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PREFACE
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The wind guidelines were prepared by Jim McDonald; the flood guidelines were prepared
by Marty McCann. Bob Murray provided overall direction, guidance, and review. The
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Robert C. Murray
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Jack R. Benjamin & Associates
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The guidelines have been extensively reviewed by panel members and selected
consultants. Additionally, review comments from throughout the DOE complex have been
received and incorporated into this document. Panel and Independent reviewers and their
affiliations are listed below.

James E. Beavers
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James R. Hill
Frank E. McClure
Joseph P. Nicoletti
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John D. Stevenson*
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These guidelines are being presented for review and trial use at DOE facilities. Comments
should be addressed to Bob Murray, Lawrence Uvermore National Laboratory, P.O. Box
808, Uvermore, CA 94550, (415) 422.0308.
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ABSTRACT

Uniform design and evaluation guidelines have been developed for protection against
natural phenomena hazards for facilities at DOE sites throughout the United States. The
guidelines apply to design of new facilities and to evaluation, modification, or upgrade of
existing facilities. The goal of the guidelines is to assure that DOE facilities are constructed
to safely withstand the effects of natural phenomena such as earthquakes, extreme winds,
and flooding.

DOE Order 6430.1A, the General Design Criteria Manual, has recently been revised
and material from these guidelines are referenced by the revised Order as an acceptable
approach for the design or evaluation of DOE facilities for the effects of natural phenomena
hazards. This document provides earthquake ground acceleration, wind speeds, tornado
wind speeds and other effects, and flood levels corresponding to the DBE, DBW, DBT, and
DBFL as defined In 6430. IA.

The design and evaluation guidelines presented in this document are intended to
control the level of conservatism introduced in the design/evaluation process such that
earthquake, wind, and flood hazards are treated on a reasonably consistent and uniform
basis and such that the level of conservatism is appropriate for facility characteristics such
as importance, cost, and hazards to on-site personnel, the general public, and the environ-
ment. For each natural phenomena hazard covered, these guidelines generally consist of
the following:

1. Facility-use categories and facility performance goals.

2. Hazard probability from which facility loading is developed.

3. Recommended design and evaluation procedures to evaluate facility response
to hazard loads and criteria to assess whether or not computed response is
permissible.

The first step in these design and evaluation guidelines s to establish performance
goals expressed as the annual probability of exceedance of some level of facility damage
due to natural phenomena hazards. The appropriate performance goal for a facility is
dependent on facility characteristics such as mission dependence, cost, and hazardous
functions. As an aid to selecting performance goals, facility-use categories ranging from
general use to highly hazardous use have been defined along with a corresponding per-
formance goal. Performance goal probability levels for each category are consistent with
current common design practice for general use and high hazard use facilities.

The likelihood of occurrence of natural phenomena hazards at DOE sites has been
evaluated. Probabilistic hazard models for earthquake, extreme windtornado, and flood for
each DOE site are available from earlier phases of the DOE Natural Phenomena Hazard
Program. To achieve the facility performance goal, hazard annual probabilities of excee-
dance are specified with design and evaluation procedures that provide a consistent level
of conservatism.
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While performance goals and hazard levels are expressed In this document In proba-
blistic terms, deterministic design and evaluation procedures are presented. Design/eva-
luation procedures recommended In this document are Intended to conform closely to' common standard practices such that they are easily understood by most engineers. The
intended audience for these guidelines Is primarfiy the civillstructural or mechanical engi-
neers conducting the design or evaluation of facilities.

Performance goals are expressed in terms of structure or equipment damage to the
extent that the facility cannot function, that the facility would need to be replaced, or that
personnel are endangered. The performance goals in this document do not refer to the
consequences of structure or equipment damage beyond those just described. For exam-
ple, this document does not attempt to set performance goals In terms of off-site release of
hazardous materials, general public safety, or environmental damage per NRC safety goals.
These guidelines contain Information needed for the first two steps In a natural phenomena
risk assessment: characterization of the hazard and procedures for structural analysis. The
remaining steps In estimating risk extend to consequences beyond the levels of facility
damage addressed in the performance goals, and these steps are not covered In this docu-
ment.
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1 INTRODUCTION

1.1 OVERVIEW OF THE DOE NATURAL PHENOMENA HAZARDS PROJECT

Lawrence Livermore National Laboratory (LLNL), under contract to the Assistant Sec-
retary for Environment, Safety and Health, Office of Safety Appraisals (OSA) of the U.S.
Department of Energy (DOE), is developing uniform design and evaluation criteria for
protection against natural phenomena hazards for facilities at DOE sites throughout the United
States. The overall goal of this program is to provide guidance and criteria for design of new
facilities and for evaluation, modification, or upgrade of existing facilities such that DOE facilities
are adequately constructed to safely withstand the effects of natural phenomena such as
earthquakes, extreme winds, and flooding. This goal Is being achieved by the natural phe-
nomena hazards program illustrated in Figure -1.

PEASE I
DVNE: 2XSTIG CRITICAL FACILITIES

AT rcE SITE wTn HELP or srTE PERSONNEL

1=I=
CRmCAL FACILITY (PROPOSED OR EXISTING)

PHASE 
DEVELOP HAZARD MODELS FOR EACH SITE

906mic wnd Fsd

PHASES 3 AND 
EVALUATE EACH FACILITY 0N A UNIFORM AND RATIONAL BASIS

SPECIFY RESPONSE
_., ,... _ < EVALUATION PROCEDURES

* ~~AND

DETERMINE APPROPRIATE PERMISSIBLE RESPONSE
HAZARD LEVEL (PHASE 3) CRITERIA (PHASE 3)

… - -… … -_ - --------------------

GOOD DESIGN DETAILING AND PRACTICES (PEAS! 4)

FIGURE 1.1.
FLOW DIAGRAM OF THE NATURAL PHENOMENA HAZARDS PROJECT
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This program consists of the following phases:

1. Gathering information including selection of specific DOE sites to be included in
the project and identifying existing critical facilities at each site.

2. Evaluating the likelihood for natural phenomena hazards at DOE sites. Phase 2 1
developed hazard models for earthquake. extreme wind/tornado, and flood for
each DOE site.

3. Preparing design and evaluation guidelines that utilize Information on the likeli-
hood of natural phenomena hazards for the design of new facilities and the eval-
uation, modification, or upgrade of existing facilities.

4. Preparing manuals describing and illustrating good design practice for struc-
tures, equipment, piping, etc. for earthquake and wind/tornado loadings. The
manuals will be used in either design of new facilities or upgrading of existing |
facilities. Also, conducting supporting studies on specific problem areas related
to the mitigation of natural phenomena hazards.

The guidelines presented in this document are the results of the third phase of this project.
These guidelines, along with manuals on structural details and supporting studies on specific
problem areas, should enable DOE and site personnel to design or evaluate facilities for the
effects of natural phenomena hazards on a uniform and rational bas.

Several phases have been completed. The first phase - selecting DOE sites and iden-
tifying critical facilities - was completed many years ago. The development of probabilistic
definitions of earthquake and wind hazards at 25 DOE sites across the country has also been _,

completed. The seismic hazard definitions have been published in LLNL report UCRL
53582,Rev. 1 (Reference 1). The wind/tornado hazard definitions have been published in LLNL
report UCRL 53526,Rev.1 (Reference 2). Note that seismic hazard estimates have been
changing rapidly during the last 5 years since Ref. I was completed. A number of ongoing |
studies which are not currently available will provide the basis for upgrading Ref. I in the future.
However, Ref. 1 represents the best currently available nformation on seismic hazard at all
DOE sites.

There Is an ongoing flood screening evaluation to establish which sites have a potential
flood hazard and which sites do not and to develop preliminary probabilistic flood hazard
definitions. These evaluations have currently been completed for the eight Albuquerque
Operations Office sites and for the Richland Operations Office site, with results being published
In LLNL report UCRL 53851 (Reference 3). Through the use of screening analysis, flooding
can be eliminated for some sites as a design consideration. For those sites In which flooding
is a significant design consideration, probabilistic definitions of the flood hazard will be refined
by additional investigation.
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Design and evaluation guidelines (i.e., Phase 31 have been prepared and are presented
in this document. A wind design practice manual has been completed. Preparation of a
seismic design practice manual is now being planned. In addition, supporting studies have
been published on seismic bracing of suspended ceilings (Reference 4) and on seismic
upgrade and strengthening guidelines for equipment (Reference 5).

1.2 OVERVIEW OF THE DESIGN AND EVALUATION GUIDEUNES

The design and evaluation guidelines presented In this document are intended to provide
relatively straightforward procedures to evaluate, modify, or upgrade existing facilities or
design new facilities for the effects of natural phenomena hazards. The guidelines are intended
to control the level of conservatism Introduced In the design/evaluation process such that: (1)
earthquake, wind, and flood hazards are treated on a reasonably consistent and uniform basis;
and (2) the level of conservatism Is appropriate for facility characteristics such as, Importance,
cost, and hazards to on-site personnel, e general public, and the environment.

For each natural phenomena hazard covered by this report, these guidelines generally
consist of the following:

1. Faciity-use categories and facility performance goals.
2. Hazard probability from which facility loading s developed.
3. Recommended design and evaluation procedures to evaluate facility response to

hazard loads and criteria to assess whether or not computed response Is permis-
sible.

Note that these guidelines do not cover practice and procedures for facility design or upgrading
detailing; these matters are to be covered by separate documents.

The first step in these design and evaluation guidelines Is to establish performance goals
expressed as the annual probability of exceedance of some level of facility damage due to
natural phenomena hazards. The appropriate performance goal for a facility Is dependent on
facility characteristics such as mission dependence, cost, and hazardous functions of the
facility. As an aid to selecting performance goals, facility-use categories ranging from general
use to highly hazardous use have been defined, along with a corresponding performance
goal. Performance goal probability levels for each category are consistent with current
common design practice for general use and high-hazard use facilities.
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To achieve the facility performance goal, hazard annual probabilities of exceedance are
specified along with design and evaluation procedures with a consistent level of conservatism.
While performance goals and hazard levels are expressed n this document in probabilistic
terms, deterministic design and evaluation procedures are presented. Design/evaluation
procedures recommended in this document are intended to conform closely to common
standard practices such that they are easily understood by most engineers. Note that these
guidelines do not preclude the use of probabilistic approaches or alternative approaches,
which are also acceptable If it can be demonstrated that the specified performance goals are
met

The framework under which these guidelines have been developed allows for their use
in an overall risk assessment as shown in Figure 1-2.

CHARACTERIZATION OF HAZARD
Earthquake

Extreme Wind
Flood

STRUCTURAL EVALUATION
Building and Equipment Response -H

Permissible Behavior Criteria a

SOURCE ERM
Ouantity, Rate, and

Characteristics of Release

DOSE CALCULATION
Meteorology
Demography

Ecology

RISK ESTIMATE

Natural Phenomena
Hazards Project

FIGURE 12.
FLOW DIAGRAM FOR ASSESSMENT OF RISK

FROM NATURAL PHENOMENA HAZARDS
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These guidelines contain information needed for the first two steps in a natural phenomena
risk assessment: (1) characterization of the hazard and (2) procedures for structural analysis.
The remaining steps in estimating risk are not covered in this document. For an example of
an overall risk assessment applied to commercial plutonium fabrication facilities, see Refer-
ences 6 and 7. The resulting estimate from an overall risk assessment could be compared
with the NRC Safety Goals (Reference 8) to decide if the risk is acceptable.

Performance goals are expressed In terms of structure or equipment damage to the
extent that the facility cannot function, that the facility would need to be replaced, or that
personnel safety is endangered. The performance goals In this document do not refer to the
consequences of structure or equipment damage beyond those just described. For example,
this document does not attempt to set performance goals In terms of off-site release of haz-
ardous materials, general public safety, or environmental damage. The intended audience
for the guidelines In this report Is primarily the clvilltructural or mechanical engineer conducting
the design or evaluation of facilities. The Interests of safety engineers extend to consequences
beyond the levels of facility damage addressed In this document.

Existing criteria forthe design and evaluation of DOE facilities are provided by the General
Design Criteria Manual. DOE Order 6430.IA (Reference 9). DOE Order 6430.1A has recently
been revised, and material from these guidelines are referenced by the revised Order as an
acceptable approach for the design or evaluation of DOE facilities for the effects of natural
phenomena hazards. DOE 6430.IA requires that facilities be designed for design basis events
Including natural phenomena hazards, fire, accidents, etc. Design basis events due to natural
phenomena hazards as defined in 6430.1A include earthquakes (DBE), winds (DBW), tor-
nadoes (DBT), and floods (DBFL). This document provides earthquake ground acceleration,
wind speeds, tornado wind speeds and other effects, and flood levels corresponding to these
events for usage in design and evaluation of facilities.

The remainder of this chapter defines some of the terminology used In this report and
briefly describes the seismic, wind, and flood hazard information from References 1, 2, and
3. Chapter 2 covers aspects of these design and evaluation guidelines common to all natural
phenomena hazards. In particular, facility-use categories and performance goals are dis-
cussed in this chapter. Chapter 3 provides general discussion of the effects of natural phe-
nomena hazards on facilities. Specific design and evaluation guidelines for earthquakes,
extreme winds, and floods are presented in Chapters 4, 5, and 6, respectively. In particular,
these chapters discuss recommended hazard probabilities as well as design and evaluation
procedures for response evaluation and permissible behavior criteria.
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1.3 TERMINOLOGY AND DEFINITIONS

HAZARD-Theterm "hazard' ildefined as asourceofdanger. In this report natural phenomena

such as earthquakes, extreme winds, and floods are hazards to the buildings, equipment,

piping, and other structures making up DOE facilities. Toxic or radioactive materials contained

within facilities are also hazards to the population or environment in the vicinity of DOE facilitIes.

Throughout this report the term Nhazard' Is used to mean both the external sources of danger

(such as potential earthquakes, extreme winds, or floods) and Internal sources of danger (such

as toxic or radioactive materials).

ANNUAL PROBABIUTY OF EXCEEDANCE - The lelihood of natural phenomena hazards

has been evaluated on a probabilIstic basis In References 1, 2, and 3. The frequency of

occurrence of parameters describing the external hazard severity (such as maximum earth-

quake ground acceleration, maximum wind speed, or maximum depth of Inundation) Is esti-

mated by probabilistic methods Common frequency statistics employed for rare events such

as natural phenomena hazards include return period and annual probability of exceedance.

Return period Is the average time between consecutive events at the same or greater severity

(for example, earthquakes with maximum ground acceleration of 0.2g or greater). it must be

emphasized that the return period Is only an average duration between events and should not

be construed as the actual time between occurrences, which would be highly variable. If a

given event of return period, T, is equally likely to occur any year, the probability of that event

being exceeded in any one year is approximately 1/T. The annual probability of exceedance,

p, of an event is the reciprocal of the return period of that event. As an example, consider a

site at which the return period for an earthquake of 0.2g or greater Is 1000 years. in this case,

the annual probability of exceedance of 0.2g is 1-3 or 0.1 percent.

EXCEEDANCE PROBABILITY FOR A GIVEN NUMBER OF YEARS - It is of interest in the

design of facilities to define the probability that an event will be exceeded during the design

life of the facilities. For an event with return period, T. and annual probability of exceedance,

p. the exceedance probability, EP, over design life, n, is given by:

EP = j-p1)n 1(11/)n = 1-en/T (1-1)

where EP and p are expressed as fractions of unity and n and T are expressed in years. As

an example, the exceedance probabilities over a design life of 50 years of a given event with

various annual probabilities of exceedance are as follows:
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p EP over 50 years
p EP over 50 yearsI.

1o-2 0.39
10-3 0.05
10-4 0.005
1 -5 0.0005

Hence, an event with a 10-2 annual probability of exceedance (100 year return period) has a
39 percent chance of being exceeded In a 50-year period, whfle an event with a 10-4 annual
probability of exceedance has only a 0.5 percent chance of being exceeded during a 50-year
period.

HAZARD CURVES - In References 1 2 and 3, the likelihood of earthquake, wind, and flood
hazards at DOE sites has been defined by graphical relationships between maximum ground
acceleration, maximum wind speed, or maximum water elevation and return period (reciprocal
of annual probability of exceedance). These relationships are termed seismic, wind or flood
hazard curves. The earthquake or wind loads or the flood levels used for the design or
evaluation of DOE facilities are based on hazard parameters from these curves at selected
annual probabilities of exceedance.

PERFORMANCE GOALS - The likelihood of adverse facility behavior during natural phe-
nomena hazards can also be expressed on a probabilistic basis. Goals forfacility performance
during natural phenomena hazards have been selected and expressed in terms of annual
probability of exceedance. As an example, If the performance goal Is 10-3 annual probability
of exceedance for structural damage, there would be less than about a 5 percent chance that
such damage could occur over a 50-year design life. If the performance goal is 104 annual
probability of exceedance for structural or equipment damage, there would be about a 0.5
percent chance of such damage over a 50-year design life. The level of damage considered
in the performance goal depends on the facility characteristics; for example, the performance
goal for general use facilities Is major damage to the extent that occupants are endangered.
However, the performance goal for hazardous use facilities is lesser damage to the extent that
the facility cannot perform Its function.

CONFIDENCE LEVEL - Because of the uncertainty in the underlying hazard process (e.g.,
earthquake mechanism for seismic hazard), performance goals or hazard probabilies can be
specified at higher confidence levels to provide greater conservatism for more critical condi-
tions.
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1.4 EARTHQUAKE, WIND, AND FLOOD HAZARDS FOR DOE FACIUTIES

For the facility design and evaluation guidelines presented herein, loads induced by
natural phenomena hazards are based on external hazard parameters (e.g., maximum
earthquake ground acceleration, maximum wind speed, and maximum depth of Inundation)
at specified annual probabilities of exceedance. As a result, probabilistic hazard curves are
required at each DOE facility. This information can be obtained from independent site-specific
studies or from References 1, 2, and 3 for earthquake, wind, and flood hazards, respectively.
The hazard Information from these references Is discussed throughout this report. In con-
junction with these design and evaluation guidelines, the use of Independent site specific
evaluations of natural phenomena hazards may also be used as the basis for loads on facilities.

Seismic and wind hazard curves have been evaluated by site-specific studies of the DOE
sites considered (References 1 and 2). In addition, flood hazard curves have been evaluated
for some of the DOE sites considered (Reference 3). Flood hazard curves developed from
screening studies are currenty available for the eight Albuquerque Operations Office sites and
for the Richland Operations Office site. Example hazard curves are presented In Figures 1-3,
1-4 and 1-5 in which hazard parameters are given as a function of return period In years or
the annual probability of exceedance.
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For earthquakes Reference 1 presents best estimate peak ground accelerations as a
function of return period in the manner illustrated by Figure 1-3. Acceleration values correspond
to the maxdmum acceleration that would be recorded by a three-axds strong-motion Instrument
on a small foundation pad at the free ground-surface. in addition, ground response spectra
for each site are provided In Reference 1. Ground response spectra Indicate the dynamic
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amplification of the earthquake ground motion during linear, elastic, seismic response of
facilities. These spectra provide nformation about the frequency content of potential earth-
quake ground motion at the site.

In Reference 2, mean predicted maximum wind speeds as a function of return period
and annual probability of exceedance are given in the manner illustrated by Figure 1-4 for the
25 DOE sites considered. At annual probabilities of exceedance where tornadoes govern the
wind loading on facilities, Reference 2 also specifies tornado-related effects. These effects
Include atmospheric pressure change and windbome missiles, which must be considered in
the design and evaluation of facilities. At annual probabilities of exceedance where straight
winds govern the wind loadings, these tornado related effects do not significantly affect facility
behavior and need not be considered.

Reference 3 provides the results of flood hazard evaluation work performed to date for
DOE sites. The results of this work are flood hazard curves In which mean water elevation is
expressed as a function of return period and annual probability of exceedance as shown in
Figure 1-5. Note that the work performed thus far Is the result of flood screening analyses
and not detailed flood hazard studies, such as those conducted for seismic and wind hazards.
The scope of the flood screening analysis is restricted to evaluating the flood hazards that
may exist In proximity to a site. The analysis does not Involve an assessment of the potential
encroachment of flooding at Individual facility locations. Furthermore, the screening analyses
do not consider localized flooding at a site due to precipitation (e.g., local run-off, storm sewer
capacity, roof drainage). The results of the flood screening analyses serve as the primary
input to DOE site managers to review the impact of flood hazards on ndividual facilities and
to evaluate the need for more detailed flood hazard assessment
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2 GENERAL DESIGN AND EVALUATION GUIDEUNES

2.1 DESIGN AND EVALUATION PHILOSOPHY

The guidelines presented In this document are intended to assure acceptable per-
formance of DOE facilities In the event of earthquake, wind/tornado, and flood hazards. As
discussed In Chapter 1, performance Is measured herein by performance goals which are
expressed as an annual probability of natural phenomena recurrence and resultant unac-
ceptable damage. These annual probabilities of unacceptable damage are Intended to be
consistent with standard engineering practice for both normal use and hazardous use facilities.
It must be emphasized that the performance goals referred to in this document correspond
to probabilities of structure or equipment damage due to natural phenomena hazards and do
not correspond to phenomena such as off-ste relase of hazardous materials or casualties
and Injuries to the general public. These performance goals do not extend to consequences
beyond structure or equipment damage.

The responsibility for selecting performance goals rests with DOE management.
Selection of performance goals for facilities subjected to natural phenomena hazards should
be based on characteristics of the facility under consideration, Including:

1. Vulnerability of occupants.
2. Cost of replacement of facility and contents.
3. Mission dependence or programmatic impact of the facility on operations at the

DOE site.
4. Characteristics of hazardous materials contained within the facility, including

quantity, physical state, and toxicity.
5. Factors affecting off-site release of hazardous materials, such as a high energy

source or transport mechanism, as well as off-site land use and population distri-
bution.

For example, a much higher likelihood of damage would be acceptable for an unoccupied
storage building of lowvaluethan for a high-occupancy facility or afacility containing hazardous
materials. Facilities containg hazardous materials which, In the event of damage, threaten
public safety or the environment, and which are under dose public scrutiny, should have a
very low probability of damage due to natural phenomena hazards (i.e., much lower probability
of damage than would exist from the use of conventional building code design and evaluation
procedures). For ordinary facilities of relatively low cost, there is no reason to provide additional
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safety over that consistent with conventional building codes. Furthermore, it is probably not
cost-effective to pay for additional resistance over that resulting from the use of conventional
building codes that consider extreme loads due to natural phenomena hazards.

Because acceptable performance depends on facility characteristics, design and eval-
uation guidelines are provided for several different performance goals. To aid DOE man-
agement in the selection of appropriate performance goals, facility-use categories are
described herein, each with different facility characteristics, as listed above. These categories
are sufficiently complete to allow assignment of most DOE facilities Into a category. Category
descriptions represent the understanding of the authors as to what types of facilities should
be associated with different performance goals, and hey are offered as guidance to DOE
management In performance goal selection for specific facilIties. It Is the responsibility of DOE
management to decide what performance goals are appropriate for each portion of facilities
under consideration.

The annual probability of exceedance of facility damage as a result of natural phenomena
hazards (.e., performance goal) is a combined function of the annual probability of exceedance
of the event, factors of safety introduced by the design/evaluation procedures, and other
sources of conservatism. By these guidelines, hazard annual probabilities of exceedance,
response evaluation methods, and permissible behavior criteria are specified for each natural
phenomena hazard and for each facility-use category such that desired performance goals
are achieved for either design of new facilities or evaluation of existing facilities. The difference <

In the hazard annual probability of exceedance and the performance goal annual probability
of exceedance establishes the level of conservatism to be employed in the design or evaluation
process. For example, the performance goal and hazard annual probabilities are the same,
the design or evaluation approach should be median or mean centered; that is, should
introduce no conservatism. However, if conservative design or evaluation approaches are

employed, the hazard annual probability of exceedance can be larger (i.e., more frequent)
than the performance goal annual probability. In the guidelines presented herein, the hazard
probability and the conservatism In the design/evaluation method are not the same for
earthquake wind, and flood hazards. However, the accumulated effect of each step In the
design/evaluation process should lead to reasonably consistent performance goals for each
hazard.

Design and evaluation guidelines are presented In Chapters 4, 5, and 6 for earthquake,
wind, and flood hazards, respectively. These guidelines are deterministic procedures which
establish facility loadings from probabilistic hazard curves, recommend methods for evaluating.
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facility response to these loadings, and provide criteria to judge whether computed facility
response is acceptable. These guidelines are Intended to apply equally to the design of new
facilities and to the evaluation of existing facilities. In addition, the guidelines are intended to

| cover buildings, equipment, piping, and other structures.

The guidelines presented in this report primarily cover (1) methods of establishing load
levels on facilities from natural phenomena hazards and (2) methods of evaluating the behavior

of structures and equipment to these load levels. These Items are very Important and are

typically emphasized In design and evaluation criteria. However, there are other aspects of

facility design which are equally important and should be considered. These aspects Include
| quality assurance considerations and attention to design details. Quality assurance requires

per review of design drawings and calculations, nspection of construction, and testing of

material strengths, weld quality, etc. The peer reviewers should be qualified personnel who

were not Involved In the original design. Important design details include measures to assure
ductile behavior and to provide redundant load paths, as well as proper anchorage of

equipment and non-structural building features. Although quality assurance and design details

are not discussed In this report to the same extent as hazard load levels and response eval-
uation methods, the Importance of these parts of the design/evaluation process should not

be underestimated. Quality assurance and peer review are briefly addressed In Section 2.5.

e In addition to discussions In the individual chapters on each natural phenomena hazard.

Design detailing for earthquake and wind hazards is covered by separate manuals currently

being prepared or planned.

2.2 PERFORMANCE GOALS AND FACILITY-USE CATEGORIES

As stated previously, it Is the responsibility of DOE management to select the appropriate
performance goal for specific facilities. This may be accomplished by either of the following

two approaches:

1. Place facilities or portions of facilities into facility-use categories based on charac-
teristics such as mission dependence, occupancy, amount and type of hazard-
ous materials Involved, and distance to population centers.

2. Place facilities or portions of facilities into facility-use categories based on the
associated performance goals as presented in this section and on an Indepen-
dent assessment of the appropriate performance goal for the facility.

Note that the categories are intended to provide general guidance for reasonable facility

categorization and performance goals. DOE management may either accept the performance
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goals assigned to each category herein or else Independently establish performance goals
specdlca ly for individual facilities or parts of facilities. In either case, the guidelines presented
in this report may be utilized for design or evaluation.

2.2.1 Facility-Use Categories

Four facility-use categories are suggested herein for designlevaluation of DOE facilities
for natural phenomena hazards. The four categories are (1) General Use, (2) Important or
Low Hazard, (3) Moderate Hazard, and (4) High Hazard as defined In Table 2-1.

TABLE 2-1
FACIUTY-USE CATEGORY GUIDEUNES

FactlUJ. Categoy Description
General U.. Facilities which have a non-mission dopenderi purpose, such as administration

Facilties buildigs, cafeterias, storage, maintenance and repair facilfties which are plant or
grounds oriented

Important or Low - Facilities which have mission dependent use (e.g.. laboratories, production facilities,
Hazard Facilities and compAear centers) and emergency handling or hazard recovery facilities (e.g.,

hopkas fire stations).

Moderate Hazard Facilities where confinement of contents Is necessay for public or mployee pro-
Faciliies teon. Examples would be uranium enrichmern pint, or other facilities nvolving

the handling or storage of significant quantities of radioactive or toxic materials
High Hazard Facilities where confinement of contents and public and environment protection are

F cilities of paramount Importance (e.g.. facilities handling eubetantlal quantities of In-process
plutonim or fuel reprocessing facilities). Facilities In this category represent hazards
with potential long term and widespread effects.

General Use and mportant or Low Hazard categories correspond to facilities whose I
design or evaluation would normally be governed by conventional building codes. The General
Use category includes normal use facilities for which no extra conservatism against natural
phenomena hazards is required beyond that in conventional building codes that include
earthquake. wind, and flood considerations. Important or Low Hazard facilities are those
where it is very important to maintain the capacity to function and to keep the facility operational
in the event of natural phenomena hazards. Conventional building codeswould treat hospitals,
fire and police stations, and other emergency handling facilities In a similar manner to the
requirements of these guidelines for Important or Low Hazard facilities.

Moderate and High Hazard categories apply to facilities which deal with significant
amounts of hazardous materials. Damage to these types of facilities could potentially endanger
worker and public safety and the environment. As a result, it Is very important for these facilities
to continue to function in the event of natural phenomena hazards, such that the hazardous
materials may be controlled and confined. For both of these categories, there must be a very
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small likelihood of damage due to natural phenomena hazards. Guideline requirements for
Moderate Hazard facilities are more conservative than requirements found In conventional
building codes. Requirements for High Hazard facilities are even more conservative.

Factors distinguishing Moderate and High Hazard facilities are that the operations
involving dangerous materials in High Hazard facilities pose a greater threat due to the potential
for more widespread and/or long term contamination In the event of off-site release. Examples
of High Hazard operations are those nvohdng large quantities of in-process radioactive or
toxic materials that have a high energy source or transport mechanisms that facilitate off-site
dispersion of these materials. High energy sources, such as high pressure and temperature
steam or water associated with the operations of some facilities, can provide the means for
widespread dispersion of hazardous materials. Radioactive material n liquid or powder form
or toxic gases are more easily transportable and may result In the facility being classified High
Hazard. Hazardous materials In solid form or within storage canisters or casks may result in
the same facility being classified Moderate Hazard. High Hazard facilities do not necessarily
represent as great a hazard as commercial nuclear power plants which must be licensed by
the Nuclear Regulatory Commission (NRC). The design and evaluation guidelines contained
In this document are not Intended to apply to facilities subject to NRC licensing requirements.

Table 2-2 Illustrates that categories defined In these guidelines are compatible with facility
categorization from other sources.

TABLE 2-2
COMPARISON OF FACIULTYUSE CATEGORIES FROM VARIOUS SOURCES

Source Facility Categorization
UCRL-15910 DOE Natural General U ftportant or Low Moderate Hazard High Hazard

Phenomena Hazard Guidelines Hazard
1988 Uniform Building Code General Facilities Eential Facilties 

DOD ThService Manual or Seismic. High Risk Essential
Design of Essential Buildings

EATECOC-348 - Nuclear Facilities. CIAs C Class B Cls A
wtth United Radioactive rwntory _

DOE 5481.1 B SAR System , Low Hazard Moderate Hazard High Hazard
NFPA 13 (ClassIfications for Sprinkler Light Hazard ordinary Hazard Ordinary Hazard Extra Hazard

Systems) (Group 1) (Group 3)

Nuclear Regulatory Commission ._-
* NRC icensed commercial nuclear power plants have slightly more conservative criteria than the criteria recommended

for High Hazard faciities by thes guidelines.
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2.2.2 Performance Goals

Table 2-3 presents performance goals for each faciity-use category.

TABLE 2-3
PERFORMANCE GOALS FOR EACH FACILITY-USE CATEGORY

Facility UsePerforance GO Performance Goa Annual
Catagow I Deecription I Probaiity of Exceedance
Geneal Maintain Occupant Safety 1O-3 of d o of Mor structural damage to the extent

U W_ th occupants are endangered
Impotant or Occupant Safety, Continued Operation sx104 at facwt damage to the adrtu that the facirity
Low Hazard with Min InterupIon cannot pedorm t function

Moderate Occupt Sawy. Cotnued Funcion 104 of fcot darrlg. to the eXnt that th faclity
Hazard Hazard Confinent cannot perform to functionHih afty Cntnud untin V 1 ~4offailtydaag o hextnttht hefailt

H~~~h~~casport Sat, Cone~~~~~~~~~~d Fto zwdbbdu t tnt te f cility
Hazarded Canno peorm t uncton

The design and evaluation guidelines for facilities subjected to natural phenomena hazards
presented In this document have been speciled to meet these performance goals. The basis
for selecting these performance goals and the associated annual probabilities of exceedance
are described briefly in this section.

For General Use facilitIes, the primary concern is preventing major structural damage
or facility collapse that would endanger personnel within the facility. A performance goal annual
probability of exceedance of about 1 03 of the onset of significant facility damage is appropriate
for this category. This performance Is considered to be consistent with conventional building
codes (References 10, 15, and 16), at least for earthquake and wind considerations. The
primary concern of conventional building codes Is preventing major structural failure and
maintaining life safety under major or severe earthquakes or winds. This primary concern for
preventing structural failure does not consider repair or replacement of the facility or the ability
of the facility to continue to function after the occurrence of the hazard.

Important or Low Hazard Use facilities are of greater Importance due to mission-
dependent considerations. In addition, these facilities may pose a greater danger to on-site
personnel than general use facilities because of operations or materials within the facility. The
performance goal is to maintain both capacity to function and occupant safety. Important or
Low Hazard facilities should be allowed relatively minor structural damage In the event of
natural phenomena hazards. This Is damage that results in minimal nterruption to facility
operations and that can be easily and readily repaired following the event. A performance
goal annual probability of exceedance of between 10 3 and 4 of structure/equipment
damage, to the extent that the capacity of the facility is able to continue to function with minimal
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Interruption, Is judged to be reasonable. This performance goal is believed to be consistent
with the design criteria for essential facilities (e.g., hospitals, fire and police stations, centers
for emergency operations) In accordance with conventional building codes such as Reference
10.

Moderate orHigh Hazard Use facilities pose a potential hazard to the safety of the general
public and of the environment due to the presence of radioactive or toxic materials within these
facilities. Concerns about natural phenomena hazards for these categories are facility damage
to the extent that significant amounts of hazardous materials cannot be controlled and confined,
occupants are endangered, and functioning of the facility Is Interrupted. The performance
goal for Moderate Hazard facilities Is to limit damage such that confinement of hazardous
materials Is maintained. The performance goal for High Hazard facilities Is to provide very
high confidence that hazardous materials are confined during and following a natural phe-
nomena hazard occurrence. Maintaining confinement of hazardous materials requires that
damage be limited In confinement barriers. Structural members and components should not
be damaged to the extent that breach of the confinement or containment envelope Is significant.
Furthermore, ventilation filtering and containers of hazardous materials within the facility should
not be damaged tothe extent that they are not functional. In addition, confinement may depend
on maintaining safety-related functions, so that monitoring and control equipment should
remain operational following, and possibly during, the occurrence of severe earthquakes,
winds, or floods.

For High Hazard facilities, a performance goal of an annual probability of exceedance
of about 1 0-5 of damage, to the extent that confinement functions are Impaired, is judged to
be reasonable. This performance goal approaches, at least for earthquake considerations,
the performance goal for seismic induced core damage associated with design of commercial
nuclear power plants (References 17, 18, 19, and 20). For Moderate Hazard facilities, a per-
formance goal of an annual probability of exceedance of about 10-4 of damage, to the extent
that confinement functions are Impaired, is judged appropriate.

2.3 EVALUATION OF EXISTING FACILITIES

These guidelines for natural phenomena hazards can be used for design of new facilities
and evaluation, modification, or upgrade of existing facilities. In fact, these guidelines are
primarily applicable to existing DOE facilities, since new design work may be Infrequent. While
new facilities can be designed in accordance with these guidelines, existing facilities may or
may not meet the recommendations of these guidelines. For the earthquake hazard, most
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facilities built a number of years ago In the eastern United States were designed without
consideration of potential earthquake hazard. As a result, it is likely that some older DOE
facilities do not meet the earthquake guidelines presented herein.

If an existing facility does not meet the natural phenomena hazard design/evaluation
guidelines, several options need to be considered as illustated by the flow diagram in Figure
2-1.

EVALUATE EXISTING
FACLITY USING

HAZARD GUIDELINES

IF GUIDELINES ARE MET.
THE FACLITY IS

ADEQUATE FOR NTURAL
PHENOMENA HAZARDS

IF SUFFICIENT. FACILITY
IS ADEQUATE FOR NATURAL

PHENOMENA HAZARDS

IF GUIDELINES ARE NOT
MET. ALTERNATE OPTIONS

MUST BE CONSIDERED

UPGRADE EASY-TO-REMEDY
DEFICIENCIES OR

WEAKNESSES

I -
IF CLOSE TO MEETING

GUIDELINES. REEVALUATE
USING HAZARD PROBABILITY

OF TWICE THE RECOMMENDED
VALUE (NOT FOR FLOOD)

I ,
IF UNSUCCESSFUL, CONDUCT
MORE RIGOROUS EVALUATION
REMOVING ADDED CONSERVATISM

INTRODUCED BY INITIAL
EVALUATION METHODS

- r
IF UNSUCCESSFUL.

STRENGTHEN FACILITY
SUFFICIENTLY TO MEET

THE GUIDELINES

OR

CHANGE THE USAGE OF
THE FACLITY TO A

CATEGORY WITH LESS
STRINGENT REQUIREMENTS

IF SUCCESSFUL. FACILITY
IS ADEQUATE FOR NATURAL

PHENOMENA HAZARDS

FIGURE 2-1
EXISTING FACILITY EVALUATION APPROACH
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Potential options for existing facilities Include:

1. Conduct a more rigorous evaluation of facility behavior to reduce added conser-
vatism which may be Introduced by simple techniques used for initial facility eval-
uation. Alternatively, a probabilistic assessment of the facility might be
undertaken in order to demonstrate that the performance goals for the facility can
be met.

2. The facility may be strengthened such that ts resistance to hazard effects is
sufficiently Increased to meet the guidelines.

3. The usage of the facility may be changed so that It falls within a less hazardous
facility-use category and consequently less stringent requirements.

Deficienciesorweoknesses uncovered byfacilityevaluationthatcan be easily remedied should
generally be upgraded without considering the other options listed above. It Is often more

cost-effective to implement simple facility upgrades than to expend effort on further analytical

studies.

If an existing facility is close to meeting the guidelines, a slight Increase in the annual risk

to natural phenomena hazards can be allowed because of (1) the difficulty In upgrading an

existing facility compared to ncorporating Increased resistance In a new design and also

because (2) existing facilities may have a shorter remaining life than a new facility. As a result,

some relief In the guidelines for earthquake and wind/tornado evaluations can be allowed by

performing the evaluation using hazard exceedance probability of twice the recommended

value. For example, If the hazard annual probability of exceedance for the facility under

consideration was 10-4, it would be acceptable to reconsider the facility at hazard annual

probability of exceedance of 2x1 04. This would have the effect of slightly reducing the seismic

and wind loads due to these natural phenomena hazards in the facility evaluation. Relief in

the guidelines is not permitted for flood evaluation since the performance of facilities during

floods is very sensitive to the water elevation and a factor of two Increase in hazard exceedance

probability would result in a significant Increase in water elevation.

Evaluating existing facilities differs from designing new facilities in that both the as-built

and as-is condition of the existing facility must be assessed. This assessment includes
reviewing drawings and conducting site visits to determine deviations from the drawings and

any in-service deterioration. In-place strength of the materials can be used when available.

Corrosive action and other aging processes, which may have had deteriorating effects on the

strength of the facility, should be considered. Evaluation of existing facilities would be similar

to evaluations performed of new designs except that a single as-is configuration Is evaluated

Instead of several configurations in an Iterative manner, as required in the design process.
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Evaluations should be conducted In order of priority, with highest priority given to those areas
identified as weak links by preliminary nvestigations and to areas that are most important to
personnel safety and operations with hazardous materials.

2.4 QUAUTY ASSURANCE AND PEER REVIEW

To achieve well-designed and constructed facilities resistant to natural phenomena
hazards or to assess whether existing facilities are well designed and constructed for natural
phenomena hazard effects, it is recommended that important, hazardous (Important or Low
Hazard, Moderate Hazard, and High Hazard categories) or unusual facilities be designed or
evaluated utilizing an engineering quality assurance plan. Specific details about engineering
quality assurance plans depend on the natural phenomena hazard considered. As a result,
such plans are described In some detail in each of the remaining chapters of this document.

In general, an engineering quality assurance plan should Include the following
requirements. On the design drawings or evaluation calculations, the engineer must describe
the hazard design basis including 1) description of the system resisting hazard effects and 2)
definition of the hazard loading used for the design or evaluation. Design or evaluation cal-.
culations should be checked for numerical accuracy and for theory and assumptions. For
new construction, the engineer should specify a material testing and construction Inspection
program. In addition, the engineer should review all testing and inspection reports as well as
periodically visit the site to observe compliance with plans and specifications. For important
or hazardous facilities, all aspects of the design or evaluation must Include independent peer
review. For various reasons, a designer may not be able to devote as much attention to natural
phenomena hazard design as he or she might like. Therefore, it Is required that the design
be reviewed by a qualified, independent consultant or group. For existing facilities, the engineer
conducting an evaluation for the effects of natural phenomena hazards will likely be qualified
and will be able to devote his full attention to evaluating the adequacy of the facility to withstand
these particular hazards. In this case, an independent review is not as Important as it is for a
new design. Even so, for major hazardous facilities, R may be prudent to have concurrent
independent evaluations performed or to have the evaluation ndependently reviewed.

For more information concerning the mplementation of a formal engineering quality
assurance program and peer review, Chapters 10 and 13 of Reference 21 should be consulted.
This reference should also be consulted for information on a construction quality assurance
program consistent with the Implementation of the engineering quality assurance program.
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3 EFFECTS OF NATURAL PHEWOMENA HAZARDS

3.1 EFFECTS OF EARTHQUAKES

For most facilities, the primary seismic hazard Is earthquake ground shaking. These
guidelines specifically cover the design and evaluation of buildings, equipment, piping and
other structures for shaking. Other earthquake effects which can be devastating to facilities
include differential ground motion induced by fault displacement, liquefaction, and seismic-
induced slope instability and ground settlement. These latter earthquake effects must be
avoided In facility siting, or the hazard must be eliminated by foundation design or site
modification. Existing facilities located on active fault traces, adjacent to potentially unstable
slopes, or on saturated, poorly consolidated cohesionless dl or fill material pose serious
questions as to their usage for critical missions or handling hazardous materials.

While earthquake hazards of potential fault movement or other gross soil movement are
typically avoided or mitigated, the earthquake ground shaking hazard Is unavoidable. When
a structure or component Is subjected to earthquake shaking, Its foundation or support moves
with the ground or with the stctural element on which it rests. If the structure or equipment
Is rigid, It follows the motion of Its foundation, and the dynamic forces acting on It are nearly
equal to those associated with the base accelerations. However, f the structure Is flexible,
large relative movements can be induced between the structure and Its base. Earthquake
ground shaking consists of a short duration of time-varying motion which has significant energy
content in the range of frequencies of many structures. Thus, for flexible structures, dynamic
amplification is possible such that the motions of the structure may be significantly greater

j than the ground shaking motion. In order to survive these motions, the structural elements
must be sufficiently strong, as well as sufficiently ductile, to resist the seismic-Induced forces
and deformations. The effects of earthquake shaking on structures and equipment depend
not only on the earthquake motion to which they are subjected, but also on the properties of
the structure or equipment. Among the more Important structural properties are the ability to
absorb energy (due to damping or Inelastic behavior), the natural periods of vibration, and
the strength or resistance.

Earthquake ground shaking generally has lateral, vertical, and rotational components.
Structures are typically more vulnerable to the lateral component of seismic motion; therefore,
a lateral force-resisting system must be developed for structures to survive strong earthquakes
without collapse or major damage. Typical lateral force-resisting systems for buildings include
moment-resisting frames, braced frames, shear walls, diaphragms, and foundations. Properly
designed lateral force-resisting systems provide a continuous load path from the top of the
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structure down to the foundation. Furthermore, it Is recommended that redundant load paths
exist. Proper design of lateral force-resisting systems must consider the relative rigidities of
the elements taking the lateral load and their capacities to resist load. An example of ack of
consideration for relative rigidity are frames with brittle unreinforced nfill walls which are not
capable of resisting the loads attracted by such rigid construction. n addition, unsymmetrical
arrangement of lateral force-resisting elements can produce torsional response which, If not
accounted for in design, can lead to damage.

Earthquake ground shaking causes limited energy transient loading. Structures have
energy absorption capacity through material damping and hysteretic behavior during Inelastic
response. The capability of structures to respond to earthquake shaking beyond the elastic
limit without major damage Is strongly dependent on suctural design details. For example,
to develop ductile behavior of Inelastic elements, it is necessary to prevent premature abrupt
failure of connections. For reinforced concrete members, design is based on ductile steel
reinforcement In which steel ratios are limited such that reinforcing steel yields before concrete
crushes, abrupt bond or shear failure Is prevented, and compression reinforcement Includes
adequate ties to prevent buckling or spalling. With proper design details, structures can be
designed to undergo different amounts of inelastic behavior during an earthquake. For
example, If the goal Is to prevent collapse, structures may be permitted to undergo large
inelasc deformations damage to the extent that te structure would have to be repaired or
replaced may occur. if the goal to allow only minor damage such that there is minimal or
no interruption to the functioning of the structure, relatively small Inelastic deformations should
be permitted. For new facilities, It Is assumed that by proper detailing, permissible levels of
inelastic deformation can be reached at the specified force levels without unacceptable
damage. In the case of existing facilities, the amount of Inelastic behavior that can be allowed
without unacceptable damage must be estimated from the as-buift condition of the structure.

Earthquake ground shaking also affects building contents and nonstructural features
such as windows, facades, and hanging lights it is not uncommon for the structure to survive
an earthquake without serious structural damage but to have significant, expensive, and
dangerous internal damage. This damage could be caused by overturned equipment or
shelves, fallen lights or ceilings, broken glass, and failed Inftll walls. Glass and architectural
finishes may be brittle relative to the main structure and can fail wel before structural damage
occurs. Windows and cladding must be carefully attached In order to accommodate the
seismic movement of the structurewitoutdamage. Building contentscan usually be protected
against earthquake damage by anchorage to the floor, walls, or ceiling.
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Facilities in which radioactive materials are handled are typically designed with redundant
confinement barriers between the hazardous material and the environment. Such barriers
include:

1. The building shell
2. Ventilation system filtering and negative pressurization inhibiting outward air flow.
3. Storage canisters or glove boxes for storage or handling within the building.

Release of radioactive material to the environment requires failure of two or more of these
barriers. Thus, seismic design considerations for these facilities aim to prevent collapse and
control cracks or openings (i.e., failed doors, failed nfill walls, etc.) such that the building can
function as a hazardous materials confinement barrier. Seismic design considerations also
Include adequate anchorage and bracing of glove boxes and adequate anchorage of venti-
lation ducting, filters, and pumps to prevent their damage and loss of function during an
earthquake. Storage canisters are usually very rugged and are not particularly vulnerable to
earthquake damage.

Earthquake damage to components of a facility such as tanks, equipment, Instrumen-
tation, and piping can also cause Injuries, loss of function, or loss of confinement. Many of
these items can survive strong earthquake ground shaking with adequate anchorage. Some
Items, such as large vertical tanks, must be examined in more detail to assure that there is an
adequate lateral force-resisting system for seismic loads. For components mounted within a
structure, there are three additional considerations for earthquake shaking. First, the input
excitation for structure-supported components is the response motion of the structure (which
can be amplified from the ground motion) and not the earthquake ground motion. Second,
potential dynamic coupling between the component and the structure must be taken into
account f the component Is massive enough to affect the seismic response of the structure.
Third, large differential seismic motions may be Induced on components which are supported
at multiple locations on a structure or on adjacent structures.
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3.2 EFFECTS OF WIND

In this document, three types of winds are discussed: extreme (straight), hurricane, and
tornado winds. Extreme winds refer to non-rotaing winds such as those found in thunderstorm
gust fronts. Wind circulating around high or low pressure systems are rotational in a global
sense, but are considered ustraightf winds In the context used herein. Tornadoes and hurri-
canes both have rotating winds. The diameter of rotating winds In a small hurricane is con-
siderably larger than the diameter of a large tornado. However, most tornado diameters are
relatively large compared to the dimensions of typical buildings. it i estimated that the diameter
of 80 percent of all tornadoes Is greater than 300 feet

Wind pressures produced by extreme winds are studied in boundary layer wind tunnels.
The results generally are considered reliable because they have been verified by selected full
scale measurements. Investigations of damage produced by extreme winds tend to support
the wind tunnel findings. Although the rotating nature of hurricane and tornado winds cannot
easily be duplicated in the wind tunnel, damage investigations suggest that pressures pro-
duced on enclosed buildings and other structures are similar to those produced by extreme
winds, if the relative direction of the rotating wind is taken into account. The appearance of
damage to buildings and other structures produced by extreme, hurricane and tomado winds
is so similar that it is almost mpossible to look at damage to an ndividual structure and tell
which type of wind produced t. Thus, the approach for determining wind pressures on
buildings and other structures proposed in this document is considered independent of the
type of windstorm. The recommended procedure is essentially the same for straight, hurricane,
and tornado winds.

3.2.1 Wind Pressures

Wind pressures on buildings can be classified as external and internal. External pres-
sures develop as air flows over and around enclosed buildings. The air particles change
speed and direction, which produces a variation of pressure on the external surfaces of the
building. At sharp edges, the air particles separate from contact with the building surface with
an attendant energy loss. These particles produce large outward acting pressures near the
location where the separation takes place. To account for the large pressures near separations
and the more uniform pressure over the rest of the surface, external pressures may be treated
as local pressures and overall pressures. External pressures act outward on all surfaces of
an enclosed building except on windward walls and on steep windward roofs. Overall external
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pressures include pressures on windward walls, eeward walls, side walls, and roof. Local
pressures occur at wall corners, eaves, ridges, and roof corners. They act outward over a
limited area.

Internal pressures develop when air flows into or out of an enclosed building through
broken windows, open doors, or fresh air intakes. Natural porosity of the building also allows
air to flow Into or out of the building In some cases. The nternal pressure can be either inward
or outward depending on the location of the openings. If air flows Into the building through
an opening In the windward wall, a "ballooning" effect takes place: pressure Inside the building
increases relative to the outside pressure. The pressure change produces additional net
outward-acting pressures on all Interior surfaces. An opening In any other wall or leeward
roof surface permits air to flow out of the building: pressure inside the building decreases
relative to the outside pressure. The pressure change produces net nward-acting pressure
on all interior surfaces. internal pressures combine with external pressures acting on a buil-
ding's surface.

On structures other than buildings - such as towers, tanks, or chimneys - Interest focuses
on the net force acting to overturn or slide the structure, rather than the wind pressure distri-
bution. The magnitude of these forces is determined by wind tunnel or full-scale tests. Also,
in special Instances, particularly associated with aerodynamically sensitive structures, may
be necessary to consider vortex shedding or flutter as a design requirement. Typical sensitive
structures are: chimneys, stacks, poles, cooling towers, cable-stayed or supported bridges,
and relatively light structures with large smooth surfaces.

Gusts of wind produce dynamic pressures on structures. Gust effects depend on the
gust size relative to building size and gust frequency relative to the natural frequency of the
building. Except for tall, slender structures (designated wind-sensitive structures), the gust
frequencies and the structure frequencies of vibration are sufficiently different that resonance
effects are small, but they are not negligible. The size (spatial extent) of a gust relative to the
size of the structure, or the size of a component on which the gust Impinges, contributes to
the magnitude of the dynamic pressure. A large gust that engulfs an entire structure has a
greater dynamic effect on the main wind force resisting system than a small gust whose extent
only partially covers the building. On the other hand, a small gust may enguffthe entre tributary
area of components such as a purlin, a girt, or cladding. n any event, wind loads may be
treated as quasi-static loads by Including an appropriate gust response factor In calculating
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the magnitude of wind pressures. Extreme wind, hurricane, and tornado gusts are not exactly
the same. However, errors owing to the difference in gust characteristics are believed to be
relatively small for those structures that are not wind sensitive.

The roughness of terrain surrounding a strubture significantly affects the magnitude of
wind speed. Terrain roughness is typically defined in four classes: urban, suburban, Qpen,
and smooth. Wind speed profiles as a function of height above ground are represented by a
power law relationship for engineering purposes. The relationship gives zero wind speed at
ground level. The wind speed increases with height to the top of the boundary layer, where
the wind speed remains constant with height.

3.2.2 Additlonal Adverse Effects of Tornadoes

In addition to wind pressures produced by tornadoes, low atmospheric pressure and
debris transported by the tornado winds (tornado-generated missiles) pose additional potential
damage.

Atmospheric pressure change (APC) affects only sealed buildings. Natural porosity,
openings, or breach of the building envelope permits the inside and outside pressures of an
unsealed building to equalize. Openings of one sq ft per 1000 cu ft volume are sufficiently
large to permit equalization of inside and outside pressure as a tornado passes over a building.
Buildings or other enclosures that are specifically sealed, e.g., a hot cell, will experience the
net pressure difference caused by APC. When APC is present, it acts outward and combines
with external wind pressures. The magnitude of APC Is a function of the tangential wind speed
of the tornado. However, the maximum tornado wind speed and the maximum APC pressure
do not occur at the same place. The lowest APC occurs at the center of the tornado vortex,
whereas the maximum wind pressure occurs at the radius of maximum winds, which ranges
from 150-500 feet from the tornado center. The APC pressure is approximately one-half its J
maximum value at the radius of maximum wind speed.

The rate of APC is a function of the tornado's translational speed, which can vary from
5 to 60 mph. A rapid rate of pressure change can produce adverse effects on HVAC systems.

Violent tornado winds can pick up and transport various pieces of debris, including roof
gravel, pieces of sheet metal, timber planks, pipes, and other oblects that have high surface
area to weight ratios. Automobiles, storage tanks, and railroad cars may be rolled or tumbled
by tornado winds. In extremely rare instances, large-diameter pipes, steel wide-flange beams,
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and utility poles might be transported by very Intense tornado winds. These latter missiles are
so rare that practicality precludes concern for their potential damage except for high hazard
facilities comparable to commercial nuclear power plants.

Missiles that should be considered In the design and evaluation of DOE facilities include
a 15-lb, 2x44n. Ember plank; a 75-lb, 34n.-diameter steel pipe; and a 3000-lb automobile. The
2x4in. Umber missile Is typical of debris found In the destruction of office trailers, storage
sheds, residences, or other light timber structures. Hundreds of these missiles can be gen-
erated in the destruction of a residential neighborhood. The 3-in.-diameter steel pipe repre-
sents a class of debris that Includes electrical conduit, liquid and gas piping, fence posts, and
light columns. This missile is less frequently available for transport than the 2x4 tmber. Tornado
winds can roll or tumble a 3000 lb automobile, pickup trucks, small vans, forklifts, and storage
tanks of comparable size and weight.

The three types of missiles produce varying degrees of damage. A specific type of
construction is required to stop each missile. The 2x44n. timber missile Is capable of breaking
glass and perforating curtain walls or unreinforced masonry walls. Reinforced concrete or
masonry walls are required to stop the pipe missile. imber and pipe missiles can perforate
weak exterior walls and emerge with sufficient speed to peforate Interior partitions or glove
boxes. They also can damage HVAC ducts, HEPA filter enclosures, or pieces of control
equipment. The impact of a rolling or tumbling automobile produces failure by excess structural
response. Load bearing walls, rigid frames, and exterior columns are particularly susceptible
to these objects. Failure of one of these elements could lead to progressive collapse of the

structural system.

3.2.3 Effects on Structural Systems

A structural system consists of one-dimensional elements and two-dimensional sub-
systems that are combined to form the three-dimensional wind-oad resisting system. The
structural system is enclosed by walls and roof that make up the building envelope. Wind
pressures develop on the surfaces of the building envelope and produce loads on the structural
system, which in turn transmits the loads to the foundation. The structural system also must
support dead and live loads.

Individual elements that make up the two-dimensional subsystems include girders,
beams, columns, purlins. girts, piers, and footings. Failure of the elements themselves is
relatively rare. Element connections are the more common source of failure. A properly
conceived wind-force resisting system should not fail as a result of the failure of a single element
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or element connection. A multiple degree d redundancy should be provided which allows
redistribution of load in a ductile system when one element of the system Is overloaded.
Two-dimensional subsystems transmit wind loads from their points of application to the
foundation. Typical subsystems include braced frames, rigid frames, shear walls, horizontal
floor and roof diaphragms, and bearing walls. The subsystem must have sufficient strength
and stiffness to resist the applied loads without excessive deflection or collapse. The three-
dimensional wind-load resisting system Is made up of two or more subsystems to form an
overall system that is capable of transmitting all applied loads through various load paths to
the foundation.

The main wind-force resisting system must be able to resist the wind loads without
collapse or excessive deformation. The system must have sufficient ductility to permit relatively
large deformations without sudden or catastrophic collapse. Ductility mplies an ability of the
system to redistributeloads to other components of the system when some part is overloaded.

Keys to successful performance of the wind-resisting system are well-designed con-
nections and anchorages. Precast concrete structures and pre-engineered metal buildings
generally have not demonstrated the same degree of satisfactory performance in high winds
or tornadoes as conventional reinforced concrete and steel structures. The chief cause of the
inadequate behavior is traced to weak connections and anchorages. These latter systems
tend to have a lesser number of redundancies, which precludes redistribution of loads when
yielding takes place. Failure under these circumstances can be sudden and catastrophic.
limber structures and those which rely on unreinforced load-bearing masonry walls suffer
from weak anchorages and a lack of ductility, respectively. These systems, likewise, can
experience sudden collapse under high wind loads. Reinforced masonry walls have Inherent l

strength and ductility of the same order as reinforced concrete walls. Weak anchorages of
roof to walls sometimes lead to roof uplift and subsequent collapse of the walls.

3.2.4 Effects on Cladding

Cladding forms the surface of the building envelope. Cladding on walls includes window
glass, siding, sandwich panels, curtain walls, brick veneer, masonry walls, precast panels,
and in-fill walls. Roof cladding Includes wood and metal deck, gypsum planks, poured gypsum,
and concrete slabs. Roofing material, such as built-up roofs or single-ply membrane systems,
are also a part of the roof cladding.
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Cladding failure results in a breach of the building envelope. A breach can develop
because of failure of the cladding itself (excessive yielding or fracture), Inadequate connections
or anchorages, or perforation by missiles. Sometimes cladding provides lateral support to

| purlins, girts, and columns. If the cladding or Its anchorage fails, this lateral support is lost,
leaving the elements with a reduced load-carrying capacity.

Most cladding failures result from failure of fasteners or the material In the vicinity of the
fastener. Cladding failures Initiate at locations of high local wind pressures such as wall corners,

I eaves, ridges, and roof corners. Wind tunnel studies and damage Investigations reveal that
local pressures can be one to five times greater than overall external pressures.

Breach of the building envelope resulting from cladding failure allows air to flow into or
out of the building, depending on where the breach occurs. The resulting nternal pressures

I add to other external wind pressures, producing a worse loading case. Water damage Is also
a possibility, because most severe storms are accompanied by heavy rainfall.

If the building envelope is breached on two sides of the building, e.g., the windward and
leeward walls, a channel of air can flow through the building from one opening to the other.
The speed of the flowing air Is related to the wind speed outside the building. A high-speed
air flow (greater than 40 mph) could collapse interior partitions, pick up small pieces of

i equipment, or transport toxic or radioactive materials to the environment.
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3.3 EFFECTS OF FLOODING

3.3.1 Causes and Sources of Flooding and Flood Hazards

There are a number of phenomena that can cause flooding In the vicinity of a site. For
each cause or source of flooding, a facility may be exposed to one or a number of flood
hazards. In most cases, the principal hazard of interest Is submergence or nundation.
However, significant damage can also occur if there are Impact or dynamic forces, hydrostatic
forces, water-borne debris, etc. Depending on the cause of flooding (e.g., river flooding,
coastal storm surge) and the hazard (e.g., submergence, wave forces), the consequences
can be very different.

Table 3-1 lists the various types or causes of flooding that can occur and the particular
hazards they pose.

TABLE 3-1
CAUSES OF FLOODING

Source/cause Kazard
River flooding Inundation, dynamic forces, wave action, sedirentation. c loads
- precipitation

sWow melt
debris am.
ice jams

Dam failure Inundation, esion, dynamic loa sedimentation
eathquake
flood
landslide
static failure (e.g.. internal erosion, failure f outlet

works)
Leve* or dike failure inundation, erosion, dynamic loads, sedimenaton
- earthquake
-flood
- static failure (.gintenal erosion, subsdence)
Precipftation/storm runoff Inundation (pondiro. dynamic loads (flash flooding
Tsunami Inundation, dynamic loads
- arthquake_
Seiche Inundatio dynamic oads

earthquake
wind

Storm surge, usually accompanied by wave action Inundation, dynamic loads
- hurricane
-tropical storm
- squall line
Wave action Inundation, dynamic loads
Debris Dynamic loads

From the table, one notes that many of the causes or sources of flooding may be Interrelated.
For example, flooding on a river can occur due to dam or levee failure or precipitation.
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Depending on the type of flooding and local conditions, the particular hazard posed by
a flood can vary. For example, extreme flooding on a river may simply inundate a site. However,
in a different situation, channel conditions may be such that prior to the site being inundated,

| high flows could lead to embankment erosion and structural damage to levees or dikes.
Similarly, at coastal sites, storm surge and/or wave action can pose different hazards to a site.

In most cases, flood hazards are characterized In terms of the depth of flooding that
occurs on site. This is reasonable since the depth of Inundation Is probably the single most
relevant measure of flood severity. However, the type of damage that is caused by flooding
depends very much on the nature of the hazard. For example. It is not uncommon that coastal
sites can suffer significant damage due to wave action alone, even If the site Is not completely
Inundated by a storm surge. Similarly, high-veloctlood waters on a river can add substantially
to the threat of possible loss of life and the extent of structural damage. In many cases, the
other hazards - such as wave action, sedimentation, and debris flow - can compound the
damage caused by Inundation.

3.3.2 Flooding Damage

In many ways, flood hazards differ significantly from other natural phenomena consid-
ered In this document. As an example, It Is often relatively easy to eliminate flood hazards as
a potential contributor to the chance of damage at a hazardous facility by strict siting
requirements. Similarly, the opportunity to effectively utilize warning systems and emergency
procedures to limit damage and personnel injury is significantly greater In the case of flooding
than it is for seismic or extreme winds and tomadoes.

The damage to buildings and the threat to public health vary depending on the type of
flood hazard. In general, structural and non-structural damage will occur if a site Is inundated.
Depending on the dynamic Intensity of on-site flooding, severe structural damage and corm-
plete destruction of buildings can result. In many cases, structural failure may be less of a
concern than the damaging effects of inundation on building contents and the possible
transport of hazardous or radioactive materials.

For hazardous facilities that are not hardened against possible on-site and in-building
flooding, simply inundating the site can result In a loss of function of equipment required to
maintain safety and in a breach of areas that contain valuable or hazardous materials.
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Structural damage to buildings depends on a number of factors related to the intensity
of the flood hazard and the local hydraulics of the site. Severe structural damage and collapse
generally occur as a result of a combination of hazards such as flood stage level, flow velocity,
debris or sediment transport, wave forces, and Impact loads. Flood stage is quite obviously
the single most important characteristic of the hazard (flood stages below grade generally do
not result In severe damage).

In general, the consequences of on-ste flooding dramatically Increase because flooding
varies from submergence to rapidly moving water loaded with debris. Submergence results
in water damage to a building and its contents, loss of operation of electrical components,
and possible structural damage resulting from extreme hydrostatic loads. Roof collapse can
occur when drains become dogged or are Inadequate, and when parapet walls allow water,
snow, or ice to collect. Also, exterior walls of reinforced concrete or masonry buildings (above
and below grade) can crack and possibly fail under hydrostatic conditions.

Dynamic flood hazards can cause excessive damage to buildings not properly designed
to withstand dynamic forces. Where wave action is likely, erosion of shorelines or river banks
can occur. Structures located near the shore are subject to continuous dynamic forces that
can break up a reinforced concrete structure and at the same time undermine the foundation.
Buildings with light steel frames and metal siding, wooden structures, and unreinforced
masonry are susceptible to severe damage and even collapse i they are exposed to direct
dynamic forces. Reinforced concrete buildings are less likely to suffer severe damage or
collapse. Table 3-2 summarizes the damage that various flood hazards can cause occur to
buildings and flood protection devices.

TABLE 32
FLOOD DAMAGE SUMMARY

Hazard Domae

Submergence Water damage to building contents; bee di eIoctri power and
component function: settlements of dikee, Ie.; eve sutoPPing

Hydrostatic Loads Can cause cracking In walls and foundation damn; ponding on
roots can cause collapse lvees and dikes can ft due to hydro-
static pressure and leakage

Dynamic Loads Erosion of embankments and undermining of seawalls, high
dynamic loads can cause swvre structural damage, erosion of
levees
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I The transport of hazardous or radioactive material represents a major consequence of
on-site flooding If containment buildings or vaults are breached. Depending on the form and

\I~1 amount of material, the effects could be long-term and widespread once the contaminants
I enter the ground water or are deposited In populated areas.
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4 EARTHQUAKE DESIGN AND EVALUATION GUIDELINES

4.1 INTRODUCTION

| This chapter and Appendix A describe the philosophy and procedures for the design or
evaluation of facilities for earthquake ground shaking. Much of this material deals with how
seismic hazard curves such as those given In Reference 1 may be utilized to establish Design

Basis Earthquake (DBE per Reference 9) loads on the facility; how to evaluate the response
of the facility to these loads; and how to determine whether that response is acceptable with

respect to the performance goals described in Chapter 2. In addition to facility evaluation for
seismic loading, this chapter covers the importance of design details and quality control to
earthquake safety of facilities. These earthquake design and evaluation guidelines are equally
applicable to buildings and to Items contained within the building, such as equipment and

| piping. In addition, the guidelines are intended to cover both new construction and existing

facilities

Design of facilities to withstand earthquake ground motion without significant damage
or loss of function depends on the following considerations:

1. The facility must have sufficient strength and stiffness to resist the lateral loads
induced by earthquake ground shaking. If a facility is designed for insufficient
lateral forces or if deflections are unacceptably large, damage can result, even to
well-detailed facilities.

2. Failures due to brittle behavior or instability which tend to be abrupt and poten-
tially catastrophic must be avoided. The facility must be detailed in a manner to
achieve ductile behavior such that it has greater energy absorption capacity than
the energy content of earthquakes.

3. The behavior of the facility as it responds to earthquake ground motion must be
fully understood by the designer such that some weak linkm which could produce
an unexpected failure is not overlooked.

4. The facility must be constructed in the manner specified by the designer. Materi-
als must be of high quality and as strong as specified by the designer. Construc-
tion must be of high quality and conform to the design drawings.

Specification of lateral load levels and methods of evaluating facility response to these

loads (i.e., Item 1 above) are the primary subjects of this chapter. They are discussed in
Section 4.2, Appendix A, and Section 4.4. In addition, Reference 22 addresses these subjects.
Items 2, 3, and 4 assure good seismic design of facilities and they are described in Section
4.3. References 23 and 24 may be consulted for additional guidance on these items. Section

4.2 presents specific seismic design and analysis guidelines recommended for DOE facilities.
Section 4.3 describes good earthquake design detailing practice and recommended quality
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assurance procedures. Section 4.4 discusses mportant seismic design and evaluation
considerations such as effective peak ground motion, soil-structure interaction, and evaluation
of equipment and piping and existing facilities. Appendix A provides commentary which
describes the basis for the guidelines presented In Section 4.2.

4.2 SEISMIC GUIDELINES FOR EACH FACIUTY-USE CATEGORY

4.2.1 General

This section presents the specific procedures for seismic design and evaluation of
facilities in each facility-use category. Seismic design and evaluation procedures include the
following steps:

1. Selection of earthquake response spectra.
2. Evaluation of earthquake response.
3. Estimation of seismic capacity.
4. Assurance of proper details and quality construction.

For each facility-use category, a recommended exceedance probability for the earth-
quake hazard level is specified from which the peak ground acceleration may be determined
from the hazard curves In Reference 1 or from other site-specific studies. Utilizing this peak
ground acceleration, a deterministic approach is outlined by which both the demand placed
on a facility and the capacity of that facility may be evaluated. From these data, new facilities
may be designed such that the demand-capacity ratios are acceptable or the adequacy of an
existing facility subjected to the specified earthquake motion can be evaluated.

The procedures presented herein are intended to meet the performance goals for
structural behavior of facilities as defined in Chapter 2. This Is accomplished by specifying
hazard probabilities of exceedance along with seismic behavior evaluation procedures in which
the level of conservatism introduced Is controlled such that desired performance can be
achieved. The guidelines generally follow the 1988 UBC provisions (Reference 10) for General
Use and Important or Low Hazard facilities and the DOD Tr-service manual for essential
buildings (Reference 11) for Moderate or High Hazard facilities. Minimum seismic design
requirements for Moderate and High Hazard facilities are also based on the 1988 UBC pro-
visions. Table 4-1 summarizes recommended earthquake design and evaluation guidelines
for each facility-use category. Specific procedures are described in detail in Sections 4.2 2
and 4.2.3. The basis for these procedures is described in Appendix A.
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I TABLE 4-1
SUMMARY OF EARThOUAKE EVALUATION GUIDELNES

I
FACILITY-USE CATEGORY

__ _ - .
General UO I no tanor

Low Ha uud
Moderate High

Hadm I rd

HAZARD EXCEEDANCE 2X103 xi13 1x00 2x004
PROBABILITY -- 

RESPONSE Median Amplification
SPECTRA (no conservathe bias)
DAMPING 6% Post Yeld

(Table 4-4)
ACCEPTABLE Static or ynamic DynacAnaysi

ANLYSIS Force MenmiANormalizei
APPROACHES to Code Level Base Show _ _

APORTANCE Not Used'
FACTOR

LOAD Cde Specified Load Factors Apropriate Load Factors d Unity
FACTORS for Structural mater

INELASTIC Accounted or b Rw Fu from Table 4-2
DEMAND- in Code s ar Applied to Dead Load
CAPACIIY Equation (Rd. 10 Plus Live Load

RATIOS eid Table 4-2) Plu Erlquake

MATERiAL Minimum Specwfied or Known hk-hu Values
STRENGTH

STRUCTURAL CAPACITY Code Ultimate or Yield Level
Allowable Level

PEER REVIEW, Required
OA, SPECIAL
INSPECTION

Minimum "ei n rquIrements In these ctegories include stati ublyi per USC proviion wth I 2.0 nd
Z from hazard exceedarce probablilty for category considered.

4.2.2 Evaluation of General Use & Important or Low Hazard Facility Seismic Behavior

Design or evaluation of General Use and Important or Low Hazard facilities for earth-

quake hazards Is based on normal building code seismic provisions. In these guidelines,

Reference 10, the 1988 edition of the Uniformn Building Code Is followed for these facility-use

categories. Basic steps in the seismic design and analysis process are summarized in this

section. All 1988 UBC provisions are to be followed for General Use and Important or
Low Hazard facilities (with modifications as described below), regardless of whether
they are discussed heroin.

In the 1988 UBC provisions, the lateral force representing the earthquake loading on

buildings is expressed In terms of the total base shear, V, given by the following equation:

V ZICW /Rw (4-1)
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where: Z
I
C
W
Rw

= a seismic zone factor equivalent to peak ground acceleration,
= a factor accounting for the importance of the facility,
= a spectral amplification factor.
= the total weight of the facility,
= a reduction factor to account for energy absorption capability

of the facility (Ref. 10 values are shown in Table 4-2).

For General Use and Important or Low Hazard DOE facilities, it Is recommended that
the 1988 UBC provisions be followed, with the exception that Z be evaluated from the hazard
curves in Reference 1, and C is the amplification factor from 5% damped median response
spectra. t i8 recommended that both new and existing faclies (also refer to Section 4.4.5 for
existing facilities) be evaluated for their adequacy to withstand earthquakes by the following
procedure:

t. Evaluate element forc. F(D) and F(LL). throughoA the facility for dead and live loads, respectively
(realilstic estimate of oads for existing facilities).

2. Evaluate elemert forcee, F(EQ), throughoiA the facility for earthquake loads.
a Static force method for regular facilities or dynamic force method for irregular facilities as described in

the 1988 UBC provisions.
b. In either case. the total ba hr is gven by Equatlon 41 where the parameters are evaluatedau

follows:

1) Z is the peak ground acceleration from the hazard curves (Table 4 at the following exceedance
probabilities:

General Use - 2x10-3
Important or Low Hazard. x1O3

2) C is the spectral amplification at the fundamental period of the facility from the 5 percent damped
median response spectra for the facility. Note that for hamental perlods lower than the period
at which the maximum spectral acceleration occurs, ZC should be taken as the maximum spec-
tral acceleration a illustrated in Figure 4-1.

Amplification factors from median spectra may be determined by:
a) ste-specf geotachnical studies
b) References 1. 25, 28, or 27

3) I ZO is 2Css than the 198 UC Provisions (Reference 1):
a) Earthquake loads should be based on tw ar of ZC deterned from item I and 2 above

or from the 96S UC provisions unless ZC Is based upon a sthe-speifc geotechnical study.
b) If ZC is based upon a te-specific geotechnical study, any signifIcant differences with U3C

will be Justified and resolved Final earthquake loads are subject to approval by DOE/OSA.
4) Importance factor. I. should be taken a

General Use 4 - 1.0
important or Low Hazard - I - 1.25

5) Reduction factors, Rw, are from Table No. 23-0 of Reference 10 as reproduced in Table 4-2
3. Combine responses from various loadings to evaluate demand, D, by:

D - LF F(DL) + F(LL + F(EO)) or 0 0.9 F(0W *LF F(EQ)
when strength deeign is used (LF Is the lad factor which would be 1.4 In the case of concrete).
or

0 - 0.75 F(DL) + F(LL) + F(EO))
when allowable stress design Is used (th 0.75 factor corresponds to the one-third Increase In allowable
stress permitted for seismic loads).

I
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4. Evaluate cPacitl of the element Of the facility, CAP, from code ultimat value when strength design is

used (e g., UBC Sec. 2609 & 2625 for reinforced concrset) or from allowable str levels when allowable
stress design is used (e.g., UiC Sec. 2702 for stel). Minimum specifled or known In-situ values for mate-
rli srngths should be used for capacity estimation.

6. Compare demand. 0. with capacity. CAP, for all structural elements. I 0 is e than or equal to CAP, the
facility satisfies the ssmic lateral force requirements. D is graer twn CAP, the facility has inadequate
lateral force resistance.

6. Evalue story drift (L., the displacemeft of one lee o the structure reltiVe to the level above or below
due to the design lateral forces), including both translation and torsion. Pr Reference 10. calculated story
drfts should not exceed 0.04/Rw times the story height nor 0.006 times the story height for buildings les
than 65 fet In height. For talilr buildings, the calculated story drift should not exceed 00WRw nor 0.004
times the story twight Note that these story drift a calculated from seismic loads reduced by Rw n
accordance with Equation 4-1. Thes drift lmit may be exceeded when it Is demonstrated that greater
drift can be tolerated by both structural systems and nonstructural eemert.

7. Elements of the facility should be chocked to ur tm l detan requiremerts d the 1968 USC
provisions are met -JSC Soismic Zone No. 2 provisions should be met when Z is between 0.12 and 0.24g.
USC Sonic Zone Noe. 3 & 4 provIsions should be folowed when Z is 0 g or mor. Special seismic
provisions in the W need not be ollowed I Z is 0. Ig or le.

S. Por revw df engineering drawings and calculations, special Inspection and teting of new construction
or eisting fcilites, and other quality assurance measures discussed In Section 4.3 should b Implem-
e for Important or Low Hazard facilities.

1.25

1

C.0
o 0.75

-Z 0.5
V

For Building Response Evaluation. the
Maximum Spectral Acceleration is Used
for Low Period Region for:

A) ZC per Section 4.2.2
B) Fundamental Mode Spectral

Accelerotion per Section 4.2.3

Actual Spectrum in Low Period Region

61\

0.25[

0
0 0.5 1 1.5 2 2.5 3

Period (seconds)

Note: For seismic evaluation of nonstructurol components,
equipment, piping, etc. by dynamic analysis, the actual
spectrum should be used. The ctual spectrum should
also be used as the basis for developing floor spectra.

FIGURE 441
EXAMPLE DESIGN/EVALUATION EARTHOUAKE

GROUND MOTION RESPONSE SPECTRUM
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TABLE 4-2
CODE REDUCTION COEFFICIENTS, R AND
INELASTIC DEMAND CAPACITY RATi18, Fu

Structural System QU & 4 mm
(terminology is Identical to Ref. 1) or LH1

Rw Fu_
MOMENT RESISTING FRAME SYSTEMS 1

Columns 1.5 1.2
Beams

Steel Special Mome Resiting Space Fram (SMRSF) 12 3.0 2.5
Concrete SMRSF . 12 2.75 2.25
Concrete intermediate Moment Frame MRSF) 7 1.5 1.25
Stel Ordinary Momnt Reln Space Frae 6 1.5 1.25
Concrete Ordinary Moment Resisting Spe Frame 1.1 1

SHEAR WALLS
ConcreteWaifs 1.7 (1.4 1.4 (1.15)
Msonty eWall 1.5 (1.3 125 (1-1)
Plywood W~li. 9(8 2.0 (1.7) 1.5 (1.4)
Dual System, Concrete with SMRSF 12 2.5 2.0
Dual Systemn, Conaebe with Concrete IMRSF 9 2.0 1.5
Duel System. Masonay with SMRSF 8 1.5 1.25
Dual SydoemMaonrywith ConcretelIMRSF 7 1.4 1.15

STEEL ECCENTRIC BRACED FRAMES (EBF)
Columns * 1.5 1.25
Beams and Diagonal Braces 10 2.75 2.25
Beams and Diagonal Braces. Dual System with Steel SMRSF 12 3.0 2.5

CONCENTRIC BRACED FRAMES
Stl seems 8 2.0 (1.7 1.5 (1.4)
Steel Diagonal Braces 8(6) 1.7(1.5) 1.4 1.25)
Stel Columns 8(6) 1.7 (1.5) 1.4 (1.25)
Connectn o St" Members 9 (6 1.4 (1.25) 1.15 (1.05)
Concr te Beamrx 8 (4) 1.7 1.3) 1.4 (1.1)
Concrete Diagonal Bracs I(4) 1.5 (1.2 1.25 (1)
Concrete Columns 8(4) 1.5 (1 1.25 (1)
Connections of Concrete Members 8 1.25 (1.1) 1.05 (1)
Wood Trusses 8 1.7 (13 1.4 (1.1)
Wood Columns 8 4 1.5 (12 1.25 (1)
Connections In Wood (other than nails) 8(4) 1.5 (12) 125 1)
Beam and Diagonal Braces, Dual Systems

Stel with Stel SMRSF 10 25 2.0
Concrete with Concrete SMRSF 9 2.0 1.5
Concrete with Concrete IMSRF a 1.4 1.15

Note: Valuos heroin assume good seismic detailUng practice per Sction 4.3 and reasonbly uniform inelastic behavior
Otherwise, lower values should be used. Moment resisting framo detailing per Reference 10.
Values In parentheses apply to bearing wall tem or systems In which bracing carries gravity loads

Rw values or columns ar the same as for be and brae for momen frames nd for occentric braced frames

Fufor cheon o K braci 115forModerateHazardfacilitsand forHighHazardfacities. Kbracing
is not permitted n buildings of more tn two stores for Z of 0.25g or more. K bracing requires special consideration
for any uilding if ZIs2 g ormos
For columns subjected to combined mdel compression and bnding interaction formulas from Figures 4-2 and 4-3
of Reference 11 hould be used for Moderate and High Hazard facilities.

For Moderate and High Hazard facilitiest Ie permissible to use the Fu value which appies to the overal structural
system for structural elements not mentioned on the above table. For example, to evaluate diaphragm elements,
footings. pile foundations, etc.. Fu of 3.0 may be used for a Moderate Hazard ste SMRSF. In the case of a Moderate
Hazard teel concentric braced frame. Fu of 1.7 may be used.

I
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TAB3LE 443
MAXIMUM HORIZONTAL GROUND SURFACE ACCELERATIONS AT DOE SITES

(Reference ) HAZARD ANNUAL PROBABILTY
OF EXCEEDANCE

- r - y
DOE SITE W"04 lX10 2x104
BENDK PLANT .08 .10 .17
LOS ALAMOS SCIENTIFIC LABORATORY .1 . .2 _ 3_

MOUND LABORATORY .12 .15 .23
PANTEX PLAN .10 .17
ROCKY FLATS PLANTS" .13 .15 21

SANDIA NATIONAL LABORATORIES. ALBUQUERQUE .17 _ _3_
SANDIA NATIONAL LABORATORIES. LIVERMORE. CA Al .48 .68
PiNELUAS PLANT, FLORIDA .04 .05 .09

ARGONNE NATIONAL LABORATORY-EAST im .12 21

ARGONNE NATIONAL LABORATORY-WEST .12 .14 21
BROOKHAVEN NATIONAL LABORATORY .12 .15 .25
PRINCETON NATIONAL LABORATORY .13 .16 .27
IDAHO NATIONAL ENGINEERING LABORATORY .12 .14 .21
FEED MATERIALS PRODUCTION CENTER .10 .13 20
OAK RIDGE NATIONAL LABORATORY. X-1O. K25, ad Y.12 .15 .19 .32
PADUCAH GASEOUS DIFFUSION PLANT 33 .45 

PORTSMOUTH GASEOUS DIFFUSION PLANT a .11 .17
NEVADA TEST SITE 21 .27 .46

HANFORD PROJECT SITE .12 .17
LAWRENCE BERKELEY LABORATORY .55 .64 .
LAWRENCE LIVERMORE NATIONAL LABORATORY LLNQ .41 .48 .88
LLNL. SFIE 300-854 .3 .38 .56

LLNL SITE 300-3 & 8U 28 .341
ENERGY TECHNOLOGY AND ENGINEERING CENTER .53 .59

STANFORD LINEAR ACCELERATOR CENTER .45 .59

SAVANNAH RIVER PLANT .08 .11 .19

Value not avaiable from Reference 1 and must be determined for High Hazard cirties at these sites.
w* Bedrock slopes at Rocky Flats. This vau eiIs surface acceraton at an average soil depth at this aft.
Not: Values Given In this table are largest peak Insrumental accelerations. Maximum vertical acceleration may be assumed

to be 2h d the mean peak horizont accleration (se SBction 4.4.1 for a discusaion of earthquake components and
mean peak horizontal acceleration).
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4.23 Evaluation of Moderate & High Hazard Facility Seismic Behavior

Moderate and High Hazard facilities should Initially be analyzed by the 1988 UBC static
force method (as described In Section 42.22) utilizing an importance factor, I, of 2. 0 and peak
ground accelerations, Z, corresponding to hazard exceedance probabilities of x10-3 for
Moderate Hazard and 2x104 for High Hazard. 188 U8C provisions with I = 2.0 provide
minimum seismic requirements for Moderate and High Hazard facilities.

In addition, the earthquake evaluation approach for Moderate and High Hazard facilites
should also include elastic dynamic analysis of the faciitty. Umited inelastic behavior is per-
missible for those faclities with adequate design details such that ductile response Is possible
or for those facilities with redundant lateral load pat. Inelastic behavior Is accounted for in
the evaluation approach by specifying nelastic demand-capacity ratios, Fu, for elements of
the facility. These ratios are the maximum amount that the elastically computed demand can
exceed the capacity of elements of the facility, and they are related to the amount of Inelastic
deformation that is permissible in each category. By permitting less Inelastic behavior for more
hazardous categories, the margin of safety for that category Is effectively increased. The
approach employed for Moderate and High Hazard facilities Is from the Department of Defense
(DOD) Tri-service manual entitledSeismic Design Guidelines forEssentlalBuildings (Reference
I 1). The inelastic demand-capacity ratios from Reference 11 can be shown to be generally
consistent with the performance goals for each category and with the Rw factors from the
1988 UBC provisions as discussed in Appendix A.

Elastic dynamic analysis procedures such as those described in Reference 11 can be
used for both new and existing facilities (also refer to Section 4.4.5 for existing facilities). Basic
steps by this approach include the following:

1. Evaluate element forcee, F(DL) and F(LL, throughot the facility for ded and We loads (realistic estimate
of loads for exiting ciltlee).

2. Develop median input earthquake response spectra from t Reference I hazard curves based upon
site-specific gootechnical studies. In lieu of a ste-specific study. I is acceptable to determine the median
response spectral shape from Referencee 1, 25,26, or 27. Input spectra should be anchored to peak
ground accaleratons (Table 4.3) determined from t hazard curves d th following excesdance probabili-
ties:

Moderate Hazard- x10 3

High Hazad .2x10
4

Note that for fundanwntal periods lower than th perid a which the madmum spectral amplification
occurs, the maximum spectral acceleration should be ued (see Figure 4-1). For higher modes, the actual
spectral accelerations should be used In accordance with recommendations from Reference 1. (Note that
this requirement necesaitates that response spectrum dynamic analysis be performed for building
response evaluation). The actual spectrum may be used for AN modes 1 the Is high confidence in the
frequency evaluation end Fu taken to be unity. As stated on FIgure 4-1, the actual spectrum a ire-
quencies should be used to evaluate nonstructural components. equipment, piping, etc. by dynamic analy-
s; and to develop floor response spectra used for the evaluation of structure-supported subsystems.
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3 Utilizing the Input spectra developed above and a mathematical model of the facility, perform en elastic

dynamic analysis of the facility to evaluate the elastic earthquake demand, F(EO). of all elements of the
facility. Damping should be determined from Table 4-4.

4. Evaluate the total demand for all elments of the acility. D. from:
O - F(DL) F(LL + F(EQ)) I Fu

where Fu is the allowable Inelastic demandeapaclty ratio as given In Table 4-2.

5. Evaluate capacitie of the elements of the facility, CAP, from code ultimate or yield values (e.g., UBC Sec.
269 & 2625 for reinforced concrete and 1 7 times USC Sec. 2702 or UBC Sc 2721 for tel). Note that
strength reduction factors, * are retained for Modeate and High Hazard faclties. Minimum specifled or
known in-aitu values for material strengths should be used for estimation of capacities

6. Compar loal demand, 0, with faclity capacity. CAP. 1D is s thn or equal to CAP, the facility stisfies
the seismic lteral force requirements. 0 Is greeter than CAP, the facility has Inadequate lateral force/ resistance.

7. Evaluate story drIft due to lateral forces, Including both translation and torsion. it may be assumed that
Ietic drifts we adequately approximated by elastic anayses. Not tat for Moderate and High Hazard

facilities, loads used to compute drifts we not reued as is the co" for Section 42.2 guidelines where
loids used to compu stoy ft we reduced by Rw Hr cordin d hazardous materialslI of
importance, eded n ccept.

performance of both ts tructure and nonstructural elements can be denstrated at greater drift
8. Check elements of the facility to assure that good daing practice has been followed. Values of FU given

in Table 4-2 pro upper iit values assuming good design detailing practice as discsed In Section 4.3
and consistency with recent UBC provisins. USC Seismic Zone No 2 provisions should be met when Z s
between 0.12 and 024g, UBC Seismic Zn Nos. S & 4 provisions should be followed when Z Ie 025g or
more. Specalsismic provionsIntheU neednotbefowedZIs0.1 gor ie.

S. Implement per ew d of ereering drawings and calcutionspecial inspection and esting of new
corstruction or exing fcilities nd other quality asurunc mur docusd In Section 4 for Mod-
oae nd High Hzrd faciltIss

10. Inltic analyse may. alternatively, be performed for Moderae and High Hazard facilities Acceptable
Inlastic analysis procedures Iclude:

a. Capacity specum method as described in Reference .11
b. Direct Integration time history analyses explicitly modeling ieltic behavior of individual elements

of the facility. Several representative earthquake time histories are required for dependable
results from these analyse.

TABLE 44
RECOMMENDED DAMPING VALUES*

(References 11 and 25)

Damping
Type of Structure (% o Critical)

Equipment and Piping 5

Welded Steel and
Prestressed Concrete 7

Bolted Steel and
Reinforced Concrete 10

Masonry Shear Walls 12

Wood 15

Corresponding to post yield stress levels to be ued for evasluation of Moderate and High Hazard FacIlities.
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4.3 EARTHQUAKE DESIGN DETAILS AND QUALITY ASSURANCE

This section briefly describes general design considerations which enable structures or
equipment to perform during an earthquake in the manner intended by the designer. These
design considerations attempt to avoid premature, unexpected failures and encourage ductile
behavior during earthquakes. This material is Intended for both design of new facilities and
evaluation of existing facilities. For new facilities, this material addresses recommended
seismic design practices. For existing facilities, this material may be used for identifying
potential deficiencies in the capability of the facility to withstand earthquakes (i.e., ductile
behavior, redundant load paths. high quality materials and construction, etc.). In addition,
good seismic design practice, as discussed in this section, should be employed for upgrading
or retrofitting existing facilities.

Characteristics of the lateral force-resisting systems are as important or more so than
the earthquake load level used for design or evaluation. These characteristics include
redundancy; ductility; tying elements together to behave as a unit; adequate equipment
anchorage; understanding behaviorof non-uniform; non-symmetrical structures or equipment;
detailing of connections and reinforced concrete elements; and the quality of design, materials,
and construction. The level of earthquake ground shaking to be experienced by any facility
in the future Is highly uncertain. As a result, it Is important for facilities to be tough enough to
withstand ground motion In excess of their design ground motion level. There can be high
confidence in the earthquake safety of facilities designed in this manner. Earthquakes produce
transient, limited energy loading on facilities. Because of these earthquake characteristics,
well designed and constructed facilities (i.e., those with good earthquake design details and
high quality materials and construction which provide redundancy and energy absorption
capacity) can withstand earthquake motion well in excess of design levels. However, if details l
which provide redundancy or energy absorbing capacity are not provided, there is little real
margin of safety built Into the facility. t would be possible for significant earthquake damage |
to occur at ground shaking levels only marginally above the design lateral force level. Poor
materials or construction could potentially lead to damage at well below the design lateral
force level. Furthermore, poor design details, materials, or construction increase the possibility
that a dramatic failure of a faclity may occur.

A separate document providing guidelines, examples, and recommendations for good
seismic design of facilities is currently being planned as part of this overall project This section
briefly describes general design considerations which are important to achieving well-
designed and constructed earthquake-resistant facilities or to assessing whether existing
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facilities are well-designed and constructed for earthquake effects. Considerations for good
earthquake resistance of structures, equipment, and piping Include (1) configuration; (2)
continuous and redundant load paths; (3) detailing for ductile behavior; (4) tying systems
together; (5) Influence of non-structural components; (6) survival of emergency systems; and
(7) quality of materials and construction. Each of these considerations is briefly discussed
below. While the following discussion seems to primarily address buildings, the principles
introduced are equally applicable to enhancing the earthquake resistance of equipment,
piping, or other components.

Configuration - Structure configuration is very mportant to earthquake response. Irregular
structures have experienced greater damage during past earthquakes than uniform, sym-
metrical structures. This has been the case even with good design and construction; therefore
structures with regular configurations should be encouraged for new designs, and existing
irregular structures should be evaluated with greater scrutiny than would otherwise be
employed. Irregularities such as large re-entrant corners create stress concentrations which
produce high local forces. Other plan irregularities, such as those due to the distribution of
mass or vertical seismic resisting elements (or differences In stiffness between portions of a
diaphragm), can result In substantial torsional response during an earthquake. Vertical
irregularities, such as large differences in stiffness or mass in adjacent levels or significant
horizontal offsets at one or more levels, can produce large local forces during an earthquake.
An example Is the soft story building which has a tall open frame on the bottom floor and shear
wall or braced frame construction on upper floors (e.g., Olive View Hospital, San Fernando,
CA earthquake, 1971 and Imperial County Services Building, Imperial Valley, CA earthquake,
1979). In addition, adjacent structures should be separated sufficiently so that they do not
hammer one another during seismic response.

Continuous And Redundant Load Paths - Earthquake excitation induces forces at all points
within structures or equipment of significant mass. These forces can be vertical or along any
horizontal (lateral) direction. Structures are most vulnerable to damage from lateral seismic-
Induced forces, and prevention of damage requires a continuous load path (or paths) from

regions of significant mass to the foundation or location of support. The designerlevaluator
must follow seismic-induced forces through the structure (or equipment or piping) into the
ground and make sure that every element and connection along the load path Is adequate in
strength and stiffness to maintain the integrity of the system. Redundancy of load paths is a
highly desirable characteristic for earthquake-resistant design. When the primary element or
system yields or fails, the lateral forces can be redistributed to a secondary system to prevent
progressive failure. In a structural system without redundant components, every component
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must remain operative to preserve the integrity of the structure. It is good practice to incorporate
redundancy into the seismic-resisting system and not to rely on any system wherein distress
in any member or element may cause progressive or catastrophic collapse.

Detailing For Ductile Behavior - in general, N Is uneconomical or impractical to design
structures to remain within the elastic range of stress for earthquakes which have very low
probability of occurrence. Furthermore, i is highly desirable to design structures or equipment
in a manner which avoids brittle response and premature unexpected failure such that the
structure or equipment is able to dissipate the energy of the earthquake excitation without
unacceptable damage. As a result, good seismic design practice requires selection of an
appropriate structural system with detailing to develop sufent energy absorption capacity
to limit damage to permissible levels.

Structural steel is an inherently ductile material. Energy absorption capacity may be
achieved by designing connections to avoid tearing or fracture and to ensure an adequate
path for a load to travel across the connection. Because of the possibility of instability by
buckling for relatively slender steel members acting in compression, detailing for adequate
stiffness and restraint of compression braces, outstanding legs of members, compression
flanges, etc., must be provided. Furthermore, deflections must be limited to prevent overall
frame instability due to P-delta effects.

Brittle materials such as concrete and unit-masonry require steel reinforcement to provide
the ductility characteristics necessary to resist seismic forces. Concrete structures should be
designed to prevent concrete compressive failure, concrete shearing failure, or loss of rein-
forcing bond or anchorage. Compression failures in flexural members can be controlled by
limiting the amount of tensile reinforcement or by providing compression reinforcement and
requiring confinement by closely spaced transverse reinforcing of longitudinal reinforcing bars
(e.g., spirals, stirrup ties, or hoops and supplementary cross ties). Confinement increases the
strain capacity and compressive-, shear-, and bond-strengs of concrete. Maximum con-
finement should be provided nearjoints and in column members. Failures of concrete in shear
or diagonal tension can be controlled by providing sufficient shear reinforcement, such as
stirrups and inclined bars. Anchorage failures can be controlled by sufficient lapping of splices,
mechanical connections, welded connections, etc. There should be added reinforcement
around openings and at corners where stress concentrations might occur during earthquake
motions. Masonry walls must be adequately reinforced and anchored to floors and roofs.
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A general recommendation for good seismic detailing is to proportion steel members
and to reinforce concrete members such that they can behave in a ductile manner and can
provide sufficient strength such that brittle or less ductile modes do not govern the overall
seismic response. In this manner, sufficient energy absorption capacity can be achieved so
that earthquake motion does not produce excessive or unacceptable damage.

Tying Systems Together - One of the most Important attributes of an earthquake-resistant
structural system is that it is tied together to act as a unit. This attribute not only aids in
earthquake resistance; It also adds to the capability to resist high winds, floods, explosions,
progressive failure, and foundation settlement. Different parts of buildings should be nter-
connected. Beams and girders should be adequately tied to columns, and columns should
be adequately tied to footings. Concrete and masonry walls should be anchored to all floors
and roofs for lateral support. Diaphragms which distribute lateral loads to vertical resisting
elementsmustbe adequatelytiedtothese elements. Collectorordrag bars should be provided

.to collect shear forces and transmit them to the shear-resisting elements, such as shear walls
or other bracing elements, which may not be uniformly spaced around the diaphragm. Shear
walls must be adequately tied to floor and roof slabs and to footings.

Influence Of Non-Structural Components - For both evaluation of seismic response and for
seismic detailing, the effects of nonstructural elements of buildings or equipment must be
considered. Elements such as partitions, filler walls, stairs, piping systems, and architectural
facings can have a substantial influence on the magnitude and distribution of earthquake-
induced forces. Even though these elements are not part of the lateral force-resisting system,
they can stiffen that system and carry some lateral force. In addition, nonstructural elements
attached to the structure must be designed in a manner that allows for the seismic deformations
of the structure without excessive damage. Damage to such items as piping, equipment,
glass, plaster, veneer, and partitions may constitute a major financial loss or a hazard to
personnel within or outside the facility; such damage may also Impair the function of the facility
to the extent that hazardous operations cannot be shut down or confined. To minimize this
type of damage, special care In detailing Is required elther to Isolate these elements or to
accommodate structural movements.

In some structures, the system carrying earthquake-induced loads may be separate from
the system which carries gravity loads. Although such systems are not needed for lateral
resistance, they would deform with the rest of the structure as It deforms under lateral seismic
loads. The vertical load carrying system should be evaluated for compatibility with the
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deformations resulting from an earthquake to ensure that it is adequately designed. Similarly,
gravity loads should be combined with earthquake loads in the evaluation of the lateral force
resisting system.

Survival of Emergency Systems- In addition to preventing damage to structures, equipment,
piping, nonstructural elements, etc., it Is usually necessary for emergency systems and lifelines
to survive the earthquake. Means of Ingress and egress, such as stairways, elevator systems,
and doorways, must remain functional for personnel safety and for control of hazardous
operations. Fire protection systems must remain operational after an earthquake. Normal
off-site power has been vulnerable during past earthquakes. Ether normal off-site or emer-
gency on-site water and power supplies must be available following an earthquake. Uquid
fuels or other flammables may leak from broken lines. Electrical short circuits may occur.
Hence, earthquake-resistant design considerations extend beyond the dynamic response of
structures and equipment to include survival of systems which prevent facility damage or
destruction due to fires or explosions which might result from an earthquake.

Quality of Materials and Construction - Earthquake design or evaluation considerations
discussed thus far address recommended engineering practice that maximizes earthquake
resistance of facilities. For important or hazardous facilities, it s further recommended that
designers or earthquake consultants employ quality assurance procedures and that their work
be subjected to independent peer review. Additional earthquake design or evaluation con-
siderations include:

a. Is the facility constructed of high quality materials that meet design specifications
for strength and stiffness?

b. Have the design detailing measures, as described above, been implemented in
the construction of the facility? 

The remainder of this section discusses earthquake engineering quality assurance, peer
review, and construction inspection requirements.

To achieve well-designed and constructed earthquake-resistant facilities or to assess
whether existing facilities are well-designed and constructed for earthquake effects, it Is
necessary to:

a. Understand the seismic response of the facility.
b. Select and provide an appropriate structural system.
c. Provide seismic design detailing that obtains ductile response and avoids prema-

ture failures due to instability or brittle response
d. Provide materials' testing and construction inspection. j
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It Is recommended that Important or Low Hazard, Moderate Hazard, and High Hazard
facilities be designed or evaluated utilizing an earthquake engineering quality assurance plan
similar to that recommended by Recommended Lateral Force Requirements and Tentative
Commentary, Seismology Committee, Structural Engineers Association of California (Refer-
ence 28). The earthquake engineering quality assurance plan should include:

1. A statement by the engineer of record on the earthquake design basis Including:
(1) description of the lateral force resisting system, and (2) definition of the earth-
quake loading used for the design or evaluation. For new designs, this state-
ment should be on the design drawings; for evaluations of existing facilities, it
should be at the beginning of the seismic evaluation calculations.

2. Seismic design or evaluation calculations should be checked for numerical accu-
racy and for theory and assumptions. The caulations should be signed by the
responsible engineer who performed the calculations as well as the engineer who
checked numerical accuracy and the engineer who checked theory and assump-
tions. If the calculations include work performed on a computer, the responsible
engineer should sign the first page of the output the model used should be
described, and those values Input or calculated by the computer should be iden-
tified.

3. For new construction, the engineer of record should specify a material testing
and construction nspection program. In addition, the engineer should review all
testing and Inspection reports and periodically make site visits to observe com-
pliance with plans and specificatons. For certain circumstances, such as the
placement of rebar and concrete for special ductile frame construction, the
engineer of record should arrange to provide a specially qualified inspector to
continuously inspect the construction and to certify compliance with the design.

| 4. For Important or hazardous facilities, all aspects of the seismic design or evalu-
ation must include independent peer review. For new construction, the designer
will have been selected based on his capabilities to design a very complex facility
with many problems in addition to seismic design. Furthermore, the designer will
likely be under pressure to produce work on accelerated schedules and for low
fees. As a result, the designer may not be able to devote as much attention to
seismic design as he might like. Also, because of the low fee criteria, the most
qualified designer may not be selected. Therefore, it Is required to have the seis-
mic design reviewed by a qualified, independent consultant or group. For exis-
ting facilities, the engineer conducting a seismic evaluation will likely be qualified
and will be able to devote his full attention to evaluating the seismic adequacy of
the facility. In this case, an Independent review is not as Important as It Is for a
new design. Even so, for major hazardous facilities, it may be prudent to have
concurrent independent seismic evaluations performed or to have the seismic
evaluation independently reviewed. The seismic design or evaluation review
should include design philosophy, structural system, construction materials, crite-
ria used, and other factors pertinent to the seismic capacity of the facility. The
review need not provide a detailed check but rather an overview to help Identify
oversights, errors, conceptual deficiencies, and other potential problems which
might affect the facility performance during an earthquake.
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4.4 OTHER SEISMIC DESIGN AND EVALUATION CONSIDERATIONS

4.4.1 Effective Peak Ground Motion

Loads induced by earthquake ground shaking to be used for the design or evaluation
of facilities, in accordance with the guidelines presented herein, are based on median
amplification response spectra anchored to maximum ground acceleration for specified annual
probabilities of exceedance (see Section 4.2 and Appendix A). As a result, seismic hazard

curves wherein peak ground accelerations are presented as a function of annual probability
of exceedance and median amplification response spectra are required for each DOE facility.
This ground motion data can be obtained from site-specific studies. Alternatively, Reference

I provides seismic hazard curves and earthquake response spectra for each DOE facility. In
addition, Sections 4.2.2 and 4.2.3 allow the methods described In References 25,26, and 27

to be used to estimate median spectral amplification. For convenience, this section discusses

ground motion as defined by Reference 1. Maximum ground accelerations at the specified
annual probabilities of exceedance recommended by these guidelines for each facility-use
category are reproduced in Table 4-3. For some facility sites with high seismic hazard, note
that the Reference 1 hazard curves do not provide acceleration values at hazard exceedance
probability levels of 2x10-4. For the design or evaluation of High Hazard facilities at these
sites, maximum ground accelerations will have to be developed at 210-4 annual probability

of exceedance.

The peak ground accelerations reported In Reference correspond to the maximum
acceleration that would be recorded during an earthquake by a three-axis strong motion
instrument on a small foundation pad at the free ground surface. This value Is called the peak
instrumental acceleration. For the following reasons, the largest peak instrumental acceleration
and response spectra anchored to such an acceleration often provide an excessively con-
servative estimate of the ground motion actually nput to a stiff, massive structure and/or the
damage potential of the earthquake.

a. Peak value of other components is less than the largest peak acceleration as
given in Reference 1.

b. Effective peak acceleration based on repeatable acceleration levels with fre-
quency content corresponding to that of structures Is a better measure of earth-
quake damage potential.'

c. Soil-structure interaction reduces input motion from instrumental, free ground
surface values.

These reasons are extensively discussed in Reference 29 and are briefly addressed below.
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First, In most seismic evaluations, It Is assumed that the defined ground motion repre-
sents both orthogonal horizontal components and that the vertical ground motion component
is taken as two-thirds of the average horizontal component. This approach is consistent with
the defined ground motion representing the mean peak (average of two horizontal compo-
nents) instrumental acceleration, rather than the largest peak acceleration as defined by
Reference 1. Wth the largest peak acceleration defined by Reference 1, It is permissible to
assume that the second orthogonal horizontal component Is 80 percent of the motion defined

| by Reference 1 while the vertical component Is 60 percent of the Reference 1 motion. Note
that this assumption Is equivalent to the mean peak acceleration being 90 percent of the largest
'peak value and the vertical component being two-thirds of the mean peak value In accordance
with common practice.

| Second, the Instrumental acceleration Is a poor measure of the damage potential of
ground motion associated with earthquakes at short epicentral ranges (ess than about 20
km). Many structures located close to the epicentral region, which were subjected to high
values of peak Instrumental acceleration, have sustained much less damage than would be
expected considering the acceleration level. In these cases, the differences In measured

I ground motion, design levels, and observed behavior were so great that It could not be rec-
onciled by considering typical safety factors associated with seismic design. The problem
with Instrumental acceleration is that a limited number of high frequency spikes of high
acceleration are not significant to structural response. Instead, it can be more appropriate to
utilize a lower acceleration value which has more repeatable peaks and Is within the frequency
range of structures. Such a value, called effective peak acceleration, has been evaluated by
many investigators and is believed to be a good measure of earthquake ground motion
amplitude related to performance of structures. Reference 29 contains a suggested approach
for defining the effective peak acceleration. However, this approach would require the
development of representative ground motion time histories appropriate for the earthquake
magnitudes and epicentral distances which are expected to dominate the seismic hazard at
the site. Reference I does not contain this Information, so special studies would be required
for any site to take advantage of the resultant reduction. The reductions which are likely to
be justifiable from such studies would most probably be significant for sites with peak
instrumental accelerations defined by Reference 1 In excess of about 0.4g. The benefits would
be expected to increase with increasing peak Instrumental accelerations. These higher ground
accelerations most probably are associated with short duration ground motion from earth-
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quakes with short epicentral ranges. If such characteristics can be demonstrated for a par-
ticular site, then reductions from an instrumental acceleration to an effective acceleration would
be warranted.

Third, various aspects of soil-structure nteraction (SI) result in reduced motion of the
foundation basemat of a structure from that recorded by an Instrument on a small pad. Such
reductions are conclusively shown in Reference 29 and the references cited therein. These
reductions are due to vertical spatial variation of the ground motion, horizontal spatial variation
of the ground motion (basemat averaging effects), wave scattering effects, and radiation of
energy back Into the ground from the structure (radiation damping). These effects always
result In a reduction of the foundation motion. This reduction tends to Increase with increasing
mass, Increasing stifness, Increasing foundation plan dimensions, and increasing embedment
depth. Sol-structure nteraction also results in a frequency shift, primarily of the fundamental
frequency of the structure. Such a frequency shift can either reduce or Increase the response
of the structure foundation. These SSI effects are more dramatic with the shorter duration,
close epicentral range ground motions discussed in the previous paragraph. t should be
emphasized that the ground motion defined by Reference 1 represents the ground motion
recorded on a small Instrument pad at the free ground surface. t is always permissible to do
the necessary soil-structure Interaction studies (briefly discussed In Section 4.4.2) in order to
estimate more realistic and nearly always lesser foundation motions. t is also permissible,
but discouraged, to Ignore these beneficial SSI effects and assume the Reference 1 ground
motion applies at the foundation level of the structure. However, any frequency shifting due

to SSI, when significant, must always be considered.

In summary, it is acceptable, but often quite conservative, to use the ground motion and
response spectra defined by Reference as direct input to the dynamic model of the structure
as if this motion was applicable at the structure base foundation level. It is also acceptable,
and encouraged, for the seismic evaluation to include additional studies to remove sources I
of excessive conservatism on an Individual facility basis, following the guidance described
above.

4.4.2 Soil-Structure Interaction (SSI)

When massive stiff structures are founded on or embedded in a soil foundation media,
both the frequency and amplitude of the response due to seismic excitation can be affected
by soil-structure nteraction (SSI), Including spatial variation of the ground motion. For rock
sites, the effects of the SSI are much less pronounced. It is recommended that the effects of
SSI be considered for major structures for all sites with a median soil stiffness at the foundation
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base slab interface corresponding to a shear wavevelocity, v* of 3500 fps or lower. Accounting
for SSI requires sophisticated seismic analysis techniques which, if performed correctly, will
most likely reduce the seismic forces n the structure. Accounting for SSI is recommended
but not required. If SSI effects are considered, the seismic analysis should be reviewed by
qualified experts.

The seismic hazard Is defined by Reference 1 for the free ground surface. Input into the
foundation is then most accurately determined by soil column site analysis. However, the free
ground surface motion can be applied to the foundation provided the conservatism thus
Introduced s acceptable.

Horizontal spatial variations in ground motion resuft from non-vertically propagating
shear waves and from incoherence of the Input motion (i.e., refractions and reflections as
earthquake waves pass through the underlying heterogeneous geologic media). The following
reduction factors may be conservatively used to account for the statistical incoherence of the
input wave for a 1 50-foot plan dimension of the structure foundation (Reference 2S):

Fundantal Frequency of the Sofl-Structure Systm W) Rduction Factor

6 1.0

10 09

25 0.8

For structures with different plan dimensions, a linear reduction proportional to the plan
dimension should be used: for example, 0.95 at 10 Hz for a 75-foot dimension and 0.8 at 10
Hz for a 300-foot dimension (based on 1.0 reduction factor at 0-foot plan dimension). These
reductions are acceptable for rock sites as well as soil sites. The above reduction factors
assume a rigid base slab. Unless a severely atypical condition Is Identified, a rigid base slab
condition may be assumed to exist for all structures for purposes of computing this reduction.

The available information for soil properties at different sites tends to be quite variable
concerning the level of detail. Further uncertainty Is usually introduced in the development of
soil parameters appropriate for SSI analysis. For Instance, the degree of soil softening at the
dynamic strain levels expected during the defined seismic event, the amount of soil hysteretic
material damping, and the impedance mismatches which may exist due to layering are usually
not known precisely. It is not the intent to require additional soil boring or laboratory investi-
gations unless absolutely necessary. Rather, a relatively wide range of soil shear moduli (which
are usually used to define the foundation stiffness) is recommended such that a conservative
structure response may be expected to be calculated. The well known effect that the shear
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modulus of soils decreases with Increasing shear strain must be accounted for when per-
forming an SS analysis. The variation in shear modulus as a function of shear strain for sands,
gravelly solds, and saturated clays can be found in References 30 and 31.

To account for uncertainty In the soil properties, the soil stiffness (horizontal, vertical,
rocking, and torsional) employed in analysis should Include a range of soil shear modull
bounded by (a) 50 percent of the modulus corresponding to the best estimate at the seismic
strain level, and (b) 90 percent of the modulus corresponding to the best estimate the low
strain, unless better estimates of the uncertainty are available. Three soil modulus conditions
are generally recommended corresponding to (a) and (b) above, and (c). a best estimate
shear modulus.

Soil Impedances (stiffness and damping) can be accounted for using either Finite Ele-
ment Methods (FEM), elastic half-space solutions, or more refined analytical techniques which
address layering, various foundation shapes, and foundation elevations. Elastic half-space
solutions using frequency-dependent impedance functions, such as those shown in Table
4-5. are acceptable for facilities on uniform soil sites or sites where the soil properties do not
create significant impedance mismatches between layers. In addition to geometric (radiation)
damping developed using either elastic half-space or FEM methods, sod material damping
should be Included in an SSI analysis. Soil material damping as a function of shear strain can
be found in References 30 and 31 for sands, gravelly soils, and saturated clays. Lacking
site-specific data, it Is appropriate to Include soil material damping corresponding to the mean
value at the earthquake shaking induced strain level from one of the above references.

For structures which are significantly embedded, the embedment effects should also be
included In the SSI analysis. These effects can be incorporated using available simplified
methods (References 32 and 33) for some geometries. The potential for reduced lateral sod
support of the structure should be considered when accounting for embedment effects. |
Section 3.3.1.9 of Reference 34 provides guidance on this subject. Similarly, some layer effects
can also be ncorporated using simplified methods (Reference 35). For more complex stu-
ations, more refined analysis, such as discussed by various authors In Reference 36, is
desirable.
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TABLE 4W
FREQUENCY DEPENDENT ELASTIC HALF-SPACE IMPEDANCE

Direction of Equivalent Spring Constant for Equiaent Spring Contant for Equivalent Damping cofiient
Moton Rectangular Footing Circular Footing

Horizontl k. k,2(l v13.L , - k, 3 2 ( -v)GR c,. - , k.('sttic)Rp 15
7-6v

Rocking k. R k, c 0,B2L 3(1 -rR3 C,'ck,(static)RFP/G

Vrtical k. ta k 3r *, .Inez k 3 4GR c, - catk,(sUc)RJPG
.' v

Torsion k, nkj .i6 GRa c, - ck,(vtatic)RvrP/G
43

v - Poisson's ratio of foun medium,

Ga shear modulus d foundaLion medium,

R - radius d the circular base mat,

p a density of foundation medium,

B = width at the bae mat in the plane d horizontal excitation,

L = lenth of the be mat perpendicular to the plane d horizontal ecitation.

k k2. k,3 k4, = frequency dependent coefintn modifying th sta stis or damping (Reh. 32, 34,35. tc.).
C*C 2, C.C.

3

21
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N
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4.4.3 Combination of Earthquake Components

Actual earthquake records demonstrate that horizontal and vertical components of
motion are essentially statistically independent. Consequently. there is only a small probability
that the peak responses, due to each of the three indiv dual earthquake components, will occur
at the same time. Methods of combining responses from different earthquake components
in a reasonable manner are described in this section.

For General Use and Important or Low Hazard facilities, the effects of concurrent
earthquake ground motion in orthogonal horizontal directions should be considered for those
case required by the 1988 USC provisions. This requirement is satisfied by designing ele-
ments for 100 percent of the prescribed seismic forces In one horizontal direction plus 30
percent of the prescribed forces In the perpendicular horizontal direction. The combination
requiring the greater component strength should be used for design/evaluation. Alternatively,
the effects of the two orthogonal directions may be combined on a square root of the sum of
the squares (SRSS) basis. When the SRSS method of combining directional effects is used,
each term computed is assigned the sign that produces the most conservative result. By UBC
provisions, the contribution due to the vertical component is not combined with response from
other components. There is a UBC requirement to design horizontal cantilever components
for a net upward force.

For Moderate and High Hazard facilities, earthquake responses in a given direction from
the three earthquake components should be combined directly, using the assumption that,
when the maximum response from one component occurs, the responses from the other two
components are 40 percent of the maximum. In this method, all possible combinations of the
three orthogonal components, including variations in sign, should be considered. Alternatively,
the effects of the three orthogonal directions may be combined by SRSS, as discussed above.

In Section 4.4.1 itwas established thatthe peak value of other components of earthquake
ground motion is less than the largest peak acceleration as given In Reference 1. As a result,
with the largest peak acceleration defined by Reference 1, it may be assumed that the second
orthogonal horizontal component Is 80 percent of the motion defined by Reference 1, while
the vertical component is 60 percent of the Reference 1 motion. Therefore, when the largest
peak acceleration as defined In Reference 1 is used to evaluate earthquake response in a
given horizontal direction, response due to the other horizontal direction of motion should be
taken as 40 percent of 80 percent of the response computed from the largest peak acceleration.
Response due to the vertical component should be taken as 40 percent of 60 percent of the
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| response computed from the largest peak acceleration. Note-that this approach Is approxi-
matey equivalent to the UBC provisions of designing elements for 100 percent of the prescribed

' seismic forces In one horizontal direction plus 30 percent of the prescribed forces In the
perpendicular horizontal direction.

f 4.4.4 Special Considerations for Equipment and Piping

For DOE facilities that house hazardous operations and materials, the seismic adequacy
of equipment and piping Is as important as the adequacy of the building. As part of the DOE
Natural Phenomena Hazards project, a document has been prepared which provides practical
guidelines for the support and anchorage of many equipment Items that are likely to be found
In DOE facilities (Reference 5). This document primarily addresses equipment strengthening
and upgrading to Increase the seismic capacity In eisting facilities. However, the document
is also recommended for considerations of equipment support and anchorage In new facilities.

Special considerations about the seismic resistant capacity of equipment and piping
Include:

1. Equipment or piping supported within a structure respond to the motion of the
structure rather than the ground motion. Equipment supported on the ground or
on the ground floor within a structure experiences the same earthquake ground
motion as the structure.

2. Equipment or piping supported at two or more locations within a structure are
stressed due to both Inertial effects and reiative support displacements.

3. Equipment or piping may have either negligible interaction or significant coupling
with the response of the supporting structure. With negligible interaction, only the
mass distribution of the equipment should be included In the model of the struc-
ture. The equipment may be analyzed Independently. With strong coupling or if
the equipment mass Is 10 percent or more of the structure story mass, the
equipment should be modeled along with the structure model.

4. Many equipment items are inherently rugged and can survive large ground
motion if they are adequately anchored.

5. Many equipment Items are common to many ndustrial facilities throughout the
world. As a result, there is a great deal of experience data on equipment from
past earthquakes and from qualification testing. Equipment which has performed
well based on experience would not require seismic analysis or testing (if it could
be shown to be adequately anchored).

6. The presence of properly engineered anchorage Is the most mportant single item
which affects the seismic performance of equipment. There are numerous exam-
ples of equipment sliding or overturning in earthquakes due to lack of anchorage
or inadequate anchorage.
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For General Use and Important or Low Hazard facilities, the design or evaluation of
equipment or nonstructural elements supported within a structure should be based on the
total lateral seismic force, Fp, as given by the 1988 UBC provisions (Reference 10). For
Moderate or High Hazard facilities, the design or evaluation of these items should be based
on dynamic analysis, testing, or past earthquake experience data. In any case, equipment
items and nonstructural elements must be adequately anchored to their supports. Anchorage
must be verified for adequate strength and sufficient stiffness. In the remainder of this section,
the UBC lateral force provisions are reproduced, important aspects of dynamic analyses are
introduced, the use -of past earthquake experience data Is addressed, and guidance on
equipment anchorage is provided.

UBC teral force provisions - By the 1988 UBC provisions, parts of structures, permanent
non-structural components, and equipment supported by a structure and their anchorages
and required bracing must be designed to resist seismic forces. Such elements should be
designed to resist a total lateral seismic force, Fp. of:

Fp ZICpWp (4-2)

where: Wp = the weight of element or component
Cp a horizontal force factor as given by Table 23-P d the UBC fr rigid ele-

ments, or determined from the dynamic properties of the element and sup-
porting structure for non-rigid elements, as discussed in Section 4.4.4 (In the
absence of detailed analysis, the value of C for a non-rigid element should
be taken as twice the value listed in Table 2gP, but need not exceed 2.0).

The lateral force determined using Equation 4-2 should be distributed in proportion to
the mass distribution of the element or component. Forces determined from Equation 4-2
should be used for the design or evaluation of elements or components and their connections
and anchorage to the structure, and for members and connections which transfer the forces
to the seismic-resisting systems. Forces should be applied in the horizontal directions which
result in the most critical loadings for design/evaluation.

Dynamic analysis principles - Guidelines for the design and analysis of equipment or non-
structural elements supported within a structure by dynamic analysis are given in Chapter 6
of Reference 11 and in Reference 34. Elements attached to the floors, walls, or ceilings of a
building (e.g., mechanical equipment, ornamentation, piping, and nonstructural partitions)
respond to the motion of the building in much the same manner that the building responds to
the earthquake ground motion. However, the building motion may vary substantially from the
ground motion. The high frequency components of the ground motion are not amplified by
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the building while the components of ground motion that correspond to the natural periods

of vibrations of the building tend to be magnified. If the elements are rigid and rigidly attached

to the structure, accelerations of the elements will be the same as the accelerations of the

structure at the attachment points. But elements that are flexible and have periods of vibration

close to any of the predominant modes of the building vibration will experience amplified

accelerations over that which occurs in the structure.

The most common method of representing support excitation is by means of floor

response spectra also commonly called In-structure response spectra). A floor response

spectrum Is a response spectrum evaluated from the seismic response at support locations

determined from a dynamic analysis of the stucture. F orrspone spectra can be computed

most directly from a dynamic analysis of the structure conducted on a ime-step by ime-step

basis. In addition, there are algorithms avalable that allow the generation of floor response

spectra directly from the ground motion response spectrum and modal properties of the

structure without time history analysis (e.g., References 37, 38, and 39). A simple mnethod for

evaluating floor spectra Is provided In Chapter 6 of Reference 11 and Is recommended herein.

Note that floor response spectra should generally be developed assu ming elastic behavior of

te supporting structure even though nelastic behavior is permitted In the design of the

structure. Conservatively underestimating the capacity of the structure as well as using

minimum specified material strengths leads to conservative design of the structure but

potentially unconservative floor response spectra. Greater floor spectra would result from

elastic analysis based on realistic strength of the structure.

Equipment or piping which is supported at multiple locations throughout the structure

could have different floor spectra for each support point. In such a case, It Is acceptable to

use a single envelope spectrum of all locations as the Input to all supports. Alternatively, there

are analytical techniques available for using different spectra at each support location or for

using different input time histories at each different support.

Past earthquake experience data - Since many equipment tems within DOE facilities will

likely require seismic qualification, seismic experience data and data from past qualification

program experience should be utilized, if possible. Seismic experience data Is being developed

in usable format by ongoing research programs sponsored by the nuclear power industry

(References 40, 41, 42, and 43). It is necessary to conduct either seismic analyses or shake

table testing to demonstrate sufficient seismic capacity for those tems which cannot be

eliminated from consideration through the use of seismic experience data or for Items which
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are not obviously invulnerable to earthquakes due to inherent ruggedness. It is also necessary
to estimate the input excitation at locations of support for seismic qualification by experience
data, analysis or testing of structure-supported equipment or piping.

Anchorage - Engineered anchorage of equipment or components is required for all facility-use
categories. It is intended that anchorage have both adequate strength and sufficient stiffness.
Types of anchorage include: (1) cast-in-place bolts or headed studs; (2) expansion anchor
bolts; and (3) welds to embedded steel plates or channels.

Adequate strength of equipment anchorage requires consideration of tension, shear,
and tension-shear interaction load conditions. it Ls recommended that the strength of cast-
in-place anchor bolts be based on UBC Sec. 2624 provisions (Reference 10) for General Use
and Important or Low Hazard facilities and on ACI 349-85 provisions (Reference 44) for
Moderate and High Hazard facilities. The strength of expansion anchor bolts should generally
be based on design allowable strength values available from standard manufacturers' rec-
ommendatlons or sources such as Reference 43. Design allowable strength values typically
include a factor of safety of about 4 on the mean capacity of the anchorage. It is permissible
to utilize strength values based on a lower factor of safety for evaluation of anchorage in
existing facilities, provided the detailed inspection and evaluation of anchors is performed in
accordance with Reference 43. Currently, a factor of safety on the order of 3 is judged to be
appropriate for this situation. When anchorage is modified or new anchorage is designed, it
is recommended that design allowable strength values including the factor of safety of 4 be
used. For strength considerations of welded anchorage, it is recommended that AISC, Part
1 (Reference 45) allowable values multiplied by 1.7 be used.

Stiffness of equipment anchorage as discussed in Reference 41 should also be con-
sidered. Flexibility of base anchorage can be caused by the bending of anchorage compo-
nents or equipment sheet metal. Excessive eccentricities in the load path between the
equipment item and the anchor is a major cause of base anchorage flexibility. Equipment
base flexibility can allow excessive equipment movement, reducing ts natural frequency and
possibly increasing its dynamic response. In addition, flexibility can lead to high stresses in
anchorage components and failure of the anchorage or equipment sheet metal.

Summary - For General Use and Important or Low Hazard facilities, seismic evaluation of
equipment or nonstructural elements supported by a structure can be based on the total lateral
seismic force as given by Equation 4-2. For Moderate and High Hazard facilities, the seismic
evaluation of equipment and piping necessitates the development of floor response spectra
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representing the input excitation. Once seismic loading is established, seismic capacity can
be determined by analysis, testing, or the use of seismic experience data. It is recommended
that wherever possible, seismic qualification be accomplished through the use of experience
data because such an approach Is likely to be far less costly and time consuming.

4.4.5 Special Considerations for Evaluation of Existing Facilities

it is anticipated that these guidelines would also be applied to evaluations of existing
facilities. General guidelines for the seismic evaluation of existing facilities are presented in a

DOD manual (Reference 46). In addition, guidelines for upgrading and strengthening
equipment are presented In Reference 5. These documents should be referred to for the
overall procedure of evaluating seismic adequacy of existing facilities, as well as for specific

guidelines on upgrading and retrofitting. General requirements and considerations in the
evaluation of existing facilities are briefly presented below.

Existing facilities should be evaluated for earthquake ground motion in accordance with
I the guidelines presented earlier in this chapter. The process of evaluation of existing facilities

differs from the design of new facilities In that the as-built condition of the existing facility must
| be assessed. This assessment includes reviewing drawings and making site Visits to determine

deviations from the drawings. In-place strength of the materials should also be determined.
The actual strength of materials Is likely to be greater than the minimum specified values used
for design, and this may be determined from tests of core specimens or sample coupons. On
the other hand, corrosive action and other aging processes may have had deteriorating effects
on the strength of the structure or equipment, and these effects should also be evaluated in

some manner. The inelastic action of facilities prior to occurrence of unacceptable damage
should be taken into account since the inelastic range of response Is where facilities can
dissipate a major portion of the input earthquake energy. The ductility available in the existing
facility without loss of desired performance should be estimated based on as-built design
detailing rather than using the inelastic demand-capacity ratios presented In Table 4-2. An
existing facility may not have seismic detailing to the desired level discussed in Section 4.3
and upon which the values presented In Table 4-2 are based.

Evaluation of existing facilities should begin with a preliminary inspection of site condi-
tons, the building lateral force-resisting system and anchorage of building contents,
mechanical and electrical systems, and nonstructural features. This Inspection should include

review of drawings and facility walkdowns. Site investigation should assess the potential for

earthquake hazards In addition to ground shaking, such as active faults which might pass
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beneath facilities or potential for earthquake-nduced landslides, liquefaction, and consoi-
dation of foundation soils. Examination of the lateral force-resisting system, concentrating on
seismic considerations as discussed in Section 4.3, may point out obvious deficiencies or
weakest links such that evaluation effort can be concentrated in the most useful areas and
remedial work can be accomplished in the most timely manner. Inspection of connections for
both structures and equipment Indicates locations where earthquake resistance can be readily

upgraded.

Once the as-built condition of a facility has been verified and deficiencies or weak links
have been dentified, detailed seismic evaluation and/or upgrading of the facility can be
undertaken. Obvious deficiencies that can be readily improved should be remedied as soon
as possible. Seismic evaluation for existing facilfWes would be similar to evaluations performed
for new designs except that a single as-built configuration is evaluated instead of several
configurations In an iterative manner as Is required in the design process. Evaluations should
be conducted In order of priority. Highest priority should be given to those areas Identified
as weak links by the preliminary Investigation and to areas that are most important to personnel
safety and operations with hazardous materials.

As discussed In Chapter 2. the evaluation of existing facilities for natural phenomena
hazards can result In a number of options based on te evaluation results. If the existing facility

can be shown to meet the design and evaluation guidelines as presented in Section 4.2 and
good seismic design practice had been employed per Section 4.3, then the facility would be
judged to be adequate for potential seismic hazards to which it might be subjected. If the
facility does not meet the seismic evaluation guidelines of this chapter, several alternatives
can be considered:

1. If an existing facility is close to meeting the guidelines, a slight Increase in the
annual risk to natural phenomena hazards can be allowed due to the difficulty in
upgrading an existing facility compared to Incorporating increased seismic
resistance In a new design and due to the fact that existing facilities may have a
shorter remaining life than a new facility. As a result, some relief n the guidelines
can be allowed by either of the following approximately equivalent approaches:

a. permitting calculated seismic demand to exceed the seismic capacity by no
more than 20 percent, or

b. performing the evaluation using hazard exceedance probability of twice the
value recommended in Section 4.2 for each facility-use category.

2. The facility may be strengthened such that its seismic resistance capacity Is suffi-
ciently increased to meet the guidelines. When upgrading Is required, it should
be accomplished In compliance with unreduced guidelines (.e., tem I provisions
should not be used for upgrading).
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3. The usage of the facility may be changed such that t falls within a less hazardous
facility-use category and consequently less stringent seismic requirements.

4. It may be possible to conduct the aspects of the seismic evaluation in a more
rigorous manner that removes conservatism such that the facility may be shown
to be adequate. Alternatively. a probabilistic assessment of the facility might be
undertaken in order to demonstrate that the performance goals for the facility can
be met.
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5 DESIGN AND EVALUATION CRITERIA FOR WIND LOAD

5.1 INTRODUCTION

This chapter presents a uniform approach to wind load determination that Is applicable
to the design of new facilities and the evaluation of existing ones. As discussed in Section
3.2, a uniform treatment of wind loads is recommended to accommodate extreme, hurricane,
and tornado winds. Buildings or facilities are first assigned to appropriate facility-use cate-
gories as defined in Chapter 2. Criteria are recommended such that the performance goals
for each category can be achieved. Procedures according to ANSI A58.1-1982 (Reference
16) are recommended for determining wind loads produced by straight, hurricane, and tornado
winds. The extreme wind/tornado hazard models for DOE sites published in Reference 2 are
used to establish site-specific criteria for each of the 25 DOE sites included In this study.

The performance goals established for General Use and Important or Low Hazard
facility-use categories are met by conventional building codes or standards (see discussion
in Chapter 2). These criteria do not account for the possibility of tornado winds, because wind
speeds associated with extreme winds typically are greater than those for tornadoes at
exceedance probabilities greater than approximately 1x104 . For this reason, tornado design
criteria are specified only for buildings and facilities in Moderate and High Hazard categories,
where hazard exceedance probabilities are less than 1x10 4.

The traditional approach to establishing tornado design criteria Is to select extremely low
exceedance probabilities. For example, the exceedance probability for design of commercial
nuclear power plants is 1xi-7. There are reasons for departing from this traditional approach.
The low exceedance value for commercial nuclear power plants was established circa 1960
when very little was known about tornadoes from an engineering perspective. Much has been
learned about tornadoes since that time. Use of a low hazard probability is inconsistent with
the practice relating to other natural hazards, such as earthquakes. There are many uncer-
tainties In tornado hazard probability assessment, but they are not significantly greater than
the uncertainties in earthquake probability assessment (see discussion in Appendix A). The
strongest argument against using low probability criteria is that a relatively short period of

record (37 years) must be extrapolated to extremely small exceedance probabilities. For these

reasons, an alternative approach is proposed in these guidelines.

the rationale for establishing tornado criteria Is described below. Figure 5-1 shows the
tornado and straight wind hazard curves for two DOE sites (SLAC and ORNL). The wind

speed at the intersection of the tornado and straight wind curves Is defined for purposes of
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this discussion as the transition wind speed. An exceedance probability is associated with
each transition wind speed. If the exceedance probability of the transition wind speed is less
than 10-5 per year, tornadoes are not a viable threat to the site, because straight winds are
more likely. Thus, from Figure 5-1, tornadoes should not be considered at SLAC.
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Table 5-1 tabulates best esfimate wind speeds from Reference 2 for each DOE Site, along
with the transition wind speed. Those sites with transition wind speed exceedance probabilities
greater than 1 5 should be designed for tornadoes; others should be designed for extreme
winds or hurricanes.

TABLE 5-1
TYPES OF WIND FOR DESIGN LOADS

est-Estimate Wind Spscd- mphl
Annual Hzard Transition Type d Wind for

DOE PROJECT SrrES Excoedance Probability Wind Speed Design
1__3 1o c-5 1 _ _

Bendkx Pan, MO Se 110 177 233 100 Tornado
Los Alamo National 93 107 122 136 140 Extre
Scientific Laboratory. NM

Mound Laboratory, OH 90 108 171 227 104 Tornado
Pandex Plant TX se 112 19 2 115 Tornado
Rocky Flats Plant, CO 136 t6 163 206 3 o
Sandia National Laboratoriee, 93 107 122 135 139 Extrome
Albuqu . NM

Sandia National Laboratories, Livermore, CA s6 113 131 150 - Extreme
Pinellas Plan, FL 130 150 174 204 181 Hurfcane
Argonn National Laboratory-East L 72 116 176 226 77 Tornado
Argonne National Laboratory-West, ID 83 95 105 116 119 Extreme
Brookhaven National Laboratory, NY 86 100 127 179 106 Tornado
Princeton Plasma Physics Laboratory, NJ s0 83 135 182 90 Tornado
Idaho National Engineering Laboratory, ID 84 95 105 115 117 Extreme
Feed Materials Production Center. OH 87 108 173 231 96 Tornado
Oak Ridge National Laboratory, X-10, K-25. and Y 12, s0 90 152 210 101 Tornado
TN

Paducah Gaseous Diffusion Plant KY 75 115 180 235 so Tornado
Portsmouth Gaseous Diffusion Plant, OH 63 95 145 205 98 Tornado
Nevada Test Site, N 87 100 110 124 131 Extreme
iHanford Project Site. WA 68 77 e5 112 as Extreme
Lawrence Berkeley Laboratory, CA 95 111 130 148 - Extreme
Lawrence Livermore National Laboratory, CA 96 113 131 150 _ Extreme
Lawrence Lvermore National Laboratory SR 300, CA 104 125 145 164 - Extreme
Enrgy Technology and Engineering Center, CA 59 68 98 141 74 Tornado
Stanford Unear Accelerator Conter, CA 95 112 130 149 158 Extreme
Savannah River Plant, SC 109 138 172 m 155 Tornado

NOTES:

1. B estinate wind speds come from Reference 2.

2. Transition wind speed at the interection d the extreme ind hazard and the tornado hazard curves.

3. When transition wind speed is not lIted. it is associated with a probability es than 104.
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The tornado wind speed is obtained by selecting the wind speed associated with an
exceedance probability of 2x1 0-5 per year. The value of x1 O-5 is the largest one that can be
used and still represent a point on the tornado hazard curve. For example, the tornado wind
speed for the ORNL site is 130 mph (peak gust at 1m).

A comparison of the slopes of the tornado hazard curves for the DOE sites In Reference
2 reveals that the slopes are essentially the same even though the transition wind speeds are
different. The criteria required to meet the performance goals of Moderate and High Hazard
facilities can be met by using multipliers that are equivalent to an importance factor In the ANSI
A58. 1-1982 design procedure. The multipliers are specified In lieu of two different exceedance
probabilities for Moderate and High Hazard facilities. The value of the importance factor Is
selected to achieve lower probability of tornado damage for High Hazard facilities compared
to Moderate Hazard facilities. While the exceedance probabilities specified for tornadoes

presented herein still do not match values used for earthquakes, the differences have been
reduced as much as possible. The importance factors are then chosen to meet the per-
formance goals stated in Chapter 2.

In general, design criteria for each facility-use category include:

1. Annual hazard exceedance probability.
2. Importance factor. |
3. Missile parameters for Moderate and High Hazard facilities.
4. Tornado parameters for Moderate and High Hazard facilities, if applicable. |

The criteria are formulated in such a way that a uniform approach for determining design wind
loads as specified In ANSI A58. 1-1982 (Reference 16) can be used for extreme, hurricane, and l
tornado winds.

In order to apply the ANSI A58.1-1982 procedure, wind speeds must be fastest-mile.
The tornado wind speeds given In Reference 2 are gust speeds and must be converted to
equivalent fastest-mile wind speeds. Table 5-2 gives conversions of tornado wind speeds to
fastest-mile wind speeds. Appropriate gust response factors and velocity pressure exposure
coefficients are utilized in the process -of determining wind loads. Appropriate exposure

categories also are considered In the wind load calculations. Open terrain should be assumed
for tornado winds, regardless of the actual terrain conditions.
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IELATIONSHIP TABLE 6-2
RELATIONSHIP BETWEEN TORNADO WIND SPEEDS AND

FASTEST-MILE WIND SPEEDS

Tornado Wind FaaetoMiI Wind
Speed, mph (Vo Speed, mph (VrQ

100 85

110 94

120 103

130 113

140 123

150 132
180 142

170 151

130 161
190 170

200 180

210 190

220 200
230 209

240 218

250 231

290 241

270 250

280 260

290 271

300 280

Vfn - 0.959 Vt 1 1 34

For an overview of extreme wind and tornado hazards, Reference 53 should be con-
sulted. Reference 54 provides guidance on the design of structures to wind and tornado
loads. These references supplement the material presented in this chapter.

5.2 CRITERIA FOR DESIGN OF FACILITIES

The criteria presented herein are consistent with the performance goals described in
Chapter 2 for each facility-use category. Buildings orfacilities in each category have a different
role and represent different levels of hazard to people and the environment. In addition, the

degree of wind hazard varies geographically. Facilities in the same facility-use category, but
at different geographical locations, will have different criteria specified to achieve the same

performance goal.
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The minimum wind design criteria for each of the four facility-use categories are sum-
marized In Table 5-3. The recommended basic wind speeds for extreme wind, hurricanes,
and tornadoes are contained In Table 5-4. AlU wind speeds are fastest-mile. Minimum
recommended basic wind speeds are noted in the table. The use of mportance factors in
evaluating effective velocity pressure Is summarized In Table 5-5. Performance goals and their
implications are discussed for each of the categories.

TABLE 53
SUMMARY OF MINIMUM WIND DESIGN CRITERIA

f

Y V Y

Moderate Hazard High Hazard
Building Categi Gene11.1U hirportar or

Low Hazard
Moderate Huzard High Hazard

Annual Probabilt 2xl0 4 2x10 2 1x10 43 1x104

d Exceedance

I Imnco1.0 1.07 1.0 1.0
n Fcor-
d

MI Criteria 24 timber plank 15 b @50 2x4 timber pank 15 lb @ 50
mph (hortz.); max height 30 mph (houiz.); max. height 50
ft. ft.

Annul Htaad
Probabity 2x10 5 2x10-S

of Exceedance

Importance Factor' _ I * .0 I - 1.35
APC ______ __ 40 pd@ 20 peflse 125 pd @ 50 psec

2x4tlmbrplank 151b@100 2x4tbepnk15tb ISO
o mph wilz.); max height mph (hort), max. height
r 1l0 Mt70 mph (vest) 200 ft; 100mph(Vert.)
n
a Missile CriterIa 3 In. die std. teel pipe, 75 3 In. di. std. stel pipe, 75
d b @ 50 mph Oz.) max lb 7 mph horiz.) max
o hegM 7 st, 35 mph MA) heg 100 t, S0 mph (vo.)

3.000 lb automobile @ 25
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ m ph. rolls and tum bles

See Tab;e 5-5 for dicusson of Importance ftors
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I TABLE 6-4
11 RECOMMENDED BASIC WIND SPEEDS FOR DOE SITES

Fase*dlie Wind Speods at 1in Height

Building Category
General imporant Moderate Hazard High Hazard

Li" or Low
Hzrd._

VInd Wind Vind Tornado Wind Tornado
DOE PROJECT SITES 2x10-2 2x10 2 1x1043 2x10 5 1X10-4 20o-5

Bandbt PlSa, MO 72 72 - 144 - 144

LosAlamoeNational Scletifc 77 77 93 - 107 -
Laboratory, NM _

Mound Laboratory, OH 73 73 - 136 - 136

Pant~xPlarut.TX 78 78 - 132 _ 132

Rocky Flats Plard. CO 109 109 138 138 161 161

Sandia National Laboratorles, 78 78 93 - 107 -

Albuquerque, NM

Sandia National Laboratoree, 72 72 95 _ 113 _
Lvermor. CA . .

Pinellas Plant, FL 93 93 130 - 150 -

Argonne National Laboratoty-East, IL 70(1) 70(1) - 142 - 142

Argonne National Laboratory-Weal ID 70(l) 70(1) 83 - 95 -

Brookhaven National Laboratory, NY 70t1) 70(1) - 52) - 95(2)

Princeton Plasma Physice Laboratory, NJ 70(1) 70() - 103 - 103

Idaho National Engineering Laboraory 70(1) 70(1) 84 - 05 -

Feed Materiala Production Center, OH 70(1) 70(1) - 139 - 139

Oak Rild National Labortory, X-10, K425. and 70(1) 70(1) - 113 - 113

Paducah Gaseous Diffusion Plant, Kf 70(1) 70(1) - 144 -

Portsmouth Gaseoue Diffusion Plant. OH 70(1) 70(1) - 110 - 110

Nevada Tt SlteNW 72 72 87 - 100 _

Hanford Project Sie, WA 70(1) 70(1) 80(1) - 0(1)

Lawrence Berkeley La boratory, CA 72 72 95 - 11111

Lawrence Livermore National 72 72 96 - 113
Laboratory. CA

Lawrence Livermore National so 80 104 - 125
Laboratory, Site 300, CA

Energy Technology and Engineering 70(1) 70(1) - 9(2) - 95(2)
C enter. C A I__ _ _ __ _ _ _ I__ _ _ _ _ __ _ _ _ _

Stanford Linear Accelerator Center. CA 72 72 95 - 112 -

Savannah River Plant, SC 78 - 137 - 137

NOTES:

1. Minimum extreme wind speed,

2. Minimum tomado speed.
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TABLE 5-5
IMPORTANCE FACTORS AND EFFECTIVE VELOCIlY PRESSURES

Facility-Us Categoy Extreme At HurrkuwOcmni- Tornadoes
winds noe

General Use 1.00 1.05 -
Impo~rZt or Low Hazard 1.07 1.11
Moderate Hazard 1.00 1.05 1.00
High Hazard 1.00 1.11 1.35

For regons between the hurrican ocearillne and 100 miles ilnd, the Importance factor I shal be determined by

In ANSI ASB1I192 (R fnc 16). effective velocity pressur. qz. at any heigt z above ground i given by:

qz 0.00256Kz(IV) 2

where K a velocity pressure coefficient evaluated at
heigt z (s a Auction of terrain expowre category
per Table o Reference 16)

I I Iportanc, factor given In Table 53 and above
V Is the basic wind speed given In Table 54

5.2.1 General Use Facilities

The performance goals for General Use facilities are consistent with objectives of ANSI
A58. 1-1 982 Building Class I, Ordinary Structures. The wind-force resisting structural system
should not collapse under design load. Survival without collapse implies that occupants should '>
be able to find an area of relative safety inside the building. Breach of the building envelope
is acceptable, since confinement is not essential. Flow of air through the building and water
damage are acceptable. Severe damage, including total loss, is acceptable, so long as the
structure does not collapse.

The ANSI A58.1-1982 calls for the basic wind speed to be based on an exceedance
probability of 0.02 per year. The importance factor for this class of building Is 1.0. For those
sites within 100 miles of the Gutf of Mexico or Atlantic coastlines, a sightly higher importance
factor Is recommended to account for hurricanes (see Table 5-5).

Distinctions are made In the ANSI Specification between buildings and other structures,
between main wind-force resisting systems, components, and cladding. In the case of
components and cladding, a further distinction is made between buildings less than or equal
to 60 ft and those greater than 60 ft in height
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Terrain surrounding the facilities should be classified as Exposure B. C, or D, as
appropriate. Gust response factors and velocity pressure exposure factors should be used
according to rules of the ANSI A58.1-1982 procedures.

Wind pressures are calculated on the walls and roofs of enclosed buildings by appro-
priate pressure coefficients specified in the ANSI A58.1-1982 standard. Distinctions are made
between overall pressures on walls and roofs of enclosed buildings and local pressures at
wall corners, eaves, ridges, and roof corners. Local pressures are used for anchorage and

I cladding design and should not be combined with overall pressures. Openings, either of
necessity or created by wind forces or missiles, result In Internal pressures that can increase

| wind forces on components and cladding. The worst cases of combined nternal and external
pressures should be considered as required by the ANSI standard.

Structures In the General Use category may be designed by either allowable stress
design (ASD) or strength design (SD) as appropriate for the material used in construction.

Load combinations that produce the most unfavorable effect should be determined. When
using ASD methods, the following load combinations should be considered (Reference 16):

(a) DL(alone)
(b) DL + LL
(c) DL+W
(d) 075(DL + W + L)

where

| DL = dead load
LL = live load
W = wind or tornado load

The reduction of combinations (c) and (d) by 0.75 represents, In effect, a 33% Increase In the

allowable stress. The provision recognizes that the probability of experiencing the load
combinations simultaneously is significantly less han one.

When using SD methods for concrete, the following load factors are recommended in
Reference 55:

(a) U = 1.4DL + 1.7LL
(b) U = 0.75(1.4DL + 1.7LL + 1.7W)

(c) U = .90DL + 1.3W
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The SD method requires that the strength provided be greater than or equal to the strength
required to carry the factored loads. Appropriate strength reduction factors shall be applied
to the nominal strength calculated in accordance with Reference 55.

Strength design (SD) for steel construction, based on Part 2 of the AISC specification

(Reference 45) calls for the following factored load combinations:

U= 1.7(DL + LL)

U = 1.3(DL + LL + W)

Application of strength reduction factors In the AISC procedure Is not required In Reference

45.

5.2.2 Important or Low Hazard Facilities

Important or Low Hazard facilities are equivalent to essential facilities (Class II, as defined
in ANSI A58.1-1982- The structure's main wind-force resisting structural systems shall not
collapse at design wind speeds. Complete Integrity of the building envelope is not required

because no significant quantities of toxic or radioactive materials are present. However, breach
of the building envelope may not be acceptable if wind or water interfere with the facility function.
If water damage to sensitive equipment, collapsed interior partitions, or excessive damage to

HVAC ducts and equipment leads to loss of facility function, then loss of cladding and missile
perforation at the design wind speeds must be prevented.

An annual wind speed exceedance probability of 0.02 is specified, but the Importance

factor for Important or Low Hazard category structures is 1.07. For those sites located within

100 miles of the Gulf of Mexico or Atlantic coastlines, a slightly higher importance factor (as

listed in Table 5-5) is used to account for hurricane winds.

Once the design wind speeds are established and the importance factors applied, the
determination of wind loads on Important or Low Hazard category structures s Identical to
that described for General Use category structures. Facilities in this category may be designed

by ASD or SD methods, as appropriate, for the construction material. The load combinations
described for General Use structures are the same for Important or Low Hazard structures.
Greater attention should be paid to connections and anchorages for main members and

components, such that the integrity of the structure is maintained.
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52.3 Moderate Hazard Facilities

The performance goal for Moderate Hazard facilities requires more rigorous criteria than
is provided by standards or model building codes. In some geographic regions, tornadoes
must be considered.

Extreme Winds and Hurricanes

For those sites where tornadoes are not a viable threat (see Table 5-1), the recommended
basic wind speed Is based on an annual exceedance probability of 1x10-3. The mportance
factor is 1.0. For those sites located within 100 miles of the Gulf of Mexico or Atlantic coastlines,
a slightly higher importance factor Is specified to account for hurricanes (see Table 5-5).

A minimum missile criteria is specified to account for objects or debris that could be
picked up by extreme winds, hurricane winds, or weak tornadoes. A 2x4-in. mber plank
weighing 15 lbs. is the specified missile. Its Impact speed is 50 mph at a maximum height of
30 ft above ground level. The missile will break glass; It will perforate sheet metal siding, wood
siding up to 3/4 in. thick, or form board. The missile could pass through a window or a weak
exterior wall and cause personal injury or damage to Interior contents of a building. The
specified missile will not perforate unreinforced concrete masonry or brick veneer walls or
other more substantial walls.

Once the basic wind speeds are established and the Importance factors applied,
determination of Moderate Hazard category wind loads is dentical to that described for the
General Use category. Facilities in this category may be designed by ASD or SD methods,
as appropriate, for the material being used in construction. The load combinations described
for General Use structures are the same for the Moderate Hazard category. Greater attention
should be paid to connections and anchorages for main members and components, such
that the integrity of the structure Is maintained.

Tornadoes

For those sites requiring design for tornadoes (see Table 5-1), the criteria Is based on
slte-specific studies as published In Reference 2. The basic wind speed Is associated with an
annual hazard probability of exceedance of 2x1 0,5. The wind speed obtained from the tornado
hazard model is converted to fastest-mile. The Importance factor for the Moderate Hazard
category is 1.0.
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With the wind speed converted to fastest-mile wind and an importance factor of 1.0, the
equations n Table 4 of the ANSI standard should be used to obtain design wind pressures
on the structure. Exposure Category C should be used with tornado winds. The velocity
pressure factor is obtained, as is the gust response factor, from appropriate tables in the ANSI
standard. Pressure coefficients for external, internal, and local pressures are used to obtain
tornado wind pressures on various parts of the structure. A distinction is made between the
main wind-force resisting system and components and cladding.

In addition to the tornado wind loads, atmospheric pressure change (APC) loads may
need to be considered if the building Is sealed for the purpose of confining hazardous materials.
The maximum APC shall be 40 psf with the rate of pressure change at 20 psflsec. The following
loadings are appropriate for sealed buildings:

1. APC alone
2. One-half maximum APC pressure plus maximum wind pressure.

APC alone could occur on the roof of a buried tank or sand fiter if the roof s exposed at
ground level. APC pressure is only half its maximum value at the radius of maximum wind
speed In a tornado. The effect of rate of pressure change on ventilation systems should be
analyzed to assure that it does not interrupt function or processes carried out in the facility.
Procedures and computer codes are available for such analyses.

Two missiles are specified as minimum criteria for this facility-use category. The 2x4in.
timber plank weighing 15 lbs. Is assumed to travel in a horizontal direction at a speed up to I
100 mph. The horizontal speed Is effective up to a height of 150 ft above ground level. If
carried to a great height by the tornado winds, the timber plank could achieve a terminal vertical l
speed of 70 mph in failing to the ground. The horizontal and vertical speeds are assumed
uncoupled and should not be combined. The missile will perforate most conventional wall
and roof cladding except reinforced masonry or concrete. The cells of concrete masonry walls
must be filled with grout to prevent perforation by the timber missile. The second missile is a
3-in.-diameter standard steel pipe, which weighs 75 lbs. It can achieve a horizontal impact
speed of 50 mph and a vertical speed of 35 mph. s horizontal speed could be effective to
heights of 75 ft above ground level. The missile will perforate conventional metal siding,
sandwich panels, wood and metal decking on roots, and gypsum panels. In addition, it will
perforate unreinforced concrete masonry and brick veneer walls, reinforced concrete masonry
walls less than 8 in. thick, and reinforced concrete walls less than 6 in. thick.

I
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5.2.4 High Hazard Facilities

The performance goal can be achieved for this category If the main wind-force resisting
members do not collapse, structural components do not fail, and the building envelope is not
breached at the design wind loads. Loss of cladding, broken windows, collapsed doors, or
significant missile perforations shall be prevented. Air flow through the building or water
damage cannot be tolerated.

Extreme Winds and Hurricanes

For those sites which do not require specific design for tornado resistance, the rec-
ornmended basi wind speed is based on an annual hazard exceedance probability of IxiO-4 .
The Importance factor Is 1.0 as shown In Table 55. The wind speed Is fastest-mile at an
anemometer height of 10 meters above ground level.

The missile criteria Is the same as for the Moderate Hazard category, except that the
maximum height achieved by the missile is 50 ft instead of 30 ft.

Tomadoes

For those sites requiring design for tornado resistance (see Table 5-1), the criteria Is
based on site-specific studies as published In Reference 2. The recommended basic wind
speed is associated with an annual hazard probability of exceedance of 2x1 5 (same as the
Moderate Hazard category). The wind speed obtained from the tornado hazard model is
converted to fastest-mile. The importance factor for the High Hazard category Is 1.35.

With the wind speed expressed as fastest-mile and an Importance factor of 1.35, the
equations in Table 4 of ANSI A58.1-1982 should be used to obtain design wind pressures on
the structure. Exposure Category C should always be used with tornado winds. The velocity
pressure exposure factor is obtained, as is the gust response factor, from appropriate tables
in the ANSI standard. Pressure coefficients for external, local, and nternal pressures are used
to obtain tornado wind pressures on various parts of the structure. A distinction is made
between main wind-force resisting system and components and cladding In determining wind
pressures.

In addition to the tornado wind loads, APC loads may need to be considered. If the
building is sealed to confine hazardous materials, the maximum APC pressure shall be 125
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psf with a rate of 50 psflsec. The wind and APC load combinations specified for the Moderate T
Hazard facility-use category also are applicable for this category. The effects of rate of pressure
change on ventilating systems should be analyzed.

Three missiles are specified as minimum criteria for this facility-use category. The 24-in.

timber plank weighs 15 Ibs. and Is assumed to travel In a horizontal direction at speeds up to
150 mph. The horizontal missile is effective to a maximum height of 200 ft above ground level.
If carried to a great height by the tornado winds, could achieve a terminal speed in the vertical
direction of 100 mph. The horizontal and vertical speeds are uncoupled and should not be
combined. The missile will perforate most conventional wall and roof cladding except rein-
forced masonry and concrete. Each ceil of the concrete masonry shall contain a 1/2-in.-
diameter rebar and be grouted to prevent perforation by the missile. The second missile Is a
3-in.-diameter standard steel pipe, which weighs 75 bs. It can achieve a horizontal impact
speed of 75 mph and a vertical speed of 50 mph. The horizontal speed could be effective at
heights up to 100 ft above ground level. This missile will perforate unreinforced concrete
masonry and brick veneer walls, reinforced concrete masonry walls less than 12 in. thick, and
reinforced concrete walls less than 8 in. thick. The third missile Is a 3000-lb automobile that
Is assumed to roll and tumble on the ground and achieve an impact speed of 25 mph. Impact
of an automobile can cause excessive structural response to columns, walls, and frames.
Impact analyses should be performed to determine specific effects. Collapse of columns,
walls, or frames may lead to further progressive collapse.

5.2.5 Recommended Design WInd Speeds for Specific DOE Sites

The criteria specified in Table 5-3 for the four facility-use categories should be applied
to the site-specific extreme wind/tornado hazard models for each of the 25 DOE sites Included
in this study. Table 5-4 summarizes the recommended design wind speeds. Appropriate
importance factors to be used with the wind speeds are listed In Table 5-5. The wind speeds
are fastest-mile. Minimum wind speed values for a particular facility-use category have been
imposed. The wind speeds listed in Table 5-4 should be treated as basic design wind speeds
in the ANSI A58.1-1982 procedures for determining wind pressures on buildings and other
structures.

The following sites require design for extreme winds:

Argonne National Laboratory-West, ID
Hanford Project Site, WA
Idaho National Engineering Laboratory, ID
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Lawrence Berkeley Laboratory, CA
Lawrence Uvermore National Laboratory, CA
Lawrence Lvermore National Laboratory Site 300, CA
Los Alamos National Scientific Laboratory. NM
Nevada Test Site, NV
Pinellas Plant, FL
Sandia National Laboratories. Albuquerque, NM
Sandia National Laboratories, Uvermore, CA
Stanford Unear Accelerator Center, CA

The Rocky Flats Plant site presents a unique situation. The presence of downslope winds
dominate the extreme wind distribution, suggesting that the design criteria should be based
on extreme wind criteria. However, tornadoes are possible and have occurred near the sie.
Hence, both extreme winds and tornadoes should be considered In arriving at a final design
criteria for this ste. A specific hazard assessment was performed for the Pinellas Plant, FL,
whose wind design Is governed by hurricane (see Table 5-1). The Importance factor for this
site should not be increased above the value for straight winds.

The sites for which tornadoes are the viable wind hazard Include:

Argonne National Laboratory - East, IL

Bendix Plant, MO
Brookhaven National Laboratory, NY
Energy Technology and Engineering Center, CA

|e Feed Metals Production Center, OH
Mound Laboratory, OH
Oak Ridge National Laboratory, TN
Paducah Gaseous Diffusion Plant, KY
Pantex Plant, TX
Portsmouth Gaseous Diffusion Plant, OH
Princeton Plasma Physics Laboratory, NJ
Savannah River Plant, SC

Brookhaven National Laboratory, Long Island, NY, and Princeton Plasma Physics Laboratory,
NJ, .are located in hurricane-prone zones. See Table 5-5 for values of Importance factor for
hurricane winds. For Moderate and High Hazard categories, the minimum tornado wind speed
criteria apply because they are a worse case than the hurricane criteria.
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5.3 CRITERIA FOR EVALUATION OF EXISTING FACIUTIES

The performance goals for design presented in the previous section may be used to
evaluate existing facilities. The objective of the evaluation process Is to determine if an existing
facility meets the performance goals for a particular facility-use category.

The key to the evaluation of existing facilities Is to identify the potential failure points in
a structure. The crical failure mechanism could be failure of the wind-load resisting structural
subsystem, or it could be a breach of the building envelope which allows release of toxic
materials to the environment or results in wind or water damage to the building contents. The
structural subsystem of many old facl~ites (25 to 40 years old) have considerable reserve
strength because of conservatism used In the design approach. However, the facility could
still fail to meet performance goals if breach of building envelope Is not acceptable.

The weakest link In a structural system usually determines the adequacy or inadequacy
of the performance of a structure under wind load. Thus, evaluation of existing facilities normally
should focus on the strengths of connections and anchorages in both the wind-force resisting
subsystems and in the components and cladding.

Experience from windstorm damage investigations provides the best guidelines for
anticipating the potential performance of various structural systems under wind load condi-
tions. Reference 56 provides insights into the performance of various structural systems. A
general approach to evaluating existing facilities is presented herein. The steps include:

1. Data Collection.
2. Analysis of system failure.
3. Postulation of failure mechanisms and their consequences.
4. Comparison of postulated performance with performance goals.

5.3.1 Data Collectlon

An as-built description of the building or facility Is needed to make the evaluation for the
wind hazard. If not available from construction plans and specifications, then site visits are
required. Verification that the facility was built according to plans also Is a necessary part of
a site visit. Modifications subsequent to preparation of the drawings should be verified.
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Material properties are required for the structural analyses. Accurate determination of
material properties may be the most challenging part of evaluation of existing facilities. Median
values of material properties should be obtained. This will allow an estimate of the degree of
conservatism in the analysis f other than the median values are used.

5.3.2 Analysis of Components

In the design of new facilities, several wind-force resisting systems concepts may be
considered. Only the one built needs to be considered In evaluating existing facilities.

After determining the as-built condition and the material properties, the wind-resistant
subsystem(s) are modeled and analyzed. The type of model employed depends on the
material, the loads, and the connections. Modeling of the structural system should Include
load path dentification, stiffness calculations, and support restraint determination. Once the
system Is modeled,. all appropriate loads and load combinations (including dead, live, and
wind loads) should be considered in the analyses.

Most of the time t is not feasible to model the three-dimensional load-resisting system.
In that case, the system Is decomposed into subsystems or Individual elements. Wind loads
appropriate to the facility-use category are Imposed on these structural components and their
ability to sustain the loads are evaluated.

Breach of the building envelope may not be tolerable for some facility-use categories.
The building envelope is breached by cladding failure or by tornado missile impact.

Cladding failure can occur in the walls or the roof. Wall cladding, as used In the general
sense, includes all types of attached material as well as in-fill walls, masonry walls, or precast
walls. The strength of anchorages and fasteners should be checked, as well as the strength
of the materials. Roof cladding includes material fastened to the roof support system (purlins
or joists) such as metal deck, gypsum planks, or timber decking, as well as poured slabs of
gypsum or concrete (normal or light weight). Local wind pressures and appropriate internal
pressures should be used to evaluate cladding performance.

The tornado missiles In the performance criteria are selected to require certain types of
cladding to stop them, based on experimental tests. If existing facilities have exterior walls
that are not capable of stopping the missile, then the consequences of the missile perforating
exterior walls should be evaluated.
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5.3.3 PostulatIon of Failure Mechanism

After analyzing the structural load-resisting systems under loads appropriate to the
facility-use category, it is possible to Identify potential failure mechanisms, The failure
mechanism can range from subsystem collapse to the failure of an individual element such
as a column, beam, or particular connection. The consequences of the postulated failure are
evaluated n light of the stated performance goals for the designated facility-use category.

The failure of cladding or ndividual elements or subsystems can lead to a change in the
loading condition or a change in the support restraints of various components of the load-
resisting system. A breach in the envelope of a sealed building results In a change in the
internal wind pressure of a building. The change in pressure, which can be an increase or a
decrease, adds vectorially to external and local pressures, which may lead to additional
component failures. The uplift of a building roof leaves the tops of walls unsupported, therefore
with a reduced capacity to resist wind loads.

5.3.4 Comparison of Postulated Performance with Performance Goals

Oncethepostulated failuremechanismsare identified, the structural system performance
is compared with the stated performance goals for the specified facility-use category. The
general procedures described in Chapter 2 (Figure 2-1) are followed. f the wind load-resisting
system is able to resist the design loads without violating performance goals, then the facility
meets the criteria. If the guideline criteria are not met, then the assumption and methods of
analysis can be modified to eliminate unnecessary conservatism introduced in the evaluation
methods. The hazard probability levels can be raised slightly if the facility Is close to meeting
the criteria (it Is acceptable to increase the hazard probability level by a factor of 2. as is done
for the earthquake evaluation described in Chapter 4). Otherwise, various means of retrofit
can be employed. Several options are listed below, although the list is not meant to be
exhaustive.

1. Add x-bracing or shear walls to obtain additional lateral load-resisting capacity.
2. Modify connections In steel, timber, or precast concrete construction to permit them to

transfer moment, thus increasing lateral load resistance in structural frames.
3. Brace a relatively weak structure against a more substantial one.
4. Install tension ties in wals that run from roof to foundation to improve roof anchorage.
5. Provide x-bracing in the plane of a roof to improve diaphragm stiffness and thus

achieve a better distribution of lateral load to rigid frames, braced frames, or shear
walls.
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To prevent breach of building envelope or to reduce the consequences of missile per-
foration, the following general suggestions are presented:

1. Install additional fasteners to Improve cladding anchorage.
2. Provide interior barriers around sensitive equipment or rooms containing hazardous

materials.
3. Eliminate windows or cover them with missile-proof grills.
4. Place missile-proof barriers in front of doors or windows.
5. Replace ordinary overhead doors with heavy-duty ones that will resist design wind

loads and provide missile impact resistance. The tracks must be capable of resisting
the postulated loads.

Each building will likely have special situations that need attention. Consultants who
evaluate existing facilities should have experience and knowledge of the behavior of buildings
and other structures when subjected to wind loads.
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6 FLOOD DESIGN AND EVALUATION GUIDELINES

6.1 FLOOD DESIGN OVERVIEW

The flood design and evaluation guidelines seek to ensure that DOE facilities satisfy the
performance goals described In Chapter 2. The guidelines are applicable to new and existing
construction; however, in the evaluation of existing facilities, fewer design options may be
available to satisfy the performance goals. Table 6-1 shows guidelines recommended for each
facility category In terms of the hazard Input, hazard annual probability, design requirements,
and emergency operation plan requirements.

TABLE 6-1
FLOOD GUIDEUNES SUMMARY

Facility Ue chtegory
Flood D n General Use p n or Mod t Hazard High Hazard

Stp LowHazd

Flood Hazard Flood f!surance stdio. Flood Ie7 studies St probabilistic haz- S8 probabilistic haz-
Input or equivalent Input and or equkvt inp4 and ard analsi and Table ard analysis and Table

Table 6-2 combintons Table 6-2 combinations 2 62
combirmons combinatons

Haard Annual W03 Ix104 x10 4 lxio'5
Probability __

Structural UBC or aplcabe rite- USC or p ble crte- Flood hazard Flood hazard
Evaluation via for rod nd si drain- rIa for rooV ad e drain- analysis, t tlysis, strength

(Rook, otc.) age. building load age, building load d n din
factors, and design factors, and design

criteria criteria
Warning and Required to evacuate on- Required to evacuate on- Required Nf buildings qured If bulding
Emergency site personnel site is site personnel and to ae below DBFL aur below DBFL
Procedure. below DBFL secure vulnerable areas 

site is below DBFL evel

Evaluation of the flood design for a facility consists of:

1. defining the DBFL,
2. evaluating site conditions (e.g., facility location, location of openings and door-

ways), and
3. assessing flood design strategies (e.g.. build above DBFL levels, harden the

site).

Each of these areas Is briefly described in the following subsections.

6.1.1 DESIGN BASIS FLOOD (DBFL)
Use of the term DBFL should be understood to mean that multiple flood hazards may

be Included In the design. For example, a ste located along a river may have to consider the
potential for river flooding as well as the possible hazards associated with rainfall that could
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cause onsite flooding (e.g., roofs, streets). Factors contributing to potential river flooding such
as Spring snownett or upstream dam failure must be considered. The DBFL for each flood
type (e.g., river flooding, rainfall, snow) Is defined in terms of:

1. peak flood level (e.g., flow rate, volume, elevation, depth of water) corresponding
to the mean hazard annual probability of exceedance,

2. combinations of events (e.g., storm surge, wave action); and
3. evaluation of flood loads (e.g., hydrostatic and/or hydrodynamic forces, debris

loads).
The fIrst two items are determined as part of the site hazard assessment. Flood loads must
be assessed on a facility-by-facility basis.

Table 6-2 defines the design basis events that must be considered. For each hazard,
theworst combination of events defines the DBFL These events apply for all facility categories
subject to the constraint that the probability of exceedance is equal to or greater than the
design basis For example, if the design basis flood probability for General Use facilities is
2x1 03 per year, failure of an upstream dam need not be considered if the frequency of failure
Is less than 2x1 3. For purposes of design, the event combinations In Table 6-2 are assumed
to be perfectly correlated. In other words, the combinations of events listed are assumed to
occur with certainty R the conditions stated are met.

TABLE 6-2
DESIGN BASIS FLOOD EVENTS

Primary Hazard Event
River Flooding 1. Tide Effects (11 applicable)

2. wind wave activity and Evert 1. (above).

3. Coincidert upstrme dam failure, I for the desgn basis flood. (1) the reservoir
elevation Is greater than or equal to an elevation which 90% of available freeboard:
or (2) spillway Is structurally unable to pass the design besl flood; and Events 1. and
2 above
4. Ice fore and Event 1. above.

Dan Failure Al modes must be considered (e.g., seismically induced, random structural failures.

Local Precipitation Roof drains clogging and torm sewers blocked
Tsunami Tide effects.
Storm Surge (due to, e.g.. hurri- Tide effects and wind wave actvty (11 not included In the hazard analysis).
cane. seche)
Levee or Dike Failure Consider failure for eves ss than the design basis (La.. failure during a flood, less

than the design basis).
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6.1.2 EVALUATION OF SITE CONDITIONS

The flood evaluation proces s Illustrated below:

FIGURE 6-1. FLOOD EVALUATION PROCEDURE
The steps in the flood evaluation process Include:

1. Determine tw facility category (see Chapter 2).
2. From the results of a site screening analysis or flood hazard study, Identify the

sources of flooding at the facility.
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3. Based on the flood design guidelines In Table 6-1, determine the DBFL for each
flood hazard. The design basis flood should Include possible combinations of
hazards and the assessment of flood loads (e.g., hydrostatic and hydrodynamic
loads) or other effects (e.g., scour, erosion).

4. Determine whether the site or facility Is situated above the DBFL flood level. If
not, alternative design strategies must be considered such as hardening the facil-
ity or developing emergency operation plans.

5. Evaluafe whether roof drainage is adequate to convey design level precipitation
to prevent ponding or excessive roof loads. The structural design of the roof sys-
tem should also be evaluated.

6. Evaluate the site stormwater management system to determine whether appli-
cable design regulations (.e., DOE 6430.1A [Reference 9] or local regulations)
are satisfied. Site drainage should also be adequate to satisfy the DBFL
(e.g.,precipitation).

7. For existing construction, review whether the building and/or the site are hard-
ened by adequate flood protection devices.

8. N the facility Is located below the DBFL level (even if the facility has been hard-
ened), emergency procedures should be provided to evacuate personnel and to
secure the facility when the flood arrives.

In principle, buildingsthat fit Intoone category or another should be designed for different
hazard levels because of the importance assigned to each. However, because floods have
a common-cause impact on all buildings at or below the design basis flood level, the design
basis for the most critical structure may govern the design for all buildings onsite when it is
more feasible to harden a site, rather than an lndhidual building. Exceptions to this case exist
when building locations vary (.e., they are at significantly different elevations or there are large
spatial separations), or in the case when individual buildings are hardened to resist the
expected flood loads (i.e., addition of watertight doors to a High Hazard facility building).

it Is important to consider possible nteraction between buildings or building functions
as part of the process of evaluating buildings at a site. For example, if a High Hazard facility
requires emergency electric power In order to maintain safety levels, buildings which house
emergency generators and fuel should be designed to a High Hazard category flood level.
In general, a systematic review of a site for possible common-cause dependencies Is required.
This applies equally for new construction and existing facilities. A straightforward review
develops a logic diagram that displays the unctional dependencies and system Interactions
between operations housed In each building.

I

I
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6.1.3 FLOOD DESIGN STRATEGIES

The basis for the flood evaluation procedure is defined according to a hierarchy of design
strategies. They are:

1. Situate facilities above the DBFL evel.

2. Harden a site or ndsdual facility to Withstand the effects of flood forces such thatthe performance goals are satifed. 
3. For ft DFL. f adequate warning Is avallable, emergency, operation ps a

be deveoped to Saely evacuate employees ad ecure areas withha ard ns
msion-dependent, or valuable materi 

if a DOE facility Is situated above the DBFL, te performance goals are readily satisfied An
option to satisfy the performance goals Is to harden a building or site against the effects of
floods such that the chance of damage Is acceptably low and to provide emergency operation
plans. This dual strategy Is secondary to sting facilities above e DBFL level because some
probability of damage does edst and facility operations may be Interrupted.

Whetem or not a facilty Is situated above the DBFL should be assessed on the basis of
the critical flood elevation. The critical elevation represents the flood level at which, If flooding
were to occur beyond this depth, the performance level specified as part of the performance
goals would be exceeded. Typically, the first floor elevation or a below-grade elevation (i.e.,
foundation level) Is assumed to be the critical elevation. However, based on a review of a
facility, It may be determined that only greater flood depths would cause damage (e.g., critical
equipment or materials may be housed above the first floor). The critical elevafion wll depend
on the flood hazard (e.g., hydrostatic, hydrodynamic loads), e building structure, and the
facility category.

6.2 DOE FLOOD HAZARD ASSESSMENTS

Wnile probabilistic hazard evaluations for seismic and wind phenomena have been
performed for all of the DOE sites, comparable evaluations for flood hazards have been per-
formed at only 9 of these sites. Flood screening evaluations have been performed for eight
sites in the jurisdiction of te Albuquerque Operations Office (References 60-67). Also, a flood
hazard assessment has been performed for the Hanford Project Site (Reference 68). The
results of these evaluations have been summarized In Reference 3. An overview f flood
considerations Is given In Reference 57.
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All sites are exposed to the potential effects of flooding. For example, localized flooding
due to rainfall can occur in streets, in depressed areas, and on roofs. In addition, flooding
can occur on a nearby river, lake, or ocean. The objective of probabilistic hazard evaluations
is to assess the probability of extreme events that have a low probability of being exceeded.
In the case of floods, facilities at DOE sites may not be exposed to extreme flood hazards.
Because of topography, regional climate, or the location of sources of flooding In relation to
a site, extreme flooding on-site may be precluded. For existing facilities, design decisions
may have resulted in all buildings being sited above possible flood levels. Consequently, in
some cases It may be apparent that floods do not pose a substantial hazard to facility oper-
ations. For these so called dry sites (Reference 58), may be possible to demonstrate,
without performing a detailed hazard assessment, that the flood design guidelines described
in this document are satisfied.

The concept f a dry site as used here does not imply at a site s free of al sources of
flooding (e.g., ail sites are exposed at east to precipitation). Rather, a dry site is Interpreted
to mean that facilities (new or existing) are located high enough above potential flood sources
such that a minimum level of analysis demonstrates that design guidelines are satisfied. For
example, for the flooding source of local precipitation, the adequacy d the stormwater man-

agement system can be readily demonstrated (e.g., roof drainage, storm sewers, local
topography).

To consider flood hazards at DOE sites, a twobphase evaluation process Is used. In the
first phase, flood screening analyses are performed (Reference 59). These studies provide
an Initial evaluation of the potential for flooding at a site. As part of the screening analysis,
available hydrologic data and results of previous studies are gathered, and a preliminary
assessment of the probability of extreme floods is performed. Results of the screening analysis
can be used to assess whether flood hazards can occur at a site. In some cases, these studies
may demonstrate that flood hazards are extremely rare and, therefore, performance goals are
satisfied. For those sites with high potential for flooding and which have Moderate Hazard
and High Hazard facilities, the second phase wi be undertaken. This consists of detailed
probabilistic flood hazard assessment

A number of methods have been developed to assess the probability of extreme floods.
These include:

1. extrapolation of frequency distributions,

2. joint probability techniques,

3. regional analysis methods,
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4. paleohydrologic evaluation of floods, and
5. Bayesian techniques.

References 81 84 provide background on those methods. There Is no general agreement in
| the literature regarding the appropriateness of these methods to estimate the probability of

extreme floods. Each approach has Its advantages and disadvantages and thus no single
technique is well-established.

In estimating the probability of extreme floods It Is Important that uncertainty analysis be
I performed. The uncertainty analysis should consider statistical uncertainty due to limited data

and the uncertainty In the flood evaluation models used (e.g., choice of different statistical
| models, uncertainty In flood routing). Discussions of uncertainty assessments can be found

In References 59, 68, 78-0.

6.3 FLOOD DESIGN GUIDEUNES FOR EACH FACILITY-USE CATEGORY

Unlike design strategies for sesmic and wind hazards, t is not always possible to provide
margin In the flood design of a facility. For example, the simple fact that a site Is Inundated
(forgetting for a moment the possible structural damage that might occur), may cause sig-
nificant disruption (clean-up) and downtime at a facility; this may prove an unacceptable risk
in terms of economic impact and disruption of the mission-dependent function of the site. In
this case, there Is no margin, as used In the structural sense, that can be provided In the facility
design. Therefore, the facility must be kept dry and operations must be unimpeded. As a

result, the annual probability of the DBFL corresponds to the performance goal probability of
damage, since any exceedance of the DBFL results In consequences that exceed the per-
formance goal.

The DBFL for General Use and Important or Low Hazard facilities can generally be
estimated from available flood hazard assessment studies. These Include: the results of flood

screening studies, flood Insurance analyses, or other comparable ealuafions. For these
facility types, It Is not necessary that a full-scope hazard evaluation be performed, If the results
of other recent studies are available and, N uncetnty In the hazard estimate Is accounted
for.

I
For Moderate and High hazard facilities, a comprehensive flood hazard assessment

should be performed, unless the results of the screening analysis (see Reference 59) dem-
onstrate that the performance goals are satisfied.
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6.3.1 General Use Facilities I

The performance goal for General Use facilities specifies that occupant safety be
maintained and that the probability of severe structural damage be less than or about a 10 i

per year. For General Use facilities, the OBFL corresponds to the hazard level whose mean
annual probability of exceedance is 2x10-3. In addition, event combinations that must be
considered are listed In Table S2

To meet the performance goal for this category, two requirements must be met: (1) the
facility structural system must be capable of withstanding the forces associated with the DBFL
and (2) adequate flood warning time must be available to ensure that building occupants can
be evacuated (1 to 2 hours, Reference 71). if the facility Is located above the DBFL, then
structural and occupant safety requirements are met.

For structural loads applied to roofs, extehlor walls, etc., applicable building code
requirements (e.g., DOE 6430.1A, Uniform Building Code (UBC) References 9, 10) provide
standards for design that meet the performance goal for General Use facilities.

For existing construction, or at new sites where the facility cannot be above the DBFL 
level, an acceptable design can be achieved by:

1. Providing flood protection for the site or for specific General Use facilities, such
that severe structural damage does not occur, and

2. Developing emergency procedures In order to secure facility contents above the
design flood elevations In order to limit damage to the building to within accept-
able levels and to provide adequate warning to building occupants.

6.3.2 Important or Low Hazard Facilitles

The performance goal for Important or Low Hazard facilities Is to limit damage and
interruption of facility operations while also maintaining occupant safety. For these facilities,
the DBFL Is equal to the flood whose probability of exceedance Is 5x104 per year plus the
event combinations listed In Table 6-2. The results of flood Insurance studies (Reference 69)

routinely report the flood level corresponding tothe 2x1-3 probabilty level. For purposes of
establishing the DBFL for Important or Low Hazard facilities, the results of these studies can
be extrapolated to obtain the flood with a probability of 5.0x10 4 of being exceeded (if this
result Is not reported). A range of extrapolations should be considered, with a weighted
average being used as the design basis.
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For new construction, facilities In this category should be located above the DBFL For
existing construction, or at new sites where the above siting criteria cannot be met, an
acceptable design can be achieved by the same measures described for General Use facilities.
For Important or Low Hazard facilities whose critical elevation Is below the DBFL, emergency
procedures must be developed to mitigate the damage to mission-dependent components
and systems. These procedures may Include Installation of temporary flood barriers, removal
of equipment to protected areas, anchoring vulnerable hems, or Installing sumps or emergency
pumps.

As In the case of General Use facilities, UBC design standards or local ordinances should
be used to determine design requirements and site drainage. Site drainage should be ade-
quate for roofs and walls to prevent flooding that would Interrupt facility operations.

6.3.3 Moderate Hazard Facilities

The performance goal for Moderate Hazard facilities is continued function of the facility,
Including confinement of hazardous materials and occupant safety. Facilities In this category
should be located above flood levels whose annual probability of exceedance Is 104, Including
the combinations of events shown In Table 6-2.

Emergency operation procedures must be developed to secure hazardous materials,
prepare Moderate Hazard facilities for possible extreme flooding and loss of power, and for
an extended stay on-site. Emergency procedures should be coordinated with the results of
the flood hazard analysis, which provides input on the time variation of flooding, type of hazards
to be expected, and their duration. The use of emergency operation plans is not an alternative
to hardening a facility to provide adequate confinement unless all hazardous materials can be
completely removed from the site.

Roofs should be designed n accordance with UBC standards In order to drain rainfall
whose probability of exceedance is 10 4. The amount of ponding that can occur on building
roofs should be controlled by adding scuppers (openings in parapet walls) and/or limiting
parapet wall heights. If ponding on-site Is expected to occur, drainage should be provided to
convey the stormwater away from the facility. Alternatively, doors and openings should be
made watertight.

6.3.4 High Hazard Facilities

The performance goals for High Hazard facilities are basically the same as for Moderate
Hazard facilities. However, a higher confidence is required that the performance goals are
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met. Facilities In this category should be located above flood levels whose annual probability
of exceedance is I 05, including combinations of events listed in Table 6-2. Required emer-
gency operation procedures are the same as those for Moderate Hazard facilities. Roofs
should be designed In accordance with UBC standards In order to drain the rainfall whose
probability of exceedance is 1 5. The control of ponding Is the same as that recommended
for Moderate Hazard facilities.

6.4 FLOOD DESIGN PRACTICE FOR FACILITIES BELOW THE DBFL ELEVATION

For structures located below the design basis flood level, mitigation measures other than
siting at a higher elevation can provide an acceptable margin of safety. In general, structural
measures are considered next, followed by non-structural actions (I.e., flood warning and
emergency operations plans). In practice, for sites located below the design basis flood level,
a combination of structural and non-structural measures are used. Guidelines for structural
flood mitgatIon measures are described In this section.

6.4.1 Flood Loads

To evaluate the effects of flood hazards, corresponding forces on structures must be
evaluated. Force evaluations must consider hydrostatic and hydrodynamic effects, Including
the impact associated with wave action. In addition, the potential for erosion and scour and
debris loads must be considered. Good engineering practice should be used to evaluate
flood loads (References 70,72-76). The forces due to Ice formation on bodies of water should
be considered in accordance with DOE 6430.1A (Reference 9).

Building roof design should provide adequate drainage as specified by DOE 6430.1A
(Reference 9) and in accordance with local plumbing regulations. Secondary drainage
(overflow) should be provided at a higher level and have a capacity at least that of the primary
drain. Umitations of water depth on a roof specified by DOE 6430.1A or applicable local
regulations apply. The roof should be designed to consider the maximum depth of water that
could accumulate if the primary drainage system Is blocked (Reference 10, 16).

6.4.2 Design Requirements

Design criteria (i.e., for allowable stress or strength design, load factors, and load
combinations) for loads on exterior walls or roofs due to rain, snow, and ice accumulation
should follow applicable code standards for the materials being used (References 45, 55).
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6.4.2.1 General Use and Important or Low Hazard Facilities

Facilities that are subject to flood loads should be designed according to provisions of
UBC or local ordinances and specified flood load combinations (e.g., ponding, hydrostatic).

6.4.22 Moderate and High Hazard Facilities

Buildings and related structures that are directly impacted by flood hazards should be
constructed of reinforced concrete and designed according to strength methods as required
by ACI 34985 (Reference 44). Load factors and combinations specified In Reference 69
should be used.

6.4.3 Design of Other Civil Engineering Facilities

In addition to the design of buildings to withstand the effects of flood hazards, other civil
works must be designed for flood conditions. These Include components of the stormwater
management system such as street drainage, storm sewers, stormwater conveyance systems
such as open channels, and roof drainage. Applicable procedures and design criteria specified
in DOE 6430.1A (Reference 9) and/or local regulations should be used In the design of
stormwater systems. However, the design of Indivdual faclities to resist the effects of local,
onslte flooding (e.g., local ponding, street flooding) should be evaluated to ensure that the
performance goals are satisfied.

6.4.4 Flood Protection Structures

Facilities can be hardened to withstand the effects (e.g., loads, erosion, scour) of flood

hazards. Typical hardening systems are:

1. structural barriers (e.g., building, watertight doors),

2. waterproofing (e.g., waterproofing exterior walls, watertight doors),
3. levees, dikes, seawalls, revetments, and
4. diversion dams and retention basins.

Applicable design guides for levees, dikes, small dams, etc. can be found in U.S. Army

Corps of Engineers, U.S. Bureau of Reclamation, Soil Coservation Service reference docu-

ments (References 70, 71, 72, 76, 77). Design of structural systems such as exterior walls,
roof systems, doors, etc. should be designed according to applicable criteria for the facility
category considered (see Section 6.4.2).

6-11



65 FLOOD RISK ASSESSMENT .

In some cases the need may arise for DOE or the DOE site manager to perform a
quantitative flood risk assessment There may be a variety of reasons requiring a compre-
hensive risk evaluation of a site. These considerations Include:

1. Demonstration that the performance goals are satisfied.
2. Evaluation of alternative design strategies to meet the performance goals.
3. Detailed consideration of conditions at a site Vt may be complex, such as vary-

Ing hydraulic loads (e.g., scour, high velocity flows), system Interactions, second-
ary failures, or a potential for extraordinary health consequences.

4. A building Is not reasonably Incorporated In the four facility categories.

A quantitative evaluation of the risk due to flooding can be assessed by performing a
probabilistic safety analysis (PSA). The objective of a flood PSA Is to evaluate the risk of
damage to systems Important for maintaining safety and operating a critical facility. Risk
calculations can be performed to evaluate the likelihood of damage to onsite systems and of
public health consequence. Procedures to perform PSAs are discussed In References 78-80,
85.
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APPENDIX A.

COMMENTARY ON SEISMIC DESIGN AND ANALYSIS GUIDEUNES

The overall approach employed for the seismic design and evaluation guidelines is
discussed in Section A.1. The basis for selection of recommended hazard exceedance
probabilities Is described In Section A.2. Earthquake ground motion response spectra are
discussed In Section A.3. The basic attributes of equivalent static force methods and dynamic

I analysis methods are described hI Sections A4 and A.5. Note that energy dissipation from
damping or nelastic behavior Is Implicitly accounted for by the code formulas In equivalent
static force methods. The means of accounting for energy absorption capacity of structures

I in dynamic analyses are discussed In Section A.6. The basis for the specific seismic design
and evaluation guidelines Including the Inelastic demand-capacity ratios recommended for

| usage in the design and evaluation of Moderate and High Hazard facilities Is described in
Section A7.

I A.1 Basic Approach for Earthquake Design and Evaluation at Appropriate
Lateral Force Levels

The performance of a DOE facility subjected to a natural phenomena hazard (earthquake.
wind, or flood) depends not only on the level of hazard selected for design or evaluation, but
also on the degree of conservatism used in the design or evaluation process. For Instance,
If one wishes to achieve less than about 10 4 annual probability of onset of loss of function,

| this goal can be achieved by using conservative design or evaluation approaches for a natural
phenomena hazard which has a more frequent annual probability of exceedance (such as
10-3), or it can be achieved by using median centered design or evaluation approaches (i.e.,
not having any intentional conservative or unconservative bias) coupled with a 104 hazard
definition. At least for the earthquake hazard, the former alternate has been the most traditional.
Conservative design or evaluation approaches are well established, extensively documented,
and commonly practiced. Median design or evaluation approaches are currently controversial,

| not well understood, and seldom practiced. Conservative design and evaluation approaches
are utilized for both conventional facilities (similar to DOE category - General Use Facilities)

I and for nuclear power plants (equal to or more severe than DOE category - High Hazard
Facilities). For consistency with these other uses, the approach In this report recommends

I using conservative design and evaluation procedures coupled with a hazard definition con-

sistent with these procedures.
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The performance goals for General Use and Important or Low Hazard facilities are
consistent with goals of conventional building codes for normal and important or essential
facilities, respectively. For seismic design and evaluation of facilities, conventional building
codes utilize equivalent static force methods except for very unusual or irregular facilities, for
which a dynamic analysis method Is employed. The performance goals for Moderate and
High Hazard Facilities approach those used for nuclear power plants for which seismic design
and evaluation is accomplished by means of dynamic analysis methods. For these reasons,
the guidelines presented in this report recommend that lesser hazard facilities be evaluated
by methods corresponding closely to conventional building codes and higher hazard facilities
be evaluated by dynamic analyses.

The performance goals presented In Chapter 2 and the recommended hazard excee-
dance probabilities presented in Sections 4.2.2 and 4.2.3. are tabulated below for each
facility-use category.

Hawd Ratio of Hazard
F elfty Performance Exceedarm to Perfrmance

Categoy I Gooal Probabilty Probablity

upo 1xIO3 20a j 2
bportart or .
Low Haurd 5x104 1x1O 3 2

Modernr I1
Hazard lXlO4 1X10~ 1 10 gIII

Hazrd 1XIO5 2004 I

As shown In the above table, the hazard exceedance probabilities and performance goal;
exceedance probabilities recommended herein are different. These differences Indicate that
conservatism must be introduced In the seismic behavior evaluation approach. In earthquake
evaluation, there are many places where conservatism can be Introduced, Including:

1. Maximum designlevaluation ground acceleration.
2. Response spectra amplification.
3. Damping.
4. Analysis methods.
S. Specification of material strengths.
6. Estimation of structural capacity.
7. Load factors.
8. Importance factors.
9. Umits on inelastic behavior.
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10. Soil-ructure interaction.
11. Effective peak ground motion.
12. Effects of a large foundation or foundation embedment.

For the earthquake evaluation guidelines presented in this chapter, conservatism is intentio
naly introduced and ontrolled by specifying (1) hazard excedance probabilities, (2) load
factors, (3) importance factors, (4) limits on Inelastic behavior, and (5) conservatively specified
material strengths and structural capacities. Load and Importance factors have been retained
for the evaluation of General Use and Important or Low Hazard facilities because the 1988
UBC approach which Includes these factors Is followed for these categories. These factors
are not used In general dynamic analyses of facilites or In Reference I1. and thus they were
not used for the evaluation of Moderate and High Hazard facilities by dynamic analysis. Material
strengths and structural capacities specified herein correspond to ultimate strength code-type
provisions (i.e., ACI 318-83 for reinforced concrete, UBC Sec. 2721 for steel). t Is recognized
that such provisions introduce conservatism. In addition, it s acceptable by these guidelines
to use peak ground acceleratons from Reference 1 as the Input earthquake excitation at the
foundation level of facilities. As discussed In Sections 4.4.1 and 4.4.2, significant addional
conservatism can be Introduced if considerations of effective peak ground motion, soil-
structure Interaction, and effects of large foundation or foundation embedment are Ignored.

The seismic design and evaluation guidelines presented In Section 4.2, are consistent
from category to category, with the 1988 UBC provision (Reference 10) for General Use
facilities being the baseline for the guidelines for all categories. The differences In seismic
evaluation guidelines among categories In terms of load and Importance factors, limits on
Inelastic behavior, and other factors as described In Section 4.2, and Illustrated In Table 1,
are summarized bow:

1. General Us d Ory hazard excnc proability and IMpotnc factor dffor. All other
Important or Low Hazard factors a held te same.

2. Importart or Low Hazard nd Load factors, Irpodane factors, damping, and Nmib on ehltic behavior
Moderate Hazard differ. Al other factors we essentially th same, although static lorce

udnatio methods we used for important or Low Hazad faclities and
dynamic analysis 1 used for Moderde Hazard laciltles.

3. Moderae nd HadExn__c probblt W *- *Wt."w bhvo difr l
High HazardI othr factors are held the sam.

The different load factors, Importance factors, limits on Inelastic beavior, and damping
making up the seismic design and analysis guidelines for each facility-use category result in
facilities In each category having a different demand (i.e., the value, D, computed as shown
In Sections 4.2.2 and 4.2.3, which is compared to ultimate capacity to assess facility adequacy).
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Larger demand (i.e., required capacity) values result for more hazardous categories, which
is indicative of the greater conservatism and reduced probability of damage or loss of capability
to function associated with the higher hazard categories.

A.2 Earthquake Hazard Annual Exceedance Probabiltles

Historically, non-Federal Government General Use and Essential or Low Hazard facilities
located in California, Nevada, and Washington have been designed for the seismic hazard
defined in the Uniform Building Code. Other regions of the U.S. have generally used either
some version of the UBC seismic hazard definition or else have ignored seismic design. Past
UBC seismic provisions (1985 and earlier) are based upon e largest earthquake ntensity
which has occurred in a given region during the past couple of hundred years. These pro-
visions do not consider the probability of occurrence of such an earthquake and thus do not
make any explicit use of a probabiflstic seismic hazard analysis. However, within the last ten
years there has been considerable Interest in developing a national seismic design code.
Proponents have suggested that a seismic design code would be more widely accepted if the
seismic hazard provisions of this code were based upon a consistent uniform annual probability
of exceedance for all regions of the U.S. Several probabilistic-based seismic hazard provisions
have been proposed (References 11,47,48). A probabilistic based seismic zone map was- 
recently incorporated into the 1988 Uniform Building Code (Reference 10). Canada has-
adopted this approach (Reference 15). The suggested annual frequency of exceedance for
the design seismic hazard level differs somewhat between proposed codes, but all lie in the
range of 102 to 10-3. For instance, ATC-3 (Reference 47) has suggested the design seismic
hazard level should have about a 10 percent frequency of exceedance level in 50 years which
corresponds to an annual exceedance frequency of about 2x10 3. The Canadian building
code used x11 2 as the annual exceedance level for their design seismic hazard definition.
The Department of Defense (DOD) tri-services seismic design provisions for essential buildings
(Reference 11) suggests a dual level for the design seismic hazard. Facilities should remain
essentially elastic for seismic hazard with about a 50 percent frequency of exceedance In 50
years or about a xlO2 annual exceedance frequency, and they should not fail for a seismic
hazard which has about a 10 percent frequency of exceedance In 100 years or about 1xI 03
annual exceedance frequency.

On the other hand, nuclear power plants are designed so that safety systems do not fail
if subjected to a safe shutdown earthquake (SSE). The SSE generally represents the expected
ground motion at the site either from the largest historic earthquake within the tectonic province
within which the site Is located or from an assessment of the maximum earthquake potential
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of the appropriate tectonic structure or capable fault closest to the site. The key point is that
this is a deterministic definition of the design SSE. Recent probabilistic hazard studies (e.g.,

- Reference 49) have Indicated that for nuclear plants In the eastern U.S., the design SSE level
| generally corresponds to an estimated mean annual frequency of exceedance of between

1-3 and 10-4. Also, during the last ten years, considerable Interest has developed in
I attempting to estimate the seismic risk of these nuclear power plants In terms of annual

probability of seismic-induced core melt or risk of early fatalities and latent cancer to the public.
| Many studies have been conducted on seismic risk of indhtidual nuclear power plants. Because

tose plants are very conservatively designed to wWtand the SSE, these studies have
Indicated that the seismic risk Is acceptably low (generally less than about 105 annual
probability of seismic Induced core damage) when such plants are designed for SSE levels
with a mean annual frequency of exceedance between 10 3 and 10 4 (References 17.18,19,
and 20).

Withthis comparative basisforoterfaclitles, ItisJudgedtobe consistentand appropriate
I to define the seismic hazard for DOE facilities as follows:

Eafthuake Hazud Arnual
CatbgorY Eceednce Probability

Geral LO ax10 3

khpotant or Low HaadxO 4

Moderate Haa dlxlO 3

High Hazard 2C1O0

These hazard definitions are appropriate so long as the seismic design or evaluation of

the facility is conservatively performed for these hazards. The level of conservatism of the
evaluation for these hazards should Increase as one goes from General Use to High Hazard

facilities. The conservatism associated with General Use and Important or Low Hazard
categories should be consistent with that contained In the UBC (Reference 10) or ATC-3
(Reference 47) for normal or essential facilities, respectively. The level of conservatism in the
seismic evaluation for High Hazard facilities should approach that used for nuclear power
plants when the seismic hazard is designated as above. The criteria contained In this report

follow the philosophy of a gradual reduction In the annual exceedance probability of the hazard
coupled with a gradual Increase In the conservatism of the evaluation procedure as one goes
from a General Use to a High Hazard facility.
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A.3 Earthquake Ground Motion Response Spectra

Design/evaluation earthquake response spectra generally have the shape shown in
Figure 4-1. The design/evaluation spectrum shape Is similar to that for an actual earthquake
except that peaks and valleys which occur with actual earthquake spectra are smoothed out.
Also, design/evaluatIon spectra typically Include motions from several potential earthquakes
such that they are broader In frequency content than spectra computed for actual earthquake
ground motion. Such simplified spectral shapes are necessary In order to provide a practical
Input for seismic analyses. Because design/ealuation spectra are smoothed and broadened
relative to actual earthquake spectra, a desIgn/evaluation spectrum tends to be a conservative
representation of actual earthquake amplification that might occur at a facility site.

Spectral amplication depends strongly on site conditions. For this reason, it would
generally be expected that response spectra to be used for the design or evaluation of haz-
ardous DOE facilities would be evaluated from site-specific geotechnical studies. There is a
very good discussion on the development of response spectra from site-specific studies and
other approaches In Reference 11. Alternatively, response spectra for DOE sites are available I
for use from Reference 1. Reference 1 spectra were developed from general site conditions
and not from a site-pecific geotechnical study. Additional approaches available for estimating
response spectra from general site conditions are described In References 25, 26, and 27.
Any of these methods s acceptable for estimating Input design/evaluation response spectra. |

Note that to meet the performance goals in Chapter 2 using the guidelines presented in Sections
4.2.2 and 4.2.3, median amplifiction reponse spectra should be used. Mean amplification

spectra are a conservative approximation of median spectra.

The C factor in the 1988 UBC base shear equation (e.g., Equation 4-1) is approximately
equivalent to spectral amplification for 5 percent damping, and the Z factor corresponds to
the maximum ground acceleration such that ZC corresponds to a 5 percent damping earth-
quake response spectrum. For General Use and Important or Low Hazard facilities, earthquake
loading Is evaluated from Equation 4-1 In accordance with UBC seismic provisions with the

exception that the ZC Is determined from Input design/evaluation response spectra as
described in Section 4.22 ZC as given by 1988 UBC provisions Is plotted as a function of
natural period on Figure A-1. Also, Figure A-1 Includes a typical design/evaluation spectra.
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FIGURE A-1
COMPARISON OF 188 UBC ZC WITH TYPICAL
DESIGN/EVALUATION RESPONSE SPECTRUM

It Is shown In Figure A-1 that an actual design evaluation spectrum differs significantly from
the code coefficients, ZC, only In the low natural period region (i.e., less than about 0.125
seconds). As a result, an adjustment must be made In the low period region In order to not
be unconservative when the design/evaluation spectra are used along with other provisions
of the code. The required adjustment to the design/evaluation spectra is to require that for
fundamental periods lower than the period at which the maximum spectral acceleration occurs,
ZC should be taken as the maximum spectral acceleration. This provision has the effect of
making the design/evaluation spectra as shown in Figure 4-1, have a shape similar to that for
ZC per the code provisions as shown In Figure A-i. In this manner, the recommended seismic
evaluation approach for General Use and Important or Low Hazard facilities closely follows
the 1988 UBC provisions while utilizing seismic hazard data from site dependent studies.

In the design and evaluation guidelines presented In Section 4.2.3, for Moderate and
| High Hazard facilities, design/evaluation spectra as shown In Figure 4-1, are used for dynamic

seismic analysis. However. In accordance with Reference 11, for fundamental periods lower
than the period at which the maximum spectral acceleration occurs, spectral acceleration
should be taken as the maximum spectral acceleration. For higher modes, the actual spectrum
at all natural periods should be used in accordance with recommendations from Reference
11.
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The basis for using the maximum spectral acceleration In the low period range by both
the Reference 10 and 1 1 approaches is twofold: (1) to avoid being unconservative when using
constant response reduction coefficients, Rw, or inelastic demand-capacity ratios Fu; and (2)
to account for the fact that stiff structures may not be as stiff as Idealized In dynamic models.
Constant factors permit the elastically computed demand to exceed the capacity the same
amount at ail periods. Studies of Inelastic response spectra such as those by Riddell and
Newmark (Reference 50), Indicate that the elastically computed demand cannot safely exceed
the capacity as much in the low period region as compared to larger periods. This means
that lower Inelastic demand-capacity ratios must be used for low period response if the actual
spectra are used. Since constant demriand-capacity factors are used herein, increased spectra
as shown In Figure 4-1, must be used In the low period response region. Another reason for
using increased spectral amplification at low periods is to assure conservatism for stiff
structures. Due to factors such as soil-structure interaction, base mat flexibility, and concrete
cracking, structures may not be as stiff as ass med. Thus, for stiff structures at natural periods
below that corresponding to maximum spectral amplification, greater spectral amplification
than that corresponding to the calculated natural period from the actual spectra may be more
realistic. In addition, stiff structures which undergo inelastic behavior during earthquake
ground motion soften (i.e., effectively respond at Increased natural period) such that seismic
response may be driven Into regions of Increased dynamic amplification compared to elastic
response.

A4 Static Force Method of Seismic Analysis

Seismic codes are based on a method that permits earthquake behavior of facilities to
be translated Into a relatively simple set of formulas. From these formulas, equivalent static
seismic loads that may affect a facility can be approximated to provide a basis for design or
evaluation. Equivalent static force methods apply only to relatively simple structures with nearly
regular, symmetrical geometry and essentially uniform mass and stiffness distribution. More
complex structures require a more rigorous approach to determine the distribution of seismic
forces throughout the structure, as described In Section A.S.

Key elements of equivalent static force seismic evaluation methods are formulas which
provide (1) total base shear; (2) fundamental period of vibration; and (3) distribution of seismic
forces with height of the structure. These formulas are based on the response of structures
with regular distribution of mass and stiffness over height In the fundamental mode of vibration.
The 1988 UBC provisions (Reference 10) include, In their equation for total base shear, terms
corresponding to maximum ground acceleration, spectral amplification as a function of natural
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period, a factor of conservatism based on the importance of the facility, and a reduction factor
which accounts for energy absorption capacity. Very simple formulas estimate fundamental
period by relating period to structure dimensions with coefficients for different materials or by
a slightly more complex formula based on Rayleigh's method. This code defines the distribution
of lateral forces of various floor levels. In addition, a top force s Introduced to accommodate
the higher modes by increasing the upper story shears where higher modes have the greatest
effect. The overturning moment Is calculated as the static effect of the forces acting at each
floor level. Story shears are distributed to the various resisting elements In proportion to their
rigidities, considering diaphragm rigidity. Increased shears due to actual and accidental
torsion must be accounted for.

Seismic forces In members determined from the above approach and combined with
forces due to other loadings are multiplied by a load factor and compared to code ultimate
strength levels In order to evaluate whether or not the design Is adequate for earthquake loads.
In addition, deflections are computed from the lateral forces and compared to story drft lim-
itations to provide for control of potential damage and overall structural frame stability from
P-delta effects.

A.5 Dynamic Seismic Analysis

As mentioned previously, complex Irregular structures cannot be evaluated by the
equivalent static force method because the formulas for seismic forces throughout the structure
would not be applicable. For such structures, more rigorous dynamic analysis approaches
are required. In addition, for very Important or highly hazardous facilities, such as the Moderate

or High Hazard categories, It Is recommended that t equivalent static force method not be
used except for very simple structures. Dynamic analysis approaches lead to a greater
understanding of seismic structural behavior. These approaches should.generally be utilized
for high hazard facilities.

An analysis is considered dynamic t recognizes that both loading and response are
time-dependent and N It employs a suitable method capable of simulating and monitoring such

time-dependent behavior. In this type of analysis, the dynamic characteristics of the structure

are represented by a mathematical model. Input earthquake motion can be represented as
a response spectrum or an acceleration time history. 0

The mathematical model describes the stiffness and mass characteristics of the structure

as well as the support conditions. This model Is described by designating nodal points which

correspond to the structure geometry. Mass in the vicinity of each nodal point is typically

A-9



I

lumped at the nodal point location in a manner that all of the mass of the structure and its
contents are accountedfor. The nodal points areconnected by elementswhich have properties
corresponding to the stiffness of the structure between nodal point locations. Nodal points '- l
are free to move (called degrees of freedom) or are constrained from movement at support
locatona EquatIos Of motion equal to the total number of degrees of freedom can be
developed from the matheratical model. Response to any dynamic forcing function such as
earthquake ground motion can be evaluated by direct Integration of these equations. However,
dynamic analyses are more commonly performed by considering the modal properties of the
structure.

For each degree of freedom of the structure, there are natural modes of vibration, each
of which responds at a particular natural period in a particular pattern of deformation (mode
shape). There are many methods available for computing natural periods and associated
mode shapes of vibration. Utilizing these modal properties, the equations of motion can be
written as a number of single degree-of-freedom equations by which modal responses to
dynamic forcing functions such as earthquake motion can be evaluated Independently. Total
response can then be determined by superposition of modal responses. The advantage of
this approach is that much less computational effort Is required for modal superposition
analyses than direct integration analyses since fewer equations of motion require solution.
Many of the vibration modes do not result In significant response and thus can be ignored.
The significnce of modes may be evaluated from modal properties before response analyses '

are performed.

The direct integration or modal superposition methods calculate response by consid-
ering the motions applied and the responses computed using a time-step by time-step
numerical dynamic analysis. When the Input earthquake excitation Is given in terms of response
spectra (as is the case for the motions provided for design and evaluation of DOE facilities in
Reference 1) the maximum structural response may be most readily estimated by the response
spectrum evaluation approach. The complete response history is seldom needed for design
of structures; maximum response values usually suffice. Because the response In each
vibration mode can be modeled by single degree-of-freedom equations, and response spectra
provide the response of single degree-of-freedom systems to the input excitation, maximum
modal response can be directly computed. Procedures are then available to estimate the total
response from the modal maxima which do not necessarily occur simultaneously.
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A.6 Analytical Treatment of Energy Dissipation and Absorption

Earthquake ground shaking Is a limited energy transient loading, and structures have
energy dissipation and absorption capacity through damping and through hysteretic behavior
during inelastic response. This section discusses simplified methods of accounting for these
modes of energy dissipation and absorption In seismic response analyses.

Damping - Damping accounts for energy dissipation In the inear range of response of
structures and equipment to dynamic loading. Damping Is a term which is utilized to account
for various mechanisms of energy dissipation during seismic response such as cracking of
concrete, slippage at bolted connections, and slippage between structural and nonstructural
elements. Damping Is primarily affected by:

1. Type of construction and materials used.
2. The amount of nonstructural elements attached.
3. The earthquake response strain levels.

Damping Increases with rising strain level asthere are Increased concrete cracking and internal
work done within materials. Damping s also larger with greater amounts of nonstructural
elements (interior partitions, etc.) In a structure which provide more opportunities for energy
losses due to friction. For convenience in seismic response analyses, the damping Is generally
assumed to be viscous In nature (velocity dependent) and is so approximated. Damping is
usually considered as a proportion or percentage of the critical damping value, which Is defined
as that damping in a system which would prevent oscillation for an Initial disturbance not
continuing through the motion.

Table 4-4 reports typical structural damping values for various materials and construction
(Reference 11). These values correspond to strains beyond yielding of the material and are
recommended for usage along with other provisions of this document for design or evaluation
seismic response analyses of Moderate and High Hazard facilities. Post-yielding damping
values are judged to be appropriate because facilities designed by these guidelines are
intended to reach strains beyond yield evel subjected to e design/evaluation level earth-
quake ground motion, and such damping es are consistent with other seismic analysis
provisions based on Reference 11. For General Use and Important or Low Hazard facilities,
the guidelines recommend seismic evaluation by code type equivalent static force methods
but with the factors for maximum ground acceleration and spectral amplification In the total
base shear formula taken from Reference 1. In this case, t is recommended that the 5 percent
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damped spectra be used for all General Use and Important or Low Hazard facilities to be
consistent with building code evaluation methods. The spectral amplification factor in con-
ventlonal building codes is based upon 5 percent damped spectral amplification.

Inelastic Behavior - Energy absorption In the inelastic range of response of structures and
equipment to earthquake motions can be very significant Figure A-2 shows that large hys-
teretic energy absorption can occur for even structural systems with relatively low ductility
such as concrete shear walls or steel braced frames.

a. Shear force-distortlon for concrete wall test (Ref.51)

H (ton) I

b. Lateral force-displacoment for steel braced frame (Ref.52)
I

FIGURE A-2 CYCUC LOAD-DEFLECTION BEHAVIOR OF
CONCRETE SHEAR WALLS AND STEEL BRACED FRAMES
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Generally, an accurate determination of Inelastic befhavior necessitates dynamic nonlinear
analyses performed on a time history basis. However, there are simplified methods to
approximate nonlinear structural response based on elastic response spectrum analyses
through the use of either spectral reduction factors or Inelastic demand-capacity ratios.
Spectral reduction factors and inelastic demand-capacity ratios permit structural response to
exceed yield stress levels a limited amount as a means to account for energy absorption in

the inelastic range. Based on observations during past earthquakes and considerable dynamic
test data, It Is known that structures can undergo limited Inelastic deformations without
unacceptable damage when subjected to transient earthquake ground motion. Simple linear
analytical methods approximating inelastic behavior using spectral reduction factors and
Inelastic demand-capacity ratios are briefly described below.

1. Spectral reduction factors - Structural response is determined from a response
spectrum dynamic analysis. The spectral reduction factors are used to deamplify
the elastic response spectrum producing an Inelastic response spectrum which Is
used In the analysis. The resulting member forces are compared to yield level
stresses to determine structural adequacy.

2. Inelastic demand-capacity ratios - Structural response Is determined from either
response spectra or time history dynamic analyses with the nput excitation con-
sistent with the elastic response spectra. The resulting member forces are the
demand on the structure which Is compared to the capacity determined from
member forces at yield stress level. I the permissible demand-capacity ratios are
not exceeded, It would be concluded that the structure was adequate for earth-
quake loading.

The spectral reduction factors and Inelastic demand-capacity ratios are evaluated based upon
the permissible inelastic behavior level, which depends on the materials and type of con-
struction. For ductile steel moment frames, relatively large reduction factors or demand-
capacity ratios are used. For less ductile shear walls or braced frames, lower reduction values
or demand-capacity ratos are employed. For more hazardous facilities, lower reduction factors
or demand-capacity ratios may be used to add conservatism to the design or evaluation
process, such that increased probability of surviving any given earthquake motion may be
achieved. The inelastic demand-capacity ratio approach Is employed for design or evaluation
of higher hazard DOE facilities by these guidelines. This approach Is recommended In the
DOD manual for seismic design of essential buildings (Reference 11). Inelastic demand-
capacity ratios are called Fu in this document. Base shear reduction coefficients which account
for energy absorption due to inelastic behavior and other factors are called Rw by the 1988
UBC provisions.
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Reduction coefficients, Rw, to be used for evaluation of General Use and Important or
Low Hazard facilities and recommended inelastlc demand-capacity ratios, Fu, for Moderate
and High Hazard facil Wes are presented In Table 4-2 for various structural systems. Rw factors "-'

given In the table are taken directly from Reference 10. The Fu factors presented in Table 4-2
were established to approximately meet the performance goals for structural behavior of the
faciity as defined in Chapter 2 and as discussed In Sectlon A.1. These factors are based both
on values given In Reference 11 and on values calculated from code reduction coefficients in
a maner ta the demand or required capacity which meets the performance goal is obtained.
The following section describes te detailed metod of establishing the values of Fu.

The code reduction coefficients, Rw, by e 1988 UBC approach and inelastic
demand-capacity ratios, Fu, by the DOD approach differ n the procedures that define per-
missible inelastic response under extreme earthquake loading. By the 1988 UBC approach,
only the element forces due to earthquake loads are reduced by the reduction coefficient, Rw,
In evaluating demand; while by the DOD approach, element forces due to both earthquake
and dead and live loads are reduced by the inelastic demand-Capacity ratio, Fug In evaluating
demand. The effect of this difference Is that Me DOD approach may be less conservative for
beam or brace members heavily loaded by dead and live loads.

In addition, the approach for permitting nelastic behavior In columns subjected to both
axial forces and bending moments differs between the 1988 UBC and DOD provisions. By
the 1988 UBC approach, seismic axial forces and moments are both reduced by Rw, and then
combined with forces and moments due to dead and live loads, along with an appropriate
load factor. The resultant forces and moments are then checked In code type nteraction
formulas to a the adequacy of the column. By the DOD approach, column interaction
formulas have been rewritten to Incorporate the nelastic demand-capacity ratio (as shown in
Figures 4-2 and 4-3 of Reference 1). By the DOD Interaction formulas, the Inelastic
demand-capacity ratio Is applied only to the bending moment, and axial forces are unaffected.
In addition, the Inelastic demand-capacity ratios are low compared to ratios for other types of
members such as beams, as discussed In the next section, A.7. The DOD approach for
columns Is followed by these guidelines. The resut of these differences is that the DOD
provisions for columns are conservative relative to the 1988 UBC provisions such that there
is less probability of damage to columns In Moderate and High Hazard facilities than in the
Chapter 2 performance goals.
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Several other factors may be noted about the Inelastic demand-capacity ratios, Fu:

I. Table 4-2 values assume that good seismic design detailing practice as dis-
cussed in Section 4.3 has been employed such that ductile behavior Is maxi-
mized. If this Is not the case (e.g., an existing facility constructed a number of
years ago), lower inelastic demand-capacity ratios should be used than those
presented herein.

2. Table 4-2 values assume that inelastic behavior will occur reasonably uniformly
throughout the lateral load-carrying system. If nelastic behavior during seismic
response Is concentrated In local regions of the lateral load carrying system,
lower inelastic demand-capacity ratios should be used than those presented
herein.

3. Inelastic demand-capacity ratios are provided In Table 4-2 for the structural sys-
tems described In References 10 and 1. For other structural systems not cov-
ered In the table, engineers must interpolate or extrapolate from the values given
based on judgement in order to evaluate Inelastic demand-capacity ratios which
are consistent with the intent of these guidelines.

A.7 Basis for Seismic Guidelines for Important or Low Hazard, Moderate
Hazard, and High Hazard Facilities

The performance goal for General Use facilities Is probability of exceedance of x0-3

for significant structural damage to the facflity. It Is judged that this goal Is approximately met
by following the 1988 UBC provisions (Reference 10) and with a probability of exceedance of
IWOt3 for the design/evaluation level peak ground acceleration. The facility demand for
General Use facilities in accordance with the 1988 UBC provisions s based on maximum
ground acceleration as described above, median spectral amplification at 5 percent damping,
load factor of approximately 1.4, Importance factor of unity, and reduction coefficients, as given
In Table 4-2. This demand level Is the baseline from which the design/evaluation demand level
for other category facilities is determined as described below.

In the seismic design and analysis guidelines presented in Sections 4.2.2 and 4.2.3, the
demand is compared to the ultimate capacity In order to assess the seismic adequacy of
structures or equipment for all facility use categories. While the ultimate capacities are the
same for all categories, the demand Is different for each facility-use category, with larger
demand values being computed for more hazardous categories. The larger values are
Indicative of the greater conservatism and reduced probability of damage or loss of capability
to function associated with the higher hazard categories. Demand provides a good means
for comparing guidelines among the various categories. The demand for General Use and
important or Low Hazard facilities due to earthquake ground motion In accordance with the
provisions In Section 4.2.2, can be approximated by:
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D = I kZ DAFs% W / (ai)(A-1)

where: LF = load factor
I - importance factor

I = 1.0 for General Use facilities
I = 1.25 for Important or Low Hazard facilities

Z = peak ground acceleration appropriate for General Use
facilities (.e., 2x10-3 exceedance probability)

k = a factor by which the peak ground acceleration differs
from tha corresponding to Fe General Use category

It = 1.0 for General Use faclitles
k = 1.25 for Important or Low Hazard facilities

In this section, peak ground acceleration for each category Is expressed
as kZ where Z Is the General Use category peak ground acceleration
and k Is a factor accounting for the differences In peak ground accelera-
tions among categories such that k = 1.0 for General Use facilities, k =
1.25 for Important or Low Hazard and Moderate Hazard facilities, and k
= 2.0 for High Hazard facilities (k Is the mean value of the ratio of peak
ground acceleration at the exceedance probability for the category con-
sidered to peak ground acceleration at the General Use category excee-
dance probability determined from the Reference I seismic hazard
curves).

DAFS%= dynamic amplification factor from the 5 percent ground
response spectrum at the natural period of the facility

W = total weight of the facility
Rw = reduction coefficient accounting for available

energy absorption (Table 4-2)

The demand for Moderate and High Hazard facilities due to earthquake ground motion n
accordance wtth the provisions In Section 4.2.3 can be approximated by:

I

(A-2) ID mDAFs% kZ W / FU

where: m = a factor accounting for te difference In spectral
amrplficatio from 5 percent to the damping appropriate for
the facility In accordance with Table 4-4

e.g., m = 0.9 for 7 percen damping
m = 0.8 for 10 percent dampin
m = 0.7 for 15 percent damping

(m values are from Reference 11)
k - ground motion factor as defined above

k =1.25 for Moderate Hazard facilities
k = 2.0 for High Hazard facilities

Fu inelastic demand-capacity ratio (Table 4-2)

I
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For any facility-use category, the demand, D, Is compared to the code ultimate capacity, CAP.
to determine if the facility Is adequate for earthquake ground motion. Note that the demand
as expressed by Equations A-1 and A-2 is only a general approximation. The demand for

| specific cases depends on the particular characteristics of the Input ground motion and
earthquake response spectra, as well as the effect of other loadings acting concurrently on
the facility. However, these approximations for the demand are utilized to establish seismic
design and analysis guidelines such that the performance goals described In Chapter 2 are
approximately met.

The relationship between performance goal exoeedance probability and facility demand
Is used to determine the specific values making up the seismic design and analysis guidelines
such that the performance goals described In Chapter 2 can be approximately met for
earthquake considerations. This relationship Is the same as the relationship between hazard
exceedance probability and peak ground acceleration, as determined from the seismic hazard
curves. Differences In hazard exceedance probabilities correspond to differences in peak
ground acceleration for which the facility Is to be designed or evaluated for earthquake effects.
These differences can be evaluated from the Reference I hazard curves by comparing ground
acceleration levels at different hazard exceedance probabilities. From the Reference 1 data
presented in Table 4-3, the mean ratio of peak ground acceleration for Low and Moderate
Hazard categories to that for the General Use category Is about 1.25 (standard deviation is
0.08), and the mean ratio of peak ground acceleration for the High Hazard category to that
for the General Use category Is about 2.0 (standard deviation Is 0.21). As a result, a difference
in probability of 2 should also correspond to a difference In demand (or required facility
capacity) of about 1.25, and a difference In performance goal probability of 10 should corre-
spond to a difference in demand of about 2.0.

The relationships described above between performance goal exceedance probability
and earthquake demand have been used to develop the specific limits on Inelastic behavior
and other seismic provisions for Important or Low Hazard, Moderate Hazard, and High Hazard
categories. The differences In performance goal probability and facility demand between
Important or Low Hazard, Moderate Hazard, and High Hazard categories and that for the
General Use category are tabulated below.

Calegoiy Ratio d Performance FR& of E.aruake
Goalto tfor Demnd to Va Sor

Gene Use Falite Geneal Ue Factiitis
knportant or Low Hazard 2 1.25

Moderate Hazard 10 2.0
High Hazard I 100 1 4.0
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However, R should be noted that the performance goals for Important or Low Hazard,
Moderate Hazard, and High Hazard categories are different from the General Use category
In both probabiIty level and In acceptable structural behavior. The goal for General Use facilities
is to prevent structural damage to the extent that occupants might be endangered. The goal
for the other categories Is to maintain the capability of the facility to perform its function. As a
result, the facility demand for Important or Low Hazard, Moderate Hazard, and High Hazard
facilities should be even more different from General Use facilities than Is indicated above.
The 1988 UBC provistons suggest an Importance factor of 1.25 for essential facilities (similar
to the Important or Low Hazard category herein) to account for the difference In performance
goals between normal use and essential facilitles. It seems reasonable that the demand
levels for Important or Low Hazard, Moderate Hazard, and High Hazard categories were all
Increased by an additional factor of 1.25 greater relative to the General Use category, the
differences In performance goal behavior would be fully accounted for.

In additon, because of the Increased hazard associated with Moderate and High Hazard
facilities, it Is Judged to be appropriate to provide some additional conservatism such that very
high confidence of achieving the performance goal can be achieved. For this reason, the
facility demand for Moderate and High Hazard categories is further increased by an additional
factor of abotA 1.25 relative to other categories. More factors of conservatism have been
Incorporated Into the guidelines for Moderate and High Hazard facilities than for General Use
and Importart or Low Hazard facilties In order to obtain higher levels of confidence d achieving.
the performance goal for these facilities, which contain hazardous materials and which may
be sensitive to public opinion such that damage is especially undesirable. These additional
factors have the effect of restricting Inelastic behavior to be more closely elastic and of limiting
drift of the facility such that damage is controlled In the event of a severe earthquake.

Hence, assuming te performance goal for General Use facilities is achieved for seismic
design by following the 1988 UBC provisions, performance goals for other categories would
be achieved * the earthquake demand levels for other categories were as follows:

Note:
DILH I DGU = 1.25x1.25 =1.58 GU General Use category
DMH / DGU = 1.25x1.25x2O = 13 ILH lmportant or Low Hazard category
DHH / DGU = 1.25x1.25x4.0 = 6.25 MH = Moderate Hazard category

HH High Hazard category
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Based upon Equations (A-1) and (A-2), these differences in earthquake demand for Important
or Low Hazard, Moderate Hazard, and High Hazard categories comparedtothatforthe General
Use category are given by the following equations (k and I for the General Use category are
unity):

. DIL DGU IILH kLH 1.56 (A-3)
DMH / DGU m kMH Rw/ ( Fu.MH) = 3.13 (A-4)

DHH /DGU= m kHH Rw / (LF F-HH) = 6.25 (A-5)

Note that using an Importance factor of 125 for Important or Low Hazard facilities
combined with a hazard exceedanoe probability which Is one half that for General Use facilities
Is approximatel equivalent to an Importance factor of slightly more than 1.5 for Important or
Low Hazard facilities the hazard exceedance probabilities were the same for both categories
as shown above. Hencethe guidelines presented hereinfor Impotantor Low Hazard facilities
are somewhat more conservative than the 1988 UBC provisions for essential or hazardous

facilities.

By these seismic design and analysis guidelines, Moderate and Ilgh Hazard facilities
are to be evaluated by elastic dynamic analysis; however, the elastically computed demand
on the facility Is permitted to exceed the capacity of the facilty as a means of permitting limited
inelastic behavior in good structural systems with detailing for ductile behavior. The amount
that the elastic demand can exceed the capacity Is the nelastic demand-capacity ratio, Fu.

Values for inelastic demand-capacity ratio, Fu, which when used with the seismic guidelines
described in Section 4.2.3, assure that the performance goals presented in Chapter 2 are
approximately met. A means of estimating Fu values which approximately meet the per-
formance goals is described below.

Expressing the demand equations, (A-4) and (A-5) In general terms, the ratio of the
demand for Moderate and High Hazard categories to that for the General Use category Is:

DUHOfH (k)(m)RW RATIO (A-6)
|jDU (LF)F,

Where: k = 1.25 for Moderate Hazard
k = 2.0 for High Hazard
m = 0.9 for Steel (7% damping)
m = 0.8 for Concrete (10% damping)
m = 0.75 for Masonry (12% damping)
m = 0.7 for Wood (15% damping)
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LF- 1.3 for Steel
LF - 1.4 for Concrete And Masonry
LF = 1.S for Wood
RATO = 3.13 for Moderate HaZard
RATIO = 6.25 for High Hazard

Equation (A-6) may be solved for Inelastic demand-capacity ratio, Fu, as followW.

FUM (k)(m)R, (A-7)
F (LF)(RAtIO)

Example c"uons d Fu for Moderate & High Hazard steel moment frarhes using Equation
(A-7) are shown below:

MODERATE HAZARD HIGH HAZARD

k-125 m-O. k=2.0 m=0.9
R% 12 LF 1.3 Rw 12 LF - 1.3

RATIO - 313 RATIO - 8.25

f. (1.25)(0.9)(12) -32 F. (2.0)(0.9)( I2) 2.66
(1.3)(3.13) (1.3)(6.25)

FU 2.S IN O MANUAL FU -a IN MANUAL
FU - 3.0 N UDENES FU 2.5 GUIELES

I
--/jI

Example calculations of Fu for Moderate & High Halard concrete shear walls In accordance
with Equation (A-7) are shown below:

MODERATE HAZARU HG HAZARD

k-1.25 m 0.8 k-2.0 m0.8
RiSn8 Lfu1.4 RW-8 LF1.4

RATIO = 313 RATIO - 825

F (1 .25)(O.8)(8) 1.83 f (2.0)(0.8)(8) 6
(1.4)(3.13) (1.4)(6.25)

FU- 1.5 DODMANMAL Fu 1.25H000 MANUAL
Fu - 1.7 IN GUEUNES Fu- 1.4 IN GUVDEUNES

I

Values of Inelastic demand-capacity ratio, Fu. from Equation (A-7) along with values from
the DOD seismic provisions (Reference 11), are presented in Table A-I for many structural
systems, materials, and construction.
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Il TABLE A-1
INELASTIC DEMAND-CAPACITY RATIOS FROM

1 1 EQUATION A-7 AND REFERENCE 1
FUN

Structural Syetem Aw Moderate T High
_ tructural s Hazar ll d Hazard

MOMENT RESISTING FFAME SYSTEMS
Columns .e 1.5 1.25
Beams

Ste Special Momerd Resisting Space Frame (SMRSF) 12 2.5 3.32 L0 2.66
Concrete SMRSF 12 2.5 2.74 2.0 2.19
Concrete rtermedite Moment Frame (IMRSF) 7 1.60 1.28
Steel Ordin MomerRAtin Space Frame 6 1. . 1.33
Concrte inary Moment R s Space Frame 5 . 1.14 . ci

SHEAR WALLS
Concrete Bearing Wab l 15 1.37 1.25 1.10
Concrete Non-Bari Walls a 15 163 1.25 1.46

Masory Baring Walls 6 1.25 129 1.1 1.03
Masbny N o Wall 6 1.25 1.71 1.1 1.37
Plwood BealngW S 2.5 1.49 L0 1.19
Plywood Nn-Beai Walls 0 2.5 1.8 2.0 1.34
Da SysemConcr~tewlthSMRSF 12 1.5 274 1.25 2.19
Due Stem. Conct wth Concrete IMRSF 0 1.5 L06 125 1.65
Dual Syote aonry with SMRSF U 1.25 1.71 1.1 1.37
Dual at.~ UMasonq with Concrete IMRSF 7 1.25 1.50 1.1 1.20

CONCENTRIC BRACED FRAMES
(BRA40 CARRIES GRAVITY LOADS)

Stool Beams a 1.75 1i6 15 1.33
Steel Diagonal Brac. 1.5 1. 1.25 1.33
St" Columns 6 15 168 1.25 1.33
Cwnections of Steel Members a 1.25 1.68 1.0 1.33
Conctte Beam 4 1.75 c1 1.5 < I
Concrete Diagonal Braces 4 1.5 c 1.25 <I
Concrete Columns 4 1.5 ci 1.25 cI
Connections of Concrete Members 4 1.25 cI 1.0 <I
Wood Truse 4 1.75 cI 1.5 <I
Wood Column. 4 1.5 c 125 <I
Connoctkon n Wood (other Ithan nall) 4 1. c 1 1.25 cI

CONCENTRIC BRACED FRAMES (NO GRAVfTY LOADS)
Stel Beam. 1.75 2.22 1.5 1.77
Stol Diagonal Brace. a 1.5 2s22 125 1.77
Stel Column. 6 1.5 2.22 1.25 1.77
Connectione of Stol Member 6 1.25 2.22 1.0 1.77
Concrete Beam. 8 1.75 1.83 1.5 1.46
Concre Di Gonal Brace 8 1.5. 1.83 125 1.46
Conct Column. 6 1.5 1.83 125 1.46
Connections of Concrete Members 6 1.25 1.63 1. 1.46
Wood Trusee 8 1.75 1.48 1.5 1.19
Wood Column. a 1.5 1.49 1.25 1.19
Connectons n Wood (otheran nlls) 6 1.5 1.49 125 1.19
Beams and Diagonal Brace.. Dul Systm

Steel w1th Steel SMRSF 10 . 2.77 . 2.22
Concrete with Concrete SMRSF 9 L06 1.65
Concrete wlth Concrete IRSF 6 1.37 1.10

STEEL ECCENTRIC BRACED FRAMES (EBF)
Column. 1.5 t 1.25
Beams and Diagonal Brace 10 . 2.77
Beam. and Diagonal Braces. Dul System with Steel SMRSF 12 3.32 . 2.66

* Column. marked R1 I ar Inelastic demand-capacty rtio directly from Reference 11. Columns marked A 
inelasic demand-capacly ratios calculated from Equation (A 7).

*t Value. are the same a for bams and braces In thi sructural sq m
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The inelastic demand-capacity ratios from Equation (A-7) are based on the structural

systems for which reduction coefficients, Aw, are given in the 1988 UBC provisions. These
provisions give different reduction coefficients for bearing wall systems and for building frame
systems in which gravity loads are carried by different structural members than the lateral force
resisting system. In addition, Fe 1988 UBC provisions distinguish between different levels of
detailing for moment resisting space frames, between eccentric and concentric braced frames,
and between single and dual lateral load resIst systems. Consequently, Equation (A-7)

results In more Inelastic demand-capacity ratios than Reference 11, which does not make the
above dIstintis. On the other hand, DOD proisom ge different inelastic demand-
capacity ratios for indidual members of the lateral load-resisting system, while 1988 UBC
reduction coefcent refer to all members of the lateral load resisting system.

In general, there Is reasonable agreement between the inelastic demand-capacity ratios
from Reference 11 and those computed from Equations (A-7). For example, the DOD inelastic
demand-capacity ratio for concrete shear walls is between the values for bearing and non-
bearing walls from the equations. The DOD values are much lower than the values computed
when shear walls act as a dual system with ductile moment resisting space frames to resist
seismic loads. The inelastic demand-capacity ratios for braced frames agree fairly well in the
case where the bracing carries no gravity loads. When bracing carries gravity loads, values
for steel braced frames are In good agreemen but based on Equation (A-7), no inelastic
behavior would be permitted for concrete braced frames or wood trusses. The DOD Inelastic
demand-capacity ratio for beams In a ductile moment resisting frame fall between values from
the equations for special and Intermediate moment resisting space frames (SMRSF and IMRSF
as defined In Reference 10). However, the DOD values for columns are low compared to
values derived from te code reduction coefficients.

Based upon the data presented In Table A-1. te nelastic demand-capacity ratios for
seismic design and analysis of Moderate and High Hazard facilities presented In Table 4-2
have been selected. Because of the reasonable agreement with the DOD values from Ref-
erence 11 combined with the capability to distinguish between a greater number of structural
systems, the values derived from Equation (A-7) have been given somewhat more weight for
Table 4-2 than Reference 11 values. The only major exception is that Reference 11 values for
columns have been utilized. Increased conservatism for columns as recommended in the
DOD manual Is retained. In addition, Reference 1 1 provides slightly different values for different

members making up braced frames, and these differences are retained.
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In Section 4.2.3, Moderate and High Hazard facilities must meet minimum seismic
requirements of the 1988 UBC static force method provisions with an importance factor, 1, of
2.0 and peak ground acceleration corresponding to Moderate or High Hazard category hazard
exceedance probabilities, respectively. The purpose of these additional seismic requirements
Is twofold. First, these requirements provide a relatively simple approach to establish rea-
sonable Initial designs of facilities to be evaluated for earthquake effects by dynamic analyses
as required for these categories. Second, the 1988 UBC type provisions may govern the
seismic design in cases where structural members are heavily loaded by dead and live loadings
In addition to earthquake excitation. 1988 UBC and DOD seismic provisions differ. In the 1988
UBC approach, only the element forces due to earthquake loads are reduced by the reduction
coefficient, Rw, in evaluating facility demand. In the DOD approach, element forces due to
both earthquake and dead and live loads are reduced by the inelastic demand-capacity ratio,
Fu, n evaluating the facility demand. The effect of these differences Is that the DOD approach
may be less conservative for beam or brace members heavily loaded by dead and live loads.
The minimum 1988 UBC type seismic requirements assure that Moderate and High Hazard
requirements are substantially more stringent than those for the Important or Low Hazard
category, even If members have significant dead and live loadings.
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