORTS are unknown
relationships that must be extrapolated from existing
data. The IDF curve represents the driving potential
for local drainage since excess unremoved precipitation
accumulates in available depressions prior to
infiltration into the ground and evaporation into the
atmosphere.

Published values [5] of the total precipitation
reaching the ground near Piketon and PORTS for
storm durations from 30 minutes to 24 hours and
return periods from 1 to 100 years are displayed in Fig.
1. The data are nearly colinear. Linear regression was
used to extrapolate the precipitation to the 10,000-yr
recurrence interval. The intersection of the seven
regression lines shown in Fig. 1 with the dotted vertical
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line define the 10,000-yr precipitation-duration
relationship. Corresponding intensities were obtained
by dividing the extrapolated precipitation P by the
storm duration D.

The intensity-duration curve is hyperbolic in
shape. The portion of the curve for longer durations
exceeding approximately 2 hr was fitted using a power
law:

(1)/ = ciy, for D >2 hr.

For smaller durations, the curve fit was modified such
that [9, p. 46]:

/ = al{b + D)n, for D< 2 hr. (2)

The exponent n typically ranges from 0.96 to 1.03 [10,
p. I l l ] and was set equal to one. Equations (1) and
(2) equate at a duration of 2 hr. The number of
unknown parameters reduce to three because c = a/2d

(b + 2).
An optimization scheme was used to determine

the remaining three unknown parameters, a, b, and d.

Based on the seven data points in Fig. 1, the values of
a, b, and d were calculated to be 6.205, 0.396, and -
0.805, respectively. The constrained value of c was
4.525. The derived PORTS 10,000-yr intensity-duration
correlation is plotted in Fig. 2. In the limit as the
duration goes to zero, the intensity is finite at a/b or
15.67 in./hr., while the total precipitation is zero. In
the duration range from 6 to 24 hours, for which PMP
estimates are available (8], the 10,000-yr storm is
approximately one-fourth as severe as the PMP event.

The 10,000-yr intensity-duration relation shown
in Fig. 2 converts to a volumetric flow rate when
multiplied by a drainage area. Assessments were made
by comparing the resultant extreme storm flow
requirements against installed capacities of
drainageways. A similar 10,000-yr PGDP intensity-
duration relation is available having slightly increased
intensities due to a more southerly geographic location.

WATERSHED DESCRIPTION

All runoff from PGDP and PORTS ultimately
flows into the Ohio and Scioto rivers, respectively.
Storm sewer systems collect precipitation falling on the
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Figure 1. Precipiiation versus recurrence interval for specified storm durations
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Figure 2. 10,000-year intensity versus duration for the Portsmouth Gaseous Diffusion Plant

industrialized portion of each plant. Roof drainage
systems discharge into the storm sewer systems. Storm
sewer outfalls discharge into a system of ditches and
culverts that convey runoff to local creeks, which in
turn, flow into nearby rivers.

CREEKS

The peak runoff Rr flowing overland from
drainage area A, of soil and vegetation (i.e., a rural
regime) into creeks was calculated using Soil
Conservation Service (SCS) methodology based on the
analyses of a large number of unit hydrographs from a
wide range of watershed sizes and geographic locations
[7,11]:

(3)

The lag time Tp between the beginning of the storm
and the occurrence of the peak discharge was
approximated semi-empirically from:

Tp = D/2 + 0.54 A0.6
(4)

After the product ID obtainable from Eqs. (1)
and (2) was substituted into Eq. (3) for P, the
maximum value of Rr with respect to D was resolved
by setting the derivative equal to zero. For instance,
the peak discharge in Big Run Creek draining 4 mi2 of
the southern portion of PORTS was 2560 cfs, which
occurred during a 10,000-yr storm whose intensity and
duration were 4.5 in./hr and 59 min, respectively.

The slope-area method based on the Chezy-
Manning formula [12,13] was used to relate stream
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discharge Q to the flow area A,, slope S, hydraulic
radius R, and Manning roughness factor n:

Q = 1.49 A (5)

The hydraulic radius is the quotient of the flow area
and wetted perimeter exclusive of free water-surface
lengths.

The creeks draining PGDP and PORTS were
analyzed using Eqs. (1) through (5). Drainage areas,
stream cross sections, and average slopes were obtained
from U.S. Geological Survey (USGS) topographic
quadrangle maps having 10- or 20-ft contour intervals
on a 1:24,000 scale. Manning's n was set equal to 0.15
which is typical of floodplains and very poor natural
channels [12, p. 123]. Cross sections were taken
adjacent to reservation boundaries while total drainage
areas for the entire creek were utilized which caused
conservative discharge overestimates. In all cases,
predicted 10,000-yr flood elevations in local creeks,
maximized with respect to storm duration, were below
nominal plant grade elevations. The local creeks near
PGDP and PORTS are deeply incised which enables
them to accommodate the runoff produced by an
extreme storm.

STORM SEWERS

The centrally-located PGDP and PORTS
industrialized areas consist of nearly impervious
surfaces drained by storm sewer systems. The
precipitation falling on these catchments during an
extreme storm flows into a piping complex that conveys
collected rainfall to outlets along local creeks or
ditches. Many relatively small diameter pipes route
rainwater from curb inlets to a much larger main trunk
line leading to each outlet. Pipe diameters within the
storm sewer system increase in discrete sizes in the
downward sloping direction to accommodate additional
stormwater flowing into the system from each
consecutive connecting leg.

For a specified recurrence interval,
measurements of rainfall have demonstrated that
precipitation increases montonically with storm
duration [7,14]. Monsoons in India have deposited 100
to 1000 in. of precipitation over periods ranging from
1 to 2 years, while short, extremely intense
thunderstorms have released from 5 to 10 in. of rainfall
in several minutes. The realizable ponding depth in an
undrained catchment is equal in magnitude to the
precipitation P.

As the catchment is drained, the difference
between the rates of influx and efflux determine the

storage, and corresponding ponding depth. Short
duration, intense storms cannot overwhelm the storm
sewer system because the volume of rainwater is
insufficient to fill the available void volume. Likewise,
long duration storms having low intensities could be
conveyed away by an unclogged storm sewer system.
An intermediate storm with moderate intensity can be
calculated that would back up the drainage system.
Ponding would occur because design limits are
exceeded. The carrying capacity of the storm sewer
system determines the maximum ponding depth.

When an urbanized catchment having drainage
area \ receives rainfall at intensity I over duration D,
and is drained at rate Q ^ ^ the ponding depth h,
averaged over the catchment area A,,, can be
approximated as:

The average maximum ponding depth h ^ caused by
storm of intensity lmax is determined by incorporating
the IDF curve, Eqs. (1) and (2), into the analysis.
Equation (6) then exhibits a unique maximum. In
writing Eq. (6), flow in the storm sewer system has
been assumed to commence at the instant precipitation
is released. Antecedent moisture is maximized, while
negligible fill volume is available in the storm sewer
system to mitigate short duration storms exceeding the
system design limits.

The ponding duration At is the volume of
ponded water divided by the drainage rate:

(7)

Local drainage analyses of the PGDP and
PORTS storm sewer systems were carried out using
Eqs. (1), (2), (6), and (7). Drainage areas for each
trunk line were estimated using the polygonal surface
formed by system inlets which were connected by
straight lines on plant drawings. Roofs that drained
into storm sewer systems were included in catchment
area summations.

Drainage capacities were based on open
channel flow capacities at the outlet calculated using
Eq. (5). Manning's n was set equal to 0.013 for
concrete pipes, and to 0.022 for corrugated metal pipes
[9]. Outlet slopes, pipe diameters, and drainage
capacities ranged from 0.001 (assumed minimum) to
0.01, 8 to 84 in., and 0.6 to 130 cfs, respectively.

Maximum average ponding depths varied from
2 to 6 in., which would require from 0.2 to 10 hours to
be dissipated by the existing storm sewer system.
These results are conservative, predicting higher
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ponding depths and durations than actually would
occur, because the storm sewer system would undergo
transition from an open channel to a pipe flow regime
once ponding had been established. Conversely,
increased ponding depths and durations would occur if
the storm sewer system were clogged.

DITCHES

The ditch flow Qditcb consists of a rural
component, discharges from the storm sewer system
Qje r̂, and overland flows associated with ponding:

Q*
4844/

ditch

The discharge Qmcr is the open channel flow capacity
of the storm sewer system at the outlet into the ditch,
while ImM is the 10,000-yr storm intensity that imparted
maximum average ponding over drained urban area \ .
The summation appears in Eq. (8) because some
ditches receive flows from several storm sewer system
catchments. Each catchment has a different drainage
area and rate to which there corresponds a unique
10,000-yr storm and maximum average ponding depth.
Maximum ditch flows were resolved from Eq. (8) by
incorporating the IDF curve, Eqs. (1) and (2), and then
setting the derivative with respect to D equal to zero.

Water levels corresponding to maximum ditch
flows were calculated using Manning's formula, Eq. (5).
Minimum ditch cross sections and average slopes were
obtained from topographic maps having 1- or 2-ft
contour intervals. Manning's n was set equal to 0.050
which assumes a dredged channel, having irregular
sidewalls, with growth of weeds and grass. Most PGDP
and PORTS ditches were capable of conveying 10,000-
yr storm flows, which ranged from 10 to 1000 cfs,
without overbanking. Local flood water elevations
were either below safety-related structures, or
overbanking locations were too distant from critical
facilities to warrant further consideration. The
importance of this result lies in the selection of
Manning's n which assumes some ditch upkeep. If the
ditches are not maintained, or become blocked, local
flooding during an extreme storm could threaten
critical facilities.

BRIDGES

No bridges are located within fenced portions
of PGDP or PORTS. Ditch crossings for roads and
railroads are formed by culverts. Off-site bridges are
located relatively large distances from critical safety-

related structures and do not influence local drainage
analyses.

CULVERTS

Culverts transfer rainwater beneath roadways
and railroads from one ditch section to another.
Open channel flow capacities calculated with
Manning's formula, Eq. (S), are smaller than ditch
storm water requirements obtained with Eq. (8). The
PGDP and PORTS culverts constrict the flow area
(relative to ditch areal cross sections) which causes
headwaters to rise above culvert inlets and a
corresponding transition from an open channel to a
pipe flow regime.

The discharge through a culvert operated
under pipe flow conditions is controlled by the outlet
[15]. The relationship between the headwater/tailwater
elevation difference and discharge Q^, is determined by
the total head loss across the culvert of length L. The
total head loss hL is the sum of an entrance loss, the
frictional loss through the culvert, and a velocity head
loss at the outlet. Using Manning's formula to
compute the frictional head loss, the expression for hL
is:

Ke
29n2L Qli

(9)

Assuming that the tailwater crests at the top of the
outlet, the headwater depth above the tailwater is hL.
The entrance loss coefficient K,. varies from 0.08 for
well-rounded entrances to 0.9 for sharp-edged
projecting inlets [16].

In cases where headwaters cannot rise high
enough to propel the 10,000-yr storm water flow
requirement through the culvert, excess rainwater flows
over the roadway or railroad. The flow above the
culvert is approximated as a broad-crested weir:

*- = [QJCJWT (10)

The weir discharge Qw depends on the width w
perpendicular to the flow direction and the applied
head h^ The discharge coefficient Q, varies from 2.34
to 3.32 depending on the applied head and the breadth
of the weir parallel to the flow direction [16]. A value
of 2.63 for Q, is appropriate for roadways and railroad
track berms having widths measured in several tens of
feet and applied heads of a few feet.

Each PGDP and PORTS culvert was first
analyzed using Eq. (9) based on the ditch flow
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requirement obtained with Eq. (8). If culvert
headwaters did not rise above ditch sidewalls, the
analysis was complete since overbanking would not
occur. If a potential for local flooding was indicated,
Eq. (10) was utilized to predict the storm water depth
above the overlying roadway or railroad. The weir
discharge was approximated as the Eq. (8) ditch flow
requirement minus the open channel capacity of the
culvert obtained with Manning's formula. The
computed storm water elevation was compared against
top-of-slab elevations of critical, safety-related facilities
to access the potential for inundation.

While none of the PGDP or PORTS culverts
could accommodate the rainwater influx during an
extreme storm, most calculated flood levels above
roadways and railroads were below top-of-slab
elevations of critical facilities. Three culverts, two at
PGDP and one at PORTS, required additional
consideration because a potential for local flooding wai
clearly indicated. These three culverts were analyzed in
greater detail by solving Eqs. (9) and (10)
simultaneously to account for the increased flow
through the culverts attributable to the height of storm
water above the roadway or railroad. The additional
flow bypassed through the culverts reduced the
calculated headwater depths and demonstrated that
local flooding from two of these culverts would not
threaten critical facilities. One PGDP culvert may
require increased capacity to satisfy UCRL-15910
recommendations.

ROOFS

Several roof configurations required
evaluation. Sloped roofs are drained by gutters. Flat
roofs with parapet walls may be drained by
scupper/conduit combinations or interior sumps. The
term "flat" is used loosely because roofs with parapet
walls are sloped to promote drainage outward to
scuppers or inward to sumps. While the slope of flat
roofs is small, the differences in height between various
roof sections on large buildings is a significant fraction
of the parapet wall height. In more complicated cases,
the parapet wall height varies along the building
periphery.

Sloped roofs can be dismissed because ponding
does not occur when gutters are blocked. The
maximum ponding depth on flat roofs with
scupper/conduit combinations is controlled by the open
top of the collector, while the height of the parapet
wall determines the depth of rainwater on roofs with
interior sumps.

The critical 10,000-yr precipitation event that
maximizes the depth of rainwater on an undrained flat

roof is equal in magnitude to the parapet wall height.
Smaller storms having higher intensities cannot fill the
available roof volume. Larger storms with smaller
intensities fill the free roof volume, but result in lower
parapet wall flows that do not maximize the rainwater
depth. If the roof also is slanted, the critical
precipitation is decreased because a smaller fill volume
is available.

The intensity corresponding to the critical
precipitation is obtained using Eqs. (1), (2). The
critical flow is the product of the intensity and normal
roof area receiving rainfall. The depth of storm water
behind the scupper/conduit combination is calculated
with Eq. (10) for weir flow when the top of the
scupper is above both the front of the collector and the
calculated storm water level. When the top of the
scupper is below the front of the collector, or when the
rainwater depth exceeds the top of the scupper, the
flow is approximated as an orifice based on the area of
the scupper or the open top of the collector, whichever
is a minimum. If the roof drains to an interior sump,
the parapet wall flow is treated as a four-sided weir
using Eq. (10).

Roofs of critical facilities at PGDP and
PORTS have been designed to sustain a live load of 30
lb/fl2. These buildings would be subjected to a storm
water load ranging from 6 to 92 lb/ft2 if primary
drainage systems were clogged during a 10,000-yr
storm. Structural analyses are required to determine if
this storm water loading is a safety hazard that could
cause roof and/or parapet wall failure.

PONDS AND LAGOONS

The water-surface profile caused by the
breaking of a dam has a depth that is approximately
4/9 of the undisturbed dam height [17]. Postulated,
precipitation-induced failure of small on-site dams at
PGDP and PORTS which form holding ponds, lagoons,
and retention basins would not inundate critical
facilities because dam-break flood waves do not rise
above top-of-slab elevations.

DISCUSSION

The methods used to perform local drainage
analyses of PGDP and PORTS during an extreme
storm having an approximate 10,000-yr recurrence
interval have been presented. Creeks, storm sewers,
ditches, culverts, dams, and roofs have been identified
whose calculated response during an extreme storm
potentially could threaten critical facilities by
inundation.
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Results indicate that some ditches could
overbank, culverts are undersized, and storm sewers
will back up. Local flooding caused by these hydraulic
structures is more of a nuisance than a threat to safety
because the maximum ponding depth at the base of
critical structures averages 6 in. One PGDP culvert
requires further evaluation because the calculated
storm water depth is higher. The most likely portions
of PGDP and PORTS threatened by nuissance flooding
are entrances to critical facilities, ground-level air
intake vents, and tunnels beneath buildings that carry
instrument cables and provide telemetry for process
control.

Roofs on critical facilities have not been
designed to carry extreme storm water loadings that
occur when primary drainage systems are clogged. The
roof support systems require evaluation to assess
structural safety.

Many sources of uncertainty affect the accuracy
of the calculated results. The most prominent sources
of uncertainty include: (1) uncertainty in the
extrapolated 10,000-yr intensity-duration relation, (2)
uncertainty in the size of the drainage areas used to
assess storm water discharges, (3) uncertainty
associated with clogging of drainageways, and, (4)
uncertainty in the value of Manning's n as well as other
hydraulic loss and discharge coefficients.

The uncertainties of the drainage area sizes
and the possibility of clogging exceed uncertainties
associated with the extreme storm intensity-duration
relation and the hydraulic loss coefficients. Every
attempt has been made to over estimate drainage areas
to maximize local flooding. Drainageways clogged by
debris would not allow storm water to flow away from
critical facilities, and a potential would exist for local
flooding. Larger diameter drains and drainageways
would be less likely to clog than smaller ones. The
creeks, ditches, culverts, and storm sewers are assumed
to be unclogged.

The uncertainties of the extreme storm
intensity-duration relation and the hydraulic loss
coefficients are lower. The colinearity of the rainfall
data and extrapolation procedure portrayed in Fig. 1
add credence to the numerical results. Evaluation of
the adequacy of the existing data base used to define
the locally intense extreme storm is beyond the scope
of this study. Hydraulic loss coefficients have been
selected conservatively which causes predicted
rainwater depths to be increased.

The roof analyses are least affected by
uncertainty because drainage areas are well known and
the primary drainage system is assumed to be clogged.
The potential for ponding around the base of the main
process buildings and the related potential for flooding

of the tunnels is more uncertain. Maximum average
ponding depths have been used to perform
assessments. The existing storm sewer system cannot
drain the influx of rainwater.

The calculated results are believed to be a
reasonable estimate of potential inundation. Chow [18]
has tabulated the ratio of observed peak discharge to
measured drainage area for many tributaries, brooks,
forks, creeks, streams, and rivers located across the
continental U.S. At the approximate lower end of the
drainage area scale from 12 to 2890 acres, the ratio
varies from 1500 to 12,100 ft3/s/mi2. There is a general
trend for the ratio «o rapidly increase as the drainage
area decreases. Urbanization also increases the ratio
[19]. Ratios calculated for PGDP and PORTS creeks
lie within the reported range.
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ACRONYMS

DOE
IDF
PGDP
PMP
PORTS
SCS

a
Af

Ar
A.
b
c

c wd
D
g
h
hL
hmM

hw
I
*max

Kg

L
n
P
Q
Qcu,

Qditch

Q-iewer

U.S. Department of Energy
intensity-duration-frequency (curve)
Paducah Gaseous Diffusion Plant
Probable Maximum Precipitation
Portsmouth Gaseous Diffusion Plant
Soil Conservation Service

MATHEMATICAL SYMBOLS

IDF curve parameter
flow area (ft2)
rural drainage area (mi2)
urban drainage area (acres)
IDF curve parameter
IDF curve parameter
broad-crested weir discharge coefficient
IDF curve parameter
storm duration (hr)
gravitational constant (32.174 ft/s2)
average ponding depth (in.)
total head loss across culvert (ft)
maximum average ponding depth (in.)
applied head on broad-crested weir (ft)
storm intensity (in./hr)
storm intensity at h ^ (in./hr)
culvert entrance loss coefficient
culvert length (ft)
IDF curve parameter or Manning's n
precipitation (in.)
stream discharge (cfs)
culvert discharge (cfs)
peak ditch flow (cfs)
flow at storm sewer outlet (cfs)
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Qw broad-crested weir discharge (cfs)
R hydraulic radius (ft)
R r peak rural runoff (cfs)
S slope
Tp lag time (hr)
At ponding duration (hr)
w width of broad-crested weir (ft)

Many of the equations quoted in this paper
have an empirical basis. The units indicated above
must be utilized for quantities appearing in the
equations. Cited references should be consulted before
using a different set of units.
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ESTIMATING EXTREME FLOOD PROBABILITIES1
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ABSTRACT

Estimates of the exceedance probabilities of
extreme floods are needed for the assessment of
flood hazard at Department of Energy facilities.
A new approach using a joint probability
distribution of extreme rainfalls and antecedent
soil moisture conditions, along with a rainfall
runoff model, provides estimates of probabilities
for floods approaching the probable maximum flood.
This approach is illustrated for a 570 km2 catchment
in Wisconsin and a 260 km2 catchment in Tennessee.

INTRODUCTION

The assessment of flood hazard
is required at DOE facilities using
criteria from UCRL 15910 [7] and a
pending document. As part of flood
hazard assessment, the exceedance
probability of water levels may
need to be estimated in some cases.
Traditionally, flood discharge of
a given exceedance probability is
obtained by estimating the
parameters of a frequency
distribution using the historic

annual flood series, as outlined in
Bulletin 17B [6]. A hydraulic
model or a stage-discharge
relationship is then used to
convert the flood discharge to a
water level of the corresponding
probability.

Exceedance probabilities
estimated using conventional flood
frequency techniques are not
reliable for cases when the
recurrence interval greatly exceeds
the length of streamflow record.

1 This research is supported by the Wisconsin-Michigan Hydro
Users Group and the DOE Natural Phenomena Hazards Mitigation
Program. Publication No. 4145, Environmental Sciences Division,
Oak Ridge National Laboratory. ORNL is managed by Martin Marietta
Energy Systems, Inc. under contract DE-AC05-84OR21400 with the U.S.
Department of Energy.
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A new approach for estimating
probabilities of floods well beyond
the 100-year event has been
described in National Research
Council [10]. This approach
requires the estimation of
probabilities of extreme rainfall
and antecedent soil moisture
conditions. A rainfall runoff
model is used to simulate floods
resulting from various combinations
of rainfall and antecedent
conditions. The joint probability
distribution of rainfall and
antecedent conditions is used to
assign exceedance probabilities to
the simulated floods.

This paper describes a
demonstration of the approach at
the Big Eau Pleine River near
S t r a t f o r d , W i s c o n s i n .
Probabilities for extreme rainfalls
at this site have been estimated
using stochastic storm
transposition. These rainfall
probabilities are used with
relatively simple analyses for
antecedent condition probabilities
and runoff modeling in order to
demonstrate the method. Insights
into several issues regarding the
limits of stochastic storm
transposition are described based
on a second demonstration of the
approach at a catchment near Oak
Ridge, Tennessee.

RAINFALL PROBABILITIES

This approach requires
estimation of the probability that
average rainfall over a catchment
of area A exceeds a given depth x.
Rainfall data for most catchments
are only available for periods less
than 100 years. Therefore,
obtaining a rainfall record
including one or more extreme
storms is unlikely for most
catchments. One solution to this
problem is to extend the database
of extreme storms using a regional
analysis. A technique for regional

analysis of extreme storms called
stochastic storm transposition has
been described in detail in
National Research Council [10],
Foufoula-Georgiou [4], and Fontaine
and Potter [3]. In this method, a
large meteorologically homogeneous
region is identified surrounding
the catchment of interest such that
severe rainstorms occurring at any
point within the region are assumed
to have a similar probability of
occurring anywhere else in the
region. The probability of a
rainfall of average depth >x
occurring over the catchment area
A is calculated in two parts: (1)
the probability that a storm of
sufficient magnitude occurs
anywhere in the meteorologically
homogeneous region; and (2) given
that such a storm occurred
somewhere in this region, the
probability that it produced an
average rainfall over the catchment

This method has been applied
to the 570 km2 catchment of the Big
Eau Pleine River at Stratford, WI
[3]. The results of this
application are summarized as
follows. The meteorologically
homogeneous region used was
centered on the catchment and had
an area of 1,420,000 km2. A storm
catalog developed and maintained by
the U.S. Army Corps of Engineers
and the National Weather Service
[14] was used to identify historic
extreme rainfalls that occurred in
this region. During the period
1896 to 1946, four rainfalls
averaging 28 cm or more over an
area of 570 km2 in 24 hr. or less
were documented in the storm
catalog. These four storms were
used with the stochastic storm
transposition technique to estimate
probabilities for average rainfall
over the catchment ranging between
28.5 and 33.7 cm (Figure 1). The
stochastic storm transposition
technique systematically moves each
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storm over the transposition region
by computer simulation, recording
the resulting average rainfall over
the catchment associated with each
storm position.

ANTECEDENT SOIL MOISTURE
PROBABILITIES

The Soil Conservation Service
curve number approach was used to
model antecedent soil moisture
conditions [11]. The curve number
is determined from soil type, land
use and soil moisture. The three
classes of antecedent moisture
conditions (AMC) are:

soil

1
11
111

moisture
class
-Diy
-Normal
-Wet

5 day antecedent rainfall (cm)
growing season

<3.6
3.6 to 5.3

>5.3

dormant season
< 1.3

1.3 to 2.8
>2.8

The frequency of each class of
AMC was estimated for the Big Eau
Pleine River using 32 years of
daily rainfall data at Wausau,
Wisconsin. Only data between May
1 and September 30 were used
because all four observed extreme
rainfalls occurred in this period.
The curve numbers and relative
frequencies for the three classes
of AMC are:

AMC
Class
1
11
111

PROBABILITIES OF EXTREME FLOODS

Once probabilities of rainfall
and antecedent soil moisture were
determined, the HEC-1 model [15]
was used to simulate floods
resulting from all significant
combinations of rain and soil
moisture conditions. The results

Curve
Number

85
93
98

Relative
Frequency

86%
9%
5%

1x10"

1x10
28 29 30 31 33 34 35

Basin Average Rainfall (cm)

Figure 1. Probability vs Basin Average Rainfall

28 29 30 31 32 33 34 35
Basin Average Rainfall (cm)

Figure 2. Rainfall vs Curve Number vs Discharge
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of these simulations are plotted in
Figure 2. Lines for a specific
discharge, q = 2400 m3/s for
example, are drawn by
interpolation.

E s t i m a t e s of flood
probabilities were made by assuming
that the discrete probability
distribution of soil moisture is
represented by the three curve
numbers. This is reasonable in
this case study because the SCS
curve number approach only uses
three classes of antecedent soil
moisture, and each class is
represented by a single curve
number for a particular site. The
exceedance probability for a given
q is calculated using conditional
probabilities in Equation 1

P{Q>q} = P{Q>q | CN=85}*P{CN=85}
+ P{Q>q | CN=93}*P{CN=93}
+ P{Q>q | CN=98}*P{CN=98} (1)

Using Figure 2 and the
relative frequencies of each curve
number, P{Q>2400 m3/s} = 6.2 x 10"6

and P{Q>2520 m3/s} = 2.2 x 10'6.
These discharges are well below the
PMF peak of 3900 m3/s at Stratford,
which implies that the probability
of the PMF is well under 1 x 10"6.
The results can not be directly
extrapolated to the PMF because the
probability versus basin average
rainfall plot in Figure 1 ends at
33.7 cm compared to the probable
maximum precipitation of about 55.9
cm for this catchment.

UNCERTAINTY

The primary source of
potential uncertainty in this
approach to estimating flood
probability is the analysis of
rainfall probabilities. Potential
sources of uncertainty include the
definition of a meteorologically
homogeneous region and the limited
length, completeness and accuracy
of the storm catalog [3],[4].

Secondary sources of potential
uncertainty are the approach used
to develop antecedent condition
probabilities and the runoff model
analysis. The use of the SCS curve
number concept and the HEC-1 model
have been used in this study to
demonstrate the method.
Alternative techniques may be more
appropriate for different local
c l i m a t e and c a t c h m e n t
characteristics or for applications
where more complexity is desired.

These sources of uncertainty
could limit the usefulness of the
results at certain types of sites.
A second demonstration of this
method is currently underway at a
DOE facility in Oak Ridge,
Tennessee. One of the objectives
of the Oak Ridge application is to
investigate the role of each of
these sources of uncertainty and to
develop methods to quantify the
uncertainty for general
applications of the method.

APPLICATION AT OAK RIDGE,
TENNESSEE

The DOE facility at Oak Ridge
is largely situated within the 260
km2 Poplar Creek watershed, a sub-
catchment of the Clinch River basin
located in the Valley and Ridge
region of eastern Tennessee.
Several high-hazard structures are
located within the watershed.
Application of the method of
stochastic storm transposition at
Oak Ridge is complicated by several
factors not encountered in
Wisconsin. These can be summarized
as factors related to geographic
region and topography, and factors
related to catchment size.

The location and topography of
eastern Tennessee are significant
factors in the definition of a
meteorologically homogeneous region
encompassing Oak Ridge. Ideally,
such a region is relatively
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homogeneous with regard to
elevation, topography, moisture
availability and storm-generating
mechanisms, while sufficiently
extensive to contain a set of
storms large enough for statistical
reliability. However, extreme
rainfall in the Oak Ridge area can
result from several types of
events: intense, stationary summer
convective storms observed in the
Appalachians, large Mesoscale
Convective Complexes (MCC's)
occurring primarily in the warm
season in the midwest, and decaying
tropical storms from the Gulf of
Mexico. Each event type has a
unique range of occurrence, and
eastern Tennessee can be seen as
situated within the intersection of
these regions and near their
respective boundaries.

Topography plays a significant
role as well. The southern
Appalachians block and mitigate
storms approaching from the south
and east, and the local topography
contributes to the formation and
organization of summer
thunderstorm-type events. As a
consequence, no unique
transposition region can be defined
for Oak Ridge.

The transposition region
chosen for this study is therefore
a composite. Its boundaries are
determined primarily on the basis
of two considerations: (i)
transposition limits developed by
the NWS for individual storms, used
in calculating PMP, and (ii) maps
of monthly mean and maximum
precipitable water [5],[8], The
region includes the Appalachians
west of the divide, and the midwest
between 3 3° (Birmingham, AL) and
41° (Peoria,IL) N. Lat. and east of
95° (Kansas City, KS) W. Lon. The
southern limit is chosen to exclude
extreme storms occurring near the
gulf coast, since these cannot be
transposed to eastern Tennessee

without significant downward
adjustment [12].

The second set of factors
relate to catchment size and its
relationship to both storm
selection and storm record
completeness. In stochastic storm
transposition, storm events are
selected so that the areal extent
of extreme rainfall is of the same
order of magnitude as catchment
size, and the duration of extreme
rainfall similar to the catchment's
time of concentration. At certain
catchment size thresholds, the type
of storm appropriate for
transposition, and possibly its
season of occurrence, may shift.
In the Tennessee Valley watershed,
for example, such a threshold is
believed to occur at about 260 km2
[16]. For watersheds smaller than
260 km2, summer thunderstorm-type
events are responsible for the most
intense areal average rainfall.
For larger catchments, tropical
storms and large frontal systems
play an increasingly important
role.

The storm selection process
can also introduce uncertainty
through the relationship between
storm type and the completeness of
storm records. Storms generating
maximum runoff from smaller
catchments will on average be
smaller in areal extent than those
generating peak runoff from larger
basins, as a consequence of
generalized storm area-depth-
duration relationships. However,
due to the relatively low density
of NWS raingages, the smaller the
areal extent of a storm, the lower
the probability that it will be
detected and subsequently developed
[1],[2]. Since the probability
framework of the transposition
method is provided by the observed
frequency of storms of a certain
magnitude occurring within the
transposition region, potential
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under-counting of small storms
results in bias: probabilities of
extreme events tend to be
underestimated.

For the 260 km2 Poplar Creek
catchment, storms were selected for
the first round of simulation on
the basis of 260 km2 (100 mi2) 6-
hour rainfall intensity. The U.S.
COE database of extreme storms, and
additional storm data maintained
both by the NWS Hydrometeorology
branch and the TVA [13], contain 4
events within the transposition
region with 2 60 km2 6-hour
rainfall exceeding 30 cm. Two of
these events exceed the calculated
TVA maximum precipitation for
comparable area and duration (36
cm), and the largest event (OR 9-
23), with rainfall of 41.7 cm, is
67% of corresponding PMP at Oak
Ridge (62 cm).

These extreme events fall into
two distinct categories: the two
most intense are summer convective
thunderstorms occurring in hilly
terrain in Pennsylvania and
Kentucky, respectively. The areal
extents of these storms are
relatively small, and the extremely
heavy rainfall accumulations were
largely a consequence of their
stationarity, as well as their
intensity. The two remaining
events are extensive midwestern
storms, most likely Mesoscale
Convective Complexes. The MCC,
first identified as a distinct
storm type in the late 1970's, is
a large (> 100,000 km2), organized
and relatively long-duration (> 6
hours) weather system most common
in the central U.S. [9]. These
often form from the convergence of
two or more smaller scale events,
and typically move from west to
east, often covering several
hundred miles before decaying.
Heavy rainfall accumulation results
at locations within the storm path

receiving rainfall from the moving
system over long periods of time.

The first round of simulation
will generate probability estimates
for average rainfall of 30 cm. and
above over Poplar Creek watershed.
On the basis of existing
distribution-based rainfall
probability estimates for the Oak
Ridge area, these extreme events
are anticipated to have return
intervals well in excess of 1000
years. Additional work will
address the statistical questions
raised by the use of a non-
homogeneous storm sample.

APPLICATIONS

Flood frequency methods
provide relative estimates, rather
than absolute values, of extreme
flood probabilities. Interpreting
a recurrence interval of 106 yr for
a flood at a specific site as an
absolute value is misleading
because of the changes in land use
or climate that could be expected
to occur in the future. In
addition, the uncertainty in the
results at a specific site and the
potential variability of
uncertainty from site to site are
currently unknown. Therefore,
instead of using the flood
probabilities as absolute values at
a specific site, these results
should be considered relative
estimates of flood risk among
several sites where the analysis
has been applied.

Assuming that the results are
considered relative flood
probabilities, this approach is
appropriate for probabilistic flood
hazard assessments at DOE
facilities using UCRL 15910
criteria. For example, a
performance category 4 facility
involves a mean hazard annual
probability of 1 x 10"5 for flood
hazard, which is within the range
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of probabilities developed with
this approach for the case study at
the Big Eau Pleine River.

In addition to applications
for flood hazard assessments based
on UCRL 15910, exceedance
probabilities developed with this
approach can be used to evaluate
flood risk at high hazard
structures such as dams. There are
currently a large number of
existing high hazard dams in the
U.S. that fail to meet the probable
maximum flood (PMF) standard.
Upgrading existing facilities to
meet the current policy would
require an enormous amount of
money. Given the current economic
conditions in the U.S. and the
controversy associated with the PMF
approach, it is not likely that the
majority of existing high hazard
facilities will be upgraded to the
PMF-based standard in the near
future.

Estimates of extreme flood
probabilities provide an
alternative to imposing a
conservative and controversial
criteria such as the PMF to
existing structures. Flood
probabilities estimated using this
approach could be used to analyze
existing high hazard facilities on
a regional or national basis. The
relative flood hazards could then
be used to select the most
dangerous facilities that require
immediate upgrading using resources
currently available. As additional
funds become available, facilities
with lower relative flood hazard
could be upgraded. Compared to the
PMF criteria, a risk based approach
could save significant amounts of
money and yet result in greater
overall reduction of flood risk on
a national or regional basis in the
near future because the most
dangerous sites will be fixed
quickly while the less hazardous

sites can be upgraded as additional
resources become available.

CONCLUSION

A method has been demonstrated
for estimating exceedance
probabilities of floods between the
100-year event and the PMF. The
results for a medium sized
catchment in Wisconsin indicate
that the . 65 PMF event has an
exceedance probability of 2.2 x
10"6. The potential sources of
uncertainty in the method are being
evaluated as part of a second
application at Oak Ridge,
Tennessee. The exceedance
probabilities estimated with this
approach are required for flood
hazard evaluation at certain sites
according to UCRL 15910. This
approach can also be used to
evaluate flood hazards at existing
structures on a regional or
national basis, identifying the
sites in a region with the highest
risk and resulting in the maximum
reduction of risk per dollar spent
on flood protection.
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