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Abstract

The Department of Energy (DOE) and the DOE Natural Phenomena Hazards Panel
have developed uniform design and evaluation guidelines for protection against natural
phenomena hazards at DOE sites throughout the United States (UCRL-15910). The goal of
the guidelines is to assure that DOE facilities car_withstand the effects of natural phenom-
ena such as earthquakes, extreme winds, tornadoes, and flooding. The guidelines apply to
both new facilities (design) and existing facilities (evaluation, modification, and upgrading).
The intended audience isprimarily the civil/structural or mechanical engineers conducting
the design or evaluation of DOE facilities.

DOE Order 6430. lA, General Design Criteria Manual, was revised in 1989. This cur-
rent version of Order 6430. lA references these guidelines (UCRL-15910) as an acceptable
approach for design evaluation of DOE facilities for the effects of natural phenomena
hazards. UCRL-15910 provides earthquake ground acceleration, wind speed, tornado
wind speed and other effects, and flood level corresponding to the design basis earth-
quake (DBE), design basis wind (DBW), design basis tornado (DBT), and design basis
flood (DBFL) as described in Order 6430.1A. Integrated with these natural phenomena
Ioadings, UCRL-15910 provides recommended response evaluation methods and accep-
tance criteria in order to achieve acceptably low probabilities of facility damage due to natu-
ral phenomena.

The design and evaluation guidelines presented here 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. These guidelines also seek to
ensure that the level of conservatism in design/evaluation is appropriate for facility charac-
teristics such as importance, cost, and hazards to people on and off site and to the environ-
ment. For each natural phenomena hazard covered, these guidelines generally consist of
the following:

1. Usage categories and performance goals.

2. Hazard probability from which natural phenomena hazard loading on structure s,
equipment, and systems is developed.

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

Performance goals are expressed as the annual probability of exceedance of some
level of facility damage due to natural phenomena. The appropriate performance goal for a
facility is dependent on facility characteristics such as mission dependence, cost, and haz-
ardous functions. Different guidelines are provided for four usage categories each with a
specified performance goal. Usage categories and performance goals range from general
use (normal building code provisions) to highly hazardous use (approaching nuclear power
plant provisions).

The likelihood of occurrence of natural phenomena hazards at each DOE site has
been evaluated by the DOE Natural Phenomena Hazard Program. Probabilistic hazard
models are available for earthquake, extreme wind/tornado, and flood. Alternatively, site
organizations are encouraged to develop site-specific hazard models utilizing the most
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recent information and techniques available, In any case, to achieve a specified perforrn-
ance goal, hazard annual probabilities of exceedance are specified with design and evalu-
ation procedures that provide a consistent and appropriate level of conservatism.

In this document, performance goals and natural hazard levels are expressed in pro-
babilistic terms, and design and evaluation procedures are presented in deterministic
terms. Design/evaluation procedures conform closely to common standard practices so
that the procedures will be easily understood by most engineers. Performance goals are
expressed in terms of strUcture or equipment damage to the extent that: (1) the facility can-
not function; (2) the facility would need to be replaced; or (3) personnel are endangered.

The guidelines presented in this document contain information needed for the first two
steps in a natural phenomena risk assessment: characterization of the hazard and proce-
dures for structural evaluation. The remaining steps in estimating risk extend to conse-
quences beyond the levels of facility damage (e.g., off-site release of hazardous materials,
general public safety, or environmental damage). These remaining steps require a systems
evaluation of the facility and surrounding area and are beyond the scope of this document.
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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), has developed uniform design and evaluation guidelines for

protection against natural phenomena hazards for facilities at DOE sites throughout the

United States. This work provides guidance and criteria for design of new facilities and for

evaluation, modification, or upgrade of exlsttng facilities so that DOE facilities safely with- '

stand the effects of natural phenomena (earthquakes, extreme winds, and flooding). This

goal is being achieved bY the Natural Phenomena Hazards Program, illustrated in Figure
1-1,

PHASE l

cATEGoRIZE EXISTING FACILITIES

AT EACII SITE WITII HELP OF SITE PERSONNEL

FACIt, ITY (PROPOSED OR EXISTING)

PIIASE 2

DEVELOP HAZARD MODELS FOR EACII SITE

"'"i-?Period _//

Aooeleretton Wind Speed Winter Elevatiox_

Sol=talc Wind Flood

PHASE a

EVALUATE EACH FACILITY ON A UNIFORM AND RATIONAL BASIS

.................. ,77 ..................................................................

o ........... _ J I SPECIFY RESPONSE
Per Year _J .........//i).'.'aslsn/_aluatlon EVALUATION PROCEDURES

AND

DETERMINE APPROPRIATE PERMISSIBLE RESPONSE

I[AZARD LEVEL CRITERIA

.........................................................................................

PHASE 4

GOOD DESIGN DETAILING AND PRACTICES

Figure 1-1. Flow Diagram of the Natural Phenomena Hazards Projec_

i
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The Program consists of the following phases:

1, Selectlng specific DOE sites to be Included In the project and Icientlfylng existing
crltlcal facilities at each site.

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

3, Preparing design and evaluation guidelines that utlllze 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 or upgrading practice
for structures, equipment, piping, etc, for earthquake and wil ,d/tornado Ioadlngs,
Also, conducting supporting studies on specific problem areas related to the miti-
gation of natural phenomena hazards,

Several phases of the Prog, am have been completed. The first phase- selecting DOE

sites and identifying critical facilities- was completed many years agO. The development of

probabilistic descriptions of earthquake and wind hazards at 25 DOE sites across the coun-

try has also been completed. The seismic hazard definitions have been published in LLNL

report UCRL-53582, Rev.1 (Ref. 1). The wind/tornado hazard definitions have been

published in LLNL. report UCRL-53526, Rev.1 (Ref. 2). Note that seismic hazard estimates

have been changing rapidly since Reference 1 was completed in 1984. A number of ongo-

ing studies, not currently available, will provide the basis for upgrading Reference 1 in the

future. However, Reference 1 represents the best currently available information on seismic
hazard at ali DOE sites.

Ongoing flood screening evaluations establish which sites have a potential flood haz-

ard. As part of the screening analysis, preliminary probabilistic flood hazard descriptions

are developed. To date, flood evaluations have been completed for the eight Albuquerque

Operations Office sites and for the Richland Operations Office site. The results were pub-

lished in LLNL report UCRL-53851 (Ref. 3), From screening analysis results, 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.

The design and evaluation guidelines presented in this document are derived from

the third phase of thts project. These guidelines, together with the manuals on structural

details and studies on problem areas, should enable DOE and site personnel to design or

evaluate facilities on a uniform and rational basis for the effects of natural phenomena haz-

ards. Phase 4 activities include: (1) a wind design practice manual (Ref. 4); (2) preparation
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of a _.eismicdesign practice manual i!_now being planned; (3) supporting studies have

been published on seismic bracing of suspended ceilings (Ref. 5) and on seismic upgrade

and strengthening guidelines for equipment (Ref. 6).

1.2 Overview of the Design and Evaluation Guidelines

The guidelines presented in this document provide relativelystraightforward proce-

dures to evaluate, moclify,or upgrade existingfacilities or to design new facilitiesfor the

effects of naturalphe_,umena hazards. The intent is to control the level of Conservatism in

the design/evaluation process such that: (1) earthquake, wind, and flood hazards are

treated consistently;and (2) the level of conservatism is apPropriate for facilitycharacteris-

tics such as importance, cost, and hazards to people and the environment.

The guidelines include:

1. Usage categories and performance goals for each category.

2. For each category, hazard probability from which hazard loads are developed.

3. For each category, recommended design and evaluation procedures to evaluate
facility response to hazard loads.

4. For each category, criteriato assess whether or not cornptJtedresponse is per-
missible.

Note that these guidelines do not cover practiceand procedures for facility design or

upgrading detailing; these matterswill be covered by separate documents.

The first step in constructing these guidelines is to establish performance goals.

These are expressed as the annual probability of exceedance of some level of facility dam-

age due to naturalphenomena hazards. The appropriate performance goal for a facility is
dependent on facility characteristicssuch as missiondependence, cost, and hazardous

functions. Four usage 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 design practice for both general use

and high-hazard use facilities.

To achieve a performance goal, hazard annual probabilities of exceedance are speci-

fied along with design and evaluation procedures, with a consistent level of conservatism.

Performance goals and hazard levels are expressed in probabilistic terms; design and

evaluation procedures are presented deterministically. Design/evaluation procedures rec-

ommended in this document conform closely to common standard practices so that most
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engineers will readily understand them. The intended audience for these guidelines is the

civil/structural or mechanical encj!neer conducting the design or evaluation of facilities,

These guidelines do not preclude the use of probabilistic or alternative approaches if these

approaches meet the specified performance goals.

The framework under which these guidelines have been developed allows for their

use in an overall risk assessment, as shown in Figure 1-2.

[_ CHARACTERIZATIONOF HAZARD __] _i_[l

,, Ecrthquoke
, Extreme Wind

Flood

oNBuilding ond Equipment Response
, Permissible Behovior Criterio

[]_ SOURCE TERM

Quontity, Rote, ond
Chorocteristics of Releose

.....

DOSE CALCULATION _]]

Meteorology
Demogrophy

Ecology

Hazards Projec t

Figure 1-2. Flow Diagram For Assessment Of Risk
From Natural Phenomena Hazards

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 struc'[ural analy-

sis. The remaining steps in estimating risk are not covered in this document. Performance

goals are expressed in terms of structure or equipment damage to the extent that: (1) the

facility cannot function; (2) the facility would need to be replaced; or (3) personnel are

endangered. The performance goals in this document do not refer to the consequences of
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structure or equipment dam"ge beyond those just described. For example, this document

does not attempt to set performance goals in terms of off-site release of hazardous materi-

als, general public safety, or environmental damage.

Existing criteria for the design and evaluation of DOE facilities are provided by the

General Design Criteria Manual, DOE Order 6430.1A (Ref. 7). 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 6430.1A 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. lA, include earth-

quakes (DBE), winds (DISW),tornadoes (DBT), and floods (DBFL). This document (UCRL-

15910) 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. UCRL-15910 is an integrated approach combining definition of load-

ing due to natural phenomena, response evaluation methods, and acceptance criteria.

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 ali natu-

ral phenomena hazards. In particular, usage categories and performance goals are dis-

cussed in Chapter 2. Chapter 3 provides general discussion of the effects of natural

phenomena 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 three chapters discuss recommended hazard probabilities, as well as

design and evaluation procedures for response evaluation and permissible behavior crite-

ria. Summaries of the guidelines for earthquake, wind, and flood may be found in Tables

4-2, 5-2, and 6-1, respectively.

1.3 Terminology and Definitions

Hazard - The term "hazard" is defined as a source of danger. In this report, natural phe-

nomena 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

1-5
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vicinity of DOE facilities. Throughout this report, the term "hazard" 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 Probability of Exceedance- The likelihood of natural phenomena hazard_ has

been evaluated on a probabilisticbasis in References 1, 2, and 3. The frequency of occur-

rence of parameters describing the externalhazard severity (such as maximum earthquake

ground acceleration, maximum wind speed, or maximum depth of inundation) is estimated

by probabilisticmethods. Common frequency statisticsemployed for rare events such as

natural phenomena hazard,_ include returnperiod and annual probability of exceedance.

Return period is the averaccetime between consecutiveevents of the same or greater sever-

ity (for example, earthquakes with maximum ground acceleration of 0.2g or greater), lt

must be emphasized that the return period is only an average duration between events and

should not be construed as the actualtime between occurrences, which would be highly

variable. If a given event of return period, T, is equally likelyto occur any year, the probabil-

ity of that event being exceeded in any one year is approximately1/'1. The annual probabil-

ityof exceedance, p, of an event is the reciprocalof the return period of that event. As an

example, consider a site at which the returnperiod for an earthquake of 0.2g or greater is

1000 years. In this case, the annual probability of exceedance of 0.2g is 10-3 or 0.1 per-
cent.

Exceedance Probability for a Given Number of Years - lt is of interest in the design of

facilitiesto define the probability that an event willbe exceeded during the design life of the

facilities. For an event with returnperiod, T, and annual probability of exceedance, p, the

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

EP = 1-(1-p)n = 1-(1-1/T)n = 1-e-n/T (1-1)

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

an example, the exceedance probabilitiesover a design life of 50 years of a given event

with various annual probabilitiesof exceedance are as follows:

p EP over 50 years

10-2 0.39

10-3 0.05

10-4 0.(_05

10-5 0.0005
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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, while 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, an_Jflood

hazards at DOE sites has been defined by graphical relationships between maximum
i

gro_nd 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.

Perfo:mance Goals - The likelihood of adverse facility behavior during natural phenomena

hazards can also be expressed on a probabilistic basis. Goals for facility performance dur-

ing natural phenomena hazards have been selected and expressed in terms of annual

probability of _xceedance. As an example, if the performance goal is 10-3 annual

probability of exceedance for structura! 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

10-4 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 dam-

age considered in the performance goal depends on the facility characteristics. For exam-

ple, 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 uncertainty in the underlying hazard process (e.g., earth-

quake mechanism for seismic hazard), performance goals or hazard probabilies can be

specified at higher confidence levels to provide greater conservatism for more critical
conditions.

1.4 Earthquake, Wind, and Flood Hazards for DOE Facilities

For the guidelines presented in this document, 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 needed for each

DOE facility. This information can be obtained from independent site-specific studies or
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from References 1, 2, and 3 for earthquake, wind, and flood hazards, respectively. The

hazard Information from these references is discussed throughoLt this report, In conjunc-

tion with the guidelines, the use of Independent site-specific evalu _tions of natural phenom-

ena hazards may also be used as the basis for loads on facilities.

Seismic and wind hazard curves have been evaluated by sit._-specific studies of the

DOE sites considered (References 1 and 2). In addition, flood _azard curves have been

evaluated for some of the DOE sites considered (Ref. 3). Fluod hazard curves developed

from screening studies are currently available for the eight Albuquerque Operations Office

sites and for the Richland Operations Office site.

For earthquakes, Reference 1 presents best-estimate peak ground accelerations as a

function of return period, as illustrated by Figure 1-3. Acceleration values correspond to the

maximum acceleration that would be recorded by a three-axis 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

amplification of the earthquake ground motion during linear, elastic, seismic response of

facilities. These spectra provide information 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, as 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 windborne missiles, which must be considered.

At annual probabilities of exceedance where straight winds govern the wind Ioadings, these

tornado-related effects do not significantly affect facility behavior and need not be consid-
ered.

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 peak water eleva-

tion 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 assess-

ment of the potential encroachment of flooding at individual facility locations. Furthermore,
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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 analy-

ses serve as the primary Input to DOE site managers to review the Impact of flood hazards
on individual facilities and to evaluate the need for more detailed flood hazard assessment.
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2 General Design and E'aluation Guidelines

2.1 Design and Evaluation Philosophy

The guidelines presented in this document are intended to assure acceptable per-

formance of D(_E facilities tn the event of earthquake, wind/tornado, and flood hazards. As
, ,

discussed in Chapter 1, performance Is measured by performance goals expressed as an

annual probability of natural phenomena recurrence and resultant unacceptable damage.

These annual probabilities of unacceptable damage are Intended to be consistent with stan-

dard engineering practice for both normal use and hazardous use facilities, lt must be

emphaslzed that these performance goals correspond to probabilities of structure or

equipment damage due to natural phenomena hazards; they do not extend to conse-

quences beyond structure or equipment damage,

The responsibility for selecting performance goals rests wtth 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. Characterlstlcs 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 low value than for a high-occupancy facility or a facility containing haz-

ardous materials. Facilities containing hazardous materials which, in the event of damage,

threaten public safety or the environment, and/or which are under close public scrutiny,

should have a very low probability of damage due to natural phenomena hazards (i.e., i

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 safety over that consistent with conventional building

2-1



codes. Furthermore, it Is probably not cost-effective to pay for additional resistance over

that resulting from the use of conventional building codes that consid{ , 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, u3age categories are

described, each with different facility characteristics, These categories are sufficiently

corrlplete to allow assignment to a category of most DOE facilities. Category descriptions

represent the understanding of the authors as to what types of facilities should be asso-

ciated with different performance goals, These descriptions are offered as guidance to

DOE management in performance goal seleution for specific facilities, lt 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 phe-

nomena hazards (i.e., performance goal) is a combined function of the annual probability of

exceedance of the event, factors of safety Introduced by the design/evaluation procedures,

and other sources of conservatism. These guidelines specify hazard annual probabilities of

exceedance, response evaluation methods, and permissible behavior criteria for each natu-

ral phenomena hazard and for each usage category such that desired performance goals

are achieved for either design or evaluation. 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, if

the performance goal and hazard annual probabilities are the same, the design or evalu-

ation approach should introduce no conservatism. However, if conservative design or eval-

uation 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 accumu-

lated effect of each step in the design/evaluation process should lead to reasonably consis-

tent performance goals for each hazard.

Design and evaluation guidelines are presented In Chapters 4, 5, and 6 for earth-

quake, wind, and flood hazards, respectively. These guidelines are deterministic proce-

dures that establish facility Ioadings from probabilistic hazard curves; recommend methods

for evaluating facility response to these Ioadings; and provide criteria to judge whether
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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 guide-

lines are Intended to cover buildings, equipment, pipit'rg, and other structures.

The guidelinespresented In this report 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 they

are, typically, emphasized in design and evaluation criteria, However, there are other

aspects of facility design that are equally important and that should be con:_ldered, These

aspects Include quality assurance considerations and attention to design details, Quality

assUrance requires peer review of design drawings and calculations; Inspection of con-

struction; and testing of material strengths, weld quality, etc, The peer reviewers should be

qualified personnel who wer_ 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 nonstructural building features, Although quality

assurance and design details are not discussed in this report to the same extent as hazard

load levels and response evaluation 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, in addition to discussions in the individual chap-

ters on each natural phenomena hazard. Design detailing for earthquake and wind hazards

is covered by separate manuals currently being prepared or planned, Reference 4 gives

structural details for wind design.

2.2 Performance Goals and Usage Categories

As stated previously; it is the responsibility of DOE management to select the appro-

priate performance goal for specific facilities. This may be accomplished by either of the

following two approaches:

1. Place facilities or portions of facilities into usage categories based on characteris-
tics such as mission dependence, occupancy, amount and type of hazardous
materials involved, and distance to population centers,

2. Place facilities or portions of facilities into usage categories based on the asso-
ciated performance goals as presented in this section and on an independent
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
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performance goals assigned to each category or else establish performance goals specifi-

cally 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 Usage Categories

Four usage categories are suggested for design/evaluation of DOE facilities for natu-

ral phenomena hazards: (1) General Use, (2) Important or Low Hazard, (3) Moderate Haz-

ard, and (4) High Hazard, These categoriesare defined inTable 2-1,

Table 2-1 Usage Category Guidelines

Usage Category Description

General Use Facilities that have a non-mission.dependent purpose, such as administration build.
Facilities Ings, cafeterias, storage,maintenance and repair facilitieswhich are plant- or

grounds-oriented, i

Important or Low Facilities that have mlsslon-depe!_dent use (e.g,, laboratories, production facilities,
Hazard Facilities and computer centern) and emeigs _cyhandling or hazard recovery facilities (e,g,,

hospitals, flrestations),

Moderate Hazard Facilities where confinement of Contents Is necessary for public or employee pro.
Facilities tec_lon, Examples would be uranium enrichment plants, or other facilities Involving

the handling or storage of significant quantities of radloaotlve or toxic materials,
1

High Hazard Facilities where confinement of t:ontents and public and environment protection are
Facilities of paramount Importance (e,g,, i/aollttleshandling substantial quantities of In-

process plutonlurn or fuel repro,:esslng facilities), Facilities tn this ¢atego_, repre-
senthazards with potential long-term and widespread effects.

The design and evaluationof General Use and Important or Low Hazard facilities

would normallybe governed by conventionalbuilding codes, The General Use category

includes normaluse facilities for which no extra conservatism against naturalphenomena

hazards is required beyond that in conventionalbuilding codes that include earthquake,

wind, and flood considerations Important or Low Hazard facilities are those where tt is very

Important to maintain the capacity to function and to keep the facilityoperational inthe

event of naturalphenomena i_azards, Conventionalbuilding codes would treat hospitals,

fire and police stations, and other emergency-handling facilitiesin a similarmanner to the

requirementsof this document's guidelines for Important or Low Hazard facilities,

Moderate and High Hazard facilitieshandle ,_ignificantamounts of hazardous materi-

als, Damage to these facilities could potentiallyendanger worker and public safety and the

environment, As a result, lt is very Important for these facilities to continue to function Inthe

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 smalllikelihood of dam-
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age due to natural phenomena hazards, Guideline requirements for Moderate Hazard facili-

ties are more conservative th,_n 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 invoMng large quantities of In-

process radioactive or toxic materials that have a high energy source or transport mecha-

nisms that facilitate off-site dispersion, High energy sources (such as high pressure and

temperature steam or water associated with the operations of some facilities) can disperse

hazardous materials widely, Radioactive material in liquid or powder form or toxic gases

are easily transportable and may result In the facility being classified High Hazard, Hazard-

ous materials in solid form or within storage canisters or casks may result in the same facil-

ity being classified Moderate Hazard, High Hazard facilities do not necessarily represent as

great a potential hazard as commercial nuclear power plants, which are licensed by the

Nuclear Regulatory Cor'nmlssion (NRC),

Fable 2-2 illustrates that categories defined in these guidelines are comparable with facility

categorization from other sources.

Table 2-2 Comparison of Usage Categories from Various Sources (Refs. 8-1,2)

,

Source Facility Categorization
--- ,,..,, , ...,..

UCRL-15910 - DOE Natural General Use Important or Low Moderate Hazard High Hazard
Phenomena Hazard Guidelines Hazard

_ _ ,,,.

1988 Uniform Building Code General Facilities EssentialFacilities
,,..

DOD Tri-Service Manual for Sel0rnlc High Risk Essential
Design of Essential Buildings

,, -- __ , ,.,,,.....

IAEA-TECDOC-348 - Nuclear Facilities Class C Class B Class A

with Limited Radioactive Inventory
..... i -

DOE 5481,1B SAR System Low Hazard Moderate Hazard High Hazard
,,, ......

NFPA 13 (Classifications for Sprinkler Light Hazard Ordinary Hazsrd Ordinary Hazard Extra Hazard
Systems) (Group 1) (Group 3)

,.,,,, ,, . .......

Nuclear Regulatory Comrnlsslon *
,.,

" NRC licensed commercial nuclear power plants have slightly more conservs.tlvecriteria than the criteria recom-
mended for High Hazard facilities by these guidelines,
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Designation of the usage category for a facility should be agreed upon among DOE

anct contractor line management, facility operations managers, designers, and safety ana-

lysts. DOE 5481.1B (Ref, 11) should be utilized for guidance in faclltty categorization,

2.2.2 Performance Goals

Table 2-3 presents performance goals for each usage category. The design and eval-

uation guidelines presented in this document for facilities subjected to natural phenomena

hazards have been specified 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.

Table 2-3 Performance Geals for Each Usage Categor_

Usage Performance Goal Performance Goal Annual

Category Description Probability of Exceedance

General Maintain occupant safety 10-3 of the onset of major structural damage to the extent
Use that occupants are endangered

._

Important or Occupant safety, continued operation with 5x10"4 of facility damageto the extent that the facility
Low Hazard minimal InterruptiOn cannot perform ltefunction

,,, -- _ __

Moderato Occupantsafety, continued function, haz- 10.4 of facility damage to the extent that the facility
Hazard ard confinement cannot perform itsfunction

,=, __ , i

High Occupant safety, continued function, very 10.5 of facilitydarnage to the extent that the facility
Hazard high confidence of hazard confinement cannot perform its function

For General Use facilities, the primary concern is preventing major structuraldamage

or facility collapse that would endanger personnel within the facility. A performance goal

annual probability of exceedance of about 10-3 of the onset of significant facility damage is

appropriate for this category. This performance is considered to be consistent with

conventional building codes (Refs, 8, 13, and 14), 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.

Repair or replacement of the facility or the ability of the facility to continue to function after
the occurrence of the hazard is not considered.

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 safebj. Impor- '

tant or Low Hazard facilities should be allowed relatively minor structural damage in the

event of natural phenomena hazards. This is damage that results in mtntmal interruption to
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facility operations and that can be easily and readily repaired following the event. A reason-

able performance goal is judged to be an annual probability of exceedance of between 10-3

and 10-4 of structure/equipment damage, with the facility being able to function with

minimal interruption. This performance goal is believed to be consistent with the design cri-

teria for essential facilities (e.g., hospitals, fire and police stations, centers for emergency

operations) in accordance with conventional building codes (Ref. 8).

Moderate or High Hazard Use facilities pose a potential hazard to public safety and

the environment because radioactive or toxic materials are present. Design considerations

for these categories are to limit facility damage so that hazardous materials can be con-

trolled and confined, occupants are protected, and functioning of the facility is not inter-

rupted. 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 materi_,isare confined both dur-

ing and following natural phenomena 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 con-

tainment envelope is significant. Furthermore, ventilation filtering and containers of hazard-

ous materials within the facility should not be damaged to the 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 reasonable performance goal is an annual probability of

exceedance of about 10-5 of damage beyond which hazardous material confinement is

; impaired. 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 (Refs. 15, 16, 17, and 18). Annual frequencies of seismic core dam-

age from published probabilistic risk assessments (PRA) of recent commercial nuclear

plants have been summarized in Reference 19. This report indicates that mean seismic

core damage frequencies ranged from 4xl0-6/year to lxl0-4/year based on consideration

of 12 plants. For 10 of the 12 plants, the annual seismic core damage frequency was

greater than lx10 -5. Hence, the High Hazard performance goal assigned in these guide-

lines is consistent with Reference 19 information. For Moderate Hazard facilities, an appro-

priate performance goal is an annual probability of exceedance of about 10-4 of damage

beyond which hazardous material confinement is impaired.
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2.3 Evaluation of Existing Facilities

Although these guidelines for natural phenomena hazards can be used for design of

new facilities, they will probably be mostly applied to existing DOE facilities, because new

design work may be infrequent. New facilities can'be designed with theseguidelines, I=ut

existing facilities may not meet the guidelines. For example, most facilities built a number of

years ago in the eastern United States were designed without consideration of potential

earthquake hazard, lt is, therefore, likely that some older DOE facilities do not meet the

earthquake guidelines presented in this document.

it an existing facility does not meet the natural phenomena hazard design/evaluation

guidelines, several options (such as those illustrated by the flow diagram in Figure 2-1)

need to be considered. Potential options for existing facilities include:

1. Conduct a more rigorous evaluation of facility behavior to reduce conservatism
which may have been introduced by simple techniques used for initial facility
evaluation. Alternatively, a probabilistic assessment of the facility might be under-
taken in order to demonstrate that the performance goals for the facility can be
met.

2. The facility may be strengthened to provide resistance to hazard effects that
meets the guidelines.

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

If facility evaluation uncovers deficiencies or weaknesses that can be easily remedied, these

should be upgraded without considering the other options, lt 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 (1) existing facilities may have

a shorter remaining life than a new facility and (2) it is far more difficult to upgrade an exis-

ting facility compared to incorporating increased resistance in a new design. As a result,

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

by performing th¢ evaluation using hazard exceedance probability of twice the recom-

mended 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 2x10-4. This would have the effect of slightly reducing

the seismic and wind loads in the facility evaluation. Relief in the guidelines is not permitted

for flood evaluation because the performance of facilities during floods is very sensitive to
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the water elevation and a factor of two change in hazard exceedance probability may result

in a significant change in water elevation, In addition, relief is not permitted for flood evalu-

ation because the facility may not have margin to accomodate additional water similar to the

way facilities have margin to accomodate increased earthquake acceleration or wind

speed.

EV,N_UATE EXISTING

FACILITY USING

HAZARD GUIDELINES

../.____._

I ]IF G 5
I

ADEQUATE FOR NATURAL

PHENOMENA HAZAF,_ / i

//,_ UPGRADE EAS'_-IO-REMEDY ]

DEFICIENL'IES OR
WEAK NE,';SI_-S

T -+.

PHENOMENA t4AZARDS / (NOT FOR FLOOD)

,'/J" i

- +
IF UNSUCCESSFUL,

IF SUCCESSFUL, FACILITY STRENOTHEN FACILITY
IS ADEQUATE FOR NATURAL SUFFICIENTLY TO MEET

PHENOMENA HAZARDS THE GUIDELINES

OR

Ct4ANGE ]HE USAGE OF
THE FACILITY TO A

CATEGORY WITH LESS
S]RINGENf REQUIREMENTS

Figure 2-1 Evaluation Approach for an Existing Facility
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For existing facilities, an assessment must be made for both the as-built and as-is

condition. This assessment includes reviewing drawings and conducting site visits to

determine deviations from the drawings and any in-service deterioration. In-piace strength

of the materials can be used when available. Corrosive action and other aging processes

should be considered. Evaluation of existing facilities is similar to evaluations performed of

new designs except that a single as-is configuration is evaluated instead of several configu-

rations in an iterative manner, as required in the design process. Evaluations should be

conducted in order of priority, with highest priority given to those areas identified as weak

links by preliminary investigations and to areas that are most important to personnel safety
,

and operations with hazardous materials.

2.4 Quality Assurance and Peer Review

lt 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 an engineering quality assur-

ance plan for seismic design and evaluation are described in Chapter 4. Engineering qu'

ity assurance plans for wind or flood design and evaluation should be similar to the plan

described in Chapter 4. General characteristic recommended for engineering quality

assurance plans for design or evaluation for natural phenomena hazards are described
below.

In gene_'al,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 calculations should be checked for numerical accuracy and for theory and

assumptions. For new construction, the engineer should specify a program to test materi-

als and inspect construction. In addition, the engineer should review ali testing and inspec-

tion reports and visit the site periodically to observe compliance with plans and

specifications. For important or hazardous facilities, ali 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 nat-

ural phenomena hazards will probably be qualified and can devote his/her [:,11attention to

the adequacy of the facility to withstand these hazards, in this case, an independent review
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is not as Important as lt is for a new design. Even so, for major hazardous facilities, lt may

be prudent to have concurrent independent evaluations performed or to have the evalu-

ation independently reviewed,

For more Information concerning the implementation of a formal engineering quality

assurance program and peer review, Chapters 10 and 13 of Reference 20 should be con-

sulted. 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 Phenomena 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 that can be devastating to facilities

include differential ground motion Induced by fault displacement, liquefaction, and seismic-

induced slope instability and ground settlement. If these latter earthquake effects cannot be

avoided in facility siting, the hazard must be eliminated by site modification or foundation

design. Existing facilities located on active fault traces, adjacent to potentially unstable

slopes, or on saturated, poorly consolidated cohesionless soil 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 sup-

port moves with the ground or with the structural 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 ttare nearly equal to those associated with the base accelerations. However, If 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 that

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 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. Theeffects of earthquake shaking on

structures and equipment depend not only on the earthquake motion to which they are sub-

jected, 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; there-

fore, a lateral force-resisting system must be developed. Typical lateral force-resisting sys-

tems for buildings include moment-resisting frames, braced frames, shear walls,

diaphragms, and foundations. Properly designed lateral force-resisting systems provide a
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continuous load path from the top of the structure down to the foundation. Furthermore, lt

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 lack of consideration for relative rigidity are frames

with brittle unreinforced Inf{ll walls that are not capable of resisting the loads attracted by

such rigid construction. In addltlon, unsymmetrical arrangement of lateral force-resisting

elements can produce torsional response which, if not accounted for tn design, can lead to

damage,

Earthquake ground shaking causes limited energy transient loading. Structures have

energy absorption capacity through material damplng and hysteretic behavior during

Inelastic response. The capability of structures to respond to earthquake shaking beyond

the elastic Ilmlt without major damage is strongly dependent on structural design details:

For example, to develop ductile behavior of Inelastic elements, lt is necessary to prevent

premature abrupt failure of connections, For reinforced concrete members, design Is

based on ductile steel reinforcement in which steel rattos are limited such that reinforcing

steel yields before concrete crushes, abrupt bond or shear failure is prevented, and com-

pression reinforcement Includes adequate ties to prevent buckling or spalllng. With proper

design details, structures can be designed to undergo different amounts of inelastlc

behavior during an earthquake. For example, if the goal is to prevent collapse, structures

may be permitted to undergo large inelastic deformations resulting in structural damage

that would have to be repaired or replaced. If the goal is to allow only minor damage such

that there is minimal or no interruption to the ability of the structure to function, only rela-

tively small inelastic deformations should be permitted° For new facilities, it is assumed that

proper detailing will result in permissible levels of inelastic deformation at the specified force

levels, without unacceptable damage. For existing facilities, the amount of inelastic behav-

ior that can be allowed without unacceptable damage must be estimated from the as-built
condition of the structure.

Earthquake ground shaking also affects building contents and nonstructural features

such as windows, facades, and hanging lights, lt is not uncommon for the structure to sur-

vive an earthquake without serious structural damage but to have significant and expensive

internal damage. This damage could be caused by overturned equipment or shelves, fallen

lights or ceilings, broken glass, and failed inflll walls. Glass and architectural finishes may

be brittle relative to the main structure, and they can fall well before structural damage
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occurs, Windows and cladding must be carefully attached In order to accommodate the

seismic movement of the stru_ure without damage, Building contents can usually be pro-

tected against earthquake damage by anchorage to the floor, walls, or ceiling.

Facilities in which _3dloactlve materials are handled are typically designed with redun-

dant confinement barriers between the hazardous material and the environment. Such bar-
J

rlers include:

1. The building shell.

2, Ventilation system filtering and negative pressurization that inhibits 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 (e.g., failed doors, failed inflll walls) such that the building

can function as a hazardous materials confinement barrier. Seismic design considerations

also include adequate anchorage and bracing of storage cannlsters and glove boxes and

adequate anchorage of ventilation ductlng, filters, and pumps to prevent theh"loss of func-

tion during an earthquake. Storage canisters are usually very rugged, and they are not par-

ticularly 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 shak-

ing. First, the input excitation for structure-supported components is the response motion

of the structure (which can be amplified from the ground motion) - not the earthquake

ground motion, Second, potential dynamic coupling between the component and the

structure must be taken into account if the component is massive enough to affect the sels-

rhic 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.

3-3



3.2 Effects of Wind

In this dooument, three types of winds are dlsoussed: extreme (straight), hurrtoane,

and tornado, Extreme (straight) winds are to non.rotating suoh as those found in thunder-

storm gust fronts, Wind olrculating around high or low pressure systems are rotational In a

global sense, but they are oonsldered "straight" winds in the oontext of this report,

Tornadoes and hurrloanes both have rotating winds, The diameter of rotating winds in a

small hurricane is considerably larger than the diameter of a large tornado, However, most

tornado diameters are relatively large compared to the dimensions of typical buildings, lt is

estimated that the diameter of 80 percent of ali tornadoes is greater than 300 feet,

Wind pressures produced by extreme winds are studied in boundary layer wind tun-

nels, The results are generally considered reliable because they have been verified by

selected full-scale measurements, Investlgatlons of damage produced by extreme winds

tend to support the wind tunnel findings, Although the rotating nature of hurricane and tor-

nado winds c,_nnot e.asllybe duplicated in a wind tunnel, damage Investigations suggest

that pressun, produced on enclosed buildings and other structures are similar to those

produced by extreme winds, tf 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 tornado winds is so similar that lt is almost impossible to look at

damage to an individual structure and tell which type of wind produced it, Thus, the

approach for determining wind pressures on buildings and other strui,,'turesproposed in

this document is considered to be independent of the type of windstorm, The recom-

mended 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, Ext,._rnal pressures act outward on ali

surfaces of an enclosed building, except on windward walls and on steep windward roofs,

Overall external pressures Include pressures on windward walls, leeward walls, side walls,
and roof,
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Internal pressures develop when air flows into or out of an enclosed building through

broken windows, open doors, or fresh air Intakes, In some cases, the natural porosity of

the building also allows air to flow Into or out of the building, The Internal pressure can be

either Inward or outward, depending on the location of the openings, if air flows Into the

bulidlng through an opening In the windward wall, a "ballooning" effect takes place; pres-

sure inside the building increases relative to the outside pressure, The pressure change

produces additional net outward-acting pressures on ali 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

inward-acting pressure on ali Interior surfaces, Internal pressures combine with external

pressures acting on a bulldlng'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 pres..

sure distribution, The magnitude of these forces is determined by wind tunnel or full-scale

tests, Also, In special instances particularly associated with aerodynamically sensitive

structures, lt may be necessary to consider vortex shedding or flutter as a design require-

ment, 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 reso-

nance effects are small, but they are not negligible, The size (spatial extent) of a gust rela-

tive to the size of the structure, or the size ,r a component on which the gust impinges,

contributes to the magnitude of the dynamic #ressure, 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 or,_y partially covers the building, On the other hand, a small gust may

engulf the entire tributary area of components such as a puffin, a girt, or cladding, In any

event, wind loads may be treated as quasi-static loads by including an appropriate gust

response factor In calculating 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 tor those structures that are not wind
sensitive.
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The roughness of terrain surrounding a structure significantly affects the magnitude of

wind speed, Terrain roughness Is typically defined In four classes', urban, suburban, open,

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 t<.'_pof the boundary layer,

where the wind speed remains constant with height,

3.2.2 Additional Adverse Effects of Tornadoes

In addition to wind pressures, tornadoes can produce these hazards: low atmo-

spheric pressure and debris transported by the tornado winds (tornado generated mis-

siles).

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 suffi-

ciently 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, lt acts out-

ward and combines with external wind pressures. The magnitude of APC is a function of

the tangential wind speed of the tornado. How,aver, 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 to 500 feet from the tornado center, The APC

pressure is approximately one-half its 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 sys-

tems.

Violent tornado winds can pick up and transport various pieces of debris, Including

roof gravel, pieces of sheet metal, timber planks, pipes, and other objects 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-dlameter pipes, steel wide-

flange beams, and utility poles might be transported by very Intense tornado winds, These

latter mlsslles are so rare that practicality precludes concern except for high hazard facilities

comparable to commercial nuclear power plants.
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Three missilesare considered In the design and evaluation of DOE faollltles, A timber

missile Istypical of debris found In the destruction of office trailers, storage sheds, resi-

dences, and other light timber structures, Hundreds of these missiles can be generated In

the destruction of a residential neighborhood, A steel pipe missile represents a class of

debris that Includes electrical conduit, liquid and gas, piping, fence posts, and light col-

umns, This missile is less frequently available for transport and does not fly as easily as the

timber missile, Tornado winds can roll or tumble automobiles, pickup trucks, small vans,

forklifts, and storage tanks of comparable size and weight, These missiles do not become

airborne, but can damage wall panels, frames, and columns,

The three types of missiles produce varying degrees of damage, A specific type of

construction is required to stop each missile, The timber mtsslle Is capable of breaking

glass and perforating curtain walls or unrelnforoed masonry walls, Reinforced concrete or

masonry walls are required to stop the pipe missile, Timber and pipe missiles can perforate

weak exterior walls and emerge with sufficient speed to perforate 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-load resisting system. The

structural system tsenclosed 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, purllns, girts, piers, and footings, Failure of the elements themselves ts

quite rare. Element connections are the more common source of failure. A properly con..

celved wind-force resisting system should not fall as a result of the failure of a single ele-

ment or element connection, A multiple degree of redundancy should be provided that

allows redlstrlbutlon of load In a ductile system when one element of the system is

overloaded. Two-dimensional subsystems transmit wind loads from their points of appllca-
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tlon to the foundation, Typical subsystems includb br,_,_oedframes, 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 sub-

systems to form an overall systerr_that Is capable of transmitting ali 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 rela-

tively large deformations without sudden or catastrophic collapse, Ductility Implies an ability

of the system to redistribute loads 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, Timber structures suffer from weak anchorages. Structures that rely on unre-

Inforced load-bearing masonry walls suffer from a lack of ductility. These systems, likewise,

can experience sudden collapse under high wind loads, Reinforced masonry walls have

inherent 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 win-

dow glass, siding, sandwich panels, curtain walls, brick veneer, masonry walls, precast

panel(,, cast-in-piace concrete walls, 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.

Cladding failure results in a breach of the building envelope. A breach can develop

because the cladding Itself falls (excessive yielding or fracture); the connections or anchor-
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ages are Inadequate; or the cladding Is perforated by missiles, Sometimes cladding pro-

vides lateral support to purllns, girts, and columns, If the cladding or its anchorage falls,

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 vlclnity of

the fastener, Cladding failures initiate at locations of high local wind pressures such as wall

corners, 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 Internal pres-

sures add to other external wind pressures, producing a worse loading case, Water dam-

age Isalso a posslbllity, 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 equipment, or transport toxic or radioactive materials to the environment,

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 inundation,

However, significant damage can also occur if there are impact or dynamic forces, hydro-

static forces, water-borne debris, etc, Depending on the cause of flooding (e.g,, river flood-

ing, 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 particu-

lar hazards they pose.
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Table 3=1 Causes of Flooding

Source/Cause Hazard

River flooding/precipitation, snow melt, debris jams, Inundation, dynamic forces, wave action, sedimentation, ice loads
ice jams

Dam failure/earthquake, flood, landslide,static failure Inundation, erosion, dynamic loads, sedimentation
(e.g., internalerosion, failure of outlet works)

Levee or dikefailure/earthquake, flood, static failure Inundation, erosion, dynamic loads, sedimentation
(e.g., internalerosion, subsidence)
, , i ,,,, ,,, ,, t ,

Precipitation/storm runoff Inundation (ponding), dynamic loads (flash flooding)

Tsunami/earthquake Inundation, dynamic loads

Selche/earthquake, wind Inundation, dynamic loads

Storm surge, usually accompanied by wave action- Inundation, dynamic loads
/hurricane, tropk _Jstorm, 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 interre-

lated. For example, flooding on a river can occur due to dam or levee failure or to

precipitation.

Depending on the type of flooding and local conditions,the particularhazard posed

by a flood can vary. For example, extreme flooding on a river may simply inundate a site.

However, in a differentsituation,channel conditions may be suchthat prior to the site being

inundated, high flows could lead to embankment erosionand structural damage to levees

or dikes. Similarly,at coastal sites,storm surge and/or wave action can pose differenthaz-
ards to a site.

in most cases, flood hazards are characterized interms of the depth of flooding that

occurs on site. This is reasonable because the depth of inundationis 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 coastalsites can suffersignificantdamage due to wave action alone, even if the site is

not completely inundated by a storm surge. Similarly, high-velocityflood waters on a river

can add substantially to the threat of possible loss of life and the extent of structuraldam-

age. In many cases, other hazards - such as wave action, sedimentation, and debris flow -

can compound the damage caused by inundation,
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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 emer-

gency procedures to limit damage and personnel injury is significantly greater in the case of

flooding than it is for seismic or extreme winds and tornadoes,

The damage to buildings and the threat to public health vary depending on the type of

flood hazard. In general, structural and nonstructural damage will occur if a site is inun-

dated. Depending on the dynamic intensity of on-site flooding, severe structural damage

ane complete 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.

Structural damage to buildings depends on a number of factors related to the inten-

sity 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 veloci y, 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-site flooding dramatically increase because flood-

ing 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 clogged or are inadequate, and when para-

pet 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.
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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 art 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

if 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 to buildings and

flood-protection devices that various flood hazards can cause.

Table 3-2 Flood Damage Summary

Hazard Damage

Submergence. Water damage to building contents; lossof electric power and component function; settle-
ments of dikes, levees; levee overtopping

Hydrostatic loads Cracking in walls and foundation damage; pondlng on roofs that can cause collapse;
failure of levees and dikes due to hydrostaticpressure and leakage

Dynamic loads Erosion of embankments and undermining of seawalls, High dynamic loads can cause
severe structural damage and erosionof levees

The transport of hazardous or radioactivematerial represents a major consequence of

on-site flooding if containmentbuildings or vaultsare breached. Depending on the form

and amount of material,the effects could be long-term and widespread once the contam-

inantsenter 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 Ref, 1) may be utilized to establish

Design Basis Earthquake (DBE per Ref, 7) 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 assurance to earthquake safety of facilities, These earthquake design and eval-

uation guidelinesare equally applicable to buildings and to items contained within the build-

ing, 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 that tend to be abrupt and potentially
catastrophic must be avoided. "Thefacility 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 a "weak link" that 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 must 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, Section 4.4, and Appendix A, In addition, Reference 21 addresses these sub-

jects. Items 2, 3, and 4 assure good seismic design of faclllties; they are described in Sec-

tion 4.3, References 22 and 23 may be consulted for additional guidance on these items,
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Section 4,2 presents specific seismic design and analysis guidelines recommended

for ,')OE facilities, Section 4.3 describes good earthquake deslgn detailing practice and

recommended quality assurance procedures, Section 4.4 discusses important seismic

design and evaluation considerations such as effective peak ground motion, soil-structure '

interaction, evaluation of equipment and piping, and evaluation of existing facilities, Appen-

dix A provides;commentary that describes the basis for the guidelines presented in Section
4,2.

. ,

4.2 Seismic Guidelines for Each Usage Category

4.2.1 General

The guidelines include: (1) lateral force provisions; (2) story drift/damage control pro-

visions; (3) detailing for ductility provisions;and (4) quality assurance provisions. This sec-

tion presents specific lateral force and storydrift provisions for seismic design and

evaluation of facilities in each usage category, These seismic design and evaluation

provisions include the following steps:

1. Selectionof earthquake response spectra.

2. Evaluationof earthquake response.

3. Estimationof seismic capacityand drift limits,

For each usage category, a recommended exceedance probability for the earthquake

hazard level is specified from which the maximum ground accelerationmay be determined

from the hazard curves in Reference 1 or from other site-specificstudies of potentialseismic

hazard. DOE site organizationsare encouraged to develop and document site-specific

hazard models and other seismic characteristics using currentlyavailable information. Eval-

uating maximum ground accelerationfrom a specified annual probability of exceedance is

illustrated in Figure 4-1. Earthquake inputexcitationto be used for design and evaluation

by these guidelines is defined by a median amplificationsite-specificresponse spectrum

shape suchas that shown in Figure 4-1 anchored to this maximum ground acceleration.

Note that thetwo sets of spectra presented in Figure4-1 are identical;the top set has spec-

tral amplificationplotted against natural frequency on a log scale and the bottom set has

spectral amplificationplotted against naturalperiod on a linear scale. Note also that design

spectra are to be used rather than actual earthquake response spectra. Design spectra

such as those shown in Figure 4-1 are smoothed and broadened compared to spectra from

any single actual earthquake. With the earthquake input specified in the manner described
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above, a deterministic approach ts outlined for evaluating both the demand placed on a

facility and the capacity of that facility, From these data, new facilities may be designed or

existing facilities may be evaluated for earthquake ground motion,
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Figure 4-1 Earthquake Input Excitation is Defined by Maximum Ground

Acceleration Anchoring Site-Specific Response Spectra

The procedures presented in this chapter are intended to meet the performance goals

for structural behlvior of facilities as defined in Chapter 2. Meeting performance goals is
accomplished by specifying hazard probabilities of exceedance along with seismic behavior

evaluation procedures and acceptance criteria in which the level of conservatism intro-

duced is controlled such that desired performance can be achieved. Even though the

earthquake ground motion and the performance goals are expressed in probabilistic terms,

the design and evaluation procedures to be followed are deterministic response evaluation

methods and rules for permissible limits of element stresses and story displacements. The
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guidelines generally follow the 1988 Uniform Building Code (UBC) provisions (Ref. 8) for

General Use and Important or Low Hazard facilities and the DOD Tri-service manual for

essential buildings (Ref, 9) for Moderate or High Hazard facilities as indicated in Figure 4-2,

i

UCRL- 1591o ° ..Specified Hazard Probability of Exceedance
D,,,l_n_ Ev_uation to Get Peak Acceleration and Response Spectrum
Guidellnel tor I:XD_

Facil itles Subjected
lc) Natural

Phonom°naH,=ard, • Deterministic Evaluation of Response and

June 1990 Capacity with Controlled Level of Conservatism

• i ,

General Use & Important or Low Moderate & High
Hazard Facilities Hazard Facilities

_cBo IE _ DOD

Trl-Bervlc° Manual
Unilorrn Building

Cool° for Seismic Design
of Essential Buildinos

1988 February 1986

Equivalent Static or Dynamic Dynamic Analysis
Analysis Scaled to UBC-Type Generally by

Base Shear DOD Approach

Figure 4-2 Earthquake Guidelines Basic Approch

For General Use and Important and Low Hazard Facilities, the guidelines employ the

1988 UBC provisions with the exception that site-specific information is used to define the

earthquake input excitation for design or evaluation (see Table 4-1). The maximum ground

acceleration and ground response spectra determined in the manner illustrated in Figure

4-1 are used in the appropriate terms of the UBC equation for base she_ar. Use of site-

specific earthquake ground motion data is considered to be preferable to the general seis-

mic zonation maps from the UBC. Note that if the resulting earthquake design Ioadings are

less than those given by the UBC procedures directly, the differences must be explained

and justified to DOE. UBCprovisions require a static or dynamic analysis approach in

which Ioadings are scaled to the base shear equation value. In the base shear equation,

inelastic energy absorption capacity of structures is accounted for by the parameter, Rw.

4-4



Elastically computed seismic response Is reduced by Rw values ranging from 4 to 12 as a

means of accounting for Inelastic energy absorption capability In the UBC provisions and by

these guidelines for General Use and Important or Low Hazard facilities,

For Moderate and High Hazard facilities, the guidelines specify that seismic evaluation

be _._ccompllshedby dynamic analysis (see Table 4-1), The recommended approach Is to

perform an elastic response spectrum dynamic analysis to evaluate elastic setsmlc demand

on elements of facilities, However, Inelastic energy absorption capability of structures Is

recognized by permitting limited inelastic behavior, By these guidelines for Moderate and

High Hazard facllltes, inelastic energy ab_orptton capacity of structures Is accounted for by

the parameter, F., Elastically computed seismic response Is reduced by F _,values ranging

from 1 to 3 as a means of accounting for inelastic energy absorption capability for more

hazardous facilities, F. values are much lower than Rw values Introducing increased con-

servatism for higher hazard facilities and, thereby, reducing the probability of facility dam-

age, By these guidelines, only the element forces due to earthquake loading are reduced

by F., This Is a departure from ,the DOD manual (Ref, 9) in which combined element forces

due to ali concurrent Ioadlngs are reduced, The design detailing provisions from the UBC,

which provide ductility, toughness, and redundancy for structures, are also recommended

for Moderate and High Hazard facilities such that structures can fully realize potential inelas-

tic energy absorption capability,

Table 4-1 General Description of Earthquake Guidelines

Guidelines for General Use & Important Guidelines for Moderate & High

or Low Hazard DOE Facilities Hazard DOE Facilities

• Generally follow the DOD Manual, "Seismic Design Guide-

Use 1988 UBC provisions lines for Essential Buildings,"

Z/C h/ • Perform dynamic analysis explicitly modeling the mass &
[/= stiffness distribution of the structure.

Rw

Except: • The guidelines approach Is to perform an elastic response

Z from seismic hazard curves spectrum analysis but to permit limited Inelastic behavior.

C is amplification factor from 5% damped Elastic seismic response is reduced by the factor, F, to

median response spectra obtain Inelastic seismic demand,
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Table 4-2 summarizes recommended earthquake design and evaluation guidelines for

each usage category, Specific procedures are described In detail In Seotlons 4,2,2 and

4,2,3, The basis for these procedures is descrlbed In Appendix A,

Table 4-2 Summary of Earthquake Evaluation Guidelines

Usage Category "

General Use Important or Moderate '- High
Low Hazard Hazard Hazard

Hazard Exoeedanoe 2x10''3 _ lx10-3 " lx10-3 '2x10-4
Probability

•"" ' t i ,, h,, i

Response Median amplification
...... Spectra (no conservative bias)

Damping 5% ...... Post yield
(Table 4.6)

Aooeptable St'atlo or'dynaarnlo ....Dynarnlo analysls '
Analysis force method normalized

Approaches to code level base shear
,,,,

Importance I= 1,0 I= 1,25 Not used
Factor

Load Code specified Icsd factors appropriate for 1 Load factors
Factors structural material of unity,

inelastic Accounted for bi Rw /_', from Table 4-7 by which elastic seismic
Demand-Capacity In code base shear response Is reduced to aoc_ountfor

Ratios equation (Ref, 8) permissible Inelastic behavior

Material Minimum specified or known In-situ values
Strength

Structural Capacity Code ultimate or Code ultimate level
allowable level

Peer Review, ---. Required
QA, Special
Inspection

4.2.2 Evaluation of General Use and 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 8, (1988 edition of the Un/form Building Code) is followed for these usage
categories, Basic steps in the seismic design and analysis process are summarized in this

section, Ali 1988 UBC provisions are to be followed for General Use and Important or

Low Ftazard facilities (with modifications as described below), regardless of whether
they are discussed in this section.

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:
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v = zlcw / Rw (4.1)

where: Z = a seismic zone factor equivalent to peak ground acceleration,
I = a factor accounting for the lmportan0e of the facility,
C = a spectral amplification factor,
W = the total weight of the facility,
Rw = a reduction factor to account for energy absorption capability

of the facility (Ref, 8 values are shown In Table 4..2),

For General Use and Important or Low Hazard DOE faotlltles, lt is recommended that

the 1988 UBC provisions be followed, with the exception that Z be evaluated from thehaz-

ard curves In Reference 1, and that C Is the amplification factor from 5% damped median

response spectra, lt is recommended that both new and existing facilities (also refer to

Section 4,4,5 for existing facllltles) be evaluated for their adequacy to withstand earth-

quakes by the step-by-step procedure presented In Table 4-3,

The specified probabilities of exceedance at which maximum ground accelerations

are determined from seismic hazard curves are 2xl0-3/year for General Use facilities and

lxl0-3/year for Important or Low Hazard facilities. Based upon these probabilities and the

seismic hazard curves In Reference 1, the resulting maximum ground acceleratlon for each

DOE site considered by this program are summarized in Table 4-4. Acceleration values

from Reference 1 are given for the free ground surface for average soil/rock conditions at
the site.

The approach presented in Table 4-3 is considered to be preferable to the UBC pro-

vided that maximum ground accelerations and ground response spectra are developed

from site-.speciflc geotechnlcal studies, Although seismic hazard curves from Reference 1

are site-specific information, the ground response spectra from this reference have been

developed from generic soil conditions for the sites, As a result, if response spectra are

utiltzed from Reference 1 or the other references cited In Table 4-3 and the resulting seismic

loads are less than that determined by the UBC, the UBC loads should be used for design

and evaluation. If the procedure presented in Table 4-3 is used along with earthquake

ground motion based on site-specific geotechnical studles and the resulting seismic loads

are less than that determined by the UBC, the differences should be justified and approval
of seismic loads should be obtained from DOE.
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Table 4-3 Earthquake Design/Evaluation Procedures for General Use and

important or Low Hazard DOE Facilities

1, Evaluate element forces, F(DL) and F(LL), throughout the facility for dead and live loads, respectively (realistic esti-
mate of loads for existing facilities),

2, Evaluateelementforces,F(EQ),throughoutthefacilityforearthquakeloads,

a, Staticforcemethod forregularfacllltlesordynamloforcemethodforIrregularfaollltlesas descrlbedInthe1988
UBC provlalons,

b, Ineithercase,thetotalbase shearleglvenby Equatlon4-Iwhere theparametersareevaluatedasfollows',

(I) Z Isthepeak groundaoceleratlonfromthehazardcurves(Table4-4)atthefollowingexceedance probabilities',
General Use - 2x10"3
Important or Low Hazard - lx10 "3

(2) C la the spectral amplification at the fundamental period of the faculty from the 5 percent damped median site
response spectra, For fundamental periods lower than the period at which the maximum spectral acceleration
scours, ZC should be taken as the maximum spectral acceleration as Illustrated in Figure 4-3,

Amplification factors from median spectra may be determined by',
a) site-specific geoteohnlcal studies
b) References 1, 24, 25, or 26

(3) H ZC le less than the 1988 UBC provisions (Ref, 8):

(a) Earthquake loads should be based on the larger of ZC determined from Items 1 and 2 above or from the 1988
UBC provisions unless ZC Is based upon a site.specific geoteohnlcal study.

(b) tfZC la based upon a stte-speoltlc geotechnloal study, any significant differences with UBC will be justified
and resolved, Final earthquake loads are subject to approval by DOE,

(4) Importance factor, I, abeL!ldbe taken as:
General Use -I = 1,0
Important or Low Hazard - I = 1,25

r

(5) Reduction factors, Rw, are from Table No, 23-0 of Reference 8,

3. Combine responses from various Ioadlngs to evaluate demand, D, by:
D = LF [F(DL) + F(LL) + F(EQ)] or D = 0,9 F(DL) ± LF F(EQ)

! when strengthdesign le used (LF Isthe load factor which would be 1.4 In the case of concrete) or
D = 0,75 [F(DL) -i- F(LL) + F(EQ)]

when allowable stress design Is used (the 0,75 factor corresponds to the one-third Increase In allowable stress
permitted for seismic loads),

4. Evaluate capacities of the elements of the faculty, CAP, from code ultimate values when strength design la used
(e.g., UBC Sao, 2609 & 2625 for reinforced concrete or LRFD [Ref, 27] for steel) or from allowable stress levels
when allowable stress design Is used (e,g,, UBC Soc, 2702 for steel), Minimum specified or known In-situ values
for material strengths should be used for capacity estimat{on,

5. Compare demand, D, with capacity, CAP, for ali structural elements. If D le less than or equal to CAP, the facility
satisfiesthe selemto lateral force requirements. If D lo greater than CAP, the facility has Inadequate lateral force
resistance,

6, Evaluate stoW drifts (i,e,, the displacement of one level of the structure relativeto the level above or below due to
the design lateral forces), Including bothtranslation and torsion, Per Reference 8, calculated ateW drlrftoshould not
exceed O,04/Rw times the stow height nor 0,005 times the stow height for buildings less than 65 feet In height, For
taller buildings, the calculated stow drift should not exceed O,03/Rw nor 0,004 times the stow height, Note that
these stow drifts are calculated from seismic loads reduced by Rw In accordance with Equation 4-1, Those drift
limits may be exceeded when it Is demonstrated that greater drift can be tolerated by both structural systems and
nonatructuralelements,

7, Elementsofthefacllltyshouldbe checkedtoassurethaialldetalllngrequlrementsofthe1988 UBC provlslonaare
met. UBC SelsmlcZone No,2 provlslonsshouldbe met when Z labetween0,12and 0,24g,UBC SelsmloZone
Nos,3 & 4 provlelonsshouldbe followedwhen Z ts0,25gormore, Speclalselsml¢provlslonsInthe UBC need not
befollowedIfZ leO,11g orless,

8, Peerrevlewofenglneerlngdrawlngsand calculations,speolalInspectionand testlngofnew oonatructlonorexls-
tlngfaollitlea,and otherqualityassurancemeasuresdlscussedInSection4,3shouldbe ImplementedforImportant
orLow Hazardfacilltles,
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Table 4-4 Maximum Horizontal Ground Surface Accelerations
at DOE Sites (Reference 1)

Hazard Annual Probability
of Exoeedanoe

DOE Site 2x10"3 lx1()_3 2x10_4 ......
J, li i , i "' ,, , "J ,,I

Bendix Plant ,08 ,10 ,17
i i ,,, ,,

Los Alamos SolentlfloLaboratory ,18 22 ,38,,,,,, i ,

Mound Laboratory ,12 ,15 ,23
, i, ,,, ,,,, ,, , ,,

Pantex Plant ,08 ,10 ,17
L , ,i i

Rocky Flats Plants** ,13 ,15 ,21
11,,i , i ,

Sandia National Laboratories, Albuquerque ,17 ,22 ,38
,,, _,, _ , i

Sarldla National Laboratories,Livermore, Ca ,41 ,48 ,88
,,,, ,,.

Pinellas Plant, Florida ,04 ,05 ,09
,, , , ,,,,, ,,,

Argonne National Laboratory-East ,09 ,12 ,21
,,, i ,

Argonne National Laboratory-West ,12 ,14 ,21
, ,,,, ,,,

Brookhaven National Laboratory ,12 ,15 ,25
, ,,,, , , ,

Princeton National Laboratory ,13 ,18 ,27

Idaho National Engineering Laboratory ,12 ,14 ,21

Feed Materials Production Center ,10 ,13 ,20

Oak Ridge National Laboratory, X-lO, K-25, and Y-12 ,15 ,19 ,32
,,L,,

Paducah Gaseous Diffusion Plant ,33 ,45 *
, , , ,

Portsmouth Gaseous Diffusion Plant ,08 ,11 ,17

Nevada Test Site ,21 ..... ,27 ,_,6'
,, , .... ,,

Hanford Project Site ,09 ,12 ,17
, , ,, ,,,,,

Lawrence Berkeley Laboratory ,55 ,64 *

Lawrence Livermore National Laboratory (LLNL) ,41 ,48 ..... ,68.....,,,

LLNL, Site 300-854 ,32 ,38 ,56

LLNL, Site 300-834 & 836 ,28 '34 ,51
,, ,

Energy Technology And Engineering Center 33 ,59 *
J

Stanford Linear Accelerator Center ,45 ,59 *

Savannah River Plant ,08 ,11 ,19

• Value not available from Reference 1 and must be determined for High Hazard facilities at these sites,

• * Bedrock slopes at Rocky Flats, '['his value Is sudace acceleration at an average soil depth at this site,
Note: Values given In this table are largest peak Instrumental accelerations, Maximum vertical acceleration may be

assumed to be 2/3 of the mean peak horizontal acceleration (see Section 4,4,1 for a dlscusslon of earthquake com-
ponents and mean peak horizontal acceleration),

Note that the maximum spectral amplification Is used In the very low period (very high

frequency) region Instead of the actual spectral amplification (see Figure 4-3), This Is done

such that the Table 4-3 approach closely matches the UBC approach in the low period

region (i.e,, UBC C values remain at their maxlmurn value and do not return to the maximum

ground acceleration at very low periods as does an actual response spectrum, Refer to

Appendix A for additional discussion on this subject,
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Figure 4-3 Example Design/Evaluation Earthquake

Ground Motion Response Spectrum

In the evaluation of existing facilities, tt Is necessary to evaluate an appropriate value

of Rw to be used tn Equation 4-1. lt is highly unlikely that existing facilities will satisfy the

seismic detailing requirements of the 1988 Uniform Building Code tf lt was designed and

constructed many years ago. If structures have less ductility than the UBC provisions

require, those structures must be able to withstand larger lateral forces than specified by

the guidelines to compensate for non-conforming structural details, As a result, Rw values

must be reduced from the values given in the UBC. One acceptable option Is that existing

structural elements are adequate if they can resist seismic demand forces In an elastic man-

ner (i,e., Rw of unity), To arrive at reduced Rw factors (i,e,, between the full code value and

unity) requires judgment and care by the engineer performing the evaluation, lt is

suggested that ATC-14, "Evaluating the Seismic Resistance of Existing Buildings" (Ref, 28)

and ATC-22, "A Handbook for Seismic Evaluation of Existing Buildings" (Ref, 29) be

reviewed for guidance on this subject,
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4.2.3 Evaluation of Moderate and High Hazard Facility
Seismic Behavior

Moderate and High Hazard facilities should be evaluated by elastic dynamlr: analysis,

Earthquake Input excitation to the elastic dynamic analysis Is given by site-specific median

response spe_ra anchored to a maximum ground acceleration determined from site-

specific seismic hazard curves at specified annual probabllltles of exoeedanoe0 Seismic

hazard curves and response spectra were Illustrated previously In Figure 4-1, Dynamic

response analyses should be performed using post-yield damping values which are

Intended to be median centered, Introducing no conservatism Into the response evaluation,

Llmlted Inelastic behavior is permissible for those facilities with adequate design details

such that ductile response Is possible or for those facilities with redundant lateral load

paths, Inelastic behavior is accounted for in the evaluation approach by specifying Inelastic

demand-capacity ratios, F =,,for the elements of the facility0 These ratios a;'ethe amount

that the elastically computed element demand Is reduced to deiermlne the Inelastic seismic

demand for structural elements, The Inelastic selsmlc damand Is combined with other con-

current Ioadings to determine total demand on ali elements of the facility, Load combina-

tion equations to be used for Moderate and High Hazard facilities should have unity load

factors for combinations Involving earthquake. Total demand is then compared to

capacities given by ultimate strength code-type provisions Including strength reduction fac-
tors,

The procedure described above for Moderate and High Hazard facilities applies to the

evaluation of building-type structures, The procedure described above can also be utilized

for the evaluation of equipment or systems within buildings, lt Is recognized that distribution

systems such as piping, conduits, HVAC systems, and cable trays have considerable

inelastic energy absorption capacity. DOE guidelines for the design and evaluation of such

systems which take credit for Inel_'.stlcenergy absorption capacity have not been developed

at this time, Special considerations for the seismic design and evaluation of equipment and

piping are addressed in Section 4.4,4, lt is recommended that both new and existing Mod-

erate and High Hazard facilities (refer also to Section 4.4.5 for existing facilities) be evalu-

ated for their adequacy to withstand earthquakes by the step-by-step procedure presented
in Table 4-5.
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Table 4-5 Earthquake Design/Evaluation Procedures for Moderate and
High Hazard DOE Facilities

1. Evaluate element forces, F(DL) and F(LL), throughout the facility for dead and live loads (realistic estimate of loads
for existing facilities).

2, Develop median input earthquake response spectra from the Reference 1 hazard curves based upon site-specific
geotechnlcal studies, In lieu of a site-specific study, it is acceptable to determinethe median response spectral
shape from References 1, 24, 25, or26, Input spectra should be anohored to peak ground acf'elerations (Table
4-4) determined from the hazard curves at the followingexceedance probabilities:

Moderate Hazard - lx10 -3 ,
High Hazard - 2)(10-4

Note that for fundamental periods lower than the period at which the maximum spectral amplification occurs, the
maximum spectral acceleration should be used (see Figure 4-4), For higher modes, the actual spectral accelera-
tionsshould be used in accordance with recommendations from Reference 9. (Note that this requirement necessi-
tates that response spectrum dynamic analysisbe performed for building response evaluation), The actual
spectrum may be used for ali modes if there is highconfidence in the frequency evaluation and/7 IStaken to be
unity. The actual spectrum at ali frequencies should be used to evaluate subsystems mounted on the ground
floor;and to develop £oor response spectra used for the evaluation of structure-supported subsystems,

3, Utilizing the input spectra developed above and a mathematical model of the facility, perform an elastic dynamic
analysis of the facility to evaluate the elasticearthquake demand, F(EQ), of alielements of the facility, Damping
should be determined from Table 4-6.

4, Evaluate the inelasticearthquake demand, D(EQ), of ali elements of the facilityfrom:
D(EQ) = F(EQ) / F,

where F. is the allowable inelastic demand-capacity ratio as given In Table 4-7,

5, Evaluate the total demand for alie!ements of the facility, D, from a ioad combination equation such as:
D = F(DL) + F(LL) + D(EQ)

For Moderate and High Hazard facilities,the actual load combination equations to be considered for design are
similarto those given inACI 349-85 (Ref. 30) for concrete or ANSI/AISC N690-1984 (Ref. 31) for steel. The load
combinations including the safe shutdown earthquake from these references should be used when considering
earthquake ground motion by these guidelines. The load combinations including the operating basis earthquake
from these references are not used for seismic design or evaluation by these guidelines,

6. Evaluate capacities of the elements of the facility, CAP, from code ultimate or yield values (e,g,, UBC Sec, 2609 &
2625 for reinforced concrete and LRFD [Ref. 27] provisions,AISC Part 2 provisions[Ref, 32], or 1.7 times UBC Sec.
2702 or UBC Ssc. 2721 for steel), Note that strength reduction factors, _ are retained for Moderate and High
Hazard facilities. Minimum specified Or known In-situ values for material strengthsshould be used for estimationof
capacities.

7. Compare total demand, D, with facility capacity, CAP. ff D is lessthan or equal to CAP, the facility satisfiesthe
seismic lateral force requirements, if D is greater than CAP, the facility has inadequate lateral force resistance.

8, Evaluatestory driftsdue to lateral forces, including both translationand torsion, lt may be assumed that inelastic
driftsare adequately approximated by elastic analyses, Note that for Moderate and High Hazard facilities, loads
used to compute driftsare not reduced as is the case l'or Section 4.2,2 guidelineswhere loads used to compute
stow drifts are reduced by Rw. Where confinement of hazardous materials is of importance, calculated story drifts :

should not exceed 0.010 times the story height. This drift limit may be exceeded when acceptable performance of
boththe structure and nonstructural elements can be demonstrated at greater drift.

9. Check elements of the facility to assure that good detailing practice has been followed, Values of F, given In Table
4-7 are upper limit values assuming good design detailing practice as discussed in Section 4,3 and consistency
with recent UBC provisions. UBC Seismic Zone No. 2 provisionsshould be met when Z is between 0.12 and
0,24g. UBC Seismic Zone Nos. 3 & 4 proviolonsshould be foltowed when Z is 0,25g or more, Special seismic
provisionsin the UBC need not be followed if Z is 0.1 lg or less,

10, Implement peer review of engineering drawings and calculations, special inspectionand testing of new construc-
tion or existing facilities, and other quality assurance measures discussed in Section 4,3 for Moderate and High
Hazard facilities.

11, Inelasticanalyses may, alternatively,be performed for Moderate and High Hazard facilities. Acceptable inelastic
analysis procedures include:

a. Capacity spectrum method as described in Reference 9,
b. Direct integration time history analyses explicitly modeling inelastic behavior of individual elements

of the facility. Several representative earthquake time historiesare required for dependable
resultsfrom these analyses.
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The specified probabilities of exceedance at which maximum ground accelerations

are determined from seismic hazard curves are lxlO-3/year for Moderate Hazard facilities

and 2xlO-4/year for High Hazard facilities. Based upon these probabilities and the seismic

hazard curves in Reference 1, the resulting maximum ground acceleration for each DOE

site considered by this program are summarized in Table 4-4. Acceleration values from Ref-

erence 1 are given for"the free ground surface for average soil/rock conditions at the site.

Damping values recommended for dynamic analyses of Moderate and High Hazard

facilities are presented in Table 4-6. These damping levels are intended to be appropriate

for structural response at or beyond the yield level. Values for structural elements are

based upon References 9 and 24. Damping values recommended for equipment and pip-

ing are based on Reference 33. These post-yield damping values are intended to be rea-
sonable estimates of median centered damping such that no intentional conservative bias is

introduced into seismic response analyses due to damping,

Table 4-6 Recommended Damping Values*

(Based on Ref. 9, 24 and 33)

Damping

Type of Structure (% of 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 used for evaluation of Moderate and High Hazard Facilities.

Note that the maximum spectral amplification is used for the fundamental frequency of

the facility in the very high frequency (very low period) region instead of the actual spectral

amplification(see Figure 4-4). For higher modes the actual spectrum is used. This is a sim-

plified and conservative method to account for F. being a function of frequency, but using

constant F. factors, F. values given in the guidelinesapply to the amplified region of the

response spectrum (generally up to 8 or 9 hz). At higher frequencies, F. should be unity
where the spectrum returns to the maximum ground acceleration and intermediate values

between the amplified region and the maximum ground acceleration region. There are

other reasons for using maximum amplification in the high frequency range including' (1)
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stiff structures may not be as stiff as idealized by dynamic models due to soil-structure inter-

action (SSI), concrete cracking, basemat flexibility, softening during inelastic response, etc.;

and (2) earthquake ground motion in the eastern United States may have more high

frequency content than is in standard median design spectra such as those from Reference

24. Refer to Appendix A for additional discussion on this subject.

There are acceptable alternatives to utilizing the maximum spectral amplification for

high frequency fundamental modes. The actual spectra rnay be used for ali modes if there

is high confidence in the frequency evaluation and F _,,istaken to be unity, Alternatively, a

frequency-dependent formulation of F. along with the actual spectra may be used. By

such a formulation, reduced values of F. would be used at freql, _.ncleshigher than the

maximum amplified region of the spectrum. The reduced F. values would range from the

full Table 4-7 value at the region of maximum amplification to unity where the spectrum

returns to the maximum ground acceleration (straight line interpolation on a log-log scale is

acceptable).

1.25
Maximum spectral acceleration
is used in high frequency region

for fundamental mode --_

_ i

"-', 1

E _4---- Actual spectral
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"+- _ for higher modes
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Figure 4-4 Spectral Acceleration in the High Frequency Region

for an Example Design/Evaluation Ground Response Spectrum
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For building response analyses, the maximum spectral acceleration is to be used for

the fundamental mode for ali usage categories (or alternative methods as described

above). On the other hand, for structure-supported subsystem response analyses, the

actual spectra at ali frequencies should be used as the basis for in-structure response spec-

tra for Moderate and High Hazard facilities, For evaluation of subsystems in General Use

and Important or Low Hazard facilities, it is recommended that the static force coefficient

approach as given in the UBC (Ref, 8) be used such that the ground response spectrum
need not be Considered.

Moderate and High Hazard facilities are evaluated by elastic dynamic analyses. How-

ever, limited inelastic behavior is permitted by utilizing inelastic demand-capacity ratios, F.,

as a means to allow limited inelastic behavior in building structures. Recommended F.

values for various structural elements, lateral force resisting systems, and materials of con-

struction are presented in Table 4-7. The inelastic demand-capacity ratio, F _,, is related to

the amount of inelastic deformation that is permissible for each type of structural element

and in each category. Less inelastic behavior is permitted in less ductile elements such as

columns or masonry walls than in very ductile beams of specially detailed moment frames.

In addition, by permitting less inelastic behavior for more hazardous categoriesl the margin

of safety for that category is effectively increased and the probability of damage is reduced

in accordance with the performance goals.

The approach employed for Moderate and High Hazard facilities is based on the

Department of Defense (DOD)Tri-service manual entitled Seismic Design Guidelines for

Essential Buildings (Ref' 9), However, a significant departure from the DOD manual has

been taken by these guidelines in that, by UCRL-15910, only the element forces due to

earthquake loading are reduced by F., By the DOD manual, combined element forces due

to ali concurrent Ioadings are reduced (Note: F. is called I_by the DOD manual). The

approach of reducing only the earthquake contribution to the element force is more conser-

vative than the DOD approach and more consistent with conventional seismic design/eva-

luation practice, The inelastic demand-capacity ratios in Table 4-7 are similar to those from

Reference 9 and they 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.
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Table 4-7 Code Reduction Coefficients, Rw and
Inelastic Demand Capacity Ratios, F L,

Category

GU &l MH HHStructural System
(terminology Is identical to Ref,8) or LH

Rw F,
,,r

MOMENT RESISTING FRAME SYSTEMS - Beams
Steel Special Moment Resisting Space Frame (SMRSF) 12 3,0 2,5
Concrete SMRSF' 12 2,7 2,2
Concrete Intermediate Moment Frame (IMRSF) 7 1,5 1,2
Steel Ordinary Moment Resisting Space Frame 6 1,5 1.2
Concrete Ordinary Moment Resisting Space Frame 5 1,2 1

,,,

SHEAR WALLS
Concrete or Masonry Walls 8 (6) 1,7 1.4
PlywoodWalls 9 (8) 1,7 1,4
Dual System, Concrete with SMRSF 12 2,5 2,0
Dual System, Concrete with Concrete IMRSF 9 2,0 1,7
Dual System, Masonry with SMRSF 8 1,5 1,2
Dual System, Masonry with Concrete IMRSF 7 1,4 1,1

STEEL ECCENTRIC BRACED FRAMES (EBF)
Beams and Diagonal Braces 10 2,7 2_2
Beams and Diagonal Braces, Dual System with Steel SMRSF 12 3,0 2.5

.... ,, ,,

CONCENTRIC BRACED FRAMES

Steel Beams 88 16) 2,0 1.7
Steel Diagonal Braces 6) 1,7 1,4
Concrete Beams 8 4) 1,7 1.4

Concrete Diagonal Braces 8141 1.5 1.2Wood Trusses 1.7 ,1,4
Beams and Dlagonat Braces, Dual Systems

Steel with Steel SMRSF 10 2.7 2.2
Concrete with Concrete SMRSF 9 2,0 1,7
Concrete with Concrete IMSRF 6 1,4 1.1

, ,

Note: Values hereh assume good seismic detailing practice per Section 4,3 and Reference 8, along with reasonably
uniform inelasticbehavior, Otherwise, lowervalues should be used,

Values In parentheses apply to bearing wall systems or systems Inwhich bracing carries gravity loads,

F. for columns of ali structural systems is 1.5 for Moderate Hazard facilities and 1.2for High Hazard facilities. For

columns subjected to combined axial compression and bending, Interaction formulas from Figures 4-2 and 4-3 of
Reference 9 should be used for Moderate and High Hazard facilities,

Connections for steel concentric braced frames should be designed for the lesser of:
the tensile strength of the bracing,

the force inthe brace corresponding to F. of unity.
the maximum force that can be tranferred to the brace by the structuralsystem

Connections for steel moment frames and eccentric braced frames and connections for concrete, masonry, and
wood structural systemsshould follow Reference 8 provisionsutilizingthe prescribed seismic loads from these
guidelines and the strength of the connecting members, In general, connections should develop the strength of the
connecting members or be designed for member forces corresponding to F. of unity,whichever is less.

F. for chevron, vee, and K bracing is 1,5for Moderate Hazard facilities and 1,2 for High t4azard facilities. K bracing

is not permitted in buildings of more than two stories for Z of 0.25g or more, K bracing requires special consider-
atlon for any building if Z is 0.25g or more.

For Moderate and High Hazard facilities, it is permissibleto use the F. value which applies to the overall structural

system for structuralelements not mentioned on the above table. For example, to evaluate diaphragm elements,
footings, pile foundations, etc., F. of 3,0 may be used for a Moderate Hazard steel SMRSF. In the case of a Moder-

ate Hazard steel concentric braced frame, F. of 1,7 may be used,
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A significant difference between the Rw factors from the UBC and the F. factors to be

used for Moderate and High Hazard facilities is that Rw applies to the entire lateral force

resisting system and F. applies to individual elements of the lateral force resisting system,

For elements for which F. is not specified in Table 4-7, it is permissible to use the F. value

which applies to the overall structural system, For example, to evaluate diaphragm ele-

ments, footings,-pile foundations, etc.: (1) F. of 3,0 may be used for a Moderate Hazard

steel SMRSF or (2) in the case of a Moderate Hazard steel concentric braced frame, F. of

1.7 may be used.

The Uniform Building Code (Ref, 8) includes special provisions to increase the effec-

tive earthquake loading for elements of structures for which damage has been observed

during past earthquakes, Such elements include columns, connections, and chevron and

K bracing elements. The DOD manual (Ref, 9) accounts for these elements by using

reduced inelastic demand-capacity ratio,a, These guidelines use the same approach as the

DOD manual and reduced F. values are provided at the bottom of Table 4-7 for chevron,

vee, and K bracing members, for cor}nections, and for columns, In addition, further special
treatment for columns is recommended in a manner similar to that recommended in the

DOD manual. That is, the F. factor is only applied to moment or tension, For columns

under a combination of axial compression and moment, the axial Compression, P, and the

moment, M, to be used in code interaction formulas are as follows:

P = P.o,,-EQ+ P EQ (4-2)

M = M.o._EQ+ MEQ/F.

where P EQand M EQare column forces and moments due to earthquake, P.o.__Qand

M.o._FQare column forces and moments due to other concurrent loads, and P _rand M p

are the compressive and bending capacities of the column. Alternatively, the interaction

formulas from Figures 4-2 and 4-3 of the DOD Manual (Ref, 9) may be used for Moderate

and High Hazard facilities.

In the evaluation of existing facilities, it is necessary to evaluate an appropriate value

of F.to be used in the procedures outlined in Table 4-5. F. values assume good seismic

detailing practice along with reasonably uniform inelastic behavior. Otherwise, lower values

should be used. Good detailing practice corresponds to that specified in the 1988 UBC

(Ref. 8). lt is highly unlikely that existing facilities will satisfy the seismic detailing require-

ments of the 1988 Uniform Building Code if it was designed and constructed many years
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ago, If Structures have less ductility than the UBC provisions require, those structures must

be able to withstand larger lateral forces than specified by the guidelines to compensate for

non-conforming structural details, As a result, F _,values must be reduced from the values

given in Table 4-7. One acceptable option is that existing structural elements are adequate

if they can resist seismic demand forces in an elastic manner (i.e,, F _,of unity). To arrive at

reduced F, factors (i,e,, between the full Table 4:7 value and unity) requires judgment and

care by the engineer performing the evaluation, lt iSsuggested that ATC-!4, "Evaluating the

Seismic Resistance of Existing Buildings" (Ref. 28) and ATC-22, "A Handbook for'Seismic

Evaluation of Existing Buildings" (Ref. 29) be reviewed for guidance on this subject.

4.3 Earthquake Resistant Design Considerations

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 to

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 con-

struction, 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 at least as important as the

earthquake load level used for design or evaluation. These characteristics include redun-

dancy; ductility; tying elements together to behave as a unit; adequate equipment anchor-

age; understanding behavior of 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 inthe 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 earth-

quake characteristics, well-designed and -constructed facilities (i.e., those with good earth-

quake 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 that provide redundancy or energy absorbing capacity are not
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provided, there Is little real margin of safety built Into the facility, lt 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

constructlon Increase the possibility that a dramatic failure of a facility may occur,

A separate document provldlng guidelines, examples, and recommendations for

good seismic design of facilities is planned as part of this project, This section briefly

describes general design considerations that are Important for achieving well-designed and
',

constructed earthquake-resistant facilities and for assessing exlsttng facilities, Consider-

ations for good earthquake resistance of structures, equipment, and piping Include: (1)

configuration; (2) continuous and redundant load paths; (3) detailing for ductile behavior;

(4) tylng systems together; (5) Influence of nonstructural components; (6) survlval of emer-

gency systems; and (7)quality of materials and construction, Each Is briefly discussed

below, While the following discussion Is concerned primarily with buildings, the principles

are just as applicable to enhancing the earthquake resistance of equipment, piping, or other

components,

Configuration - Structure configuration Is very Important 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; there-

fore structures with regular configurations should be encouraged for new designs, and

existing irregular structures should be scrutinized very closely, Irregularities such as large

reentrant corners create stress concentrations which produce high local forces. Other plan

irregularities can result in substantial torsional response during an earthquake, These

include irregular distribution of mass or vertical seismic resisting elements or'differences in

stiffness between portions of a diaphragm, Vertical Irregularities can produce large local

forces during an earthquake. These Include large differences in stiffness or mass in adja-

cent levels or significant horizontal offsets at one or more levels, 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 earth-

quake, 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,
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Continuous and Redundant Load Paths- Earthquake excitation Induces forces at ali

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 lat-

eral 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

deslgner/evaluator 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, Redun-

dancy of load paths is a highly desirable characteristic for earthquake-resistant design,

When the primary element or system yields or falls, the lateral forces can be redistributed to

a secondary system to prevent progressive failure, In a structural system without redundant

components, every component must remain operative to preserve the Integrity of the struc-

ture, lt Is good practice to Incorporate redundancy Into the seismic-resisting system rather

than relying on any system In which distress In any member or element may cause

progressive or catastrophic collapse,

Detailing For Ductile Behavior - In general, for earthquakes that have very low probability

of occurrence, lt Is uneconomical or Impractical to design structures to remain within the

elastic range of stress, Furthermore, lt Is highly desirable to design structures or equipment

In a manner that 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 wtth detailing to develop sufficient 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, Detailing for adequate stiffness and restraint

of compression braces, outstanding legs of members, compression flanges, etc,, must be

provided to avoid Instability by buckling for relatively slender steel members acting in com-

pression, Furthermore, deflections must be limited to prevent overall frame instability due to
P-delta effects.

Less ductile materials, such as concrete and unit-masonry, require steel reinforcement

to provide the ductility characteristics necessary to reslst seismic forces. Concrete struc-

tures should be designed to prevent concrete compressive failure, concrete shearing fail-

ure, or loss of reinforcing bond or anchorage. Compression failures In flexural members
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can be controlled by limiting the amount of tensile reinforcement or by providing

compression reinforcement and requiring confinement by closely spaced transverse reinfor-

cing of longitudinal reinforcing bars (e,g,, spirals, stirrup ties, or hoops and supplementary

cross ties), Confinement Increases the strain capactty and compressive-, shear-, and

bond-strengths of concrete, Maximum confinement should be provided near jotnts and in

column members, Failures of concrete in shear or diagonal tension can be controlled by

provldlng sufficient shear reinforcement, such as stirrups and Inclined bars, Anchorage fail-

ures can be controlled by sufficient lapping of splloes, 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,

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 pro-

vide sufficient strength so 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 lt is tied together to act as a unit, This attribute not only aids earth-

quake resistance; lt also helps to resist high winds, floods, explosions, progressive failure,

and foundation settlement, Different parts of buildings should be Interconnected. 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 ali floom and roofs for lat-

eral support. Diaphragms that distribute lateral loads to vertical resisting elements must be

adequately tied to these elements, Collector or drag bars should be provided to collect

shear forces and transmit them to the shear-resisting elements, such as shear walls or other

bracing elements, that may not be uniformly spaced around the diaphragm. Shear walls

must be adequately tied to floor and roof slabs and to footings,

Influence Of Nonstructural Components - For both evaluation of seismlc 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 architec-

tural 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
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for seismic deformations of the structure without excessive damage, Damage to such Items

as piping, equipment, glass, plaster, veneer, and partitions may constitute a hazard to per-

sonnel within or outside the facility and a major financial Ices; such damage may also Impair

the function of the facility to the extent that hazardous operations cannotbe shut down or

confined, To minimize this type of damage, special care In detailing is required either to

isolate these elements or to accommodate structural movements,

In some structures, the system carrying earthquake-Induced loads may be separate

from the system that carries gravity loads, Although the gravity load carrying systems are

not needed for lateral resistance, they would deform with the rest of the structure as it

deforms under lateral seismic loads, To ensure that lt Is adequately designed, the vertical

load carrying system should be evaluated for compatibility with the deformations resulting

from an earthquake, 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, equip-

ment, ptplng, nonstructural elements, etc,, lt 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 con-

trol of hazardous operations. Fire protection systems must remain operational after an

earthquake. Normal off-slte power has been vulnerable during past earthquakes, Either

normal off-site or emergency on-site water and power suppltes must be available following

an earthquake, Liquid 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

that prevent facility damage or destruction due to fires or explosions.

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, lt Is further recommended that

designers or earthquake consultants employ quality assurance procedures and that their

work be subjected to Independent peer revlew, Additional earthquake design or evaluation
considerations 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?
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The remainder of this section discusses earthquake engineering quality assurance, peer

review, and construction Inspection requirements,

To achieve weil-designed and -constructed earthquake-resistant facilities or to assess

existing facilities, lt 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 material testing and construction Inspection,

lt 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 Ten-

tatlve Commentary, Seismology Corrlmlttee, Structural Engineers Association of California

(Ref, 34), The earthquake engineering quality assurance plan should Include:

1, A statement by the engineer of record on the earthquake design basis Including:
(1) descrlptlon 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, lt
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 calculations should be signed by the
responsible engineer who performed the calculations, the engineer who checked
numerical accuracy, and the engineer who checked theory and assumptions, If
the calculations Include work pe_'formedon a computer, the responsible engineer
should sign the first page of the output, describe the model used, and Identify
those w]lues Input or calculated by the computer,

3, For new construction, the engineer of record should specify a material testing
and construction Inspection program. In addition, the engineer should review ali
testing and Inspection reports and make site visits periodically to observe com-
pllance with plans and specifications, 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, ali aspects of the selsmlc design or evalu-
ation must Include Independent peer review. For new construction, the designer
will have been selected based on his abllltles to design a very complex facility
with many problems In addition to seismic safety. 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
selsrnlc design as he might like, Also, because of the low-fee criteria, the most
qualified designer may not be selected, Therefore, lt Is required that the seismic

4-23



design be reviewed by a qualified, Independent consultant or group, For existing
facilities, the engineer conducting a seismic evaluation will tlkely 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 lt Is for a new
design, Even so, for major hazardous facilities, lt may be prudent to have con-
current Independent seismic evaluations performed or to have the seismic evalu-
ation Independently reviewed, The seismic design or evaiuation review should
Include design philosophy, structural.system, construction materials,
design/evaluation criteria used, and other factors pertinent to the seismic oapao.
Ity 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 that might affect facility performance during an earthquake,

4.4 Other Seismic Design and Evaluation Considerations

4.4.1 Effective Peak Ground Motion

In accordance with the guidelines presented In this report, loads Induced by earth-

quake ground shaking to be used for the design or evaluation of facilities are based on

median amplification response spectra anchored to maximum ground acceleration for

specified annual probabilities of exceedance (see Section 4,2 and AppendlxA), As a resutt,

each DOE facility requires seismic hazard curves wherein peak ground accelerations are

presented as a function of annual probability of exceedance and median amplification

response spectra, This ground motion data can be obtained from site-speolflo studies,

Alternatively, Reference 1 provides seismic hazard curves and earthquake response spec-

tra for each DOE facility. In addition, Sections 4,2,2 and 4,2,3 allow the methods described

in References 24, 25, and 26 to be used to estimate median spectral amplification, For

convenlence, this se_lon discusses ground motion as defined by Reference 1, Maximum

ground accelerations at the specified af,nual probabilities of exceedance recommended by

these guidelines for each usage 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 exceedanoe probability levels of 2x10"4, For the design or

evaluation of High Hazard facllltles at these sites, maximum ground accelerations will have

to be developed at 2x10"4 annual probability of exceedance,

The peak ground accelerations reported In Reference 1 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
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acceleration and response spectra anchored to such an acceleration often provide an

excessively conservative estimate of the ground motion actually Input 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,

o, Soil-structure interaction reduces Input motion from Instrumental, free ground sur-
face values,

These reasons are discussed extensively In Reference 35; they are briefly addressed below,

First, In most seismic evaluations, lt Is assumed that the defined ground motion repre-

sents both orthogonal horizontal components and that the vertical ground motion compo-

nent 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 components) Instrumental acceleration, rather than the largest peak acceleration

as defined by Reference 1, With the largest peak acceleration defined by Reference 1, it Is

permissible to assume that the second orthogonal horlzontal component is 80 percent of

the motion defined by Reference 1, while the vertical component Is 60 percent of the Refer-

ence 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 eplcentral ranges (less than about 20

km). Many structures located close to the eplcentral 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

ground motion, design levels, and observed behavior were so great that lt could not be rec-

onciled by considering typical safety factors associated wlth seismic design. The problem

with Instrumental acceleration Is that a limited number of high frequency spikes of high

acceleration are not significant to structural re,_ponse, Instead, lt can be more appropriate

to utilize a lower acceleration value that has more repeatable peaks and Is within the fre-

quency range of structures, Such a value, called effective peak acceleration, has been

evaluated by many Investigators who believe it to be a good measure of earthquake ground
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motion amplitude related to performance of structures. Reference 35 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 that are expected to dominate the seismic

hazard at the site. Reference 1does not contain this information, so special studtes would

be required for any site to take advantage of the resultant reduction. The reductions that

are likely to be justifiable from such studies woulc ,est probably be significant for sites with

peak instrumental accelerations defined by Reference 1 in excess of about 0.4g. The bene-r

fits would be expected to increase with Increasing peak instrumental accelerations. These

higher ground accelerations most probably are associated with short duration ground

motion from earthquakes with short epicentral ranges. If such characteristics can be dem-

opstrated for a particular site, then reductions would be warranted from an instrumental
acceleration to an effective acceleration.

Third, various aspects of soil-structure interaction (SSI) 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 35 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 stiffness, increasing foundation plan dimensions,

and increasing embedment depth. Soil-structure interaction 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, lt should be emphasized that the ground motion defined by Ref-

erence 1 represents the ground motion recorded on a small instrument pad at the free

ground surface, lt is always permissible to do the necessan/soil-structure interaction

studies (briefly discussed in Section 4.4.2) in order to estimate more realistic and nearly

always lesser foundation motions, lt 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.
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In summary, lt Is acceptable, but often quite conservative, to use the ground motion

and response spectra defined by Reference 1 as direct Input to the dynamic model of the

structure as if this motion was applicable at the structure base foundation level, lt is also

acceptable, and encouraged, for the seismic evaluation to Include additional studies to

remove sources of excessive conservatism on an individual facility basis, following the guid-
ance 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 interaction (SSl), including spatial variation of the ground motion.

For rock sites, the effects of the SSI are much less pronounced, lt is recommended that the

effects of SSl be considered for major structures for ali sites with a median soil stiffness at

the foundation base slab interface corresponding to a shear wave velocity, vs, of 3500 fps

or lower. Accountirsg for SSl requires sophisticated seismic analysis techniques that, if per-

formed correctly, will most likely reduce the seismic forces in the structure. Frequency shift

effects of SSI can lead to either increased or reduced seismic response and must be

considered, if significant. Accounting for other SSl effects is recommended but not

required. If SSl effects are considered, the seismic analysis should be reviewed by quali-

fied 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 is acceptable.

Horizontal spatial variations in ground motion result from nonvertically 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 fol-

lowing reduction factors may be conservatively used to account for the statistical incoher-

ence of the input wave for a 150-foot plan dimension of the structure foundation (Ref. 35):

Fundamental Frequency of the Soil-Structure System (Hz) Reduction Factor

5 1,0

10 O,9

25 0,8
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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 O-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 ali structures for purposes of computing
this reduction.

The available information for soil properties at different sites tends to be quite variable
J

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 hys-

teretic material damping, and the impedance mismatches that may exist due to layering are

usually not known precisely, lt is not the intent to require additional soil boring or laboratory

investigations 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 calculation may be expected. Decreases in the

shear modulus of soils with increasing shear strain should be considered when performing

an SSI analysis. The variation in shear modulus as a function of shear strain for sands,

gravelly soils, and saturated clays can be found in References 36 and 37.

If there is extensive site-specific soils data available for the DOE facility site being con-

sidered, uncertainties in the soil properties should be estimated and incorporated into the

SSI analysis. Where extensive site data is not available, an acceptable alternate approach

to account for uncertainty in soil properties is: the soil stiffness (horizontal, vertical, rocking,

and torsional) employed in analysis should include a range of soil shear moduli 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 at the low

strain. Three soil modulus conditions ar_ 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 that

address layering, various foundation shapes, and foundation elevations. Elastic half-space

solutions using frequency-dependent impedance fun_ions, such as those shown in Table

4-8, are acceptable for facilities on uniform soil sites or sites where the soil properties do not
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Table 4-8 Frequency Dependent Elastic Half-Space Impedance

Direction of Equivalent Spring Constant for Equivalent Spring Constant for Equivalent Damping Coefficient
Motion Rectangular Footing Circular Footing

32(I-v)GR c,:- c=k,,(static)R p,[-_
Horizontal k " = K_2 ( I + v ) G_ '_vrB-L k _ " k l 7-8v

,, , ,,

Rocking C 2 8GR a c = c2k_,(stc.ztic)R_p/C
k_- k_l--_-C_,_ L k,- k_3( 1_ v) '

_--v 4GR c. - c3k,,(stc_tic)R p,J-_Vertical k= - k3 13=_ k, - k:) 1 - v

,,, i

Torsion ko = k , !6 CR 3 c,- c4k,(static )R,['p/ C3

v = Po!sson's ratio of foundation medium,

G = shear modulus of foundation medium,

R = radius ofthe circular base mat,

p = density of foundation medium,

B = width of the base mat in the plane of horizontal excitation,

L = length of the base mat perpendicular to the plane of horizontal excitation, and

k,, k _, k _, k,, = frequency dependent coefficients modifying the static stiffnessor damping (Refs, 38, 39, 41),

C1_C2,C31C4
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create significant Impedance mismatches between layers. In addition to geometric (radi-

ation) damping developed using either elastic half-space or FEM methods, soil material

damping should be included in an SSI analysis. Soil material damping as a function of

shear strain can be found in References 36 and 37 for sands, gravelly soils, and saturated

clays. Lacking site-speclflc data, lt is appropriate to include soil material damping corre-

sponding to the mean value at the earthquake shaking induced strain level from one of the
above references.

For structures that are significantly embedded, the embedment effects should also be

included in the SSI analysis. These effects can be incorporated by using available simpli-

fied methods for some geometries (Ref. 38 and 39), The potential for reduced lateral soil

support of the structure should be considered when accounting for embedment effects.

Section 3.3.1.9 of Reference 40 provides guidance Onthis subject. Similarly, some layer

effects can also be incorporated using simplified methods (Reference 41). For more com-

plex situations, more refined analysis, such as that discussed by various authors in Refer-

ence 42, is desirable.

4.4.3 Combination of Earthquake Directional Components

Records of actual earthquakes demonstrate that horizontal and vertical components

of motion are essentially statistically independent. Consequently, there is only a small prob-

ability that the peak responses, due to each of the three individual 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 cases required by the 1988 UBC provisions. This requirement is satisfied by design-

ing elements for 100 percent of the prescribed seismic forces for the ground motion com-

ponent in one horizontal alrection plus 30 percent of the prescribed forces for the ground

motion component 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
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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 cantile-

ver 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, ali possible combi-

nations of the three orthogonal components, including variations in sign, should be consid-

ered. Alternatively, the effects of the three orthogonal directions may be combined by

SRSS, as discussed above.

In Section 4.4.1, it was established that the peak value of other components of earth-

quake 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, tt may be assumed that

the second orthogonal horizontal component is 80 percent of the motion defined by Refer-

ence 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 response computed from the largest peak acceler-

ation. Note that this approach is approximately equivalent to the UBC provisions for design.

ing 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.

4.4.4 Special Considerations for Equipment and Piping

For DOE facilities that house hazardous operations and materials, the seismic ade-

quacy 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 that

provides practical guidelines for the support and anchorage of marly equipment items that

are likely to be found in DOE facilities (Ref. 6). This document examines equipment

strengthening and upgrading to increase the seismic capacity in existing facilities. How-

ever, the document is also recommended for considerations of equipment support and

anchorage in new facilities.
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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 relative 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 industrial facilities throughout the
world. As a result, there is much experience data available on equipment from
past earthquakes and from qualification testing. Equipment which has performed
weil, 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 important single item
affecting seismic performance of equipment. There are numerous examples of
equipment sliding or overturning in earthquakes due to lack of anchorage or
inadequate anchorage.

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 (Ref. 8). 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. Anchor-

age 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 discussed, and

guidance on equipment anchorage is provided.

UBC lateral force provisions - By the 1988 UBC provisions, parts of structures, permanent

nonstructural 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:

4-32



Fp = ZlCpWp (4-3)

where: Wp = the weight of element or component

Cp = a horizontal force factor as given by Table 23-P of the UBC for rigid ele-
ments, or determined from the dynamic properties of the element and sup-
porting structure for nonrigid elements, 'as discussed in Section 4,4,4 (In the
absence of detailed analysis, the value of Cp for a nonrigid element should
be taken as twice the value listed in Table 23-p, but need not exceed 2,0),

The lateral force determined using Equation 4-3 should be distributed in proportion to

the mass distribution of the element or component, Forces determined from Equatton 4-3

should be used for the design or evaluation of elements or components and their connec-

tions and anchorage to the structure, and for members and connections that transfer the

forces to the seismic-resisting systems, Forces should be applied In the horizontal

directions that result in the most critical Ioadlngs for design/evaluation,

Dynamic analysis principles - Guidelines for the design and analysis of equipment or non-

structural elementssupported within a structureby dynamic analysis are given In Chapter 6
of Reference 9 and in Reference 40, 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 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 willbe the same as the

accelerations of the structure at the attachment points. But elementsthat are flexible and

have periods of vibration close to any of the predominant modes of the building vibration

willexperience amplified accelerationsover that which occurs inthe structure.

The most common method of representingsupport excitationis by means of floor

response spectra (also commonly called in-structureresponse spectra). A floor response

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

determined from a dynamic analysisof the structure. Floor response spectra can be com-

puted most directlyfrom a dynamic analysis of the structure conducted on a time-step by

time-step basis. In addition, there are algorithms available that allowthe generation of floor

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

of the structurewithout time history analysis (e,g., Refs, 43, 44, and 45). Another method
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for evaluating floor spectra Is provided In Chapter 6 of Reference 9, Note that floor

response spectra should generally be developed assuming elastic behavior of the support-

Ing structure even though Inelastic behavtor Is permitted In the destgn of the structure,

Equipment or piping that Is supported at multlple locations throughout the structure

could have dlfferent floor spectra for each support point, In such a case, lt Is acceptable to

use a single envelope spectrum of ali locations as the Input to ali supports, Alternatively,

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

or for using different Input ttme histories at each different support,

Testing - Testing may be used to demonst_ate the seismic adequacy of ali types of equip-

ment, Testing Is preferred for complex equipment whtch must perform an active function

during a seismic event If there is not adequate past earthquake experience data to

demonstrate seismic adequacy, Input excitation to the tested equipment is to be based on

the seismic hazard curves at the specified annual probability for the usage category of the

equipment, The resulting maxlmum ground acceleration is used to anchor median amplifi-

cation ground response spectra for equipment mounted on the ground or on the ground

floor. For equlprnent mounted In a building, corresponding floor response spectra are

developed as Input excitation for testing, lt is recommended that the resulting Input spec-

trum (ground or floor spectrum) be multiplied by a scale factor to Introduce conservatism

above that contained In the specification of Input excitation such that achievement of

Chapter 2 performance goals Is more likely. The following Input excitation scale factors are

recommended for equipment in DOE facilities evaluated by proof testing:

- 1,0 for Important or Low Hazard facilities

- 1.4 for Moderate and High Hazard facilities

The scale factors given above combined with Inherent conservatism in testing proce-

dures and In the development of floor spectra is judged to be sufflclent that Chapter 2 per-

formance goals may be achieved for equipment Items evaluated by testtng, Note that lt Is

not expected that testing of equlpment for General Use facilities will ever be necessary.

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

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

program experience should be utillzed, if possible, Seismic experience data is being devel-

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

Industry (Refs, 46, 47, 48, and 49), lt is necessary to conduct either seismic analyses or

shake table testing to demonstrate sufflclent seismic capacity for those Items that cannot be
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eliminated from consideration through the use of seismic experience data or for Items that

are not obviously Invulnerable to earthquakes due to Inherent ruggedness, lt Is also neces-

sary to estimate the input excitation at locations of support for seismic qualification by expe-

rience data, analysis, or testing of structure-supported equipment or piping,

Anchorage - Engineered anchorage of equipment or components Is required for ali usage

categories, lt Is Intended that anchorage have both adequate strength and sufficient stiff-

ness, Types of anchorage include: (1) cast-In-piace 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, lt Is recommended that the strength of cast-

In-piace anchor bolts be based on UBC Sec, 2624 provisions (Ref, 8) for General Use and

Important or Low Hazard facilities and on ACI 349.85 provisions (Ref, 30) 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' recommenda-

tions or sources such as Reference 49, Design-allowable strength values typically Include a

factor of safety of about 4 on the mean capacity of the anchorage, lt 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 accor-

dance with Reference 49, 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 _nchorage, lt Is recommended that AISC,

Part 1 (Ref. 32) allowable values multiplied by 1,7 be used,

Stiffness of equipment anchorage as discussed In Reference 47 should also be con-

sldered, 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 tts 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 Useand 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 4-3, For Moderate and High Hazard facilities0 the
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seismic evaluat{on of equipment and piping necessitates the development of floor response

spectra representing the Input excitation, Once seismic loading Is established, seismic

capacity can be determined by analysis, testing, or the use of seismic experience data, lt 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

lt Is anticipated that these gulclellnes would also be applied to evaluations of existing

facilities, General guidelines for the seismic evaluation of existing facilities are presented In

a National Institute of Standards and Technology document (Ref, 50), a DOD manual (Ref,

51), and In ATC-14, "Evaluating the Seismic Resistance of Existing Buildings" (Ref, 28) and

ATC-22, "A Handbook for Seismic Evaluation of Existing Bulldlngs" (Ref, 29), In addition,

guidelines for upgrading and strengthening equipment are presented in Reference 6,

These documents should be r6ferred to for the overall procedure of evaluating seismic ade-

quacy of existing facilities, as well as for specific guidelines on upgrading and retrofitting,

General requirements and conslder_,tions In the evaluation of existing facilities are

presented briefly below,

Existing facilities should be evaluated for earthquake ground motion in accordance

with 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-piace strength of the materials should

also be determined. The actual strength of materials Is likely to be greater than the mlnl-

mum specified values used for design, and this may be determined from tests of core spec-

imens 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 inelasticaction of facilities prior to

occurrence of unacceptable damage should be taken into account because 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 4-7, An existing facility may not have seismlc

detailing to the desired level discussed In Section 4,3 and upon which the values presented
in Table 4-7 are based,
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Evaluation of existing facilities should begin with a preliminary Inspection of site condi-

tions, the building lateral force-resisting system and anchorage of butldlng contents,

mechanical and electrical systems, and nonstruotural 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 that

might pass beneath facilities or potential for earthquake.Induced landslides, liquefaction,

and consolidation of foundation soils, Examination of the lateral force-resisting system,

oon0entratlng on seismic considerations as discussed In Section 4,3, may Indicate obvtous
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, Inspec-

tion 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 Identified, detailed seismic evaluation and/c.r 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 facilities 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), Evalu-

ations should be conducted In order of priority, Highest priority should be gtven to those

areas Identified as weak links by the preliminary Investigation and to areas that are most

Important to pers3nnel 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 the evaluation results, If the existing

facility can be shown to meet the design and evaluation guidelines presented In Section 4,2

and good seismic design practice had been employed pet' Section 4,3, then the facility

would be judged to be adequate for potential seismic hazards to which lt might be sub-

jected, ff the facility does not meet the seismic evaluation guidelines of this chapter, several
alternatives can be considered:

1, If Nn existing facility is close to meeting the guidelines and remaining life of the
facility Is less than 20 years, a slight Increase in the annual risk to natural phe-
nomena hazards can be allowed due to the difficulty In upgrading an exlstlng
faclltty compared to Incorporating Increased seismic reslstance In a new design
and due to the fact that existing facllltles has a shorter remaining life than a new
fac!llty, Note that reduced criterla for existing facilities Is supported in Reference
50, As a result, some relief in the guidelines can be allowed by either of the fol-
lowing approximately equivalent approaches:
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a, permittingcalculated Inelasticseismicdemand (elasttoseismic demand
dlvlded by Rw or F1,)to exceedthe seismiccapacity by no more than 20 per-
cent, or

b, performingthe evaluation using hazardexoeedanoeprobability of twice the
value recommendedIn Section 4,2for each usagecategory,

2, The facility maybe strengthenedsuchthat Itsseismicresistancecapacity Is suffi-
ciently Increasedto meet the guidelines0,Whenupgrading Is required, lt should
be accomplished in compliancewith unreduoedguidelines (I,e0,Item 1provisions
should not be usedfor upgrading),

3, The usageof the factllty may be changed such that lt fallswithin a lesshazardous
usagecategory and consequently,lessstringent seismic requirements,

4, lt may be possible to conduct the aspeu--'tsof the seismicevaluation ina more rig-
orous rnannerthat removes conservatismsuch that the facility may be shown to
be adequate, Alternatively,a probabilisticassessmentof the facility might be
undertaken in order to demonstratethat the performance goals for thefacility can
be met,
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5 Design and Evaluation Criteria for Wind Load

5,1 ntroductlon

This chapter presents a uniform approach to wind load determination that Is appli-

cable 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 appropriate usage

categories 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 (Ref,

14) are recommended for determining wind loads produced by straight, hurricane, and tor-

nado winds, The extreme wind/tornado hazard models for DOE sltas published In Refer-

ence 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

usage categories are met by conventional building codes or standards (see discussion In

Chapter 2). These criteria do not account for the possibility of tornado wtnds, because wind

speeds associated wlth extreme winds typically are greater than those for tornadoes at

exceedance probabilities greater than approximately lx10 "4, For thts reason, tornado

design criteria are specified only for buildings and facilities In Moderate and High Hazard

categories, where hazard exoeedance probabilities are less than lx10 "4,

The traditional approach for establishing tornado design criteria Is to select extremely

low exceedance probabilities, For example, the exceedance probability for design of com-

merclal nuclear power plants Is lx10"7, There are reasons for departing from this traditional

approach, The low exceedance value for commercial nuclear power plants was established

clrca 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 uncertainties In tornado hazard probability assessment, but they are not signifi-

cantly greater than the uncertainties In earthquake probability assessment (see discussion

tn 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 excee-

dance probabilities, For these reasons, an alternative approach Is proposed In these guide-
lines,
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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 pur-

poses of this discussion as the transition wind speed. An exceedance probability.is asso-

ciated 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, but should be at ORNL.
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Table 5-1 tabulates best-estimate wind speeds from Reference 2 for each DOE site,

along with the transition wind speed, Those sites with transltlon wind speed exceedance

probabilities greater than 10-5 should be designed for tornadoes; others should be

designed for extreme winds or hurricanes,

Table 5-1 Types of Wind for Design Loads

Best-Estimate Wlnd Speeds- mphl

Annu_,_Hazard Transition Type of Wind for
DOE Project sites Exceedance Probability Wind Speed2 Design

10-3 10-4 ....i0-5" I' 10-6
Bendix Plant, MO "' 88 110 1:77 !1 233 100 Tornado.........

LosAlamos National 93 107 122 136 140 Extreme
Scientific Laboratory, NM

, , , ,,.. .., ,.

Mound Laboratory, OH 90 108 171 227 104 Tornado,,

Pantex Plant, TX 98 112 168 220 115 Tornado

Rocky Flats Plant, CO 138 161 183 206 ..3 Both ",,

Sandia National Laboratories, 93 107 122 135 139 Extreme
Albuquerque, NM i, ....... , ,,

Sandia National Laboratories, Livermore, CA 96 113 131 150 -- Extreme
. ,., , ,,

Pinellas Plant, FL 130 150 174 £C.4 181 Hurricane

Argonne National Laboratory--East, IL 72 118 176 226 77' Tornado,, ,,

Argonne National Laboratory--West, lD 83 95 105 118 119 Extreme

Brookhaven National L'a_ooratory,NY 86 100 127 179 106 T"ornaci'o ......
: ..... , ,,

Princeton Plasma PhysicsLaboratory, NJ 80 83 135 182 90 Tornado, ,,,,

Idaho National Engineering Laboraiory, lD 84 95 105 115 1i7 E×treme
,, ,........

Feed Materials Production Center, OH 87 108 173 231 96 Tornado
......

"Oak Ridge National Laboratory, X-lO, K'-25,and 80 90 152 210 101 Tornado
Y-12,.TN

, ,,.

Paducah Gaseous Diffusion P'lant, KY 75 115 180 235 80 Tornado
...... , .,,,,

Portsmouth Gaseous Diffusion Plant, OH 83 95 145 205 98 Tornado

Nevada Test Site, NV 87 100 110 124 131 Extreme
.........

Hanford Project Site,WA '" 68 77 85 112 89 Extreme, i

Lawrence Berkeley Laboratory, CA 95 111 130 148 -- Extreme

Lawrence Livermore Nationa'l"Laboratory, CA 96 = 11'3 131 150 -- Extreme
..... ,,,,

Lawrence Livermore National Laboratory Site 300, 104 125 145 164 -- Extreme
CA

, ,,,

Energy Technology and Engineering Center, CA 59 "' 68 98 141 74 Tornado....

Stanford Linear Accelerator Center, CA 95 I i'2" 130 149 158 Extreme
......... .

Savannah River Plant, SC 109 138 172 228 155 Tornado.......

NOTES:

1. Best,estimate wind speeds come from Reference 2.

2. Transitionwind speed is at the intersectionof the extreme wind hazard and the tornado hazard curves.

3. When transition wind spe,_d is not lieted, it is associated witha probability less than 10"6,
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The tornado wind speed is obtained by selecting the wind speed associated with an

exceedance probability of 2x10-5 per year. The value of 2x10-5 is the largest one that can

be used and still represent a point on the tornado hazard curve. For example, the tornado

wtnd speed for the ORNL site is 130 mph (peak gust at 10m),

A comparison of the slopes of the tornado hazard curves for the DOE sites in Refer-

ence 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 Haz-

ard 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 cho-

sen to meet the performance goals stated in Chapter 2,

In general, design criteria for each usage category include'

1. Annual hazard exceedance probability,

2. Importance factor,

3. Wind generated 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 Io_ds, as specified in ANSI A58,1-1982 (Ref, 14), can be used for extreme, hurricane,
and tornado winds.

In order to apply the ANSI A58,1-1982 procedure, tornado gust wind speeds must be

converted to fastest-mile (see Appendix B). Appropriate gust response factors and velocity

pressure exposure coefficients are utilized in the process of determining wind load 3.

Appropriate exposure catagories also are considered in the wind load calculations. Open

terrain (Exposure C) should always be assumed for tornado winds, regardless of the actual
terrain conditions.

For an overview of extreme wind and tornado hazards, Reference 52 should be con-

, suited. Reference 53 provides guidance on the design of structures for wind and tornado

loads. These references supplement the material presented in this chapter. ,.

|,
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5.2 Criteria for Design of Facilities

The criteria presented herein are consistent with the performance goals described in

Chapter 2 for each usage category, Buildings or facilities 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 usage category, but at

different geographical locations, will have different criteria specified to achieve the same

performance goal,

The minimum wind design criteria for each of the four usage categories are summa-

rized in Table 5,2, The recommended basic wind speeds for extreme wind, hurricanes, and

tornadoes are contained in Table 5-3, Ali wind speeds are fastest-mile, Minimum

recommended basic wind speeds are noted in the table, The use of importance factors in

evaluating effective velocity pressure is summarized in Table 5-4, Performance goals and

their implications are discussed for each of the categories,

Table 5-2 Summary of Minimum Wind Design Criteria

Building Category General Use Important or Moderate Hazard High Hazard
Low Hazard

..........

i Annual Probability 2x10"2 2x10"2 lx10 "3 lx10 "4
of Exceedance

W
i Importance 1,0 1.07 1,0 1.0
n Factor*
d

Missile Criteria 2x4 timber plank 15 Ib @ 2x4 timber plank 15 Ib @
50 mph (horiz,); max. 50 mph (horiz,); max,
height 30 ft. height 50 ft,

....

Annual Hazard
Probability 2x10 "5 2x10 "5

of Exceedance J

ImportanceFactor* I= 1,0 I= 1,35

APC 40 psf@ 20 psf/sec 125 psf@ 50 psf/sec
,, , ,....

T 2x4timberplank15Ib@ 2x4 timberplank15Ib@
o 100 mph (horiz.)', max. 150 mph (horlz,), max,
r height 150 ft; 70 mph (vert,) height 200 ft' 100 mph
n (vert.)
a Missile Criteria 3 in, dia, std, steel pipe, 75
d Ib @ 50 mph (horiz,); max, 3 In, dia, std. steel pipe, 75
o 'height 75 ft, 35 mph (vert.) Ib @ 75 mph (horiz,); max,

height 100 ft, 50 mph (vert,)

3,000 Ib autornobile @ 25
mph, rolls and tumbles

,,

* See Table 5-4 for discussion of importance factors

,i
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Table 5-3 Recommended Basic Wind Speeds for DOE Sites

Fastest-MileWindSPeedsat10,Height
General Important Moderate Hazard ' I--IlghHazard

Building Category Use, or Low
Hazard

Wind Wind Wind Tornado Wind Tornado

DoE'PROJECT SITES ' '2x10"2 2xi0"2 '1x10"3 2x10"5 lx10"4 2x10"5
,,,, ,,, ,,,,

Bendix Plant, MO 72 72 -- 144 -- 144
,,, .... ,..... _......

Los Alamos National Scientific 77 77 93 -- 107 .-
Laboratory, NM

........ ,

MOund Laboratory, OH 73 73 -- 136 -- 136
,,, ,,

Pantex Plant, TX 78 78 -- 132 -- 132

Rocky Flats Plant, CC) ' 109 109 138 (3) i61 (3)

Sandia National Laboratories, 78 78 93 -- 107 " .-
Albuquerque, NM

,,,,, ,,, , .............

Sandia National Laboratories, 72 72 96 -- 113 --
Livermore, CA

Pinellas Plant, I:L ..... 93 93 130 -- i50 -.

Argonne Natlo'"nalLaboratory--East, IL 70'('i) 70(1) -- 142 -- 142

Argonne National Laboratory--West,-"lD 70(1) 70(1) 83 -'_ 95 --

Brookhaven Naiional Laboratory, NY 70(1) 70(1) .. 95(2) .. 95(2)
, ...... ,,

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

Idaho National Engineering Laboratory 70(1) 70(1) " 84 -- 95 -.
......, ,,

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

"C)'ak'Ridge National Laboratory, X-lO, K-25, 70(1) 70(li -- 113 -- 113
and Y-12, TN

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

Portsmouth Gaseous Diffusion Plant, OH 70(1) 70(1) -- 110 -- 110
..............

Nevada Test Site, NV 72 72 87 -- 100 --

Hanford Project Site, WA 70(1) 70(1) 80(1) .. 90(1) ..
,,,

Lawrence Berkeley Laboratory, CA 72 72 95 -- 111 --
,,,,, ,,, , ,, , , .....

Lawrence Livermore National 72 72 96 -- 113 --
Laboratory, CA

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

Energy Technology and Engineering 70(1) 70(1) .- 95"(2) .- 95(2)
Center, CA

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

Savannah River Plant, SC 78 78 -- 137 -. 137
..........

NOTES:

(1) Minimum extreme wind speed,

(2) Minimum tornado speed,

(3) Although extreme winds govern at Rocky Flat;;, it is recommended that facilities be designed for the tornado missile
criteria. APC need not be considered,
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Table 5-4 Importance Factors and Effective Velocity Pressures

Usage Category Extreme At Hurrican_ Tornadoes
Winds Oceanllnes

s

General Use / rl 1.00 1,05
Important or Low Hazard ,_ ,/ 1,07 1.11 --
Moderate Hazard / 1,00 1,05 1,00
High Hazard ' /, ' 1,00 1,05 1,35

* , For regions between the hurricane oceanltne and 100 miles inland, the
Importance factor,l, shallbe determined by/inear interpolation,

In ANSI A58.1-1982 (Ref. 14), effective velocity pressure, qz, at any height z above
ground is given by:

qz = 0.00256Kz(IV) 2

where Kz is a velocity pressure coefficient evaluated at
height z (as a function of terrain exposure category
per Table 6 of Ref. 14).

I is importance factor given in Table 5-2 and above.
V is the basic wind speed given in Table 5-3.

5.2.1 General Use Facilities
=,

The performance goals for General Use facilities are consistent with objectives of

ANSI A58.1-1982 Building Class I, Ordinary Structures. The wind-force resisting structural

system should not collapse under design load. Survival without collapse implies that occu-

pants should be able to find an area of relative safety inside the building. Breach of the

building enveIope is acceptable, since confinement is not essential. Flow of air through the

building and water damage are acceptable. Severe damage, including total loss, is accept-

able, 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 Gulf of Mexico or Atlantic coastlin_!_,_,a [.';lightlyhigher

importance factor is recommended to account for hurricanes (see Table 5-4).

Distinctions are made in the ANSI Specification between buildings and other struc-

tures, 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 tharl 60 ft in height.
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"r'erraln 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

accordlng 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 i, Openings, either of

necessity or created by wind forces or missiles, result In Internal pressures that can

Increase wlnd forces on components and cladding, The worst cases of combined Internal

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 tn construction.

Except when applicable codes provide otherwise, plausible load combinations shall be con-

sidered to determine the most unfavorable effect on the building, fecundation, or structural

member being considered. When using ASD methods, allowable stresses appropriate for

the building material shall be used with the following combinations that involve wind (Ref.

14):

(a) DL + W

(b) 0,75(DL + W + LL) (5-1)

where

DL = dead load

LL= live load

W = wind load

When using SD methods, the following load combinations that involve wind are rec-
ommended:

(a) U = 0.9DL + 1.3W

(b) U = 1.2DL + 0.5LL + 1,3W (5-2)

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 must be

applied to the nominal strength of the material being used.
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5.2.2 Important or Low Hazard Facilities

Important or Low Hazard facilities are equivalent to essential facilities (Class II), as

defined In ANSI A5801-1982. 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 loss of facility function is caused by water damage to sensitive

equipment, collapsed !nterior partitions, or excessive damage to HVAC ducts and equip-

ment, then loss of cladding and missile perforation at the design wind speeds must be pre-
vented.

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 fac-

tor (as listed in Table 5-4) 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 is 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 Haz-

ard structures. However, greater attention should be paid to connections and a_lchorages

for main members and components, such that the integrity of the structure ts maintained,

5.2.3 Moderate Hazard Facilities

The performance goal for Moderate Hazard facilities requires more rigorous criteria

than is provided by standards or model buildinc codes. In some geographic regions, tor-
nadoes must be considered.

Extreme Winds and Hurricanes

For those sites where tornadoes are not a viable threat (see Table 5-1), the recom-

mended basic wind speed is based on an annual exceedance probability of lx10 -3, The

importance 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 5-4).
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Once the baslo wind speeds are established and the Importance factors applied,

determination of Moderate Hazard category wind loads Is Identical 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, Plausible load combinations

shall be considered to determine the most unfavorable effect on the building, foundation, or

structural member being considered, When using ASD, allowable stresses appropriate for

the building material shall be used with the following wind load combinations:

(a) U = 0,9(DL + W)

(b) U = 0,67(DL + W + LL) (5-3)

The SD load combinations recommended for the Moderate Hazard category are:

(a) U = DL + 1,3W

(b) U = 1.1DL + 0,5LL + 1,2W (5-4)

Greater attention should be paid to connections and anchorages for main members and

components, such that the integrity of the structure is maintained,

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, timber plank

weighing 15 Ibs, is the specified missile, Its impact speed ts 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 unretnforced concrete masonry or brtck veneer walls
or other more substantial walls,

Tornadoes

For those sites requiring design for tornadoes (see Table 5-1), the criteria are based

on site-specific studies, as publ!shed tn Reference 2, The basic wind speed is associated

with an annual hazard prnbability of exceedance of 2x10"5. The wlnd speud obtained from

the tornado hazard model is converted to fastest-mlle. The Importance factor for the Mod-

erate Hazard category is 1,0.

With the wind speed converted to fastest-mile wlnd and an importance factor of 1,0,

the equations in Table 4 of the ANSI standard should be used to obtain design wlnd pres-

sures on the structure, Exposure Category C should always be used with tornado winds
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regardless of the actual terrain roughness, The velocity pressure exposure coefficient and

the gust response factor are obtained from appropriate tables In the ANSI standard, Exter-

nal pressure coefficients are used to obtain tornado wind pressures on various Surfaces of

the structure, A distinction Is made between the main wind-force resisting system and

components and cladding0

If the building Is not specifically sealed to maintain an internal negative pressure for

confinement of hazardous materials, or, If openings greater than one square foot per 1000

cubic foot of volume are present, or, if openlng_ of this size can be created by missile perfo-

ration, then the effects of internal pressure should be considered according t_ ANSI proce-

dures. On the other hand, if the building Is sealed, then atmospheric pressure change

(APC) pressures associated with the tornado should be considered,

APC pressure Is half Its maximum value at the radius of maximum wind speed In a

tornado. Thus, critical tornado loading will be one-half maximum APC pressure plus maxi-

mum tornado wlncl pressure. A loading condition of APC alone can occur on the roof of a

buried tank or sand filter, if the roof is exposed at the ground surface, APC pressure always

acts outward. The effect of rate of pressure change on ventilation systems should be ana-

lyzed to assure that it does not interrupt function or processes carried out in the facility.

Procedures and computer codes are available for such analyses.

Plausible load combinations shall be considered to determine the most unfavorable

effect on the building, foundation, or structural member being considered, When using

ASD methods, allowable stresses appropriate for the building materials shall be used with

the following load combinations that involve wind (Ref, 14):

(a) U = 0,75(DL + Wt)

(b) U = 0.625(DL + Wt + EL) (5-5)

' The SD load cornblnatlons recommended for the Moderate Hazard category are:

(a) U = DL + Wt

(b) U - DE + EL + Wt (5-6)

where

Wt = torr ._doloading, including APC, as appropriate.

The rationale for this criteria ,3 explained in Appendix B.
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Two missiles arr_speolfled as minimum criteria for this usage category, The 2x4-1n,

timber plank weighing 15 Ibs, isassumed to travel In a horizontal direction at a speed up to

100 mph, The horlzontal 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 speed of 70 mph In falling to the ground, The horizontal and vertical speeds are

assumed to be'unc0upled and they should nr_the combined. The missile will perforate

most conventional wall and roof cladding except relnforcea masonry or concrete, The cells

of concrete masonry walls must be filled with grout to prevent perforation by the timber mis-

sile, The second missile is a 3-1n.-dlameterstandard steel pipe, which weighs 75 Ibs, lt can

achieve a horizontal impact speed of 50 mph and a vertical speed of 35 mph, Its 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 roofs, and gyp-

sum panels, In addition, lt will perforate unrelnfOrced concrete masonry and brick veneer

walls, reinforced concrete masonry walls less than 8 In. thick, and reinforced concrete walls

less than 6 In, thick. Although wind pressure, APC, and missile impact loads can act simul-

taneously in a tornado, the missile Impact loads can be treated Independently for design

and evaluation purposes.

5.2.4 High Hazard Facilities

The performance goal can be achieved for this category if the main wind-force

resisting rn_..aDersdo riot collapse, structural components do not fail, and the building

envelope is not breached at the design wind loads. Loss of cladding, broken windows, col.

lapsed doors, or significant missile perforations must be prevented. Strong air flow through

the building or water damage cannot be tolerated.

Extreme Wil_ds and Hurricanes

Fo,' those sites that do not require specific design for tornado resistance, the recom-

mended basic wind speed is based on an annual hazard exceedance probability of lx10 -4,

The importance factol is 1.0, as shown in Table 5-4. The wind speed is fastest-mile at an

anemometer height of 10 meters above ground level.

Once the basic wind speeds are est:_blished and the importance factors applied.

determination of High Hazard facility wind loads ]s Identical to that described 1orthe General

Use category. Facilities in this category may be designed by ASD or SD methods, as

appropriate, for the material being used in construction. Recommended wind load combi-
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nations are the same as for Moderate Hazard facilities (Equations 5.3 and 5-4), Greater

attention should be paid to connections and anchorages for main members and

components, such that the Integrity of the structure Is maintained,

The mtsslle 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,

Tornadoes

For those sites requiring design for tornado resistance (see Table 5-1), the criteria Is

based on site-specific studies as published Irl Reference 2, The recommended basic wind

speed is associated with an annual hazard probability of exc,_edance of 2x10"5 (the 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 wlncl 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 regard-

less of actual terrain roughness, The velocity pressure exposure coefficient and the gust

response factor are obtained from appropriate tables in the ANSI standard. External

pressure coefficients are used to obtain tornado wind pressures on various surfaces of the

structure, A distinction is made between the main wind-force resisting system and compo-

nents and cladding In determining wind pressures,

tf the building Issealed to confine hazardous materials, the wind and APC load combi-

nations specified for the Moderate Hazard usage category also should be used for this

category, The effects of rate of pressure change on ventilating systems should be

analyzed, Recommended tornado wind load combinations for Moderate Hazard facilities

(Equatic ,s 5-5 and 5-6) also apply to High Hazard facilities, See Appendix B for an expla-
nation of the criteria, I

Three missiles are specified as minimum criteria for this usage category, The 2x4-1n,

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, lt 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 conventicnal wall and roof clad-
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dlng except reinforced masonry and concrete, Each cell of the concrete masonry shall con-

rain a 1/2-1n,-dlameter rebar and be grouted to prevent perforation by the missile, The

second mtsslle is a 3-1n,-dlameter standard steel pipe, which weighs 75 Ibs, lt 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

unrelrfforoed 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.lh 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 speclflc

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 5-2 for the four usage 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 5-3 summarizes the recommended design wind speeds, Appropriate

Importance factors to be used with the wind speeds are listed in Table 5-4, The wind

speeds are fastest-mile, Minimum wind speed values for a particular usage category have

been Imposed, The wind speeds listed In Table 5-3 should be treated as basic design wind

speeds in the ANSI A58,1-1982 procedures for determining wind pressures on buildings
_nd other structures,

The following sites require design for extreme winds:

Argonne National L0aboratory-West,lD

Hanford Project Sl!",, WA

Idaho National Engineering Laboratory, lD

Lawrence Berkeley Laboratory, CA

Lawrence Livermore National Laboratory, CA

Lawrence Livermore 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, Livermore, CA

Stanford Linear Accelerator Center, CA
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The Rocky Flats Plant site presents a unique situation, The presence of downslope winds

dominates the extreme wind distribution, suggesting that the design criteria should be

based on o_reme wind criteria, However, tornadoes are possible and have occurred near

the site, t4enoe, both extreme winds and tornadoes should be considered In arriving at a

final design rJrlterlafor this site, A specific hazard assessment was performed for the Pinel-

las Plant, FL, whose wind design Is governed by hurricanes (see Table 5-1), The Impor.

tanoe factor for this site should not be increased above the value for straight winds.

The ,,._ltesfor 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

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 Labora-

tory, NJ, are located In hurricane-prone zones. See Table 5-4 for values of importance fac-

tor for hurricane winds. For Moderate and High Hazard categories, the mlntmum tornado

wind speed criteria apply because they are a worse case than the hurricane criteria.

5.3 Criteria for Evaluation of Existing Facilities

The performance goals for design presented In the prevlous section may be used to

evaluate existing facilities. The objective of the evaluation process Is to deter'mine If an exis-

ting faclllty meets the performance goals for a particular usage category.

The key to the evaluation of existing facilities Is to identify the potential failure points in

a structure. The critical failure mechanism could be failure of the wind-load resisting struc-

tural subsystem, or lt could be a breach of the building envelope that allows release of toxic

materials to the environment or results In wind or water damage to the butldlng contents.
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The structural subsystems of many old facilities (25 to 40 years old) have considerable

reserve strength because of conservatism used in the design approach. However, the facil-

ity could still fail to meet performance goals if breach of the building envelope is not accept-
able.

The weakest link in a structural system usually determines the adequacy or inade-

quacy of the performance of a structure under wind load. Thus, evaluation of existing facili-

ties 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 existing structural systems under wind load condi-

tions. Reference 54 provides a methodology for estimating the performance of existing

structural systems. A brief outline of the approach is now presented. The steps include:

1. Data collection.

2. Analysis of component failure.

3. Postulation of failure mechanisms and their consequences.

4. Comparison of postulated performance with performance goals.

,5.3.1Data Collection

Construction drawings and specifications of the building or facility are needed to

make the evaluation for the wind hazard. A site visit is usually required to verify that the

facility was built according to plans and specifications. Modifications subsequent to prepa-

ration of the drawings should be verified.

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 if other than the median values were used.

5.3.2 Analysis of Components

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
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load path identification, stiffness calculations, and support restraint determination. Once the

system is modeled, ali appropriate loads and load combinations (including dead, live, and

wind loads) should be considered in the analyses.

Most of the time, it is not feasible to model the three-dimensional load-resisting sys-

tem. In that case, the system is decomposed into subsystems or individual elements. Wind

loads, appropriate to the usage 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 usage 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 gen-

eral sense, includes ali 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 sys-

tem (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). External 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

walasthat are not capable of stopping the missile, then the consequences of the missile per-

forating exterior walls should be evaluated.

5.3.3 Postulation of Failure Mechanism

After analyzing the structural load-resisting systems under loads appropriate to the

usage category, it is possible to identify potential failure mechanisms. The failure mecha-

nism 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 in light of the stated performance goals for the designated usage category.

The failure of cladding or individual 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
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or a decrease, adds vectorially to external pressures, which may lead to additional compo-

nent failures. The uplift of a building roof leaves the tops of walls unsupported, and there-

fore reduces their capacity to resist wind loads.

5.3.4 Comparison of Postulated Performance with Performance Goals

Once thepostulated failure mechanisms are identified, the structural system perform-

ance is compared with the stated performance goals for the specified usage category. T'he

general procedures described in Chapter 2 (Figure 2-1) are followed. If 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 intro-

duced 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). Other-

wise, various means of retrofit can be employed. Several options are listed below, but the
list is not 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 walls 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.

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.
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Each building will likely have special situations that need attention. Consultants who

evaluate existing facilities should have experienceand knowledge of the behavior of build-

ings and other structures when subjected to wind loads.
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6 FloodDesign and Evaluation Guidelines

6.1 Flood L)esignOverview

The flood design and evaluationguidelinesseek to ensure that DOE facilities satisfythe

performance goals described in Chapter 2. The guidelines, which are applicable to new

and existingconstruction,considerthe design of DOE facilitiesfor regional flood hazards

(i.e., river flooding) and local precipitationthat effects roof design and site drainage. They

establish for floods the; design basis flood (DBFL) that must be considered, alternative

design strategies,and criteriafor the design of civilengineering systems (e.g., structures,

site drainage, roof design, etc.). The provisionsof DOE Order 6430. lA provide detailed

guidance and design criteriafor the design of civilengineering systems (i.e., builcling

design, site drainage, roof drainage and structuraldesign). Criteriafor the design of facili-

ties for the effectsof the DBFL (i.e., hydrostatic loads, runoff due to local precipitation)as

specified in DOE Order 6430. lA are adopted inthese guidelines. These guidelines

establish the DBFLand evaluationthat must be considered to satisfythe performance goals

for each usage category. Additional design criteriaare specified inthese guidelines as

required. For existingfacilitiesthat may not meet the design criteria,evaluation guidelines

are provided to assess whether the performance goals are satisfied

Table 6-1 shows the guidelines recommended foreach usage category in terms of the

hazard input, hazard-annual probability, design requirements, and emergency operation

plan requirements.

Evaluation of the flood design for a facility consists of:

1. ti_e DBFL for each flood hazard as defined by the annual hazard exceedance
probability and applicable combinations of flood hazards,

2. evaluate site and/or facility conditions (e.g., site drainage, facility location),

3. develop a flood design strategy to satisfy the guidelines and performance goals
(e.g., build above the DBFL, harden the facility), and

4. design civil engineering systems (e.g., buildings, site drainage) as specified by
the applicable design criteria.

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

6-1



Table 6-1 Flood Guidelines Summary

Usage General Important or Moderate High
Category Use Low Hazard Hazard Hazard

Flood Flood Insurance studies Flood Insurance studies Site probabilistic t_azard Site'Pr0babilistlc hazard
Hazard or equivalent input and or equivalent Input and anaysls and Table 6-2 analysis and Table 6-P
Input Table 6-2 combinations Table 6,.2 combinations :combinations combinations

(DBFL)
, j

Hazard
Annual 2x10"3 5x10"4 lx10 -4 lx10 .5

Probability
, i

Design DOE 6430,1A or applicable criteria (e,g,, governing local regulations,UBC) shall be used for building
Criteria design for flood loads (I,e,, load factors, design allowables), roof design and site drainage, The

design of flood mitigation systems(I,e,, levees, dams, etc,) shall comply with applicable standards as
referredto in these guidelines,

, , ,,,, ,

Emergency Required to evacuate Required to evacuate Required to evacuate on-site personnel not
Operation on-site personnel if facll- on-site personnel and to involved in essentialoperations, Provide for an

Plans ity is impacted by the secure vulnerable areas extended stay for personnelwho remain, Proce-
DBFL if site is impacted by the dures must be established to secure the facility

DBFL during the flood such that operations may
continue followingthe event,

............

6.1.1 Design Basis Flood (DBFL)

As part of the flood hazard assessment that is performed for a site, the sources of flood-

ing (i.e., rivers, lakes, local precipitation) and the individual flood hazards (e.g., hydrostatic

forces, ice pressure, hydrodynamic loads) are identified. An individual site or facility may

be impacted by multiple sources of flooding and flood hazards. For example, many DOE

sites must consider the hazards associated with river flooding. In addition, ali sites must

design a site-drainage system to handle the runoff due to local precipitation. Events that

contribute to potential river flooding, such as spring snowmelt, upstream-darn failure, etc.,

must be considered as part of a probabilistic flood hazard analysis for the site. Thus, the

term, DBFL, should be understood to mean that multiple flood hazards may be included in

the design. As a result, the site and Individual facilities must be evaluated for each flood

hazard that may occur.

The DBFL for a facility for each flood hazard (e.g., river flooding, local precipitation) is
defined in terms of:

1. peak-hazard level (e.g., flow rate, depth of water)corresponding to the mean,
hazard annual exceedance probability (see Table 6-1),

2. combinations of flood hazards (e.g., river flooding and wind-wave action) (see
Table 6-2), and

3. corresponding loads associated with the DBFL peak hazard level and applicable
load combinations (e.g., hydrostatic and/or hydrodynamic forces, debris loads).
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The first two Items are determined as part of the site probabilistic hazard assessment.

Flood loads must be assessed for the DBFL on a facility-by, facility basis.

Table 6-2 defines the design basis events that must be considered. For example, if river

flooding is the primary source of flooding, wind waves must be considered as part of the

DBFL, as defined in Table 6-2. If the hazard annual probability of exceedance for a primary

flood hazard ts less than the design basis hazard annual probability for a facility category

(see Table 6- 1), it need not be considered as a design basis event. For instance, if the

hazard annual probability of exceedance for Generai-Use facilities is 2x10-3 per year, fallure

of an upstream dam need not be considered if it is demonstrated that the mean probability

of flooding due to dam failure is less than 2x10-3, For purposes of design, the event combi-

nations in Table 6-2 are assumed to be perfectly correlated.

Table 6-2 Design Basis Flood Events

Primary Hazard Case No, Event Combinations*
' '" """ I

River Flooding 1 Peak flood elevation, Note: The hazard analysis for riverflooding should Include ali
contributors to flooding, Including releases from upstream dams, Ice jams, etc,
Flooding associated with upstream-dam failure Is included in the dam failure cate-
gory.

2 Wind-waves corresponding to the 2 year wind acting Inthe most favorable direction
(Ref,55), coincident with the peak flood.

3 Ice forces (Refs. 55 and 56) and Case 1,

4 Evaluate the potential for erosion,debris, etc,

Dam Failure 1 Ali modes ofdam failuremust be considered(i,e,,overtoppingseismically induced
random structuralfailures,upstreamdam failure,etc,).

2 Wind-waves corresponding to the 2 year wind acting Inthe most favorable direction
(Ref. 55), coincident with the peak flood,

3 Evaluate the potentialfor erosion, debris, etc.
,

Local Precipitation 1 Flooding based on the site runoffanalysis shall be used to evaluate the site drain-
age system and flood loadson individual facilities.

2 Pondtng on roof to a maximum depth corresponding to the level of the secondary
drainage system,

3 Rainand snow, as specified In ANSI A53,1-1982 (Ref. 14).

Storm Surge, Selche 1 Tide effects corresponding to the mean high tide above the MLW** (if not included
(due to hurricane, in the hazard analysis),
selche, squall lines,
atc,)

2 Wave action amd Case 1. Wave action should include static and dynamic effects
and potential for erosion (Ref, 55).

Levee or Dike Failure 1 Should be evaluated as part of the hazard analysis if overtopping and/or failure
occurs.

Snow 1 Snow and drift roof loads as specified in ANSI A58,1-1982 (Roll 14).

Tsunami 1 Tide effects corresponding to the mean high tide above the MLW (if not included in
the hazard analysis)............

* Events are added to the flood level produced by the primary hazard.
** MLW- Mean Low Water
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6.1.2 Flood Evaluation Process

The following describes the basic steps involved in the evaluation of DOE facilities. The

procedure is general and applies to new and existingconstruction. The process is oriented

toward the evaluation of individualfacilities. However, at some sites, it may be possibleto

constructali or a number of facilitiesabove the DBFL for the highest category facility (i.e.,

the highestflood level),thus satisfyingthe guidelines.

The flood evaluation process is illustratedin Figure 6-1. lt is divided intothe consider-

ation of regional flood hazards and local precipitation. For new construction,design prac-

tice (see Section 6.1.3) isto constructfacilities above the DBFL, thus avoiding the flood

hazard and eliminating the consideration of flood loads as part of the facility design. The

design of the site-drainage system and structural systems (i.e,, roofs) for local precipitation

must be adequate to prevent flooding that may damage a facility or interrupt operations to

the extent that the performance goals are not satisfied.

Determlne the I
Reglonal Usage Category Local

Flood Hazard J Preclpltatlon

I
Develop Initial
Roof and Slte

Dralnage Design

J Hazard Annual I

F -I Probability

- hazard curve
7. - combined events

Yes / No I(see Tab!e'16-1' 6-2) / Yes Revl,,Deslg.(i,e., Increase
Located Above _ drainage capacity

___ Select Alternative _ root .trength)

J Design Strategy

No

Harden
Facility

or Site

I Develop Emergency

Operation Plane
as Required

Figure 6-1. Flood Evaluation Process
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To perform the flood evaluation for a faci ity, the results of a flood screening analysis

(as a minimum) or a probabilistic flood hazard analysis should be available (see discussion

in Section 1,4). The steps in the flood evaluation process Include:

1. Determine the facility category (see Chapter 2).

Evaluation for Regional Flood Hazards

2. Determine the DBFL for e_ch type or source of flooding (see Tables 6-1 and 6-2).
The assessment of flood loads (e.g,, hydrostatic and hydrodynamic loads) or
other effects (e.g., scour, erosion) are determined as required for each facility.

3. b'or new construction, situate the facility above the DBFL, if possible. If this can-
not be done, proceed to Step 4.

4. Develop a design approach to mitigate flood hazards that Impact the facility.
Options include hardening the facility and developing emergency operation plans
to provide for occupant safety and to secure vulnerable areas. The flood hazard
must be mitigated to a level such that the performance goals are met.

5. If the facility is located below the DBFL level (even if the facility has been hard-
ened), emergency procedures should be plovided to evacuate personnel and to
secure the facility prior to the arrival of the flood (see Step 10)0

J

Evaluation for Local Precipitation

6. Develop an initial site-drainage system and roof-system drainage plan and struc-
tural design bssed on the requirements and guidelines specified in DOE Order
6430.1A.

7. Evaluate the site-drainage system (considering man-made and natural water-
courses) for the DBFL local precipitation for each type facility at the site. The
analyst must determine whether local flooding occurs at a facility to an extent that
the performance goals are not satisfied. If local flooding damages a facility or
unsatisfactorily interrupts operations, a modification of the site-drainage system
design is required (see Step 9).

8. Evaluate the facility roof drainage and structural design for the DBFL local precip-
itation. The structural design of the roof system must satisfy the design criteria
for loads that occur due to ponding that results from clogged/blocked drains and
snow and ice loads. If the design criteria for the roof is exceeded (i.e., deflection,
stress allowables), the design must be revised (see Step 9)°

9. If local precipitation produces levels of flooding (i.e., roof loads) that do not sat-
isfy the performance goals (i.e., damage level due to inundation or exceedance
of design criteria allowables), design modifications must be developed. The
modifications must provide additional capacity (i.e., runoff capacity, additional
strength) to satisfy the performance goals.

10. Develop emergency operation plans to provide for the safety of the facility per-
sonnel and to secure critical areas to satisfy performance goals.
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In principle, buildings that fit into one category or another should be designed for differ-
k

ent hazard levels because of the Importance assigned to each. However, because floods

have a common-cause impact on ali buildings at or below a DBFL, the design basis for the

most critical structure may govern the design for other buildings in proximity or, on the

entire site. In this case, it may be feasible to harden a site (e.g., construct a levee system),

thus protecting ali facilities rather than an individual building. On the other hand, for many

sites, it may be impractical to develop a design strategy that protects the entire site when

facility locations vary substantially (i.e., they are at significantly different elevations or there

are large spatial separations).

lt is important to consider the possible interaction between buildings or building func-

tions as part of the evaluation process. For example, if a High Hazard facility requires emer-

gency electric power in order to maintain safety levels, buildings which house emergency

generators and fuel should be designed for the DBFL for High Hazard facilities. In general,

a systematic review of a site for possible common-cause dependencies is required. As an

aid to the review, the analyst can develop a logic diagram that displays the functional

dependencies and system interactions between operations housed in each building.

6.1.3 Flood Design Strategies

In practice, the basic design strategy for important,moderate or criticaluse facilities (ex-

cluding local precipitation), is to construct the facility above the applicable DBFL. In this

way, it is not necessary to consider the effects of the DBFL inthe design of structuresor

equipment. The flood guidelines have been established with this basic strategy in mind.

Local precipitationis an exception since ali sites must consider this hazard in the design of
the site drainage, roof systems, etc.

Since itmay not always be possible to construct a new facility above the DBFL level,

alternate design strategies must be considered, The following liststhe hierarchy of basic
flood design strategies:

1. situatethe facility above the DBFL level, or

2. harden the site or facility to mitigatethe effects of the DBFL such that the perform-
ance goals are satisfied, and

3. establish emergency operation plansto safely evacuate employees and secure
areas with hazardous, mission-dependent, or valuable materials.
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If a facility is situated above the DBFL, the performance goals are readily satisfied' If a

facility is located below the DBFL, alternatives can be considered to harden the facility or

possibly the entire site against the effects of floods such that, the chance of damage and

interruption of operations Is aoceptably low. In addition, emergency operation plans must

establish the procedures that will be followed to identify the flood hazard that may occur at

a site In a timely manner, provide for occupant safety, and secure areas that may be vulner-

able to the effects of flooding. The Implementation of emergency operation plans is not, in

general, an alternative to satisfy the performance goals, While they are necessary to

provide for occupant safety, generally, they will not adequately limit the level of damage and

interruption to facility Operations.

The strategy of hardening a facility or site and providing emergency operation plans is

secondary to siting facilities above the DBFL level because some probability of damage

does exist and facility operations may be interrupted. If it is determined that a facility will be

impacted by the DBFL and us must be hardened, the designer must determine the flood

loads associated with the L 5FL. The facility mitigative systems (i.e., exterior walls, flood-

proof doors, etc.) must then be designed according to design requirements specified in
DOE Order 6430. lA.

The evaluation of the site drainage system and roof design (i.e., drainage and structural

capacity) differs somewhat from that for other flood hazards. First, ali sites must design for

the effects of local precipitation. Secondly, from the perspective of the facility perfom J,_nce

goals, the adequacy of the site-drainage system is measured in terms of the impact of local

flooding on facilities at the site. For'example, the initial design of a site-drainage system

may correspond to the 25-year rainfall, the minimum required by DOE Order 6430. lA. If the

DBFL for a facility at the site corresponds to a 5x10-4 rainfall, the site-drainage system

design clearly does not meet this criteria. However, at this point, the only conclusion that

can be reached is that the system (i.e., storm sewers, etc.) will be filled to capacity. To

determine the effect of the DBFL precipitation on the facility.,a hydrologic evaluation must

be perfornned to determine whether there is an adverse impact (i.e., damage, interruption of

operations) on the facility to the extent that the performance goals are not satisfied. Based

on an analysis that accounts for natural and man-made watercourses on site, roof drainage,

etc., the analyst may conclude that flooding is limited to streets and parking lots. If this tem-

porary inconvenignce is not a problem, then lt may be concluded that the design of the site-

drainage system {i.e., for the 25-year rainfall) is adequate. On the other hand, if flooding

does result in significant flood damage, appropriate measures would have to be taken to
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satisfy the performance goals. This may include increasing the capacity of the drainage

system and/or hardening the facility against the effects of flooding caused by local precipi-
tation.

6.2 DOE Flood Hazard Assessments

While the results of probabillstlo hazard evaluations for seismic and wind phenomena are

available for ali of the DOE sites, comparable evaluations for flood hazards have not been

performed. Fiood'screening evaluations (i.e., preliminary flood analyses) have been per-

formed for eight sites in the jurisdiction of the Albuquerque Operations Office. Also, a flood

hazard assessmeblt has been performed for the Hanford Project site. The results of these
evaluations are summarized in Reference 3.

The objective of the probabilistic hazard evaluations for DOE sites is to assess the prob-

ability of events that haw._a low (less than 10-3 per year) 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 (with the exception of local precipitation).

For existing facilities, design decisions may have resulted in ali 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 operations. For these so-called "dry, sites" (Ref. 55), it

may be possible to demonstrate, without performing a detailed hazard assessment, that the

design guidelines are satisfied. However, ali sites must be designed for the runoff due to

local precipitation.

The concept of a dry site, as used here, does not imply that a site is free of ali sources of

flooding (e.g., ali sites are exposed at least 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 the design guidelines are
satisfied.

To consider flood hazards at DOE sites, a two-phase evaluation process is being used.

In the first phase, flood screening analyses are performed (Ref. 3). 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 are extremely rare, thus providing a
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basis to conclude that performance goals are satisfied. For those sites with a potential for

flooding and which have Moderate Hazard and High Hazard facilities, the second phase will
be undertaken. This consists of a detailed r3robabilistic flood hazard assessment.

In estimating the probability of extreme floods, it is important that an uncertainty analysis

be performed. The uncertainty analysis should consider the statistical uncertainty due to

limlted data and the uncertainty in the flood-evaluation models (e.g., choice of different sta-

tistical models, uncertainty in flood routing, etc.) Discussions of uncertainty assessments

can be found in References _7 through 61.

6.3 Flood Design Guidelines for Each Usage Category

Unlike design strategiesfor seismic and wind hazards, it is not always possibleto pro-

vide ma._3n inthe flood design of a facility. For example, the simple fact that a site is inun-

dated (even if structural damage does not occur), may cause significant disruption (e.g.,

down time during the flood, clean-up). This maybe an unacceptable risk in terms of the

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 not be interrupted. 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 are unaccept-
able.

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

screening studies, flood-insurance analyses, or other comparable evaluations. For these

facility types, it is not necessary that a detailed probabilistic hazard evaluation be

performed, if the results of other recent studies are available and, if uncertainty in the haz-
ard estimate is accounted for.

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

should be performed, unless the results of the screening analysis (see Ref. 61) demonstrate

that the performance goals are satisfied.

6.3.1 General Use Facilities

The performance goal for General-Use facilities specifies that occupant safety be main-

tained and that the probability of severe structural damage be less than or about a 10-3 per
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year. For General-Use facilities, the DBFL corresponds to the hazard level whose

mean-annual probability of _xceedance is 2x10"3, In addition, event combinations that
must be considered are listed in Table _.-2.

,,

To meet the performance goal for this category, two requirements must be met: (1) the [

facility structural system rnust be capable of withstanding the forces associated with the

DBFL, and (2) adequate flood warning time must be available to ensure that building occu-

pants can be evacuated (i.e., 1 to 2 hours, Ref. 62). If the facility is located above the DBFL,

then structural and occupant safety requirements are met.

Where the facility cannot be constructed above the DBFL level, an acceptable design

can be achieved by:

1. Providing flood protection for the site or for the specific General Use facility, 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 and evacuation capability to provide
for the safety of building occupants.

For structural loads applied to roofs; exterior walls, etc.,applicable requirements (e.g., DOE

6430. lA, Uniform Building Code (UBC); Refs. 7 and 8) provide standards for design that

meet the performance goal for General-Use facilities.

6.3.2 Important or Low Hazard Facilities

The performance goal for Important or Low Hazard facilities is to limit damage and inter-

ruption of facility operations while also maintaining occupant safety. For these facilities, the

DBFL is equal to the flood whose probability of exceedance is 5x10-4 per year plus the

event combinations listed in Table 6-2. The results of flood-insurance studies (Ref. 63) rou-

tinely report the flood level corresponding to the 2x10-3 probability level. For purposes of

establishing the DBFL for Important or'Low Hazard Facilities, the results of these or

equivalent studies can be extrapolated to obtain the flood with a mean-annual probability of

5.0x10-4 of being exceeded (if this result is not reported). This analysis must include the

uncertainty in the hazard assessment in order to obtain an accurate estimate of the mean-

annual probability level.

Facilities in this category should be located above the DBFL. For facilities that cannot be

located above the DBFL, an acceptable design can be achieved by the same measures

described for General-Use facilities. For Important or Low Hazard _acilities whose critical
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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 items, or installing sumps or emergency pumps. As in the case of General Use

facilities, design requirements in DOE Order 6430. lA should be used to incorporate flood

loads in the building design.

6.3.3 Moderate Hazard Facilities

The performance goal for Moderate-Hazard facilities is continued function of the facility,

includingconfinement of hazardous materialsand occupant safety. Facilities inthis cate-

gory should be located above flood levelswhose mean-annual probability of exceedance is

10-4, includingthe event combinationsshown in Table 6-2.

If Moderate-Hazard facilitiescannot be constructed above the DBFL level, a design must

be developed that provides continued facility operation. Depending on the strategy that is

used to mitigatethe flood (i.e., hardening the facility, building a levee to prevent flood

encroachment), the design must mitigatethe DBFL flood suchthat facility operations can

continue. A higher level of protectionis required for Moderate-Hazard facilities as com-

pared to Low-Hazard or General-Use facilities. Whereas limited damage and interruptionof

operationsmay be acceptable for Low-Hazard facilities,for Moderate-Hazard facilities,the

DBFL must be mitigated suchthat the flood does not impact operations.

The design of Moderate-Hazard facilitiesthat may be impacted by the DBFL should be

based on the loads (i.e., hydrostaticforces) and other hazards (i.e., debris) that occur at the

facility. The design requirements in DOE Order 6430.1A should be used to incorporate

flood loads in the building design or other structuralsystems. If mitigationsystems such as

watertightdoors, sealants, etc., are used, manufacturerspecificationsshould be applied.

Section 6.4 describes design requirementsfor flood-mitigationsystems such as levees,
dikes, etc.

For facilitiesthat may be impacted by the DBFL, emergency operation plans must be

developed to evacuate personnelnot involved inthe emergency operation of the facility,

secure hazardous materials,prepare the facility for possible extreme flooding and loss of

power, and provide suppliesfor personnelfor an extended stay on-site. Emergency proce-

dures should be coordinated with tile results of the flood hazard analysis, which provides

input on the time variation of flooding, type of hazards to be expected, and their duration.
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The use of emergency operation plans is not an alternative to hardening a facility to provide

adequate confinement unless ali hazardous materials can be completely removed from the
site.

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

met. Fac;lities in this category should be located above flood levels whose mean-annual

probability of exceedance is 10-5, including combinations of events listed in Table 6-2.

6.4 Flood Design Practice for Facilities Below the DBFL Elevation

For structures located below the DBFL level, mitigation measures can be designed that

provide an acceptable margin of safety. In practice, a combination of structural and non-

structural measures (i.e., flood warning and emergency operation plans) are used. The

design criteria for facilities that must consider flood loads 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, includ-

ing the impact associated with wave action. In addition, the potential for erosion and scour
and debris loads must be considered. The flood hazards that must be considered are

determined in the flood hazard analysis. Good engineering practice should be used to

evaluate flood loads (Refs. 64 through 69). The forces due to ice formation on bodies of

water should be considered in accordance with DOE 6430. lA (Refs. 7, 56).

6.4.2 Design Requirements

Design criteria (i.e., for allowable stress or strength design, load factors, and load combi-

nations) for loads on exterior walls or roofs due to rain, snow, and ice accumulation should

follow requirements in DOE Order 6430. lA and ANSI A58.1-1982 as applicable or other

criteria referred to herein (i.e., Ref. 8). The design criteria are to be used in conjunction with

flood loads and effects derived from the facility DBFL (see Tables 6-1 and 6-2).
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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 in

DOE Order 6430.1A or governing local regulations. Design loads and load combinations

are determined from the DBFL. Load factors specified In DOE Order 6430. lA, ANSI A58.1-

1982, or governing local regulations shall be used.

6.4.2.2 Moderate and High Hazard Facilities

The exterior wall of buildings and related structures that are directly impacted by flood

hazards should be constructed of reinforced concrete and designed according to ACI

349-85 (Ref. 30). Design loads and load combinations are determined from the DBFL.

Load factors specified in DOE Order 6430. lA, ANSI A58.1-1982 or governing local regu-
lations shall be used.

6.4.3 Site Drainage and Roof Design

For new construction, the stormwater-management system (i.e,, street drainage, storm

sewers, open channels, roof drainage) can be designed according to applicable proce-

dures and design criteria specified in DOE Order 6430.1A (Ref. 7). As stated in DOE Order

6430. lA, governing local regulations must be considered in the design of the site-drainage

system, The minimum design level for the stormwater management system is the 25-year,
6-hour storm.

Once the site and facility drainage design has been developed, it should be evaluated

for the DBFL precipitation for each facility. The evaluation _hould consider the site-drainage

area, natural and man-made watercourses, roof drainage, etc. The analysis shall determine

the level of flooding that could occur at each facility. The analyst may choose to evaluate

the site-drainage system for the highest category facility DBFL (as a limiting case). If the

results of this analysis demonstrates that flooding does not compromise the site facilities,

then it may be concluded that the site drainage is adequate. Note, that local flooding in

streets, parking lots, etc., may occur due to the DBFL precipitation. This is acceptable if the

effect of local flooding does not exceed the requirements of the performance goals. If,

however, flooding does have an unacceptable impact, increased drainage capacity and/or

flood protection will be required.

Building roof design should provide adequate drainage as specified by DOE Order

6430.1A (Ref. 7) 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 pri-
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mary drain. Limitations of water depth on a roof specified by DOE 6430. lA or applicable

local regulations apply. The rocf should be designed to consider the maximum depth of

water that could accumulate if the primary-drainage system is blocked (Refs, 8 and 14).

Roof-drainage systems should be designed according to DOE Order 6430.1 or other

governing local design regulations. The drainage system should be verified as part of the

site analysis for the DBFL (discussed above). The design should then be verified for the

DBFL precipitation. In the case of rainfall, a limiting check of the roof system structural

design should be made. Ponding on the roof is assumed to occur to a maximum depth

corresponding to the level of the second_' j drainage outlet system (i.e,, assuming the pri-

mary system has clogged). As part of this evaluation, the deflection of the roof due to

ponding must be considered. The design of the roof should be adequate to meet the DOE

Order 6430. lA design allowables.

Design criteria for snow and rain-on-snow loads are defined in DOE Order 6430. lA and

ANS A58.1-1982. In the design of roof systems for snow loads, the importance factor for

General and Low Hazard facilities is 1.0 (Ref. 14), For Modera'te and High Hazard facilities,

an importance factor of 1.2 should be used,

6.4.4 Flood Protection and Emergency Operations Plans

For facilities that may be exposed to flood hazards (i.e., are located below the DBFL), a

number of design alternatives are available. Depending on the flood hazards that a facility

must withstand, various hardening systems may be considered. These include,

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

2. waterproofing (e.g., waterproofing exterior walls, watertight doors),

3. levees, dikes, seawalls, revetments, and

4. diversion dams and retention basins,

The design of structural systems (i.e., exterior building walls) shall be developed in accor-

dance with DOE Order 6430. lA. Waterproofing requirements are also given in DOE Order

6430. lA or by reference to applicable design standards. Guidelines for the design of earth

structures such as levees, seawalls, etc., are provided in Reference 70. Guidance for the

design of diversion dams and retention basins can be found in U.S. Army Corps of Engi-

neers, U.S, Bureau of Reclamation, Soil Conservation Service reference documents (Refs.

62, 65, 69, 71).
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Emergency operation plans are required tn cases where the health and safety of on-site

personnel must be provided for and where the factllty must be secured to prevent damage

or interruption of operations. The elements of the emergency operations are:

• flood recognition system - capability to Identify impending floods and predicting
their tlmtng and magnitude.

• warning system - procedures and means to provide warning to those in the
affected areas

• preparedness plan - establish the procedures, responsibility and capability (i.e.,
materials, transportation, etc.) to evacuate on-site personnel, secure vulnerable
areas, etc.

• maintenance plan - establish a program to ensure that the emergency operation
plan is up-to-date and operational.

Guidance for the development of the emergency operation plans can be found in emer-

gency procedures developed for nuclear power plants, dams and local flood warning sys-

tems. Specific information on flood emergency procedures is provided in References 72
and 73.

6.5 Considerations for Existing Construction

For existing construction, a facility may not be situated above the DBFL, as defined by

these guidelines. However, the fact that a facility is not constructed above the DBFL, does

not necessarily imply that the guidelines are not satisfied. In this case, a facility must be

reviewed to determine the level of flooding that can be sustained, while still satisfying the

performance goals. This is referred to as the critical flood elevation (CRE). If the CrE is

higher than the DBFL, then the guidelines are satisfied. This situation may not be unique for

existing construction. For new construction, it may not be possible to situate ali facilities

above the DBFL, in which case, other design strategies must be considered.

For most facilities, there is a critical elevation which, if exceeded, would cause damage

or disruption to the facility such that, the performance goal is not satisfied. The CrE may be

located below grade (i.e., the base of the foundation) or because of the structural integrity

of the building and the location of critical operations, it may be _:_;ovethe first-floor eleva-
tion.

Typically, the first-floor elevation or a below-grade elevation (i.e., foundation level) is

assumed 'tObe 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
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materials may be located above the first floor). If the CFE for a facility exceeds the DBFL,

then the performance goal is satisfied. If the CFE does not exceed the DBFL, options must

be considered to harden the facility, change the usage category, etc.

For Moderate- and High-Hazard facilities, the performance goals require that little or no

interruption of the facility operations should occur. This is an important consideration, since

the assessment of the CFE must consider the impact of the flood on the facility operations

(i.e, uninterrupted access) as well as on the building itself.

6.6 Probabilistic Fiood Risk Assessment
i

In some cases, the need may arise for DOE or the site manager to perform a quantitative

probabilistic flood risk assessment for a site. There may be a variety of reasons requiring a
risk assessment. These consiclerations include:

I. 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 that 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.

The objective of a risk assessment 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 on-site facilities and public-health consequence. Pro-

cedures to perform probabilistic flood risk assessments are discussed in References 58-60,
74.

==
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Appendix A

Commentary on Seismic Design and Analysis Guidelines

The overall app.oach 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 analysis methods are described in Sections A,4 and A,5. Note that energy dissi-

pation from damping or inelastic behavior is implicitly accounted for by the code formulas in

equivalent static force methods, The means of accounting for energy absorption capacity

of structures in dynamic analyses are discussed in Section A,6, In Section A,7, the basis for

the specific seismic design and evaluation guidelines is described; this includes the inelas-

tic demand-capacity ratios recommended for usage in the design and evaluation of Moder-

ate and High Hazard facilities.

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 (earthqu-

ake, wind, or flood) depends not only on the level of hazard selected for design or evalu-

ation, 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 that 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., approaches that have no intentional conservative or unconservative bias)

coupled with a 10-4 hazard definition, At least for the earthquake hazard, the former alter-

hate 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 conven-

tional facilities (similar to DOE category "General Use Facilities") 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 the use of con-

servative design and evaluation procedures coupled with a hazard definition consistent with

these procedures.
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The performance goals for General Use facilities are consistent with g_als of conven-

tional building codes for normal facilities; the performance goals for Importdnt or Low Haz-

ard facilities are consistent with goals of conventional building codes for Important or

essential facilities, 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 sel,,_mic

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

usage category.

Hazard Ratio of Hazard
Usage Performanoe Exceedance to Performance

Category Goal Probability Probability

General
Use lx10 "3 2x10 "3 2

Important or
LowHazard 5x10"4 lx10 "3 2

, ,

Moderate
Hazard lx10 "4 lx10 "3 10

High
Hazard lx10 "5 2X10 -4 20

As shown above, the recommended hazard exceedance probabilities and performance

goal exceedance probabilitiesare 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 design/evaluation ground acceleration.

2. Response spectra amplification.

3. Damping.

4, Analysismett_ods,

5. Specification of materialstrengths.

6, Estimationof structural capacity.
7. Load factors,

8, Importance factors,

i
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9, Limits on Inelastic behavior.

10, Soil-structure interaction,

11, Effective peak ground motion,

12, Effects of a large foundation or foundation embedment.

For the earthquake evaluation guidelines presented in this appendix, conservatism Is

intentionally Introduced and controlled by specifying (1) hazard exceedance probabilities,

(2) load factors, (3) importance factors, (4) limits on inelastic behavior, and (5) conserva-

tively 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 cate-

gories. These factors are not used in general dynamic analyses of facilities or in Reference

9, and thus they were not used for the evaluation of Moderate and High Hazard facilities by

dynamic analysis. Material strengths and structural capacities specified for Moderate and

High Hazard facilities correspond to ultimate strength code-type provisions (i.e,, ACI 318-83

for reinforced concrete, LRFD, AISC Part 2 or UBC Sec. 2721 for steel), Material strengths

and structural capacities specified for General Use and Important or Low Hazard facilities

correspond to either ultimate strength or allowable stress code-type provisions, lt is recog-

nized that such provisions introduce conservatism. In addition, lt is acceptable by these

guidelines to use peak ground accelerations 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, sig-

nificant additional 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. The 1988 UBC provisions (Reference 8) for General Use facili-

ties are the baseline for the guidelines for ali categories. The differences In seismic evalu-

ation 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 4-2,

are summarized below:

1, GeneralUse and Onlyhazardexceedanceprobabilityand Importancefactordiffer,Ali

ImportantorLow Hazard otherfactorsareheldthesame,

2, ImportantorLow Hazardand Load factors,Importancefactors,damplng,and llmltaon Inelasticbehav-

ModerateHazard lcrdiffer,Aliotl_erfactorsareessentlallythesame,althoughstatlcforce

evaluation methods are used for Important or Low Hazard _ac_litlssand
dynamic analysis Is used for Moderate Hazard facilities,

3, Moderate and Hazard exceedance probabll_' and limits on Inelastic behavior differ, Ali
High Hazard other factors .re held the same,
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The different load factors, Importance factors, limits on inelastic behavior, and damp-

ing making up the seismic design and analysis guidelines for each usage category result In

facilities in each category having a different Inelastic demand (l,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), Larger demand (I,e,, required capacity) values result for more hazard-

ous categories; this 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 Probabllltles

Historically, non-Federal Government General Use and Essential or Low Hazard facili-

ties located in California, Nevada, and Washington have been designed for the seisrnlc haz-

ard 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 selsmlc

design. Past UBC seismic provisions (1985 and earlier) ar_ based upon the largest earth-

quake intensity that has occurred in a given region during about the past 200 years. These

provislons do not consider the probability of occurrence of such an earthquake and thus do

not make any explicit use of a probablllstlc seismic hazard analysis, However, within the

last 15 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 tf the seismic hazard provisions of this code were based upon a consistent uni-

form annual probability of exceedance for ali regions of the U,S. Several probabilistic-

based seismic hazard provisions have been proposed (Refs, 9, 76, and 77). A

probabilistic-based seismtc zone map was recently Incorporated into the 1988 Untform

Building Code (Ref. 8). Canada has adopted this approach (Ref. 13), The suggested

annual frequency of exceedance for the design seismic hazard level differs somewhat

between proposed codes, but ali lie tn the range of 10-2 to 10"3, For Instance, UBC 1988

(Ref. 8) and ATC-3 (Ref, 76) have suggested that 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

lx10 -2 as the annual exceedance level for their design seismic hazard definition. The

Department of Defense (DOD) tri-services setsmic design provisions for essential buildings

(Ref, 9) suggests a dual level for the design seismic hazard. Facilities should remain essen-

tially elastic for selsmic hazard with about a 50 percent frequency of exceedance In 50 years

or about a lx10 -2 annual exceedance frequency, and they should not fall for a seismic

hazard which has about a 10 percent frequency of exceedance in 100 years or about

lx10 -3 annual exceedance frequency.
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On the other hand, nuclear oower plants are designed so that safety systems do not

fall If subjected to a safe shutdown earthquake (SSE), The SSE generally represents the

expected ground motion at the sre either from the largest hlstortc earthquake within the tec-

tonic province within which the site Is located or from an assessment of the maximum earth-

quake potential 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,, Ref, 78) have indicated that for nuclear plants in the eastern U,S,, the

design SSE level generally corresponds to an estimated annual frequency of exceedance

of between 10-3 and 10"4, Also, during, the last ,0 years, considerable Interest has devel-

oped in attempting to estimate the seismic risk of these nuclear power plants In terms of

annual probability of seismic-induced core melt or risk to the public of.early fatalities and

latent cancer, Many studies have been conducted on the seismic risk of individual nuclear

power plants, Because those plants are very conservatively designed to withstand the

SSE, these studies have indlc,_ted that the seismic risk Is acceptably low (on the order of

about 10-5 annual probability of selsmlc.,Induced core damage) when such plants are

designed for SSE levels with a mean annual frequency of exceedance between 10-3 and

10-4 (Refs. 15, 16, 17, 18, and 19),_

With this comparative basis for other facilities, tt is judged to be consistent and appro-

priate to define the seismic hazard for DOE 'facilities as follows:

Earthquake Hazard Annual
Category Exceedance Probability

General Use 2x10"3

Important or Low Hazard lx10 "3

Moderate Hazard lx10 .3

High Hazard 2,_10"4

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

of the facility for these hazards Is conservativelyperformed, The level of conservatism of

the evaluationfor 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 (Ref. 8) or ATC-3
(Ref, 76) for normal or essential facilities, respectively. The level of conservatism in the

seismic evaluation for High Hazard facilitiesshould approach that used for nuclear power

plants when the seismic hazard is designated as shown above, The criteriacontained in

this report follow the philosophy of a gradual reduction in the annual exceedance probabll-
Ity 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

De,_lgn/evaluatlon earthquake response spectra generally have the shape shown In

Figures 4-1, 4-3, and 4-4 (Chapter 4), The design/evaluation spectrum shape is similar to

that for an actual earthquake except that peaks and valleys that occur with actual earth-

quake spectra are smoothed out. Also, deslgn/evaluatton 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,

Spectral amplicatlon 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

ana other approaches In Reference 9. Alternatively, response spectra for DOE sites are

available for use from Reference 1, Reference 1 spectra were developed from general site

conditions and not from a site-specific geotechnlcal study. Additional approaches available

for estimating response spectra from general site conditions are described in References

24, 25, and 26. Any of these methods Is acceptable for estimating input design/evaluation

response spectra. Note that to meet the performance goals in Chapter 2 using the guide-

lines presented in Sections 4.2.2 and 4.2,3 (Chapter 4), median amplification reponse spec-

tra 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 in Chapter 4) 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 earthquake response spectrum. For General Use and Important or Low Hazard

facilities, earthquake loading is evaluated from Equation 4-1 in accordance with UBC seis-

mic provisions with the exception that the ZC is determined from input design/evaluation

response spectra as described in Section 4.2.2, ZC as given by 1988 UBC provisions is

plotted as a function of both natural period and natural frequency on Figure A-1. Also, Fig-

ure A-1 includes a typical design/evaluation spectra.
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Figure A-1 Comparison of 1988 UBC ZC with

Typical Design/Evaluation Response Spectrum

lt is shown in Figure A-1 that an actual design evaluation spectrum differs significantly

from the code coefficients, ZC, only in the low naturalperiod region (i.e., less than about

0.125 seconds) or high natural frequency region (i.e., greater than about 8 hz). As a result,

an adjustment must be made in the low period region in order to be conservative 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/eva-

luation spectra as shown in Figure 4-3 (Chapter 4), have a shape similar to that for ZC per

the code provisions as shown in Figure A-1. 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 evaluatic_nguidelines presented in Section 4.2.3, for Moderate and

High Hazard facilities, design/evaluation spectra as shown in Figure 4-4 are used for

dynamic seismic analysis: However, in accordance with Reference 9, for fundamental peri-

ods 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 ali natural periods should be used in accordance with recommendations
from Reference 9.
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The basis for using the maximum spectral acceleration in the low period range by

both the Reference 8 and 9 approaches is threefold: (1) to avoid being unconservative

when using constar_t response reduction coefficients, Rw, or inelastic demand-capacity

ratios, F,; (2) to account for t',_efact that stiff structures may not be as stiff as idealized in

dynamic models; and (3) earthquakes in the eastern U.S. may have amplification extending

to lower periods or higher frequencies than standard median design response spectra.

Constant factors permit the elastically computed demand to exceed the capacity the same

amount at ali periods. Studies of inelastic response spectra such as those by Riddell and

Newmark (Ref. 79), 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 (i.e., the inelastic demand-capacity ratios are frequency dependent).

Since constant demand'capacity factors are used herein, increased spectra as shown in

Figure 4-4, 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 assumed. Thus, for stiff structures at natural periods below

that corresponding to maximum spectral amplification, greater spectral amplification may be

more realistic than that corresponding to the calculated natural period from the actual spec-

tra. In addition, stiff structures that 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 elas-

tic response.

A.4 Static Force Method of Seismic Analysis

Seismic codes are based on a method that permitsearthquake behavior of facilitiesto

be translated into a relativelysimple set of formulas, From these formulas, equivalent static

seismicloads that may affect a facilitycan be approximatedto provide a basis for design or

evaluation. Equivalent static force methods apply only to relativelysimple structureswith

nearly regular, symmetrical geometry and essentially uniform mass and stiffness distribu-

tion. More complex structures require a more rigorous approach to determine the distribu-

tion of seismic forces throughout the structure, as described in Section A.5.

Key elements of equivalent static force seismic evaluation methods are formulas that

provide (1) total base shear; (2) fundamentalperiod of vibration; and (3) distribution of seis-

mic forces with height of the structure. These formulas are based on the response of struc-
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tures with regular distribution of mass and stiffness over height in the fundamental mode of

vibration. The 1988 UBC provisions (Reference 8) include, in their equation for total base

shear, terms corresponding to maximum ground acceleration, spectral amplification as a

function of natural period, a factor of conservatism based on the importance of the facility,

and a reduction factor that accounts for energy absorption capacity. Very simple formulas

estimate fundamental period by relating peri 3d 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

is introduced to accommodate the hlgher modes by increasing theupper 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 vari-

ous 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 dct..'n;;i_ed from the above approach and combined with

forces due to other Ioadings 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

drift limitations to provide for control Ofpotential damage and overall structural frame stabil-

ity from P-delta effects.

A.5 Dynamic,SeismicAnalysis

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 _mportant or highly hazardous facilities, such

as the Moderate or High Hazard categories, it is recommended that the 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 more hazardous facilities.

An analysis is considered dynamic if it recognizes that both loading and response are

time-dependent and if 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 repre-

sented as a response spectrum or an acceleration time history.
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The mathematical model describes the stiffness and mass characteristics of the struc-

ture as well as the support conditions. This model is described by designating nodal points

that correspond to the structure geometry, Mass in the vicinity of each nodal point is

typically lumped at the nodal point location in a manner that accounts for ali of the mass of

the structure and its contents. The nodal points are connected by elements that have prop-

erties corresponding to the stiffness of the structure between nodal point locations. Nodal

points are free to move (called "degrees of freedom") or are constrained from movement at

support locations. Equations of motion equal to the total number of degrees of freedom

can be developed from the mathematical model. Response to any dynamic forcing function

such as earthquake ground motion can be evaluated by direct integration of these equa-

tions. 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 asso-

ciated 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 inde-

pendently. 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 because fewer equations of motion

require solution. Many of the vibration modes do not result in significant response and thus

can be ignored. The significance 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 tl_e 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
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input excitation, maximum modal response can be directly computed. P_'ocedures are then

available to estimate thetotal response from the modal maxima that do not necessarily

occur simultaneously.

A.6, AnalyticalTreatment 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 hystereticbehav-

ior 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 linear range of response of
structures and equipment to dynamic loading. Damping is a term 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 nonstruc-

tural 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 as there are increased concrete cracking

and internal work done within materials. Damping is also larger with greater amounts of

nonstructural elements (interior partitions, etc.) in a structure that provide more opportuni-

ties for energy losses due to friction. For convenience in seismic response analyses, damp-

ing 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 that would prevent oscillation

for an initial disturbance not continuing through the motion.

Table 4-6 (Chapter 4) reports typical structural damping values for various materials

and construction (Refs. 9, 24, and 33). These values correspond to strains beyond yielding

of the material, and, they are recommended for usage along with other provisions of this

document for design or evaluation seismic response analyses of Moderate and High Haz-

ard facilities. Post-yielding damping values are judged to be appropriate because facilities

designed by these guidelines are intended to reach strains beyond yield level if subjected

to the design/evaluation level earthquake ground motion, and such damping levels are con-

sistent with other seismic analysis provisions based on Reference 9. For General Use and
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Important or Low Hazard facilities, the guidelines recommend seismic evaluation by

code-type equivalent static force methods but with the factors for maximum ground acceler-

ation and spectral amplification In the total base.shear formula taken from Reference 1, In

this case, it ts recommended that the 5 percent damped spectra be used for ali General Use

and Important or Low Hazard facilities to be consistent with building code evaluation meth-

ods, The spectral amplification factor in conventional building codes is based upon 5 per-

cent 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 even for structural systems with relatively low ductility
such as concrete shear walls or steel braced frames.
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a. Shear force-distortion for concrete wall test (Ref. 80)
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b, Lateral force-displacement for steel braced frame (Ref. 81)

Figure A-2 Cyclic Load-Deflection Behavior of
Concrete Shear Wails and Steel Braced Frames
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Generally, an accurate determination of inelastic behavior 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, lt 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 deampllfy
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 withthe Input excitation
consistent with the elastic response spectra. The resultingmember forces are
the demand on the structure which is compared to the capacity determined from
member forces at yield stress level. If the permissible demand-capacity ratios are
not exceeded, ltwould be concluded that the structure was adequate for earth-
quake loading,

The spectral reduction factors and inelasticdemand-capacity ratios are evaluated

based upon the permissible inelastic behavior level,which depends on the materials and

type of construction, For ductile steel moment frames, relativelylarge reduction factors or

demand-capacity ratios are used, For less ductile shear walls or braced frames, lower

reduction values or demand-capacity ratios are employed. For more hazardous facilities,

lower reduction factors or demand-capacity ratios may be used to add conservatism to the

design or evaluationprocess, such that increased probability of surviving any given earth-
quake motion may be achieved,

The inelasticdemand-capacity ratio approach is employed for design or evaluation of

Moderate and High Hazard DOE facilitiesby these guidelines, This approach is recom-

mended inthe DOD manual for seismicdesign of essential buildings (Ref. 9), Inelastic

demand-capacity ratios are called F, in this guidelines document. Inelastic
demand-cap_,_::::i_ratios have the advantage over spectral reduction factors inthat different

values may be specified for individual elements of the facility Instead of a single spectral

i
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reduction factor for the entire lateral force resisting system, As a result, critical elements

such as columns or connections can be easily designed for larger forces by specifying a

smaller inelastic demand-capaclty ratio than for other elements,

Base shear reductlc n coefficients that account for energy absorption due to inelastic

behavior and other factors are called Rw by the 1988 UBC provisions, Rw is more like a

spectral reduction factor in that lt is applied to the entire lateral force resisting system,

There are special UBC provisions which require critical elements such as columns or con-

nectlons to be designed for larger loads than those corresponding to the base shear equa-
tion using Rw. The UBC provisions are followed for General Use and Important or Low

Hazard facilities by these guidelines,

Reduction Coefficients, Rw, to be used for evaluation of General Use and Important or

Low Hazard facilities and recommended inelastic demand-capacity ratios, F _,,for Moderate

and High Hazard facilities are presented in Table 4-7 (Chapter 4) for various structural sys-

tems, Rw factors given in the table are taken directly from Reference 8, The F _,factors

presented in Table 4-7 were established to approximately meet the performance goals for

structural behavior of the facility as defined in Chapter 2 and as discussed in Section A. 1,

These factors are based both on values given in Reference 9 and on values calculated from

code reduction coefficients in a manner based on the performance goals, The following

section describes the detailed method for establishing the values of F.,

The code reduction coefficients, Rw, by the 1988 UBC approach and Inelastic

demand-capacity ratios, F _,,by the DOD approach dlffer In 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 earth-

quake and dead and live loads are reduced by the inelastic demand-capacity ratio, F., in

evaluating demand. The effect of this difference is that the DOD approach may be less

conservative for beam or brace members heavily loaded by dead and live loads, As a

result, the guidlines presented in this document utilize F. in a manner more similar to the

UBC in that only the elastically computed seismic response Is reduced. This approach is

more consistent with common seismic design/evaluation practice.

In addition, the approach for permitting inelastic behavior in columns subjected to

both axial forces and bending moments differs between the 1988 UBC and DOD provisions,

By the 1988 UBC approach, seismtc axial forces and moments are both reduced by Rw,
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and then combined with forces and moments due to dead and live loads, along with an

approprlate load factor, "l'he resultant forces and moments are then checked In code-type

Interaction formulas to assess the adequacy of the column, By the DOD approach, column

Interaction formulas have been rewritten to Incorporate the Inelastic demand-capacity ratio

(as shown In.Figures 4-2 and 4-3 of Reference 9), By the DOD interaction formulas, the

Inelastic demand-capacity ratio Is applied only to the bending moment, and axtal 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 for Moderate and High Hazard faclll-
ties,

Several other factors may be noted about the Inelastic demand-capacity ratios, F _,:

1, Table 4-7 (Chapter 4) values assume that good seismic design detailing practice
as discussed In Section 4,3 has been employed such that ductile behavior is
maximized, If this Is not the case (e,g,, an existing facility constructed a number
of years agr" lower Inelastic demand-capacity ratios should be used Instead of
those prese_..:edin Table 4-7.

2, Table 4-7 values assume that Inelastic behavior will occur In a reasonably uni-
formly manner throughout the lateral load-carrying system. If Inelastic behavior
during seismic response Is concentrated tn 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 4-7 for the structural sys-
tems described in References 8 and 9, For other structural systems not covered
in the table, engineers must Interpolate or extrapolate from the values given
based on their own judgement In order to evaluate inelastic demand-capacity
ratios that 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 facilitiesis probability of exceedance of lx10 -3

for significantstructuraldamage to the facility, lt is judged that this goal is approximately

met by followingthe 1988 UBC provisions(Ref, 8) and with a probabilityof exceedance of

2x10-3 for the design/evaluationlevel peak ground acceleration, ]'he facility demand for

General Use facilities in accordance with time1988 UBC provisions is based on maximum

ground acceleration as described above, median spectral amplification at 5 percent damp-
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lng, load factor of approximately 1,4, Importance factor of unity, and reduction coefficients,

as given in Table 4-7, 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 arid analysis guidelines presented in Sections 4,2.2 and 4,2,3,

the demand is compared to the ultimate capacity hgorder to assess the seismic adequacy

of structures or equipment for ali usage categories, While the ultimate capacities are the

same for ali categories, the demand is different for each usage 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 capabil-

Ity 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:

D = LF I kZ DAF5% W / Bw (A-l)

where: LF = load factor
I = importance factor

I = 1.0 forGeneral Use facilities
I = 1,25 for Important or Low Hazard facilities

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

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

k = 1,0 for General Use facilities
k = 1.25 for Important or Low Hazard facilities

In this section, peak gro!md acceleration for each category is expressed
e.skZ where Z is the Ge,_eralUse category peak ground acceleration
and k is a factor accountln=l for the differences in p_.ak ground accelera-
tions among categories such that k = 1.0 for General Use facilities, k =
1.2,_ for Important or Low Hazard and Moderate Hazard facilities, and k
= 2..0for 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 1 seismic hazard
curves),

DAF5%= 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 coefficientaccountingfor available

energy absorption (Ref. 8)
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The demand for Moderate and Htgh Hazard facilities due to earthquake ground motion In

accordance with the provisions in Section 4,2,3 can _,eapproximated by:

D = mDAF5% kZ W / F. (A-2)

where: m = a factor accounting for the difference in spectral
amplification from 5 percent to the damping appropriate for
the facility In accordance with ]'able 4-6

e,g,, m = 0,9 for 7 percent damping
m = 0,8 for 10 percent damping
m = 0,7 for 15 percent damping

(m values are from References 9, 24, and 33)
k .- ground motion factor as defined above

k = 1,25 for Moderate Hazard facilities
k = 2,0 for High Hazard facilities

F. = inelastic demand-capacity ratio (Table 4-7)

For any usage 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 spe-

cific cases depends on the particular characteristics of the Input ground motion and earth-

quake response spectra, as well as the effect of other ioadlngs 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 exceedance probability and facility

demand is used to determine the specific values making up the seismic design and analy-

sis guidelines such that the performance goals described in Chapter 2 can be approxi-

mately 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 1 hazard

curves by comparing ground acceleration levels at different hazard exceedance probabili-

ties, From the Reference 1 data presented In Table 4-4, the mean ratio of peak ground

acceleration for Low and Moderate Hazard categories to that for the General Use category

is ._bout 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
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deviation Is 0,21), As a result, a difference In probability of 2 should also correspond to a

difference In demand (or reqJlred facility capacity) of about 1,25, and a dlfferenoe In per-

formance goal probability of 10 should correspond to a difference In demand of about 2,0,

The relationships described above between performance goal exoeedance probability

and earthquake demand have been used to develop the specific limits on Inelastic behavior

and other seismic PrOVisionsfor Important or Low Hazard, Moderate Hazard, and High Haz-

ard categories, The differences tn performance goal probability and facility demand

between Important or Low Hazard, Moderate Hazard, and Htgh Hazard categories and that

for the General Use category are tabulated below,

Category Ratio of Performanoe Ratio of Earthquake
Goal to that for Demand to that for

General Use Faollltles General U_e Faollltles

Important or Low Hazard 2 1,25

Moderate Hazard 10 _ 2,0

High Hazard 100 4,0

However, tt 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 probabllity level and in acceptable structural behavior, The goal for General Use

facilitiesIs to prevent structural damage to the extent that occupants might be endangered,
The goal for the other categories ts to maintain the capability of the facility to perform Its

function, As a result,the facilitydemand 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 provisions 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 facilities, ltseems

reasonable that if the demand levelsfor Important or Low Hazard, Moderate Hazard, and

High Hazard categories were ali 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 addition, because of the increased hazard associated with Moderate and High Haz-

ard facilities, tt 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 facilitydemand for Moderate and High Hazard categories is further increased

by an additional factor of about 1.25 relativeto other categories. More factors of conserva-

tism have been Incorporated into the guidelines for Moderate and High Hazard facilities
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than for General Use and Important or Low Hazard facilities in order to obtain higher levels

of confidence of achieving the performance goal for these facilities, which contain hazard-

ous materials and which may be sensitive to public opinion so that damage Is especially

undesirable, These additional factors have theeffect 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 eartt_quake,

Hence, assuming the perforrnance goal for General Use facilities is achieved for seis-

mic design by following the 1988 UBC provisions, performance goals for other categories

would be achieved If the earthquake demand levels for other categories were as follows:

Note:

DILH / DGU = 1.25xl,25 = 1,56 GU = General Use category

DMH / DGU = 1,25x1,25x2,0 = 3,13 ILH = Important or Low Hazard category

DHH / DGU = 1,25x1,25x4,0 = 6,25 MH = Moderate Hazard category

HH = High Hazard category

Based upon Equations (A-l) and (A-2), these differences tn earthquake demand for Impor-

tant or Low Hazard, Moderate Hazard, and High Hazard categories compared to that for

the General Use category are given by the following equations (k and I for the General Use

category are unity):

DILH / DGU = IlLH klLH = 1.56 (A-3)

DMH / DGU = m kMH Rw / (LF F_,-MH)= 3,13 (A-4)

DHH / DGU = m kHH Rw / (LF F._ _tH)= 6,25 (A-5)

Note that using an Importance factor of 1,25 for Important or Low Hazard facilities

combined with a hazard exceedance probability which is one-half that for General Use

facilities is approximately equivalent to an importance factor of slightly more than 1.5 for

Important or Low Hazard facilities if the hazard exceedance probabilities were the same for

both categories as shown above, Hence, the guidelines presented herein for Important or

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 High 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 facility as a means of per-

mitting limited inelastic behavior in good structural systems with detailing for ductile behav-
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icr, The amount that the elastic demand can exceed the capacity Is the inelastic

demand-capacity ratio, F _,, Values for Inelastic demand-capacity ratio, F s.,when used wtth

the seismic guidelines described in Section 4,2,3, assure that the performance goals pres-

ented tn Chapter 2 are approximately met, A means of estimating Fu values that approxi-

mately meet the performance 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:

DMHortt, q (k)(m)Rw (A-6)= =RATIO
D cu ( 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)
LF = 1,3 for steel

LF = 1,4 for concrete And Masonry
LF = 1.5 for wood
RATIO = 3,13 for Moderate Hazard

RATIO = 6,25 for High Hazard

Equation (A-6) may be solved for inelastic demand-capacity ratio, F., as follows:

( k ) ( rn ) R ,_ (A-7)F =
" (LF)(RATIO)

Example calculations of F. for Moderate and High Hazard steel moment frames using Equation

(A-7) are shown below:

_ ', ';I,,,,_, : '] I,',,,,

MODERATE HAZARD HIGH HAZARD

k = 1,25 rn =0,9 k=2,0 m =0,9

Rw= 12 LF = 1,3 Rw= 12 LF = 1,3
RATIO = 3,13 RATIO = 6,25

(1.25)(0.9)(12) (2.0)(0.9)(12)

F"= (1.3)(3.13) =3.32 F_,= (1.3)(6.25) =2.66

F, = 2.5 IN DOD MANUAL F, = 2.0 IN DOD MANUAL

F, = 3,0 IN GUIDELINES F, = 2,5 IN GUIDELINES
" _"' ,, ,"' _ ,,, , ,,, - ,,,, , ,, ,,, , ' ''"-,,_-
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Example calculations of F. for Moderate & High Hazard concrete shear walls in accordance

with Equation (A-7) are shown below:

MODERATE HAZARD HIGH HAZARD

k= 1.25 m =0.8 k=2.0 m=0.8

Rw=8 LF = 1.4 Rw=8 LF= 1.4
RATIO = 3.13 RATIO = 6.25

(1.25)(0.8)(8) 1.83 F, (2.0)(0.8)(8)
F,= (1.4)(3,13) = = (1.4)(6.25) = 1.46

F, = 1.5 IN DOD MANUAL F, = 1.25 IN DOD MANUAL

F,= 1.7 IN GUIDI-LINES F, = 1.4 IN GUIDELINES

Values of inelastic demand-capacity ratio, F., from Equation (A,7) along with values

from the DOD seismic pro',:i_;ions(Ref. 9), are presented in Table A-1 for many structural

systems, materials, and construction. Note that these values are used differently in that the

F. value in these guidelines is applied to response due to seismic loads only; while, by

Reference 9, the inelastic demand-capacity ratio is applied to response due to total load.

The inelastic demand-capacity ratios from Equation (A-7) are based Onthe structural

systems for which reduction coefficients, Rw, are given irl 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 structural members that are different

from the lateral force resisting system. In addition, the 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 resisting systems.

Consequently, Equation (A-7) results in more inelastic demand-capacity ratios than Refer-

ence 9, which does not make the above distinctions. On the other hand, DOD provisions

give different inelastic demand-capacity ratios for individual members of the lateral

load-resisting system, while 1988 UBC reduction coefficients refer to ali members of the lat-

eral load resisting system.
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Table A-1 Inelastic Demand-Capacity Ratios
from Equation A-7 and Reference 9

...,m ,,

F_*

Rw ' Moderate High
Structural System Hazard Hazard

R9 A-7 R9 A-7
• ., '" I i ,.. ,, ,.,

MOMENT RESISTING FRAME SYSTEMS
Columns ** 1.5 ** 1.25 **
Beams

Steel Special Moment Resisting Space Frame (SMRSF) 12 2,5 3,32 2,0 2,66
Concrete SMRSF 12 2,5 2,74 2,0 2,19
Concrete Intermediate Moment Frame (IMRSF) 7 - 1.60 1,28
Steel Ordinary Moment ResistingSpace Frame 6 - 1,66 1,33
Concrete Ordinary Momerff ResistingSpace Frame 5 - 1,14 <1

SHEAR WALLS
Concrete Bearing Walls 6 1.5 1,37 1,25 1,10
Concrete Non-Bearing Walls 8 1,5 1,83 1,25 1,46
Masonry Bearing Walls 6 1,25 1.29 1,1 1,03
Masonry Non-Bearing Walls 8 1,25 1,71 1.1 1,37
Plywood Bearing Walls 8 2,5 1,49 2,0 1,19
Plywood Non-Bearing Wails 9 2,5 1,68 2,0 1,34
Dual System, Concrete with SMRSF 12 1.5 2,74 1,25 2,19
Dual System, Concrete with Concrete IMRSF 9 1,5 2,06 1,25 1,65
Dual System, Masonry with SMRSF 8 1,25 1,71 1,1 1,37
Dual System, Masonry with Concrete IMRSF 7 1,25 1,50 1,1 1,20

CONCENTRIC BRACED FRAMES
(BRACING CARRIES GRAVITY LOADS)

Steel Beams , 6 1,75 1,66 1,5 1,33
Steel Diagonal Braces 6 1,5 1,66 1,25 1,33
Steel Columns 6 1.5 1,66 1,25 1,33
Connections of Steel Members 6 1,25 1,66 1,0 1,33
Concrete Beams 4 1,75 < 1 1,5 < 1
Concrete Diagonal Braces 4 1.5 < 1 1,25 < 1
Concrete Columr'._ 4 1,5 < 1 1,25 < 1
Connections cf Concrete Members 4 1,25 < 1 1.0 < 1
Wood Trusses 4 1.75 < 1 1,5 < 1
Wood Columns 4 1.5 < 1 1,25 < 1
Connections inWood (other than nails) 4 1,5 < 1 1.25 < 1

CONCENTRIC BRACED FRAMES (NO GRAVITY LOADS)
Steel Beams 8 1.75 2,22, 1,5 1,77
Steel Diagonal Braces 8 1,5 2,22 1,25 1.77
Steel Columns 8 1.5 2.22 1.25 1,77
Connections of Steel Members 8 1.25 2.22 1,0 1,77
Concrete Beams 8 1.75 1.83 1.5 1,46
Concrete Diagonal Braces 8 1,5 1.83 1,25 1,46
Concrete Columns 8 1,5 1.83 1,25 1,46
Connections of Concrete Members 8 1.25 1,83 1,0 1,46
Wood Trusses 8 1,75 1,49 1.5 1,19
Wood Columns 8 1,5 1,49 1,25 1,19
Connections in Wood (other than nails) 8 1.5 1.49 1.25 1,19
Beams and Diagonal Braces, Dual Systems

Steel with Steel SMRSF 10 2_77 2,22
Concrete with Concrete SMRSF 9 2,06 - 1,65
Concrete with Concrete IMRSF 6 1,37 1.10

STEEL ECCENTRIC BRACED FRAMES (EBF)
Columns ** 1.5 ** 1.25 **
Beams and Diagonal Braces 10 2.77 2,22
Beams and Diagonal Braces, Dual System with Steel SMRSF 12 3.32 2.66,,.

• Columns marked R9 are inelastic demand-capacity ratios directly from Reference 9, Columns marked A-7 are
inelastic demand-capacity ratios calculated from Eq, (A-7),

• * Values are the same as for beams and braces in this structuralsystem
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In general, there is reasonable agreement between the inelastic demand-capacity

ratios from Reference 9 and those computed from Equation (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 when the bracing carries no gravity loads. When bracing carries gravity

loads, values for steel braced frames are in good agreement, 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 8). However, the DOD values for col-

umns are low compared to values derived from the code reduction coefficients.

Based upon the data presented in Table A-l, the inelastic demand-capacity ratios for

seismic design and analysis of Moderate and High Hazard facilities presented in Table 4-7

(Chapter 4) have been selected. Because of the reasonable agreement with the DOD val-

ues from Reference 9 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 4-7 than Reference 9 values. The only major exception is that Refer-
ence 9 values for columns have been utilized. Increased conservatism for columns as rec-

ommended in the DOD manual is retained. In addition, Reference 9 provides slightly

different values for different members making up braced frames, and these differences are
retained.
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Appendix B

Commentary on Wind Design and Analysis Guidelines

Key points in the approach employed for the design and evaluation of facilities for

extreme winds, hurricanes, and tornadoes are discussed in this appendix.

B.1 Wind Design Criteria

The philosophy employed in these guidelines is to establish common performance

goals to be used as the basis for design or evaluation criteria for four categories of facilities.

The performance goals are the same, whether the natural phenomena loading is from earth-

quakes, winds, or floods.

Natural phenomena hazard probability levels were then established along with suffi-

clently conservative design procedures to accomplish the performance goals. A consen-

sus standard, ANSI/ANS 2.3-1983 (Ref. 82), provides guidelines for estimating tornado and

extreme wind characteristics at nuclear power plant sites. This standard was no__.ttadopted in

these guidelines by the Natural Phenomena Hazards Panel for the following reasons:

1. The document is intended for the siting of commercial nuclear power plants. Crite-
ria is not necessarily appropriate for DOE facilities.

2. Site-specific hazard assessments were performed; it is not necessary or desirable
to use regional criteria.

3. Although published in 1983, the ANS 2.3 document is based on 12 year old tech-
nology. Both the data and the methodologies used in the guidelines are more
recent.

4. Although ANS 2.3 is a consensus document, it has no_._!tbeen approved by the U.S.
Nuclear Regulatory Commission.

Instead of the ANSI/ANS 2.3 Standard, the uniform approach to wind design proposed in

these guidelines is based on procedures in ANSI A58.1-1982 (Ref. 14). This consensus

document is widely accepted as the most technologically sound wind load standard in the
U.S.

The uniform approach to design for wind loads treats the three types of windstorms

(straight wind, hurricanes, and tornadoes) the same. Since ANSI A58.1-1982 already treats

straight winds and hurricanes the same, ali that remains is to demonstrate the applicability
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of the approach to tornado resistant design. The procedure of ANSI A58.1-1982 is applied

for determining wind pressures on buildings or net forces on other structures, The adcli-

tional effects of atmospheric pressure change (APC) and missiles in tornadoes must also
be considered.

The ANsi Standard addresses the physical characteristics of wind, including variation

of wind speed with height and terrain roughness, effects of turbulence (through use of a

gust response fact.or), and the variation of wind pressure over the surface of a building.
Wind effects addressed in the ANSI Standard can be detected and measured on wind tun-

nel models and on full-sized buildings. Furthermore, evidence of the physlca0 effects of

wind found in wind tunnel and full-scale measurements are also found in windstorm

damage. The appearance of damage from straight, hurricane, and tornado winds is very

similar. The similarity suggests that wind pressure distribution on buildings is generally

independent of the type of storm. One cannot look at a collapsed windward wall, or an

uplifted roof, or damage at an eave or roof corner or wall corner and determine the type of

windstorm that caused the damage. Table B-1 sites specific examples where the appear-

ance of damage from the threetypes of storms is identical. The conclusion reached is that

the proposed uniform approach is reasonable for estimating wind loads produced by

straight winds, hurricane winds, or tornadoes.

Table B-1 Examples of Similar Damage from Straight Winds,
Hurricanes, and Tornadoes

Type of Damage Winds Hurricanes Tornadoes
,, ,, ,, ,, ,

Windward wall collapses Mobile home, Big Spring, A-frame,Hurricane Diana Metal building, Lubbock,
Inward Texas 1973 1984 Texas 1970

,,,,

Leeward wall or side w_ll col- Warehouse, Big Spring, Commercial building, Hurrl- Warehouse, Lubbock,
lapses outward Texas 1973 cane Celia 1970 Texas 1970

, m,

Roof Warehouse, Joplin, Missouri Motel, Hurricane Frederick School, Wichita Falls, Texas
1973 1979 '1979

,,,,,, ,,,

Eaves Mobile home, Big Spring, A-frame, Hurricane Diana Metal building, Lubbock,
Texas 1973 1984 Texas 1970

,, , ,, , ,,,

Roof corners Residence, Arvine, California Residence, Hurricane Freder- Apartment building,
1977 Ick 1979 Omaha, Nebraska 1975

, , ,

Wall corners Metal building, Al'vine, Call-' ' Flagship Motel, HUrricane Manufacturing building'
fornla 1977 AIIcla 1983 Wichita Falls, Texas 1979

Internal pressure Not applicable Two-story office building, High school, XenJa, Ohio
Cyclone Tracey, Darwin, 1974
Australia 1974

,, ,......
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The tornado wind speeds in Reference 2 are gust speeds and must be converted to

equivalent fastest-mile wind speeds before applying the ANSI Standard procedures, Con-

versions from tornado wind speeds to fastest-mile wind speeds are obtained from Table
5-2,

Table B-2 Relationship Between Tornado Wind Speeds
and Fastest-Mile Wind Speeds

Tornado Wind Fastest-MileWind

Speed, mph (Vr) Speed, mph (Vfm) ,, , ,
100 85

110 94

120 103

130 113

140 123.

150 132

160 142

170 151 ,

180 161

190 170
,h.

200 180

210 190

22O 2OO

230 209

240 218

250 231

260 241

270 250

280 260

290 271

300 280

Vfm = 0,958 Vt -11,34

B.2 Load Combinations

The ratios of hazard probabilities to performance goal probabilities for the usage cate-

gories shown in Table B-3 are an approximate measure of the conservatism required in the

design to achieve the performance goals. At the specified hazard probabilities which

provide extreme wind Ioadings, the most conservatism is needed in the response evalu-

ation and acceptance criteria for design of General Use and Important or Low Hazard facili-

ties. Somewhat less conservatism is needed for Moderate and High Hazard facilities. The
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hazard probabilities specified for tornadoes are less than the performance goal

I.,,obabllitles. Hence, the performance goals are theoretically met with nooconservatism in

the design.

Table B-3 Ratio of Hazard Probabilities to
Performance Goal Probabilities

RatioofHazardto

Usage Category, Perfor,lanceGoals Hazardprobablllty PerformanoeProbablllty
p,,, ,, =, _ ,,, , ,,,, ,,,

ExtremeWlnds

General U_e 10.3 2x10"2 20

Important or Low Hazard 5x10"4 10-2 (1) 20

Moderate Hazard 10-4 10"3 10

High Hazard 10"5 10-4 10

Tornadoes

Moderate Hazard 10-4 2x 10-5 0,2

High Hazard 10-5 3x10-6 (2) 0,3
,',

(1)2xl0-2w_hl= 1.07- 10-2
(2)2x10-5w_hl= 1.35- 3x10"6

Conservatism can be achieved in designs by specifying factors of safety for Allowable

Stress Design (ASD) and load factors for Strength Design (SD). Consistent with the ratios

in Table B-3, the loading conditions recommended for design of DOE facilities are given in
Table B-4.

Table B-4 Recommended Wind and Tornado Load Combinations

Facility General Important or Moderate High
Use Low Hazard Hazard Hazard

ASD Extreme Winds DL + W DL + W 0,9(DL + W) 0,9(DL + W)
0.75(DL + LL + W) 0.75(DL + LL + W) 0,67(DL + LL + W) 0,67(DL + LL + W)

,.,

Tornadoes 0,75(DL + Wt) 0,75(DE + Wt) i',ii!iii',!!iliii _ii ,,_,:,,,,,,!_,:,,,,,! :i iil !:,:.o.6aIDL+__L+WO O._(D_.+LL.+WO
,,., i '_ ,'1 _ ...,, ,

SD Extreme Winds 0,9DL + 1,3W 0,9DL + 1,3W DL + 1,3W DL + 1,3W
1,2DL + 0,5LL + 1,3W 1,2DL + 0,5LL + 1,3W 1.1DL + 0,5LL + 1,2W 1,1DL + O,5LL + 1,2W

,,,,,,,,,

zoro.0o.,iiiiiii!iiiiii!ii!iii!!ii!!iiii!iiiiiiiiii!i!iiiiiii!ii!ili!ii iii!iiiii!iiD +W, D,+W,- DL + LL + Wt DL + LL + Wt,..

ASD = Allowable Strength Design DL = Dead load
Use allowable stress appropriate for building material LL = Live load

SD = Strength Design W = Extreme wind load
Use dpfactorsappropriate for building material Wt = Tornado load, Including APC ff appropriate
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Since the ratio of extreme wind hazard probability to performance goal probability for

General Use and Important or Low Hazard facilities are the largest (20), designs for these

categories should be the most conservative In terms of factors of safety for ASD and load

factors for SD, The recommended combinations are essentially those given in Reference

14, The recommended load combination for Moderate and High Hazard facilities are

slightly less conservative than for the General Use and Important or Low Hazard categories,

because the ratio of extreme wind hazard probablllty to performance goal probablllty Is less

(10), The requirements have been reduced by approximately 10 percent,

The tornado hazard probabilities for both Moderate and High Hazard facilities are less

than the performance goal probabilities, Hence, the ratios In Table B-3 are less than one,

The tornado load combinations for both ASD and SD recognize that the performance goals

are theoretically met and n_o..goconservatism In the load combination is required, This

approach Is consistent with criteria for commercial nuclear power plants as given In ACI 349

(Ref, 30) for concrete and ANSI/AISC N690-1984 (Ref, 31) for steel,
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