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PREFACE 

The guidelines presented herein were prepared for Lawrence Livermore National Lab­
oratory (LLNL) under contract to the Assistant Secretary for Environment, Safety and 
Health, Office of Safety Appraisals of the U.S. Department of Energy (DOE/OSA). The 
Project Manager was Mr. J. R. Hill of DOE/OSA. Dr. R. C. (Bob) Murray was the Project 
Manager for LLNL These guidelines were prepared under the direction of the Department 
of Energy Natural Phenomena Hazards Panel. The general material in this document as 
well as specific earthquake guidelines have been written by Bob Kennedy and Steve Short. 
The wind guidelines were prepared by Jim McDonald; the flood guidelines were prepared 
by Marty Mccann. Bob Murray provided overall direction, guidance, and review. The 
authors and their affiliations are: 

Robert P. Kennedy 

Stephen A. Short 

James A. McDonald 

Martin w. Mccann 

Robert C. Murray 

RPK Structural Mechanics Consulting 

lmpell Corporation 

Texas Tech University 

Jack R. Benjamin & Associates 

Lawrence Livermore National Laboratory 

The guidelines have been extensively reviewed by panel members and selected 
consultants. Additionally, review comments from throughout the DOE complex have been 
received and incorporated irito this document. Panel and independent reviewers and their 
affiliations are listed below. 

James E. Beavers Martin Marietta Energy Systems, Inc. 

Catalino B. Cecilio* Private Consultant 

A. H. Hadjian * Private Consultant 

James A. Hill DOE Office of Safety Appraisals 

Frank E. McClure Lawrence Berkeley Laboratory 

Joseph P. Nicoletti URS/J.A. Blume & Associates 

John W. Reed Jack A. Benjamin & Associates 

Jean B. Savy * Lawrence Livermore National Laboratory 

John D. Stevenson * Stevenson & Associates 

Delano F. Surdahl DOE Albuquerque Operations 

Peter I. Yanev EOE Engineering 

* Independent Reviewers 

These guidelines are being presented for review and trial use at DOE facilities. Comments 
should be addressed to Bob Murray, Lawrence Livermore National Laboratory, P. 0 . Box 
808, Livermore, CA 94550, ( 415) 422--0308. 
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ABSTRACT 

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

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

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

1. 

2. 

Facility-use categories and facility performance goals. 

Hazard probability from which facility loading is developed. 

3. Recommended design and evaluation procedures to evaluate facility respons1 
to hazard loads and criteria to assess whether or not computed r~ponse is 
permissible. 

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

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

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

. 
1.1 OVERVIEW OF THE COE NATURAL PHENOMENA HAZARDS PROJECT 

Lawrence Livermore National Laboratory (LLNL), under contract to the Assistant Sec­

retary for Environment, Safety and Health, Office of Safety Appraisals (OSA) of the U.S. 

Department of Energy (DOE), is devefoping uniform design and evaluation criteria for 

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

.states. The overall goaf of this program is to provide guidance and criteria for design of new 

facilities and for evaluation, modification, or upgrade of existing facilities such that DOE facilities 

are adequately constructed to safely withstand the effects of natural phenomena such as 

earthquakes, extreme winds, and flooding. This goaf is being achieved by the natural phe­

nomena hazards program illustrated in Figure 1-1. 

PHASE 1 

DEFINE EXISTING CRfflCAL P'ACJLJTIES 
AT EACH SITE 1'1TH HELP OF SITE PERSONNEL 

CRITICAL FACILITY' (PROPOSED OR EXISTING) · 

PHASE 2 
DEVELOP HAZARD MODELS FOR EACH SITE 

-S.ei ... io --1'1a4 

PHASES 3 AND • 

-­nood 

EVALUATE EACH FACILITY ON A UNIFORM AND RATIONAL BASIS 

-----------------------------------------~-----------------------------------------

--=-= r ········ ~ ! 
: l..e I 

I 
I 
I 
I 
I 
I 
I 

DETERMINE APPROPRIATE : 

HAZARD LEVEL ( PHASE 3) : 

SPECIFY RESPONSE 
EVALUATION PROCEDURES 

AND 

PERMISSIBLE RESPONSE 

CRITERIA ( PHASE J) 

---------------------------------~---------------------------------
GOOD DESIGN 01!:TAJUNG AND PRACTICES (PHASE 4) 

FIGURE 1-1. 

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

1. Gathering information including selection of specific DOE sites to be inclu 
the proje=t and identifying existing critical facilities at each site. 

2. Evaluating the likelihood for natural phenomena hazards at DOE sites. Pr 
developed_hazard models for earthquake, extreme wind/tornado, and floe 
each DOE site. 

3. Preparing design and evaluation guidelines that utilize information on the I 
hood of natural phenomena hazards for the design of new facilities and th1 
uation, modification, or upgrade of existing facilities. 

4. Preparing manuals describing and illustrating good design practice for strL 
tures, equipment, piping, etc. for earthquake and wind/tornado loadings. T: 
manuals will be used i.n either design of new facilities or upgrading of existir 
facilities. Also, conducting supporting studies on specific problem areas re; 
to the mitigation of natural phenomena hazards. 

The guidelines presented in this document are the results of the third phase of this pr 

These guidelines, along with manuals on structural details and supporting studies on s~ 

problem areas, should enable DOE and site personnel to design or evaluate facilities f( 

effects of natural phenomena hazards on a uniform and rational basis. 

Several phases have been completed. The first phase - selecting DOE sites and i 

tifying critical facilities - was completed many years ago. The development of probabi 

defin~ions of earthquake and wind hazards at 25 DOE sites across the country has also t 
completed. The seismic hazard definitions have been published in LLNL report U1 

53582,Rev.1 (Reference 1 }. The wind/tornado hazard definitions have been published in L 

report UCRL 53526,Rev.1 (Reference 2} . Note that seismic hazard estimates have b 

changing rapidly during the last 5 years since Ref. 1 was completed. A nu!'flber of ongc 

studies which are not currently available will provide the basis for upgrac;iing Ref. 1 in the futL 

However, Ref. 1 represents the best currently available information on seismic hazard at 

DOE sites. 

There is an ongoing flood screening evaluation to establish which sites have a potent 

flood hazard and which sites do not and to develop preliminary probabilistic flood haza 

definitions. These evaluations have currently been completed for the eight AlbuquerqL 

Operations Office sites a~d for the Richland Operations Office site, with results being publisheo 

in LLNL report UCRL 53851 (Reference 3). Through the use of screening analysis, flooding 

can be eliminated for some sites as a design consideration. For those sites in which flooding 

is a significant design consideration, probabilistic definitions of the flood hazard will be refined 

by additional investigation. 

1-2 
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Design and evaluation guidelines (i.e., Phase 3) have been prepared and are presented 

in this document. A wind design practice manual has been completed. Preparation of a 

seismic design practice manual is now being planned. In addition, supporting studies have 

been published on seismic bracing of suspended ceilings (Reference 4) and on seismic 

upgrade and strengthening guidelines for equipment (Reference 5). 

1.2 OVERVIEW OF THE DESIGN AND EVALUATION GUIDELINES 

The design and evaluation guidelines presented in this document are intended to provide 

relatively straightforward procedures to evaluate, modify, or upgrade existing facilities or 

design new facilities for the effects of natural phenomena hazards. The guidelines are intended 

to control the level of conservatism introduced in the design/evaluation process such that: (1) 

earthquake, wind, and flood hazards are treated on a reasonably consistent and uniform basis; 

and (2) the level of conservatism is appropriate for facility characteristics such as, importance, 

cost, and hazards to on-site personnel, the general public, and the environment. 

For each natural phenomena hazard covered by this report, these guidelines generally 

consist of the following: 

1. Facility-use categories and facility performance goals. 

2. Hazard probability from which facility loading is developed. 

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

Note that these guidelines do not cover practice and procedures for facility design or upgrading 

detailing; these matters are to be covered by separate documents. 

The first step in these design and evaluation guidelines is to establish performance goals 

expressed as the annual probability of exceedance of some level of facility damage due to 

natural phenomena hazards. The appropriate performance goal for a facility is dependent on 

facility characteristics such as mission dependence, cost, and hazardous functions of the 

facility. As an aid to selecting performance goals, facility-use categories ranging from general 

use to highly hazardous use have been defined, along with a corresponding performance 

goal. Performance goal probability levels for each category are consistent with current 

common design practice for general use and high-hazard use facilities. 

1-3 



To achieve the facility performance goal, hazard annual probabilities of exceedance are 

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

While performance goats and hazard levels are expressed in this document in probabilistic 

terms, deterministic design and evaluation procedures are presented. Design/evaluation 

procedures recommended in this document are intended to COf'.lfOrm closely to common 

standard practices such that they are easi_ly understood by most engineers. Note that these 

guidelines do not preclude the use of probabilistic approaches or alternative approaches, 

which are also acceptable if it can be demonstrated that the specified performance goals are 

met. 

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

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

~ 
W== 

C;-iARACTER IZATION OF HAZARD 
Earthquake 

Extreme Wind 
=;--, Flood ...... 

,I. - STRUCTURAL EVALUATION -
Building and Equipment Response 

~ 

~ 

-

---
-

Permissible Behavior Criteria -,,. 
SOURCE TERM -

Quantity, Rote, and 
Choroc teristic s of Release -

,I.. 

DOSE CALCULATION -
Meteorology 
Demography 

Ee oloqy --= 
,I.. 

If RISK ESTIMATE 11 

Natural Phenomena 
Hazards Project 

FIGURE 1-2. 

FLOW DIAGRAM FOR ASSESSMENT OF RISK 

FROM NATURAL PHENOMENA HAZARDS 
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These guidelines contain information needed for the first two steps in a natural pheno~ena 

risk assessment: (1) characterization of the hazard and (2) procedures for structural analysis . 

The remaining steps in estimating risk are not covered in this document. For an example of 

an overall risk assessment applied to commercial plutonium fabrication facilities, see Refer­

ences 6 and 7. The resulting estimate from an overall risk assessment could be compared 

with the NRC Safety Goals (Reference 8) to decide if the risk is acceptable. 

Performance goals are expressed in terms of structure or equipment damage to the 

extent that the facility cannot function, that the facility would need to be replaced, or that 

personnel safety is endangered. The performance goals in this document do not refer to the 

consequences of structure or equipment damage beyond those just described. For example, 

this document does not attempt to set performance goals in terms of off-site release of haz­

ardous materials, general public safety, or environmental damage. The intended audience 

for the guidelines in this report is primarily the civil/structural or mechanical engineer conducting 

the design or evaluation of facilities. The interests of safety en91neers extend to consequences 

beyond the levels of facility damage addressed in this document. 

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

Design Criteria Manual, DOE Order 6430.1A (Reference 9). DOE Order 6430.1A has recently 

been revised, and material from these guidelines are referenced by the revised Order as an 

acceptable approach for the design or evaluation of DOE facilities for the effects of natural 

phenomena hazards. DOE 6430. 1 A requires that facilities be designed fer design basis events 

including natural phenomena hazards, fire, accidents, etc. Design basis events due to natural 

phenomena hazards as defined in 6430.1A include earthquakes (DBE), winds (DBW), tor­

nadoes (DBll, and floods (DBFL). This document provides earthquake ground acceleration, 

wind speeds, tornado wind speeds and other effects, and flood levels corresponding to these 

events for usage in design and evaluation of facilities. 

The remainder of this chapter defines some of the terminology used iri this report and 

briefly describes the seismic, wind, and flood hazard information from References 1, 2, and 

3. Chapter 2 covers aspects of these design and evaluation guidelines common to all natural 

phenomena hazards. In particular, facility-use categories and performance goals are dis­

cussed in this chapter. Chapter 3 provides general discussion of the effects of natural phe­

nomena hazards on facilities. Specific design and evaluation guidelines for earthquakes, 

extreme winds, and floods are presented in Chapters 4, 5, and 6, respectively. In particular, 

these chapters discuss recommended hazard probabilities as well as design and evaluation 

procedures fer response evaluation and permissible behavior criteria. 

1-5 
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1.3 TERMINOLOGY ANO DEFINITIONS 

HAZARD-The term "hazard" is defined as a source of danger. In_ this report, natural phenomena 

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

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

within facilities are also hazards to th~ population or environment in the 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, orfloods) and internal sources of danger (such 

as toxic or radioactive materials). 

ANNUAL PROBABILfTY OF EXCEE0ANCE - The likelihood of natural phenomena hazards 

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

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

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

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

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

· Return period is the average time between consecutive events of the same or greater severity 

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

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

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

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

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

p, of an event is the reciprocal of the return period of t!'lat event. As an example, consider a 

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

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

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

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

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

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

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

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

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

various annual probabilities of exceedance are as follows: 

1-6 
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.P EP over 50 years 

10-2 0.39 
10-3 0.05 

10-4 0.005 

10-5 0.0005 

Hence, an event with a 1 o-2 annuaJ probability of exceedance (100 year return period) has a 

39 percent chance of being exceeded in a SO-year period, while an event with a 1 o-4 annuaJ 

probability of exceedance has only a 0.5 percent chance of being exceeded during a SO-year 

period. 

HAZARD CURVES - In References 1, 2 and 3, the likelihood of earthquake, wind, and flood 

hazards at DOE sites has been defined by graphicaJ relationships between maximum ground 

acceleration, maximum wind speed, or maximum water elevation and return period (reciprocal 

of annuaJ 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 

evaJuation of DOE facilities are based on hazard parameters from these curves at selected 

annuaJ probabilities of exceedance. 

PERFORMANCE GOALS - The likelihood of adverse facility behavior during natural phe­

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

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

probability of exceedance. As an example, if the performance goal is 1 o-3 annual probability 

of exceedance for structural damage, there would be less than about a 5 percent chance that 

such damage could occur over a SO-year design life. If the performance goal is 1 o-4 annual 

probability of exceedanca for structural or equipment damage, there would be about a 0.5 

percent chance of such damage over a SO-year design life. The level of damage considered 

in the performance goaJ depends on the facility characteristics; for example, the performance 

goaJ 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. 

CONF10ENCE LEVEL - Because of. the uncertainty in the.underlying hazard process (e.g., 

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

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

tions. 
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1.4 EARTHQUAKE, WINO, ANO FLOOD HAZARDS FOR DOE FACILITIES . 

For the facility design and evaluation guidelines presented herein, loads induced by 

natural phenomena hazards are based on external hazard parameters (e.g., maximum 

earthquake ground acceleration, maximum wind speed, and maximum depth of inundation) 

at specified annual probabilities of exceedance. As a result, probabilistic hazard curves are 

required at each DOE facility . This information can be obtained from independent site-specific 

studies or from References 1, 2, and 3 for earthquake, wind, and flood hazards, respectively. 

The hazard information from these references is discussed throughout this report. In con­

junction with these design and evaluation guidelines, the use of independent site specific 

evaluations of natural phenomena hazards may also be used as the basis for loads on facilities. 

Seismic and wind hazard curves have been evaluated by site-specific studies of the DOE 

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

for some of the DOE sites considered (Reference 3). Flood hazard curves developed from 

screening studies are currently available for the eight Albuquerque Operations Office sites and 

for the Richland Operations Office site. Example hazard curves are presented in Figures 1-3, 

1-4 and 1-5 in which hazard parameters are given as a function of return period in years or 

the annual probability of exceedance. 
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FIGURE 1-3. EXAMPLE SEISMIC HAZARD CURVE 
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FIGURE 1-4. EXAMPLE WIND/TORNADO HAZARD CURVE 
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FIGURE 1-5. EXAMPLE FLOOD HAZARD CURVE 

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

function of return period in the manner illustrated by Figure 1-3. Acceleration va_lues 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 
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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 in the manner illustrated by Figure -1-4 for the 

25 DOE sites considered. At annual probabilities of exceedance where tornadoes govern the 

wind loading on facilities, Reference 2 also specifies tornado-related effects. These effects 

include atmospheric pressure change and windbome missiles, which must be considered in 

the design and evaluation of facilities. At annual probabilities of exceedance where straight 

winds govern the wind loadings, these tornado related effects do not significantly affect facility 

behavior and need not be considered. 

Reference 3 provides the results of flood hazard evaluation work performed to date for 

:"' DOE sites. The results of this work are flood hazard curves in which mean water elevation is 

expressed as a function of return period and annual probability of exceedance as shown in 

Figure 1-5. Note that the work performed thus far is the result of flood screening analyses 

and not detailed flood hazard studies, such as those conducted for seismic and wind hazards. 

. , The scope of the flood screening analysis is restricted to evaluating the flood hazards that 

may exist in proximity to a site. The analysis does not involve an assessment of the potential 

encroachment of flooding at individual facility locations. Furthermore, the screening analyses 

do not consider localized flooding at a site due to precipitation (e.g., local run-off, storm sewer 

capacity, roof drainage). The results of the flood _ screening analyses serve as the primary 

input to DOE site managers to review the impact of flood hazards on individual facilities and 

to evaluate the need for more detailed flood hazard assessment. 
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2 GENERAL DESIGN ANO EVALUATION GUIDELINES 

2.1 DESIGN AND EVALUATION PHILOSOPHY 

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

formance of DOE facilities in the event of earthquake, wind/tornado, and flood hazards. As 

discussed in Chapter 1, performance is measured herein by performance goals which are 

expressed as an annuaJ probability of natural phenomena recurrence and resultant unac­

ceptable damage. These annual probabilities of unacceptable damage are intended to be 

consistent with standard engineering practice for both normaJ use and hazardous use facilities. 

It must be emphasized that the performance goals referred to in this document correspond 

to probabilities of structure or equipment damage due to natural phenomena hazards and do 

not correspond to phenomena such as off-site release of hazardous materials or casualties 

and injuries to the generaJ public. These performance goals do not extend to consequences 

beyond structure or equipment damage. 

The responsibility for selecting performance goals rests with DOE management. 

Selection of performance goals for facilities subjected to natural phenomena hazards should 

be based on characteristics of the facility under consideration, including: 

1. Vulnerability of occupants. 

2. Cost of replacement of facility and contents. 

3. Mission dependence or programmatic impact of the facility on opera~ons at the 
DOE site. 

4. Characteristics of hazardous materials contained within the facility, including 
quantity, physicaJ 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 hazardous 

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

public safety or the environment, and which are under close public scrutiny, should have a 

very low probability of damage due to natural phenomena hazards (i .e., much lower probability 

of damage than would exist from the use of conventional building code design and evaluation 

procedures). For ordinary facilities of relatively low cost, there is no reason to provide additional 
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safety over that consistent with conventional building codes. Furthermore, it is probably not 

cost-effective to pay for additional resistance over that resulting from the use of conventional 

building codes that consider extreme loads due to natural phenomena hazards. 

Because acceptable performance depends on facility characteristics, design and eval­

uation guidelines are provided for several different performance goals. To aid DOE man- . 

agement in the selection of appropriate performance goals, facility-use categories are 

described herein, each with different facility characteristics, as listed above. These categories 

are sufficiently complete to allow assignment of most 'DOE facilities into a category. Category 

descriptions represent the understanding of the authors as to what types of facilities should 

be associated with different performance goals, and they are offered as guidance to DOE 

management in performance goal selection tor specific facilities. It is the responsibility of DOE 

management to decide what performance goals are appropriate tor each portion of facilities 

under consideration. 

The annual probability of exceedance of facilit)' damage as a result of natural phenomena 

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. By these guidelines, hazard annual probabilities of exceedance, 

response evaluation methods, and permissible behavior criteria are specified tor each natural 

phenomena hazard and for each facility-use category such that desired performance goals 

are achieved for either design of new facilities or evaluation of existing facilities. The difference 

in the hazard annual probability of exceedance and the performance goal annual probability 

of exceedance establishes the level of conservatism to be employed in the design or evaluation 

process. For example, if the performance goal and hazard annual probabilities are the same, 

the design or evaluation approach should be median or mean centered; that is, it should 

introduce no conservatism. However, if conservative design or evaluation approaches are 

employed, ~e 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 tor 

earthquake, wind, and flood hazards. However, the accumulated effect of each step in the 

design/evaluation process should lead to reasonably consistent performance goals tor each 

hazard. 

Design and evaluation guidelines are presented in Chapters 4, 5, and 6 for earthquake, 

wind, and flood hazards, respectively. These guidelines are deterministic procedures which 

establish facility loadings from probabil_istic hazard curves, recommend methods tor evaluating 
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facility response to these loadings, and provide criteria to judge whether computed facility 

response is acceptable. These guidelines are intended to apply equally to the design of new 

facilities and to the evaluation of existing facilities. In addition, the guidelines are intended to 

cover buildings, equipment, piping, and other structures. 

The guidelines presented in this report primarily cover ( 1) methods of establishing load 

levels on facilities from natural phenomena hazards and (2) metho_ds of evaluating the behavior 

of structures and equipment to these load levels. These items are very important and are 

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

facility design which are equally important and should be considered. These aspects include 

quality assurance considerations and attention to design details. Quality assurance requires 

peer review of design drawings and calculations, inspection of construction, and testing of 

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

were not involved in the original design. Important design details include measures to assure 

ductile behavior and to provide redundant load paths, as well as proper anchorage of 

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

are not discussed in this report to the same extent as hazard load levels and response eval­

uation methods, the importance of these parts of the design/evaluation process should not 

be underestimated. Quality assurance and peer review are briefly addressed in Section 2. 5, 

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

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

being prepared or planned. 

2.2 PERFORMANCE GOALS ANO FACILITY-USE CATEGORIES 

As stated previously, it is the responsibility of DOE management to select the appropriate 

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

two approaches: 

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

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

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

categorization and performance goals. DOE management may either accept the performance 
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goals assigned to each category herein or else independently establish performance goals 

specifically for individual facilities or parts of facilities. In either case, the guidelines presented 

in this. report may be utilized for design or evaluation. 

2.2.1 Facility-Use Categories 

Four facility-use categories are suggested herein tor design/evaluation of DOE facilities 

tor natural phenomena hazards. The tour categories are (1) General Use, (2) Important or 

Low Hazard, (3) Moderate Hazard, and (4) High Hazard as defined in Table 2-1. 

Facility-Use Category 

General Use 
Facilities 

Important or Low 
Hazard Facilities 

Moderate Hazard 
Facilities 

High Hazard 
Facilities 

TABLE 2-1 

FACILllY-USE CATEGORY GUIDELINES 

. Description 

Facilities which have a non-miuion dependent purpoM, such as administration 
buildings, cafeterias, storage, maintenance and repair facilities which are plant or 
grounds oriented. 

Facilities which have miaaion dependent use (e.g., laboratories, production facilities, 
and computer centers) and emergency handling or hazard 1'9COVery facilities (e.g., 
hospitals, tire stations) . 

Facilities where confinement of contents Is neceaary for public or employee pro­
tection. Examples would be uranium enrichment plants, or other facilities involving 
the handling or storage of significant quantities of radioactive or toxic materials. 

Facilities where confinement of contents and public and environment protection are 
of paramount importance (e.g ., facilities handling aubatantial quantities of in-process 
plutonium or fuel reprocessing facilities) . Facilities in this category repreeent hazards 
with potential long term and widespread effects. 

General Use and Important or Low Hazard categories correspond to facilities whose 

design or evaluation would normally be governed by conventional building codes. The General 

Use category includes normal use facilities for which no extra conservatism against natural 

phenomena hazards is required beyond that in conventional building codes that include 

~arthquake, wind, and flood considerations. Important or Low Hazard facilities are those 

where it is very important to mair.tain the capacity to function and to keep the facility operational 

in the event of natural phenomena hazards. Conventional building codes would treat hospitals, 

fire and police stations, and other emergency handling facilities in a similar manner to the 

requirements of these guidelines for Important or Low Hazard facilities. 

Moderate and High Hazard categories apply to facilities which deal with significant 

amounts of hazardous materials. Damage to these types of facilities could potentially endanger 

worker and public safety and the environment. As a result, It is very important tor these facilities 

to continue to function in the event of natural phenomena hazards, such that the hazardous 

materials may be controlled and confined. For both of these categories, there must be a very 
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small likelihood of damage due to natural phenomena hazards. Guideline requirements for 

Moderate Hazard facilities are more conservative than requirements found in conventional 

building codes. Requirements for High Hazard facilities are even more conservative. 

Factors· distinguishing Moderate an_d High Hazard facilities are that the operations 

. involving dangerous materiaJs 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 

cf High Hazard operations are those involving large quantities cf in-process radioactive or 

toxic materiaJs that have a high energy source or transport mechanisms that facilitate off-site 

dispersion cf these materiaJs. High energy sources, such as high pressure and temperature 

steam or water associated with the operations cf some facilities, can provide the means for 

widespread dispersion cf hazardous materiaJs. Radioactive material in liquid or powder form 

or toxic gases are more easily transportable and may result in the facility being classified High 

Hazard. Hazardous materiaJs in solid form or within storage canisters or casks may result in 

the same facility being classified Moderate Hazard. High Hazard facilities do not necessarily 

represent as great a hazard as commerciaJ nuclear power plants which must be licensed by 

the Nuclear Regulatory Commission (NRC). The design and evaJuation guidelines contained 

in this document are not intended to apply to facilities subject to NRC licensing requirements. 

Table 2-2 illustrates that categories defined in these guidelines are compatible with facility 

categorization from other sources . 

TABLE 2-2 

COMPARISON OF FACILITY-USE CATEGORIES FROM VARIOUS SOURCES 

Source Facility Categorization 

UCRL-15910 • DOE Natural General u .. Important or Low Moderate Hazard High Hazard 
Phenomena Hazard Guidelinee Hazard 

1988 Uniform Building Code General F aciliti• Essential Facilities 

000 Tri-5efvice Manual for SNmic High Risk Essential 
Design of Essential Buildings 

IAEA-TECDOC-348 • Nuclear Faciliti• ClasaC Class B Class A 

• 

with Limited Radioactive Inventory 

DOE 5481.18 SAR System Low Hazard Moderate Hazard High Hazard 

NFPA 13 (Clasaificatione tor Sprinkler ~ht Hazard Ordinary Hazard Ordinary Hazard Extra HazBid 
Systems) (Group 1) (Group 3) 

Nuclear Regulatory Commiuion * 
NRC licensed commercial nuclear power plants have slightly more conservative criteria than the criteria recommended 
for High Hazard faciliti• by thne guiclelin•. 
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2.2.2 Performance Goals 

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

TABLE 2-3 

PERFORMANCE GOALS FOR EACH FACILITY-USE CATEGORY 

Facility UN Performance Goal Performance Goal Annual 
Category Description Probability of Exceedance 

General Maintain Occupant Safety 1o-3 of the onMt of major atructural damage to the extent 
Use that occupants are endangered 

Important or Occupant Safety, Continued Operation Sx1o-4 of taclllty damage to the extent that the facility 
Low Hazard with Minimal Interruption cannot perform Its function . 

Moderate Occupant Safety, Continued Function, 1o-4 of tacllity damage to the extent that the facility 
Hazard Hazard Confinement cannot pertonn Its function 

High Occupant Safety, Continued Function, Very 10•5 of facility damage to the extent that the facility 
Hazard High Confidence of Hazard Confinement cannot perform Its function 

The design and evaluation guidelines for facilities subjected to natural phenomena hazards 

presented in this document 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. 

For General Use facilities, the primary concern is preventing major structural damage 

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

probability of exceedance of about 1 o-3 of the onset of significant facility damage is appropriate 

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

codes (References 10, 15, and 16), at least for earthquake and wind considerations. The 

.primary concern of conventional building codes is preventing major structural failure and 

maintaining life safety under major or severe earthquakes or winds. This primary concern for 

preventing structural failure does not consider repair or replacement of the facility or the ability 

of the facility to continue to function after the occurrence of the hazard. 

Important or Low Hazard Use facilities are of greater importance due to mission­

dependent considerations. In addition, these facilities may pose a greater danger to on-site 

personnel than general use facilities because of operations or materials within the facility. The 

performance goal is to maintain both capacity to function and occupant safety. Important or 

Low Hazard facilities should be allowed relatively minor structural damage in the event of 

natural phenomena hazards. This is damage that results in minimal interruption to facility 

operations and that can be easily and readily repaired following the event. A performance 

goal annual probability of exceedance of between 1 o-3 and 1 o-4 of structure/equipment 

damage, to the extent that the capacity of the facility is able to continue to function with minimal 
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interruption, is judged to be reasonable. This performance goal is believed to be consistent 

with the design criteria for essential facilities (e.g., hospitals, fire and pOlice stations, centers 

for emergency operations) in accordance with conventional building codes such as Reference 

10. 

Moderate or High Hazard Use facilities pose a potential hazard to the safety of the general 

public and of the environment due to the presence of radioactive or toxic materials within these 

facilities. Concerns about naturaJ phenomena hazards for these categories are facility damage 

to the extent that significant amounts of hazardous materials cannot be controlled and confined, 

occup~ are endangered, and functioning of the facility is interrupted. The performance 

goal for Moderate Hazard facilities is to limit damage such that confinement of hazardous 

materials is maintained. The performance goal for High Hazard facilities is to provide very 

high confidence that hazardous materials are confined during and following a natural phe­

nomena hazard occurrence. Maintaining confinement of hazardous materials requires that 

damage be limited. in confinement barriers. Structural members and components should not 

be damaged to the extent that breach of the confinement or containment envelope is significant. 

Furthermore, ventilation filtering and containers of hazardous materials within the facility should 

not be damaged 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 operationaJ following, and possibly during, the occurrence of severe earthquakes, 

winds, or floods. 

For High Hazard facilities, a performance goal of an annual probability of exceedance 

of about 1 o-5 of damage, to the extent that confinement functions are impaired, is judged to 

be reasonable. This performance goal approaches, at least for earthquake considerations, 

the performance goal for seismic induced core damage associated with design ot commercial 

nuclear power plants (References 17, 18, 19, and 20). For Moderate Hazard facilities, a per­

formance goal of an annual probability of exceedance of about 1 o-4 of damage, to the extent 

that confinement functions are impaired, is judged appropriate. 

2.3 EVALUATION OF EXISTING FACILITIES 

These guidelines for natural phenomena hazards can be used for design of new facilities . 

and evaluation, modification, or upgrade of existing facilities. In fact, these guidelines are 

primarily applicable to existing DOE facilities, since new design work may be infrequent. While 

new facilities can be designed in accordance with these guidelines, existing facilities may or 

may not meet the recommendations of these guidelines. For the earthquake hazard, most 
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facilities built a number of years ago in the eastern United States were designed without 
consideration of potential earthquake hazard. As a result, it is likely that some older DOE 

facilities do not meet the earthquake guidelines presented herein. 

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

guidelines, several options need to ~ considered as illustrated by the flow diagram in Figure 

2-1. 

IF GUIDELINES ARE MET, 
THE FACILITY IS 

ADEQUATE FOR NATURAL 
PHENOMENA HAZARDS 

IF SUFFICIENT, FACILITY 
IS ADEQUATE FOR NATURAL 

PHENOMENA HAZARDS 

IF SUCCESSFUL. FACIL ITY 
IS ADEQUATE FOR NATURAL 

PHENOMENA HAZARDS 

EVALUATE EXISTING 

FACILITY USING 
HAZARD GUIDELINES 

FIGURE2-1 

IF GUIDELINES ARE NOT 
MET . ALTERNATE OPTIONS 

MUST BE CONSIDERED 

UPGRADE EASY-TO-REMEDY 
DEFICIENCIES OR 

WEAKNESSES 

IF CLOSE TO MEETING 
GUIDELINES. REEVALUATE 

USING HAZARD PROBABILITY 
OF TWICE THE RECOMMENDED 

VALUE (NOT FOR FLOOD ) 

IF UNSUCCESSF"UL, CONDUCT 
MORE RIGOROUS EVALUATION 

REMOVING ADDED CONSERVATISM 
INTRODUCED BY INITIAL. 

EVALUATION METHODS 

IF UNSUCCESSFUL. 
STRENGTHEN FACILITY 
SUFFICIENTLY TO MEET 

THE GUIDELINES 

OR 

CHANGE THE USAGE OF 
THE FACILITY TO A 

CATEGORY WITH LESS 
STRINGENT REQUIREMENTS 

EXISTING FACILITY EVALUATION APPROACH 
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Potential options for existing facilities inciude: 

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

2. The facility may pe strengthened such that its resistance to hazard effects is 
sufficiently increased to meet the guidelines. · 

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

Deficiencies or weaknesses uncovered by facility evaluation that can be easily remedied should 

generally be upgraded without considering the other options listed above. It is often more 

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

studies. 

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

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

existing facility compared to incorporating increased resistance in a new design and also 

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

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

performing the evaluation using hazard exceedance probability of twice the recommended 

value. For example, if the hazard annuaJ probability of exceedance for the facility under 

consideration was 1 o-4, it would be acceptable to reconsider the facility at hazard annual 

probability of exceedance of 2x1 o-4. This would have the effect of slightly reducing the seismic 

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

the guidelines is not permitted for flood evaJuation since th~ performance of facilities during 

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

probability would result in a significant increase in water elevation. 

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

and as-is condition of the existing facility must be assessed. This assessment includes 

reviewing drawings and conducting site visits to determine deviations from the drawings and 

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

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

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

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

instead of several configurations in an iterative manner, as required in the design process. 
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Evaluations should be conducted in order of priority, with higl')est priority given to those areas 

identified as weak links by preliminary investigations arid to areas that are most important to 

personnel safety and operations with hazardous materials. 

2.4 QUALITY ASSURANCE AND PEER REVIEW 

To achieve well-designed and constructed facilities resistant to natural phenomena 

hazards or to assess whether existing facilities are well designed and constructed for natural 

phenomena hazard effects, it is recommended that important, hazardous (Important or Low 

Hazard, Moderate Hazard, and High Hazard categories) or unusual facilities be designed or 

evaluated utilizing an engineering quality assurance plan. Specific details about engineering 

quality assurance plans depend on the natural phenomena hazard considered. As a result, . 

such plans are described in some detail in each of the remaining chapters of this document. 

In general, an engineering quality assurance plan should include the following 

requirements. On the design drawings or evaluation calculations, the engineer must describe 

,. the hazard design basis including 1) description of the system resisting hazard effects and 2) 

definition of the hazard loading used for the design or evaluation. Design or evaluation cal-

-

culations should be checked for numerical accuracy and tor theory and assumptions. For 

new construction, the engineer should specify a material testing and construction inspection 

program. In addition, the engineer should review all testing and inspection reports as well as 

periodically visit the site to observe compliance with plans and specifications. For important 

or hazardous facilities, all aspects of the design or evaluation must include independent peer 

review. For various reasons, a designer may not be able to devote as much attention to natural 

phenomena hazard design as he or she might like. Therefore, it is required that the design 

be reviewed by a qualified, independent consultant or group. For existin·g facilities, the engineer 

conducting an evaluation for the effects of natural phenomena hazard~ will likely be qualified 

and will be able to devote his full attention to evaluating the adequacy of the facility to withstand 

these particular hazards. In this case, an independent review is not as important as it is tor a 

new design. Even so, for major hazardous facilities, it may be prudent to have concurrent 

independent evaluations performed or to have the evaluation independently reviewed. 

For more information concerning the implementation of a formal engineering quality 

assurance program and peer review, Chapters 1 o and 13 of Reference 21 should be consulted. 

This reference should also be consulted for information on a construction quality assurance 

program consistent with the implementation of the engineering quality 8S$Urance 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 which can be devastating to facilities 

include differential ground motion induced by fault displacement, liquefaction, and seismic­

induced slope instability and ground settlement. These latter earthquake effects must be 

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

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

slopes, or on saturated, poorly consolidated cohesionless 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 support moves 

with the ground or with the structural element on which it rests. If the structure or equipn:,ent 

is rigid, it follows the motion of its foundation, and the dynamic forces acting on it are nearly 

equal to those associated with the base accelerations. However, 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 which has significant energy 

content in the range of frequencies of many structures. Thus, for flexible structures, dynamic 

amplification is possible such that the motions of the structure may be significantly greater 

than the ground shaking motion. In order to survive these motion$, the structural elements 

must be sufficiently strong, as well as sufficiently ductile, to resist the seismic-induced forces 

and deformations. The effects of earthquake shaking on structures and equipment depend 

not only on the earthquake motion to which they are subjected, but also on the properties of 

the structure or equipment. Among the more important structural properties are the ability to 

absorb energy (due to damping or inelastic behavior), the natural periods of vibration, and 

the strength or resistance. 

Earthquake ground shaking generally has lateral, vertical , and rotational components. 

Structures are typically more vulnerable to the lateral component of seismic motion; therefore, 

a lateral force-resisting system must be developed for structures to survive strong earthquakes 

without collaps~ or major damage. Typical lateral force-resisting systems for buildings include 

moment-resisting frames, braced frames, shear walls; diaphragms, and foundations. Properly 

designed lateral force-resisting systems provide a continuous load path from the top of the 
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structure down to the foundation. Furthermore, it is recommended that redundant load paths 

exist. Proper design of lateral force-resisting systems must consider the relative rigidities of 

the elements taking the lateral load and their capacities to resist load. An example of lack of 

consideration for relative rigidity are frames with brittle unreinforced infill walls which are not 

capable of resisting the loads attracted by such rigid construction. In addition, unsymmetrical 

arrangement of lateral force-resisting elements can produce torsional response which, if not 

accounted for in design, can lead to damage. 

Earthquake ground shaking causes limited energy transient loading. Structures have 

energy absorption capacity through material damping and hysteretic behavior during inelastic 

response. The capability of structures to respond to earthquake shaking beyond the elastic 

limit without major damage is strongly dependent on structural design details. For example, 

to develop ductile behavior of inelastic elements, it is necessary to prevent premature abrupt 

failure of connections. For reinforced concrete members, design is based on ductile steel 

reinforcement in which steel ratios are limited such that reinforcing steel yields before concrete 

crushes, abrupt bond or shear failure is prevented, and compression reinforcement includes 

adequate ties to prevent buckling or spalling. With proper design details, structures can be 

designed to undergo different amounts of inelastic behavior during an earthquake. For 

example, if the goal is to prevent collapse, structures may be permitted to undergo large 

inelastic deformations; damage to the extent that the structure would have to be repaired or 

replaced may occur. If the goal is to allow only minor da~age such that there is minimal or 

no interruption to the functioning of the structure, relatively small inelastic deformations should 

be permitted. For new facilities, it is assumed that by proper detailing, permissible levels of 

inelastic deformation can be reached at the specified force levels without unacceptable 

damage. In the case of existing facilities, the amount of inelastic behavior that can be allowed 

without unacceptable damage must be estimated from the as-built condition of the structure. 

Earthquake ground shaking also affects building contents and nonstructural features 

such as windows, facades, and hanging lights. It is not uncommon for the structure to survive 

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

dangerous internal damage. This damage could be caused by overturned equipment or 

shelves, fallen lights or ceilings, broken glass, and failed infill walls. Glass and architectural 

finishes may be brittle relative to the main structure and can fail well before structural damage 

occurs. Windows and cladding must be carefully attached in order to accommodate the 

seismic movement of the structure without damage. Building contents can usually be protected 

against earthquake damage by anchorage to the floor, walls, or ceiling. 
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Facilities in which radioactive materials are handled are typically designed with redundani 

confinement barriers between the hazarqous material and the environment. Such barriers 

inciude: 

1. The building shell 

2. Ventilation system filtering and negative pressurization inhibiting outward air flow. 

3. Storage canisters or glove boxes for storage or handling within the building. 

Release of radioactive material to the environment requires failure of two or more of these 

barriers. Thus, seismic design considerations for these facilities aim to prevent collapse and 

control cracks or openings (i.e., failed doors, failed infill walls, etc.) such that the building can 

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

indude adequate anchorage and bracing of glove boxes and adequate anchorage of venti­

lation ducting, filters, and pumps to prevent their damage and loss of function during an 

earthquake. Storage canisters are usually very rugged and are not particularly vulnerable to 

earthquake damage; 

Earthquake damage to components of a facility such as tanks, equipment, instrumene 

tation, and piping can also cause injuries, loss of function, or loss of confinement. Many of 

these items can survive strong earthquake ground shaking with adequate anchorage. Some 

items, such as large vertical tanks, must be examined in more detail to assure that there is an 

adequate lateral force-resisting system for seismic loads. For components mounted within a 

structure, there are three additional considerations for earthquake shaking. First, the input 

excitation for structure-supported components is the response motion of the structure {which 

can be amplified from the ground motion) and not the earthquake ground motion. Second, 

potential dynamic coupling between the component and the structure must be taken into 

account if the component is massive enough to affect the seismic response of the structure. 

Third, large differential seismic motions may be induced on components which are supported 

at multiple locations on a structure or on adjacent structures. 
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3.2 EFFECTS OF WINO 

In this document, three types of winds are discussed: extreme (straight), hurricane, and 

tornado winds. Extreme winds refer to non-rotating winds such as those found in thunderstorm 

gust fronts. Wind circulating around high or low pressure systems are rotational in a global 

sense, but are considered "straight'' winds in the C?"ttext used herein. Tornadoes and hurri­

canes both have rotating winds. The diameter of rotating winds in a small hurricane is con­

siderably larger than the diameter of a large tornado. However, most tornado diameters are 

relatively large compared to the dimensions of typical buildings. It is estimated that the diameter 

of 80 percent of all tornadoes is greater than 300 feet. 

Wind pressures produced by extreme winds are studied in boundary layer wind tunnels. 

The results generally are considered reliabl~ because they have been verified by selected full 

scale measurements. Investigations of damage produced by extreme winds tend to support 

the wind tunnel findings. Although the rotating nature of hurricane and tornado winds cannot 

easily be duplicated in the wind tu~nel, damage investigations suggest that pressures pro­

duced on enclosed buildings and other structures are similar to those produced by extreme 

winds, if the relative direction of the rotating wind is taken into account. The appearance of 

damage to buildings and other structures produced by extreme, hurricane and tornado winds 

is so similar that it 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 structures proposed in this document is considered independent of the 

type of windstorm. The recommended procedure is essentially the same for straight, hurricane, 

and tornado winds: 

3.2. 1 Wind Pressures 

Wind pressures on buildings can be classified as external and internal. .External pres-

sures develop as air flows over and around enclosed buildings. The air particles change 

speed and direction, which produces a variation of pressure on the external surfaces of the 

building. At sharp edges, the air particles separate from contact with the building surface with 

an attendant energy loss. These particles produce large outward acting pressures near the 

location where the separation takes place. To account for the large pressures near separations 

and the more uniform pressure over the rest of the surface, external pressures may be treated 

as local pressures and overall pressures. External pressures act outward on all surfaces of 

an enclosed building except on windward walls and on steep windward roofs. Overall external 
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pressures include pressures on windward walls, leeward walls, side walls, and roof. Local 

pressures occur at wall corners, eaves, ~dges, and roof corners. They act outward· over a 

limited area. 

Internal pressures develop when air flows into or out of an enclosed building through 

broken windows, open doors, or fresh air intakes. Natural porosity of the building also allows 

air to flow into or out of the building in some cases. The internal pressure can be either inward 

or outward depending on the location of the openings. If air flows into the building through 

an opening in the windward wall, a •ballooning" effect takes place: pressure inside the building 

increases relative to the outside pressure. The pressure change produces additional net 

outward-acting pressures on au 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 all interior surfaces. Internal pressures combine with external pressures acting on a buil­

ding's surface. 

On structures other than buildings - such as towers, tanks, or chimneys - interest focuses 

on the net force acting to overturn or slide the structure, rather than the wind pressure distri~ 

bution. The magnitude of these forces is determined by wind tunnel or full-scale tests. Also, 

in special instances, particularly associated with aerodynamically sensitive structures, it may 

be necessary to consider vortex shedding or flutter as a design requirement. Typical sensitive 

structures are: chimneys, stacks, poles, cooling towers, cable-stayed or supported bridges, 

and relatively light structures with large smooth surfaces. 

Gusts of wind produce dynamic pressures on structures. Gust effects depend on the 

gust size relative to building size and gust frequency relative to the natural frequency of the 

building. Except for tall, slender structures (designated wind-sensitive structures), the gust 

frequencies and the structure frequencies of vibration are sufficiently different that resonance 

effects are small, but they are not negligible. The size (spatial extent) of a gust relative to the 

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

the magnitude of the dynamic pressure. A large gust that engulfs an entire structure has a 

greater dynamic effect on the main wind force resisting system than a small gust whose extent 

only partially covers the building. On the other' hand, a small gust may engulf the entire tributary 

area of components such as a purtin, 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 
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the magnitude of wind pressures. Extreme wind, hurricane, and tornado gusts are not exactly 

the same. However, errors owing to the difference in gust characteristics are believed to be 

relatively small for those structures that are not wind sensitive. 

The roughness of terrain surrounding a 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 top of the boundary layer, where 

the wind speed remains constant with height. 

3.2.2 Additional Adverse Effects of Tornadoes 

In addition to wind pressures produced by tornadoes, low atmospheric pressure and 

debris transported by the tornado winds (tornado-generated missiles) pose additional potential 

damage. 

Atmospheric pressure change (APC) affects only sealed buildings. Natural porosity, 

openings, or breach of the building envelope permits the inside and outside pressures of an 

unsealed building to equalize. Openings of one sq ft per 1000 cu ft volume are sufficiently 

large to permit equalization of inside and outside pressure as a tornado passes over a building. 

Buildings or other enclosures that are specifically sealed, e.g., a hot cell, will experience the 

net pressure difference caused by APC. When APC is present, it acts outward and combines 

with external wind pressures. The magnitude of APC is a function of the tangential wind speed 

of the tornado. However, the maximum tornado wind speed and the maximum APC pressure 

do not occur at the same place. The lowest APC occurs at the center of the tornado vortex, 

whereas the maximum wind pressure occurs at the radius of maximum winds, which ranges 

from 150-500 feet from the tornado center. The APC pressure is approximately one-half its 

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 HV AC systems. 

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

gravel, pieces of sheet metal, timber planks, pipes, and other 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-diameter pipes, steel wide-flange beams, 
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and utility poles might be transported by very intense tornado winds. These latter missiles are 

so rare that practicality precludes concern for their potential damage except for high hazard 

facilities comparable to commercial nuclear power plants. 

Missiles that should be considered in the design and evaluation of DOE facilities include 

a 15-lb, 2x4-in. timber plank; a 75-tb, 3-in. -diameter steel pipe; and a 3000-lb automobile. The 

2x4-in. timber missile is typical of debris found in the destruction of office trailers, storage 

sheds, residences, or other light timber structures. Hundreds of these missiles can be gen­

erated in the destruction of a residential neighborhood. The 3-in.-diameter steel pipe repre­

sents a class of debris that inciudes electrical conduit, liquid and gas piping, fence postS, and 

light columns. This missile is less frequently available for transport than the 2x4 timber. Tornado 

winds can roll or tumble a 3000 lb automobile, pickup trucks, small vans, forklifts, and storage 

tanks of comparable size and weight. 

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

construction is required to stop each missile. The 2x4-in. timber missile is capable of breaking 

glass and · perforating curtain walls or unreinforced masonry walls. Reinforced concrete or 

masonry walls are required to stop the pipe missile. 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 is enclosed by walls and roof that make up the building envelope. Wind 

pressures develop on the surfaces of the building envelope and produce loads on the structural 

system, which in tum transmits the loads to the foundation. The structural system also must 

support dead and live loads. 

Individual elements that make up the two-dimensional subsystems include girders, 

beams, columns, purlins, girts, piers, and footings. Failure of the elements themselves is 

relatively rare. Element connections are the more common source of failure. _A properly 

conceived wind-force resisting system should not fail as a result of the failure of a single element 
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or element connection. A multiple degree· of redundancy should be provided which allows 

redistribution of load in a ductile system when one element of the system is overloaded. 

Tw~dimensional subsystems transmit wind loads from their points of application to the 

foundation. Typical subsystems include braced frames, rigid frames, shear walls, horizontal 

floor and roof diaphragms, and bearing walls. The subsystem must have sufficient strength 

and stiffness to resist the applied loads without excessive deflection or collapse. The three­

dimensional wind-load resisting system is made up of two or more subsystems to form an 

overall system that is capable of transmitting all applied loads through various load paths to 

the foundation. 

The main wind-force resisting system must be able to resist the wind loads without 

collapse or excessive deformation. The system must have sufficient ductility to permit relatively 

large deformations without sudden or catastrophic collapse. Ductility 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 pr~ngineered 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 and those which rely on unreinforced load-bearing masonry walls suffer 

from weak anchorages and a lack of ductility, respectively. These systems, likewise, can 

experience sudden collapse. under high wind loads. Reinforced masonry walls have inherent 

strength and ductility of the same order as reinforced concrete walls. Weak anchorages of 

roof to walls sometimes lead to roof uplift and subsequent collapse of the walls. 

3.2.4 Effects on Cladding 

Cladding forms the surface of the building envelope. Cladding on walls includes window 

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

and in-fill walls. Roof cladding includes wood and metal deck, gypsum planks, poured gypsum, 

and concrete slabs. Roofing material, such as built-up roots or single-ply membrane systems, 

are also a part of the roof cladding. 
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Cladding failure results in a breach of the building envelope. A breach can ·develop 

because of failure of the ciadding itself ( excessive yielding or fracture), inadequate connections 

or anchorages, or perforation by missiles. Sometimes ciadding provides lateral support to 

purlins, girts, and columns. If the ciadding or its anchorage fails, this lateral support is lost, 

leaving the elements with a reduced load-carrying capacity. 

Most cladding failures result from failure of fasteners or the material in the vicinity cf the 

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

eaves, ridges, and roof comers. 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 ctadding failure allows air to flow into or 

out of the building, depending on where the breach occurs. The resulting internal pressures 

add to other external wind pressures, producing a worse loading case. Water: damage is also 

a possibility, because most severe storms are accompanied by heavy rainfall. 

If the_ building envelope is breached on two sides of the building, e.g., the windward and 

leeward walls, a channel of air can flow through the building from one opening to the other. 

The speed of the flowing air is related to the wind speed outside the building. A high-speed 

air ffow (greater than 40 mph) could collapse interior partitions, pick up small pieces of 

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

3.3.1 Causes and Sources of Flooding and Flood Hazards 

There are a number of phenomena that can cause flooding in the vicinity of a site. For 

each cause or source of flooding, a facility may be exposed to one or a number of flOQd 

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, hydrostatic 

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

coastal storm surge) and the hazard (e.g., submergence, wave forces), the consequences 

can be very different. 

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

hazards they pose. 

TABLE 3-1 

CAUSES OF FLOODING 

Source/Cause Hazard 

River flooding Inundation, dynamic forces, wave action, Mdimentation, ice load& 
• precipitation 
• snow melt 
• debris jama 
• ice jams 

Dam failure Inundation, eroeion, dynamic load&, Mdimentation 
• earthquake 
• flood 
- landslide 
• static failure (e.g., internal eroaion, failure of ouUet 
works) 

Levee or dike failure Inundation, eroeion, dynamic loads, Ndimentation 
- earthquake 
• flood 
• static failure (e.g.,intemal erosion, subsidence) 

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

Taunami Inundation, dynamic load& 
• earthquake 

Seiche Inundation, dynamic loads 
• earthquake 
-wind 

Storm surge, usually accompanied by wave action Inundation, dynamic loads 
• hurricane 
• tropical storm 
• aquall line 

Wave action Inundation, dynamic loada 

Debris . Dynamic loada 

From the table, one notes that many of the causes or sources of flooding may be interrelated. 

For example, flooding on a river can occur due to dam or levee failure or precipitation. 
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Depending on the type of flooding and locai conditions, the particular hazard posed by 

a flood can vary. For example, extreme flooding on a river may simply inundat3 a site. H.owever, . 

in a different situation, channel conditions may be such that prior to the site being inundated, 

high flows could lead to embankment erosion and structural damage to levees or dikes. 

Similarly, at coastaJ sites, storm surge and/or wave action can pose different hazards to a site. 

In most cases, flood hazards are characterized in terms of the depth at flooding that 

occurs on site. This is reasonable since the depth at inundation is probably the single most 

relevant measure at flood severity. However, the type of damage that is caused by flooding 

depends very much on the nature of the hazard. For example, it is not uncommon that coastal 

sites can suffer significant damage due to wave action alone, even if the site is not completely 

inundated by a storm surge. Similarly, high-velocity flood waters on a river can add substantially 

to the threat at possible loss of life and the extent at structural damage. In many cases, the 

other hazards - such as wave action, sedimentation, and debris flow - can compound the 

damage caused by inundation. 

3.3.2 Flooding Damage 

In many ways, flood hazards differ significantly from other natural phenomena consid0 

erect in this document. As an example, it is often relatively easy to eliminate flood hazards as 

a potentiaJ contributor to the chance of damage at a hazardous facility by strict siting 

requirements. Similarly, the opportunity to effectively utilize warning systems and emergency 

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

than it is for seismic or extreme winds and tornadoes. 

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

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

Depending on the dynamic intensity at on-site flooding, severe structural damage and com­

plete destruction at buildings can result. In many cases, structural failure may be less of a 

concern than the damaging effects at inundation on building contents and the possible 

transport at hazardous or radioactive materials. 

For hazardous facilities that are not hardened against possible on-site and in-building 

flooding, simply inundating the site can result in a loss of function of equipment required to 

maintain safety and in a breach of areas that contain valuable or hazardous materials. 
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Structural damage to buildings depends on a number of factors related to the intensity 

of the flood hazard and the local hydraulics of the site. Severe structural damage and collapse 

generally occur as a result of a combination of hazards such as flood stage level, flow velocity, 

debris or sediment transport, wave forces, and impact loads. Flood stage is quite obviously 

the single most important characteristic of the hazard {flood stages below grade generally do 

not result in severe damage). 

In general, the consequences of on-site flooding dramatically increase because flooding 

varies from submergence to rapidly moving water loaded with debris. Submergence results 

in water damage to' a building and its contents, loss of operation of electrical components, 

· and possible structural damage resulting from extreme hydrostatic loads. Roof collapse can 

occur when drains become clogged or are inadequate, and when parapet walls allow water, 

snow, or ice to collect. Also, exterior walls of reinforced concrete or masonry buildings (above 

and below grade) can crack and possibly fail under hydrostatic conditions. 

Dynamic flood hazards can cause excessive damage to buildings not properly designed 

to withstand dynamic forces. Where wave action is likely, erosion of shorelines or river banks 

can occur. Structures located near the shore are subject to continuous dynamic forces that 

can break up a reinforced concrete structure and at the same time undermine the foundation. 

Buildings with light steel frames and metal siding, wooden structures, and unreinforced 

. ····' 

masonry are susceptible to severe damage and even collapse 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 that various flood hazards can cause occur to 

buildings and flood protection devices. 

TABLE 3-2 

FLOOD DAMAGE SUMMARY 

Hazard 

Submergence 

Hydrostatic Loads 

Dynamic Loads 

Water damage to building contents; loe8 of elec:tric: pcwNr and 

component function; Nttlementa of dlk•. 19vees; levee overtopping 

Can cauee cracking in walls and foundation damage; ponding on 

roofs can cauee collapN; i.v .. and dik• can fail due to hydro­

static preuure and leakage 

Eroaion of embankments and undermining of eeawalls, high 

dynamic loeda can cauee NVere atructural damage, erosion of 

levees 
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The transport of h8:Z8fdous or radioactive material represents a major consequence or 
on-site flooding if containment buildings or vaults are breached. Depend:ng on the form and 

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

enter the ground water or are deposited in populated areas. 
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4 EARTHQUAKE DESIGN AND EVALUATION GUIDELINES 

4.1 INTRODUCTION 

This chapter and Appendix A describe the philosophy and procedures for the design or 

evaluation of facilities for earthquake ground shaking. Much of this material deals with how 

seismic hazard curves such as those given in Reference 1 may be utilized to establish Design 

Basis Earthquake (DBE per Reference 9) loads on the facility; how to evaluate the response 

of the facility to these loads; and how to determine whether that response is acceptable with 

respect to the performance goals described in Chapter 2. In addition to facility evaluation for 

seismic loading, this chapter covers the importance of design details and quality control to 

earthquake safety of facilities. These earthquake design and evaluation guidelines are equally 

applicable to buildings and to items contained within the building, such as equipment and 

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

facilities. 

Design of facilities to withstand earthquake ground motion without significant damage 

or loss of function depends on the following considerations: 

1. 

2. 

3. 

4. 

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. 

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

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

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

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

loads (i.e., Item 1 above) are the primary subjects of this chapter. They are discussed in 

Section 4.2, Appendix A, and Section 4.4. In addition, Reference 22 addresses these subjects. 

Items 2, 3, and 4 assure good seismic design of facilities and they are described in Section 

4.3; References 23 and 24 may be consulted for additional guidance on these items. Section 

4.2 presents specific seismic design and analysis guidelines recommended for DOE facilities. 

Section 4.3 describes good earthquake design detailing practice and recommended quality 
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assurance procedures. Section 4.4 discusses important seismic design and evaluation 

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

of equipment and piping and existing facilities. Appendix A provides commentary which 

describes the basis tor the guidelines presented in Section 4.2. 

4.2 SEESMIC GUIDELINES FOR EACH FACILllY-USE CATEGORY 

4.2.1 General 

This section presents the specific procedures tor seismic design and evaluation of 

facilities in each facility-use category. Seismic design and evaluation procedures include the 

following steps: 

1. Selection of earthquake response spectra. 

2. Evaluation of earthquake response. 

3. Estimation of seismic capacity. 

4. Assurance of proper details and quality construction. 

For each facility-use category, a recommended exceedance probability for the earth­

quake hazard level is specified from which the peak ground acceleration may be determined 

from the hazard curves in Reference 1 or from other site-specific studies. Utilizing this peak 

ground acceleration, a deterministic approach is outlined by which both the demand placed 

on a facility and the capacity of that facility may be evaluated. From these data, new facilities 

may be designed such that the demand-capacity ratios are acceptable or the adequacy of an · 

existing facility subjected to the specified earthquake motion can be evaluated. 

The procedures presented herein are intended to meet the performance goals for 

structuial oehavior of facilities as defined in Chapter 2. This is accomplished by specifying 

hazard probabilities of exceedance along with seismic behavior evaluation procedures in which 

the level of conservatism introduced is controlled such that desired performance can be 

achieved. The guidelines generally follow the 1988 UBC provisions (Reference 10) for General 

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

buildings (Reference 11) for Moderate or High Hazard facilities. Minimum seismic design 

requirements for Moderate and High Hazard facilities are also based on the 1988 USC pro­

visions. Table 4-1 summarizes recommended earthquake design and evaluation guidelines 

tor each facility-use category. Specific procedures are described in detail in Sections 4.2.2 

and 4.2.3. The basis for these procedures is described in Appendix A. 
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TABLE 4-1 
SUMMARY OF EARTHQUAKE EVALUATfON GUIDELINES 

FACIUTY-USE CATEGORY 

General u.. Important or Moderate High 
Low Hazard Hazard Hazard 

HAZARD EXCEEOANCE 2x1o-3 1x1o-3 1x10-3 2x10-4 
PROBABILITY 

RESPONSE . Median Amplification 
SPECTRA (no conservative bias) 

DAMPING 9t Post Yield 
(Table 4-4) 

ACCEPTABLE Static or Dynamic Dynamic Anafysi• • 
ANALYSIS Force Method Normalized 

APPROACHES to Code Level Bae Shear 

IMPORTANCE 1=1.0 1=1.25 Not Used• 
FACTOR 

LOAD 
FACTORS 

Code Specified Load Factors Appropriate 
for Structural Material 

Load Factors of Unity 

INELASTIC Accounted for by Aw Fu from Table 4-2 
DEMAND• in Code Bue Shear Applied to Dead Load 
CAPACITY Equation (Ref. 10 Plus Live Load 

RATIOS and Table 4-2) Plus Earthquake 

MATERIAL Minimum Specified or Known In-situ Values 
STRENGTH . 

STRUCl\JRAL CAPACITY Code Ultimate or Yield Level 

* 

Allowable Levef 

PEER REVIEW, - Required 
QA, SPECIAL 
INSPECTION 

Minimum seismic requirements in th ... categori• include static anafysis per UBC provisions with I = 2.0 and 
Z from hazard exceedance probability for category considered . 

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

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

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

Reference 1 0, the 1988 edition of the Unifomr Building Code is followed for these facility-use 

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

section. All 1988 USC provisions are to be followed for General Use and Important or 

Low Hazard facilities (with modifications as described below), regardless of whether 

they are discussed herein. 

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

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

V = ZICW/Rw ( 4-1) 
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where: Z = a seismic zone factor equivalent to peak ground acceleration, 
I ~ a factor accounting tor the importance 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. 1 O values are shown in Table 4-2). 

For General tJse and Important or Low Hazard DOE facilities, it is recommended that 

the 1988 USC provisions be followed, with the exception that Z be evaluated from the hazard 

curves in Reference 1, and C is the amplification factor from 5% damped median response 

spectra. It is recommended that both new and existing facilities ( also refer to Section 4. 4. 5 for 

existing facilities) be evaluated for their adequacy to withstand earthquakes by the following 

procedure: 

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

2. Evaluate element forces, F(EQ) , throughout the facility tor earthquake loads. 

L Static force method for regular facililiN or dynamic force method for irregular facilities as described in 
the 1988 UBC provisions. 

b. In either case, the total ba8e shear is giv.n by Equation 4-1 where the parameters are .valuated as 
follows: 

1) Z is the peak ground acceleration from the hazard curves (Table 4-3) at the following exceedance 
probabilities: 

General Uae • 2>c10-3 
Important or Low Hazard - 1x10·3 

2) C is the spectral amplification at the fundamental period of the facility from the 5 percent damped 
median responae spectra for the facility . Note that tor fundamental periods lower than the period 
at which the maximum spectral acceleration occurs, ZC should be taken as the maximum spec• 
tral acceleration as illustrated in Figur9 4-1 . 

Amplification factors from median apectra may be dalennined by: 
a) site-specific geotechnical studiN 
b) References 1, 25, 26, or 'i!T 

3) tr ZC is leas than the 1988 UBC prOlli8ione (Reference 10) : 

a) Earthquake loads should be baaed on the larger of ZC detennined from Items 1 and 2 above 
or from the 1988 UBC proviaions unleu ZC is buecl upon a alte-speclfic peotechnical study. 

b) tr ZC is based upon a alte-speeific geotechnical atudy, any significant differences with UBC 
will be justified and resolved. Final Mrthquake loads are subject to approval by DOE/CSA. 

4) Importance factor. I, should be taken as: 
General Use • I = 1.0 
Important or Low Hazard • I = 1.25 

5) Reduction factors, Rw, are from Table No. 23-0 of R.terence 10 as reproduced in Table 4-2. 

3. Combine responses from various loadings to evaluate demand, 0 , by: 
D = LF [F(DL) + F~ + F(EQ)J or O • 0.9 F(DL) sLF F(EQ) 

when strength design is uaed (LF is the load factor which wou6d be 1.4 in the caee of concme) . 
or 

0 = 0.75 [F(DL) + F(~ + F(EQ)] 
when allowable stress design·il ueed (the 0.75 tac:tor corrNpOnda to the OM-third incrNM in allowable 
at, ... permitted for aeismic loada) . 



4. 

s. 

8. 

7. 

8. 

-

Evaluate capacitlM of the elements of the facility, CAP, from code ultimate valuN when strength design ia 
UMd (e.g., UBC Sec. 2609 & 2625 for reinforc:ed concrwt•) or from allowable str ... levela wh., allowable 
atreee deaign le UNd (e.g., USC Sec. 2702 for atNI). Minimum apecifled or known in-aitu values for mat• 
rt. atrengtt,e ahould be UMd for capacity Ntlmatlon. 

Compare demand, 0, with capacity, CAP, for all structural elements. If O ia 1 ... than or equal to CAP, the 
facility utiafiee the seiamic lateral force requirementa. If O ia greater than CAP, the facility ha inadequate 
lateral force reeiatance. 

Evaluate atory drib O.e., the dilplacement of one level of the structure relative to the level above or below 
due to the deaign lateral foreea), Including both translation and torsion. Per Reter-,ee 10, calculated story 
drifts ahould not aeeed 0.04/Rw tlmN the ato,y height nor 0.005 tlm• the story height for buildings less 
than 85 feet in height. For tailer buildinga, the calculated atory drift should not exceed 0.03/Rw nor 0.004 
tlmee the atory height Note thal theM atory drib .,. ca6culated from seiamic loada reduced by Rw in 
accordance with Equation 4-1 . TheN drift llmita may be exceeded when it ia demonstrated that greater 
drift can be tolerated by both atructural ayateme and nonatructural elements. 

Elements of the facility should be c:heclced to MaUr9 tha all detailing requirements of the 1988 UBC 
provieiona are mat. UBC Seiemic Zone No. 2 p,ovieic:Nie should be m9t when Z is between 0.12 and 0.24g. 
UBC S.-mic Zone No&. 3 & 4 pn,viaioM should be followed when Z i• 0.25g or more. Special seismic 
provielons in the UBC need not be followed If Z Is 0.11g or 1 .... 

p.., ~ of engineering draw'n-iga and calculations, apecial inspection and testing of new construction 
or alatlng facllltlN. and other quality asuranee meaur• diacuued in Section 4.3 should be implem-
ented for Important or Low Hazard facilltles. 

1.25..---------------------~ 

C: 
.2 
~ 0.75 ., 
-; 
u 

:J. 

~ 
V ., 
a. 

(J) 

0 .5 

0.25 

0 
0 0.5 

F'or Building Response Evaluation . the 
Maximum Spectral Ac celera tion is Use · 
for Low Period Region for: 

A) ZC per Section 4.2.2 
B) F'undomentol Mode Spec tral 

Ac celeration per Sec tion 4.2 . .3 

Actual Spec trum in Low Period Region 

1.5 

Period (seconds ) 

2 2.5 .3 

Note: For seismic evaluation of nonstructural components , 
equipment. piping. etc . by dynamic analysis . the ac tual 
spectrum should be used. The ac tual spec trum shou ld 
also be used as the basis for develop ing fl oor spec tr a . 

FIGURE 4-1 

EXAMPLE DESIGN/EVALUATION EARTHQUAKE 

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

Structural System GU&I 
(terminology ia identical to Ref. 10) or LH 

Rw 
MOMENi RESISTING FRAME SYSTEMS 

Columna • 
Beams 

Steel Special Moment Resisting Space Frame (SMRSF) 12 
Concrete SMRSF 12 
Concrete Intermediate Moment Frame (IMRSF) 7 
Steel Ordinary Moment Resisting Space Frame 6 
Concrete Ordinary Moment Resisting Space Frame 5 

SHEARWAU.S 
Concrete Walls 8 (6) 
Masonry Walla 8 (6) 
Plywood Walls 9 (8) 
Dual System, Concrwte with SMRSF 12 
Dual System, Concrete with Concrwte IMRSF 9 
Dual System, Masonry with SMRSF 8 
Dual System, Masonry with Concrete IMRSF 7 

STEEL ECCENTRIC BRACED FRAMES (EBF) 
Columns • 
Beams and Diagonal Braces 10 
Beams and Diagonal Braces. Dual System with Steel SMRSF 12 

CONCENTRIC BRACED FRAMES 
Steel Beams 8 (6) 
Steel Diagonal Braces 8 (6) 
Steel Columns 8 (6) 
Connections of Steel Members 8 (6) 
Concrete Beams 8 (4) 
Concrete Diagonal Braces 8 (4) 
Concrete Columns 8 (4) 
Connections of Concrete Members 8 (4) 
WoodTruues 8 (4) 
Wood Columns 8 (4) 
Connections in Wood (other than nails) 
Beams and Diagonal Braces, Dual Systems 

8 (4) 

Steel with Steel SMRSF 10 
Concrete with Concrete SMRSF 9 
Concrete with Concrete IMSRF 6 

Category 

MH HH 

Fu 

1.5 1.25 

3.0 2.5 
2 .75 2.25 
1.5 1.25 
1.5 1.25 
1. 1 , 

1.7 (1.4) 1.4 (1.15) 
1.5 (1.3) 1.25(1.1) 
2.0 (1.7) 1.5 (1.4) 

2.5 2.0 
2.0 1.5 
1.5 1.25 
1.4 1:15 

1.5 1.25 
2.75 2.25. 
3.0 2.5 

2.0 (1 .7) 1.5 (1.4) 
1.7 (1.5) 1.4 (1 .25) 
1.7 (1.5) 1.4 (1.25) 

1.4 (1.25) 1.15 (1.05) 
1.7 (1.3) 1.4 (1.1) 
1.5 (1.2) 1.25 (1) 
1.5 (1.2) 1.25 (1) 

1.25 (1.1) 1.05 (1) 
1.7 (1.3) 1.4 (1 .1) 
1.5 (1.2) 1.25 (1) 
1.5 (1.2) 1.25 (1) 

2.5 2.0 
2.0 1.5 
1.4 1.15 

Note: Values herein assume good seismic detailing practice per Section 4.3 and reasonably uniform inelastic behavior. 
Otherwise, lower values should be UNd. Moment reeilting frame detailing per Reference 10. 

Values in parentheMs apply to bearing wall eyaema or ey9t9fflS ln which bracing c:arriN gravity loads 

Rw values for columns are the ume as for beams and bracel for moment frames and for eccentric braced frames 

Fu tor chevron, vee, and K bracing is 1. 15 tor Moderate Hazard facilities and 1 for High Hazard taclllties. K bracing 
ia not permitted in buildings of more than1Wo stories tor Z of 0.25g or more. K brecing requir• special consideration 
tor any building if Z is 0.25g or more. 

For columns subjected to combined axial compraaaion and bending, Interaction formulas from Figures 4-2 and 4-3 
of Reference 1 1 ahould be UNd for Moderate and High Hazard fllcllltiN. 

For Moderate and High Hazard facilities, It ia penniNlble to UN the Fu value which applies to the- OYerall structural 
aystem for atructural elements not mentioned on the above table. For example, to evaluate diaphragm elements, 
footings, pile foundetions, etc., Fu of 3.0 may be UNd for a Moderate Hazard steel SMRSF. In the case of a Moderate 
Hazard ateef concentric braced frame, Fu of 1.7 may be UNd. 
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TABLE 4-3 
MAXIMUM HORIZONTAL GROUND SURFACE ACCELERATIONS AT DOE SITES 

(Reference 1) · 
HAZARD ANNUAL PROBABIUlY 

OF EXCEEDANCE 

DOE SITE 2x1o-3 1x10·3 

BENDIX PLANT .08 .10 

LOS ALAMOS SCIENTIFIC LABORATORY .18 .22 

MOUND LABORATORY .12 .15 

PANTEX PLANT .08 .10 

ROCKY FLATS PLANTS•• .13 .15 

SANDIA NATIONAL LABORATORIES, ALBUQUERQUE .17 .22 

SANDIA NATIONAL LABORATORIES, LNERMORE. CA .41 .48 

PINEUAS PLANT, FLORIDA .04 .05 

ARGONNE NATIONAL LABORATORY-EAST .09 .12 

ARGONNE NATIONAL LABORATORY-WEST .12 .14 

BROOKHAVEN NATIONAL LABORATORY .12 .15 

PRINCETON NATIONAL LABORATORY .13 .16 

IDAHO NATIONAL ENGINEERING LABORATORY .12 .14 

FEED MATERIALS PRODUCTION CENTER .10 .13 

OAK RIDGE NATIONAL LABORATORY, X-10, K-25, and Y-12 .15 .19 

PADUCAH GASEOUS DIFFUSION PLANT .33 .45 

PORTSMOUTH GASEOUS DIFFUSION PLANT .08 .11 

NEVADA TEST SITE .21 .27 

HANFORDPROJECTSITE .09 .12 

LAWRENCE BERKELEY LABORATORY .55 .64 

LAWRENCE LNERMORE NATIONAL LABORATORY (LI.NL) .41 .48 

LLNL SITE 300-854 .32 .38 

LLNL SITE 300-834 & 836 .28 .34 

ENERGY TECHNOLOGY ANO ENGINEERING CENTER .53 .59 

STANFORD LINEAR ACCELERATOR CENTER .45 .59 

SAVANNAH RIVER PLANT .08 .11 

• 
•• 

Value not available from Reference 1 and muat be determined for High Hazard facilitiee at these sitee . 

Bedrock slopes at Rocky Flats. Thia value ie surface accelendlon at an average soil depth at this site. 

2x10-4 

.17 

.38 

.23 

.17 

.21 

.38 

.68 

.09 

.21 

.21 

.25 

.27 

.21 

.20 

.32 

• 
.17 

.46 

.17 

• 
.68 

.56 

.51 

• 
• 

.19 

Note: Valu• given in thi• table are larg81t pule instrumental accel«ationa. Maximum vertical acceleration may be assumed 
to be 213 ot the mNn pule horizontal acceleration (SN Section 4.4. 1 for a discussion of earthquake components and 
mean peak horizontal acceleration). 
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4.2.3 Evaluation of .Moderate & High Hazard Facility Seismic Behavior 

Moderate and High Hazard facilities should initially be analyzed by the 1988 USC static 

force method (as described in Section 4.2.2) utilizing an importance factor, I, of 2.0 and peak 

ground accelerations, Z, corresponding to hazard exceedance probabilities of 1 x1 o·3 for 

. Moderate Hazard and 2x1 o-4 for High Hazard. 1988 UBC provisions _with I = 2.0 provide 

minimum seismic requirements for Moderate and High Hazard facilities. 

In addition, the earthquake evaluation approach for Moderate and High Hazard facilities 

should also include elastic dynamic analysis of the facility. Limited inelastic behavior is per­

missible 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-?PBclty ratios, Fu, for elements of 

the facility. These ratios are the maximum amount that the elastically computed demand can 

exceed the capacity of elements of the facility, and they are related to the amount of inelastic 

deformation that is permissible in each category. By permitting less inelastic behavior for more 

hazardous categories, the margin of safety for that category is effectively increased. The 

approach employed for Moderate and High Hazard facilities is from the Department of Defense 

(DOD) Tri-service manual-entitled Seismic Design Guidelines for Essential Buildings (Reference 

:- 11). The inelastic demand-capacity ratios from Reference 11 can be shown to be generally 

consistent with the performance goals for each category and with the Rw factors from the 

1988 USC provisions as discussed in Appendix A. 

Elastic dynamic analysis procedures such as those described in Reference 11 can be 

used for both new and existing facilities (also refer to Section 4.4.5 for existing facilities). Basic 

steps by this approach include the following: 

,. 
2. 

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

Develop median input earthquake response apec:tra from the R9ference 1 hazard curves ~ upon 
site-specific geotechnical studies. In lieu of a att ... pecffic study, II i& acceptable to determine the median 
response spectral shape from References 1, 25, 26, or 'Zl. Input spectra should be anchored to peak 
ground accelerations (Table 4-3) determined from the hazard curves at the following exCMdance probabilt­
ties: 

Moderate Hazard - 1x10·3 
High Hazard - 2x1~ 

Note that for fundamental periods lower than the period at which the maximum spectral amplification 
occurs, the maximum spectral acceleration should be UNd ( ... Figure 4-1) . For higher modes, the actual 
spectral accelerations should be UNd in ac:c:ordance with 1'9COfflmendationa from Raterence 11. lNote that 
this requirement neceultat• that l'Npol'IM apectrum dynamic analysis be performed for building 
reaponee evaluation) . The actual spectrum may be UNd for all modes If there ia high confidence in the 
frequency .valuation and Fu i& taken to be unity. Aa atated on Figure 4-1 , the actual apec:trum at all fre­
quencies should be used to .valuate nonatructural componenta, equipment, piping, .tc. ~ dynamic analy­
sis; and to develop floor response spectra uaed for the .valuation of atructur ... upportad subayaterns. 
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3. 

4. 

5. 

8. 

7. 

8. 

e. 

10. 

Utilizing th• input spectra developed above and• mathematical model of the facility, perform an elastic 
dynamic analylie ot the facility to .valuate the elMtic Mtthquak11 demand, F(EC), of all element• of the 
facility. Damping lhould be daermlned from Table ._., 

Evaluate the total demand for all elernenta ot the facility, 0 , from: 
0 • [F(O~ + F(LL) + F(EQ)] / Fu 

where Fu ie the allowable inelutic demand-capacity ratio aa given in Table 4-2. 

Evaluate·capaciti• of the elements of the facility, CAP, from code ultimate or yield values (e.g., UBC Sec. 
2609 & 2625 for reinforced concrete and 1.7 timN UBC Sec. 2702 or UBC Sec. 2721 for stNQ. Note that 
lb'ength reduction fadora, ~ .,. retaiMd for Moderate and High Hazard facilitiN. Minimum specified or 
known in-situ valUN for material atrengthe lhould be UNd for Ntlmation ot capacities. 

Compare total demand, 0, with facility capacity, CAP. If Dia 1 ... than or equal to CAP, the facility satisfies 
the Niemie latn force requirwnenta. If D le great• than CAP, the facility ha inadequate lateral force 
reeiunce. 

Evaluate sto,y drifts due to 1-... forcee, Including both tranalation and torsion. It mey be auumad that 
inelutlc drifts .,. adequately approximated bV elatlc analyML Note that for Moderate and High Hazard 
facilltiN, loade uead to compute drifta .,. not reduced • ia the caee for Section 4.2.2 guidelin• where 
loada uead to compute sto,y drib .,. reducad bV Rw- Where confinement ot hazardous materials is of 
importance, calculated sto,y drib lhould not mcCNd 0.010. Thia drift limit mey be exceeded when accept-
able performance ot both the etructure and nonstructural elemente can be demonstrated at greater drift. 

Check elementa of the facility to uaure that good detailing practice hu been followed. Values of Fu given 
in Table 4-2 are upper limit valu.. aaauming good deeign detailing practice aa discussed in Section 4.3 
and conaistency with recent USC proviaiona. UBC Seiamic Zone No. 2 provisions should be rnet when Z is 
betw..,, 0.12 and 0.24g. UBC Seiamic Zone Noe. 3 & 4 provisiona should be followed when Z is 0.25g or 
more. Special seismic proviaio,,. in the UBC need not be followed if Z is 0.11 g or lesa . 

Implement ~ revi.w of engineering drawinga and ealculationa, special inspection and testing of new 
conatructlon or moating facilitl•. and other quality aaaurance m...ur• discussed in Section 4.3 for Mod-
«ate and High Hazard facilltl-. 

lnelutlc analy .. mey, altematlvely, be perfonned for Mod.at• and High Hazard facilitiN. Acceptable 
inelastic analyaia procedur.. include: 

L ~ity spectrum method • deacribed in Reference 11 . 
b. Direct integration time hiatory analy._ mcplicitly modeling inelastic behavior of individual elements 

ot the facility. S.veral rep,Nentative earthquake time historiN are required for dependable 
r .. utts from th ... analy--. 

TABLE 4-4 

RECOMMENCED CAMPING VALUES* 

(References 11 and 25) 

Damping 

Type of Structure (% of CriticaQ 

Equipment and Piping 5 

Wek:led StNI and 

Preatreued Concrete 7 

Bolted Steel and 

Reinforced Concrete 10 

Masonry Shear Walla 12 

Wood 15 

Corresponding to post yield stresa levels to be UMd for evaluation of Moderate and High Hazard F acilitiea. 
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4.3 EARTHQUAKE DESIGN DETAILS AND QUALITY ASSURANCE 

This section briefly describes general design considerations which enable structures or 

equipment to perform during an earthquake- in the manner intended by the designer. These 

design considerations attempt to avoid premature, unexpected failures and encourage ductile 

behavior during earthquakes. This material is intended for both design of new facilities and 

evaluation of existing facilities. For new facilities, . this material addresses recommended 

seismic design practices. For existing facilities, this material may be used for identifying 

potential deficiencies in the capability of the facility to withstand earthquakes (i.e., ductile 

behavior, redundant load paths, high quality materials and construction, etc.). In addition, 

good seismic design practice, as discussed in this section, should be employed for upgrading 

or retrofitting existing facilities. 

Characteristics of the lateral force-resisting systems are as important or more so than 

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

redundancy; ductility; tying elements together to behave as a unit; adequate equipment 

anchorage; understanding 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 

in the Mure is highly uncertain. As a result, It is important for facilities to be tough enough to 

withstand ground motion in excess of their design ground motion level. There can be high 

confidence in the earthquake safety of facilities designed in this manner. Earthquakes produce 

transient, limited energy loading on facilities. Because of these earthquake characteristics, 

well designed and constructed facilities (i.e., those with good earthquake design details and 

high quality materials and construction which provide redundancy and energy absorption 

capacity) can withstand earthquake motion well in excess of design levels. However, If details 

which provide redundancy or energy absorbing capacity are not provided, there is little real 

margin of safety built into the facility. It would be possible for significant earthquake damage 

to occur at ground shaking levels only marginally above the design lateral force level. Poor 

materials or construction could potentially lead to damage at well below the design lateral 

force level. Furthermore, poor design details, materials, or construction increase the possibility 

that a dramatic failure of a facility may occur. 

A separate document providing guidelines, examples, and recommendations for good 

seismic design of facilities is currently being planned as part of this overall project. This section 

briefly describes general design considerations which are important to achieving well­

designed and constructed earthquake--resistant facilities or to assessing whether existing 
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facilities are well-designed and constructed for earthquake effects. Considerations for good 

earthquake resistance of structures, equipment, and piping include (1) configuration; (2) 

continuous and redundant load paths; (3) detailing for ductile behavior; (4) tying systems 

together; (5) influence of non-structural components; (6) survival of emergency systems; and 

(7) quality of materials and construction. Each of these considerations is briefly discussed 

below. While the following discussion seems to primarily address buildings, the principles 

introduced are equally applicable to enhancing the earthquake resistance of equipment, 

piping, or other components. 

Configuration - Structure configuration is very 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; therefore 

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

irregular structures should be evaluated with greater scrutiny than would otherwise be 

employed. Irregularities such as large re-entrant comers create stress concentrations which 

produce high local forces. Other plan irregularities, such as those due to the distribution of 

mass or vertical seismic resisting elements (or differences in stiffness between portions of a 

diaphragm), can result in substantial torsional response during an earthquake. Vertical 

irregularities, such as large differences in stiffness or mass in adjacent levels or significant 

horizontal offsets at one or more levels, can produce large local forces during an earthquake . 

An example is the soft story building which has a tall open frame on the bottom floor and shear 

wall or braced frame construction on upper floors (e.g., Olive View Hospital, San Fernando, 

CA earthquake, 1971 and Imperial County Services Building, Imperial Valley, CA earthquake, 

1979). In addition, adjacent structures should be separated sufficiently so that they do not 

hammer one another during seismic response. 

- Continuous And Redundant Load Paths - Earthquake excitation induces forces at all points 

,, within structures or equipment of significant mass. These forces can be vertical or along any 

horizontal (lateral) direction. Structures are most vulnerable to damage from lateral seismic­

induced forces, and prevention of damage requires a continuous load path ( or paths) from 

regions of significant mass to the foundation or location of support. The designer/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. Redundancy of load paths is a 

highly desirable characteristic for earthquake-resistant design. When the primary element or 

system yields or fails, the lateral forces can be redistributed to a secondary system to prevent 

progressive failure. In a structural system without redundant components, every component 

: >•·: .. 
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must remain operative to preserve the integrity of the structure. It is good practice to incorporate 

redundancy into the seismic-resisting system and not to rely on any system wherein distress 

in any member or element may cause progressive or catastrophic collapse. 

Detailing For Ductile Behavior - In general, it is uneconomical or impractical to design 

structures to remain within the elastic range of stress tor earthquakes which have very low 

probability of occurrence. Furthermore, it is highly desirable to design structures or equipment 

in a manner which avoids brittle response and premature unexpected failure such that the 

structure or equipment is able to dissipate the energy of the earthquake excitation without 

unacceptable damage. As a result, good seismic design practice requires selection of an 

appropriate structural system with detailing to develop 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 tor a load to travel across the connection. Because of the possibility of instability by 

buckling tor relatively slender steel members acting in compression, detailing tor adequate 

stiffness and restraint of compression braces, outstandi~g legs of members, compression 

flanges, etc., must be provided. Furthermore, deflections must be limited to prevent overall 

frame instability due to P-delta effects. 

Brittle materials such as concrete and unit-masonry require steel reinforcement to provide 

the ductility characteristics necessary to resist seismic forces. Concrete structures should be 

designed to prevent concrete compressive failure, concrete shearing failure, or loss of rein­

.. forcing bond or anchorage. Compression failures in flexural members can be controlled by 

limiting the amount of tensile reinforcement or by providing compression reinforcement and 

requiring confinement by closely spaced transverse reinforcing of longitudinal reinforcing bars 

(e.g., spirals, stirrup ties, or hoops and supplementary cross ties). Confinement increases the 

strain capacity and compressive-, shear-, and bond-strengths of concrete. Maximum con­

finement should be provided near joints and in column members. Failures of concrete in shear 

or diagonal tension can be controlled by providing sufficient shear reinforcement, such as 

stirrups and inclined bars. Anchorage failures can be controlled by sufficient lapping of splices, 

mechanical connections, welded connections, etc. There should be added reinforcement 

around openings and at comers where stress concentrations.might occur during earthquake 

motions. Masonry walls must be adequately reinforced and anchored to floors and roofs. 
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A generaJ recommendation for good seismic detailing is to proportion steel members 

and to reinforce concrete members such that they can behave in a ductile manner and can 

provide sufficient strength such that brittle or less ductile modes do not govern the overall 

seismic response. In this manner, sufficient energy absorption capacity can be acl'lieved so 

that earthquake motion does not produce excessive or unacceptable damage. 

Tying Systems Together - On~ of the most important attributes of an earthquake-resistant 

structuraJ system is that it is tied together to ad as a unit. This attribute not only aids in 

earthquake resistance; it aJso adds to the capability to resist high winds, floods, explosions, 

progressive failure, and foundation settlement. Different parts of buildings should be inter­

connected. Beams and girders should be adequately tied to columns, and columns should 

be adequately tied to footings. Concrete and masonry waJls should be anchored to all floors 

and roofs for lateral support. Diaphragms which 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, which may not be uniformly spaced around the diaphragm. Shear 

walls must be adequately tied to floor and roof slabs and to footings. 

Influence Of Non-Structural Components - For both evaluation of seismic response and for 

seismic detailing, the effects of nonstructuraJ elements of buildings or equipment must be 

considered. Elements such as partitions, filler walls, stairs, piping systems, and architectural 

facings can have a substantial influence on the magnitude and distribution of earthquake­

induced forces. Even though these elements are not part of the lateral force-resisting system, 

they can stiffen that system and carry some lateral force. In addition, nonstructural elements 

attached to the structure must be designed in a manner that allows for the seismic deformations 

of the structure without excessive damage. Damage to such items as piping, equipment, 

glass, plaster, veneer, and partitions may constitute a major financial loss or a hazard to 

personnel within or outside the facility; such damage may also impair the function of the facility 

to the extent that hazardous operations cannot be shut down or confined. To minimize this 

type of damage, speciaJ care in detailing is required either to isolate these elements or to 

accommodate structuraJ movements. 

In some structures, the system carrying earthquake-induced loads may be separate from 

the system which carries gravity loads. Although such systems are not needed for lateral 

resistance, th_ey would deform with the rest of the st~cture as it deforms under lateral seismic 

loads. · The vertical load carrying system should be evaluated fer compatibility with the 
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deformations resulting from an earthquake to ensure that it" is adequately designed. Similarly, 

gravity loads should be combined with earthquake loads in the evaluation of the lateral force 

resisting system. 

Survival of Emergency Systems- In addition to preventing damage to structures, equipment, 

piping, nonstructural elements, etc., it is usually necessary for emergency systems and lifelines 

to survive the earthquake. Means of ingress and egress, such as stairways, elevator systems, 

and doorways, must remain functional for personnel safety and for control of hazardous 

opeiations. Fire protection systems must remain operational after an earthquake. Normal 

off-site power has been vulnerable during past earthquakes. Either normal off-site or emer­

gency on-site water and power supplies 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 r~sponse of 

structures and equipment to include survival of systems which prevent facility damage or 

destruction due to fires or explosions which might result from an earthquake .. 

Quality of Materials and Construction - Earthquake design or evaluation considerations 
. 
discussed thus far address recommended engineering practice that maximizes earthquake 

resistance of facilities. For important or hazardous facilities, it is further recommended that -

designers or earthquake consultants employ quality assurance procedures and that their work 

o-. .be subjected to independent peer review. Additional earthquake design or evaluation con­

siderations include: 

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

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

The remainder of this section discusses ~rthquake engineering quality assurance, peer 

review, and construction inspection requirements. 

To achieve well-designed and constructed earthquake-resistant facilities or to assess 

whether existing facilities are well-designed and constructed for earthquake effects, it is 

necessary to: 

a. Understand the seismic response of the facility. 

b. Select and provide an appropriate structural system. 

c. Provide seismic design detailing that-obtains ductile response and avoids prema­
ture failures due to instability or brittle response 

d. Provide materials' testing and construction inspection. 
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It is recommended that Important or Low Hazard, Moderate Hazard, and High Hazard 

facilities be designed or evaluated utilizing an earthquake engineering quality assurance plan 

similar to that recommended by Recommended Lateral Force Requirements and Tentative 

Commentary, Seismology Committee, Structural Engineers Association of California (Refer­

ence 28). Toe earthquake engineering quality assurance plan should include: 

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

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

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

4.4.1 Effective Peak Ground Motion 

Loads induced by earthquake ground shaking to be used for the design or evaluation 

of facilities, in accordance with the guidelines presented herein, are based on median 

amplification response spectra anchored to maximum ground acceleration for specified annual 

probabilities of exceedance (see Section 4.2 and Appendix A). As a result, seismic hazard 

curves wherein peak ground accelerations are presented as a function of annual probability 

of exceedance and median amplification response spectra are required for each DOE facility. 

This ground motion data can be obtained from site-specific studies. Alternativ~ly, Reference 

1 provides seismic hazard curves and earthquake response spectra for each DOE facility. In 

addition, Sections 4.2.2 and 4.2.3 allow the methods described in References 25, 26, and 27 

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

ground motion as defined by Reference 1. Maximum ground accelerations at the specified 

annual probabilities of exceedance recommended by these guidelines for each facility-use 

category are reproduced in Table 4-3. For some facility sites with high seismic hazard, note 

that the Reference 1 hazard curves do not provide acceleration values at hazard exceedance 

probability levels of 2x1 o-4. For the design or evaluation of High Hazard facilities at these 

sites, maximum ground accelerations will have to be developed at 2x1 o-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 foun_dation pad at the free ground surface. This value is called the peak 

instrumental acceleration. For the following reasons, the largest peak instrumental acceleration 

and response spectra anchored to such an acceleration often provide an excessively con­

servative estimate of the ground motion actually 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. 

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

These reasons are extensively discussed in Reference 29 and are briefly addressed below. 
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First, in most seismic evaluations, it is assumed ~at the defined ground motion repre­

sents both orthogonal horizontal components and that the verticaJ ground motion component 

is taken as two-thirds of the average horizontal component. This approach is consistent with 

the defined ground motion representing the mean peak (average of two horizontal compo­

nents) instrumental acceleration, rather than the largest peak acceleration as defined by 

Reference 1. With the largest peak acceleration defined by Reference 1, it is permissible to 

assume that the second orthogonal horizontal ccmponent is 80 percent of the motion defined 

by Reference 1, while the vertfcaJ component is 60 percent of the Reference 1 motion. Note 

that this assumption is equivalent to the mean peak acceleration being 90 percent of the largest 

peak value and the verticaJ component being two-thirds of the mean peak value in accordance 

with common practice. 

Second, the instrumental acceleration is a poor measure of the damage potential of 

ground motion associated with earthquakes at short epicentral ranges (less than about 20 

km). Many structures located dose to the epicentral region, which were subjected to high 

values of peak instrumental acceleration, have sustained much less damage than would be 

expected considering the acceleration level. In these cases, the differences in measured 

ground motion, design levels, and o~ed behavior were so great that it could not be rec­

onciled by considering typicaJ safety factors associated with seismic design. The problem 

with instrumental acceleration is that a limited number of high frequency spikes of high 

acceleration are not significant to structural response. Instead, it can be more appropriate to 

utilize a lower acceleration value which has more repeatable peaks and is within the frequency 

range of structures. Such a value, called effective peak acceleration, has been evaluated by 

many investigators and is believed to be a good measure of earthquake ground motion 

amplitude related to performance of structures. Reference 29 contains a suggested approach · 

for defining the effective peak acceleration. However, this approach would require the 

development of representative ground motion time histories appropriate for the earthquake 

magnitudes and epicentral distances which are expected to dominate the seismic hazard at 

the site. Reference 1 does not contain this information, so special studies would be required 

for any site to take advantage of the resultant reduction. The reductions which are likely to 

be· justifiable from such studies would most probably be significant for sites with peak 

instrumental accelerations defined by Reference 1 in excess of about o. 4g. The benefits would 

be expected to increase with increasing peak instrumental accelerations. These higher ground 

accelerations most probably are associated with short duration ground motion from earth-
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quakes with short epicentral ranges. If such characteristics can be demonstrated for a par­

ticular site, then reductions from an instrumental acceleration to an effective acceleration would 

be warranted. 

Third, various aspects of soil-structure 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 29 and the references cited therein. These 

reductions are due to vertical spatial variation of the ground motion, horizontal spatial variation 

of the ground motion (basemat averaging effects), wave scattering effects, and radiation of 

energy back into the ground from the structure (radiation damping). These effects always 

result in a reduction of the foundation motion. This reduction tends to increase with increasing 

mass, increasing 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. It should be 

emphasized that the ground motion defined by Reference 1 represents the ground motion 

recorded on a small instrument pad at the free ground surface. It is always permissible to do 

the necessary soil-structure interaction studies (briefly discussed in Section 4.4.2) in order to 

estimate more realistic and nearly always lesser foundation motions. It is also permissible, 

but discouraged, to ignore these beneficial SSI effects and assume the Reference 1 ground 

motion applies at the foundation level of the structure. However, any frequency shifting due 

· to SSI, when significant, must always be considered. 

In summary, it is acceptable, but often quite conservative, to use the ground motion arid 

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. It 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 guidance described 

above. 

4.4.2 Soil-Structure Interaction (SSI) 

When massive stiff structures are founded on or embedded in a soil foundation media, 

both the frequency and amplitude of the response due to seismic excitation can be affected 

by soil-structure interaction (SSI), including spatial variation of the ground motion. For rock 

sites, the effects of the SSI are much less pronounced. It is recommended that the effects of 

SSI be considered for major structures for all sites with a median soil stiffness at the foundation 
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base stab interface corresponding to a shear wave velocity, Vs, of 3500fps or lower. Accounting 

,?·.~- for SSI requires sc.;>Phisticated seismic analysis techniques which, if performed correctly, will 

• .. ?~ · most likely reduce the seismic forces in the structure. Accounting for SSI is recommended 

but not required. If SSI effects are considered, the seismic analysis should be reviewed by 

quaJified 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. 

HorizontaJ spatiaJ variations in ground motion result from non-vertically propagating 

shear waves and from incoherence of the input motion (i.e., refractions and reflections as 

earthquake waves pass through the underlying heterogeneous geologic media). The following 

~· reduction factors may be conservatively used to account for the statistical incoherence of the 

input wave for a 150-foot plan dimension of the structure foundation (Reference 29): 

l , 

'::'~: 
. ':: ~i 

-

Fundamentm Frequency of the Soil-Structure System (Hz) Reduction Factor 

5 1.0 

10 0.9 

25 0.8 

For structures with different plan dimensions, a linear reduction proportionaJ to the plan 

dimension should be used: for example, 0.95 at 10 Hz for a 75-foot dimension and 0.8 at 10 

Hz for a 300-foot dimension (based on 1.0 reduction factor at 0-foot plan dimension). These 

reductions are acceptable for rock sites as well as soil sites. The above reduction factors 

assume a rigid base slab. Unless a severely atypicaJ conditi9n is identified, a rigid base slab 

condition may be assumed to exist for all structures for purposes of computing this reduction. 

The available information for soil properties at different sites tends to be quite variable 

concerning the level of detail. Further uncertainty is usually introduced in the development of 

soil parameters appropriate for SSI analysis. For instance, the degree of soil softening at the 

dynamic strain levels expected during the defined seismic event, the amount of soil hysteretic 

materiaJ damping, and the impedance mismatches which may exist due to layering are usually 

not known precisely. It is not the intent to require additional soil boring or laboratory investi­

gations unless absolutely necessary. Rather, a relatively wide range of soil shear moduli (which 

are usuaJly used to define the foundation stiffn_ess) is recommended such that a conservative 

structure response may be expected to be calculated. The well known effect that the shear 
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modulus of soils decreases with increasing shear strain must be accounted for when per­

forming an 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 30 and 31 . 

To account for uncertainty in the soil properties, the soil stiffness (horizontal, vertical, 

rocking, and torsional) employed in analysis should include a range of soil shear 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 the low 

strain, unless better estimates of the uncertainty are available. Three soil modulus conditions 

are generally recommended corresponding to (a) and (b) above, and (c), a best estimate 

shear modulus. 

Soil impedances (stiffness and damping) can be accounted for using either Finite Ele­

ment Methods (FEM), elastic half-space solutions, or more refined analytical techniques which 

· ,-.. address layering, various foundation shapes, and foundation elevations. Elastic half-space 

solutions using frequency-dependent impedance functions, such as those shown in Table 

4-5, are acceptable for facilities on uniform soil sites or sites where the soil properties do not 

create significant impedance mismatches between layers. In addition to geometric (radiation) 

damping developed using either elastic half-space or FEM methods, soil material damping 

"" should be included in an SSI analysis. Soil material damping as a function of shear strain can 

be found in References 30 and 31 for sands, gravelly soils, and saturated clays. Lacking 

site-specific data, it is appropriate to include soil material damping corresponding to the mean 

value at the earthquake shaking induced strain level from one of the above references. 

-
For structures which are significantly embedded, the embedment effects should also be 

included in the SSl analysis. These effects can be incorporated using available simplified 

methods (References 32 and 33) for some geometries. 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 34 provides guidance on this subject. Similarly, some layer effects 

can also be incorporated using simplified methods (Reference 35). For more complex situ­

ations, more refined analysis, such as discussed by various authors in Reference 36, is 

desirable. 
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TABLE4-5 

FREQUENCY DEPENDENT ELASTIC HALF-SPACE IMPEDANCE 

Direction of Equivalent Spring Conetant for 
Motion Rectangular Footing 

Horizontal k . • k ,2(1 + v)Cfl.ffi 

Rocking C z 
k• • k 2 -

1 
-~,.B L -v 

Vertical 
k.•k 3 ~~.ffl -v 

Torsion 

v ,. Poiuon's ratio of foundation medium, 

G • shear modulus of foundation medium, 

A ,. radius of the circular base mat, 

p • den.tty of foundation medium, 

Equivalent Spring Constant for Equivalent Damping Coefficient 
Circular Footing 

k • k 32( I - v)CR c . - C .Jc,,(static)R ✓ plC 
" I 7 - 8V 

8CR 3 

k• • kz3( I - v) 
c. • c 2k.,(static)R ✓ plC 

k •le~ c, • c 3 Jc,(static)R ✓ p/C 
• 

3 I - V 

k,•k.
16

CR 3 c, • c.Jc,(staticJR ✓ plC 
3 

8 • width of the base mat in the plane of horizontal excitation, 

L =- length of the base mat perpendicular to the plane of horizontal excitation, 

le•, k z, Jc 3, Jc., ,. frequency dependent coefficients modifying the static stiffneea or damping (Refs. 32, 34, 35, etc.) . 

3 ,----,----,---,--,.--,--,--'T""T""'l""T"--,--....,....--,---,-....-.,....,........,..., 1 . 5 
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Constants f3 xr [3 z• and f3 .., for a Rectangular Foundation 
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4.4.3 Combina~ion of Earthquake Components 

Actual earthquake records demonstrate that horizontal and vertical components of 

motion are essentially statistically independent. Consequently, there is only a small probability 

that the peak responses, due to each of the three 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 USC provisions. This requirement is satisfied by designing ele­

ments tor 100 percent of the prescribed seismic forces in one horizontal direction plus 30 

percent of the prescribed forces in the perpendicular horizontal direction. The combination 

requiring the greater component strength should be used for design/evaluation. Alternatively, 

the effects of the two orthogonal directions may be combined on a square root of the sum of 

the squares (SRSS) basis. When the SRSS method of combining directional effects is used, 

each term computed is assigned the sign that produces the most conservative result. By USC 

provisions, the contribution due to the vertical component is not combined with response from 

other components. There is a USC requirement to design horizontal cantilever components -

for a net upward force. 

For Moderate and High Hazard facilities, earthquake responses in a given direction from 

the three earthquake components should be combined directly, using the assumption that, 

when the maximum response from one component occurs, the responses from the other two 

components are 40 percent of the maximum. In this method, all possible combinations of the 

three orthogonal components, including variations in sign, should be considered. Alternatively, 

the effects of the three orthogonal directions may be combined by SRSS, as discussed above. 

In Section 4.4. 1 , it was established that the peak value of other components of earthquake 

ground motion is less than the largest peak acceleration as given in Reference 1. As a result, 

with the largest peak acceleration defined by Reference 1, it may be assumed that the second 

orthogonal horizontal component is 80 percent of the motion defined by Reference 1, while 

the vertical component is 60 percent of the Reference 1 motion. Therefore, when the largest 

peak acceleration as defined in Reference 1 is used to evaluate earthquake response in a 

given horizontal direction, response due to the other horizontal direction of motion should be 

taken as 40 percent of 80 percent of the response computed from the largest peak acceleration. 

Response due to the vertical component should be taken as 40. percent of 60 percent of the 
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response computed from the largest peak acceleration. Note that this approach is approxi­

mately equivalent to the USC provisions of designing elements for 100 percent of the prescribed 

seismic forces in one horizontal direction plus 30 percent of the prescribed forces in the 

perpendicular horizontal direction. 

4.4.4 Special Considerations for Equipment and Piping 

For DOE facilities that house hazardous operations and materials, the seismic adequacy 

of equipment and piping is as important as the adequacy of the building. As part of the DOE 

Natural Phenomena Hazards project, a document has been prepared which provides practical 

guidelines for the support and ~chorage of many equipment items that are likely to be found 

in DOE facilities (Reference 5). This document primarily addresses equipment strengthening 

and upgrading to increase the seismic capacity in existing facilities. However, the document 

is also recommended for considerations of equipment support and anchorage in new facilities. 

Special considerations about the seismic resistant capacity of equipment and piping 

indude: 

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 mode! of the struc­
ture. The equipment may be analyzed independently. With strong coupling or if 
the equipment mass is 1 O 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 a great deal of experience data on equipment from 
past earthquakes and from qualification testing. Equipment which has performed 
well based on experience would not require seismic analysis or testing (if it could 
be shown to be adequately anchored). 

6. The presence of properly engineered anchorage is the most important single item 
which affects the seismic performance of equipment. There are numerous exam­
ples of equipment sliding or overturning in earthquakes due to lack of anchorage 
or inadequate anchorage. 
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For General Use and Important or Low Hazard facilities, the design or evaluation of 

equipment or nonstructural elements supported within a structure should be based on the 

. total lateral seismic force, Fp, as given by the 1988 UBC provisions (Reference 10). For -~,_,_: . 

Moderate or High Hazard facilities, the design or evaluation of_ these items should be based 

on dynamic analysis, testing, or past earthquake experience data. In any case, equipment 

items and nonstructural elements must be adequately anchored to their supports. Anchorage 

must be verified for adequate strength and sufficient stiffness. In the remainder of this section, 

the UBC lateral force provisions are reproduced, important aspects of dynamic analyses are 

introduced, the use of past earthquake experience data is addressed, and guidance on 

equipment anchorage is provided. 

UBC lateral force provisions - By the 1988 UBC provisions, parts O! structures, permanent 

non-structural components, and equipment supported by a structure and their anchorages 

and required bracing must be designed to resist seismic forces. Such elements should be 

designed to resist a total lateral seismic force, F p, of: 

where: Wp = 
Cp = 

(4-2) 

the weight of element or component 

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 non-rigid elements, as discussed in Section 4.4.4 (In the 
absence of detailed analysis, the value of Co for a non-rigid 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 4-2 should be distributed in proportion to 

the mass distribution of the element or component. Forces determined from Equation 4-2 

should be used for the design or evaluation of elements or components and their connections 

- and anchorage to the structure, and for members and connections which transfer the forces 

to the seismic-resisting systems. Forces should be applied in the horizontal directions which 

result in the most critical loadings for design/evaluation. 

Dynamic analysis principles - Guidelines. for the design and analysis of equipment or non­

structural elements supported within a structure by dynamic analysis are given in Chapter 6 

of Reference 1 1- and in Reference 34. Elements attached to the floors, walls, or ceilings of a 

building (e.g., mechanical equipment, ornamentation, piping, and nonstructural partitions} 

respond to the motion of the building in much the same manner that the building responds to 

the earthquake ground motion. However, the building motion may vary substantially from the 

ground motion. The high frequency components of the ground motion are not amplified by 
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the building while the components of ground motion that correspond to the natural periods 

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

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

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

dose ·to any of the predominant modes of the building vibration will experience amplified 

accelerations over that which occurs in the structure. 

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

response spectra (also commonly called in-structure response spectra). A floor response 

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

determined from a dynamic analysis of the structure. Floor response spectra can be computed 

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

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

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

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

evaluating floor spectra is provid~ in Chapter 6 of Reference 11 and is recommended herein. 

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

the supporting structure even though inelastic behavior is permitted in the design of the 

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

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

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

etastic analysis based on realistic strength of the structure. 

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

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

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

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

using different" input time histories at each different support. 

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

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

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

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

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

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

eliminated from consideration through the use of seismic experience data or for items which 
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are not obviously invulnerable to earthquakes due to inherent ruggedness. It is also necessary 

to estimate the input excitation at locations of support for seismic qualification by experience 

data, analysis or testing of structure-supported equipment or piping. 

Anchorage- Engineered anchorage of equipment or components is required for all facility-use 

categories. It is intended that anct,orage have both adequate strength and sufficient stiffness. 

Types of anchorage include: (1) cast-in-place bolts or headed studs; (2) expansion anchor 

l::>olts; and (3) welds to embedded steel plates or channels. 

Adequate strength of equipment anchorage requires consideration of tension, shear, 

and tension-shear interaction load conditions. It is recommended that the strength of cast­

in-place anchor bolts be based on UBC Sec .. 2624 provisions (Reference 10) for General Use 

and Important or Low Hazard facilities and on ACI 349-85 provisions (Reference 44) for 

Moderate and High Hazard facilities. The strength of expansion anchor bolts should generally 

be based on design allowable strength values available from standard manufacturers' rec­

ommendations or sources such as Reference 43. Design allowable strength values typically 

include a factor of safety of about 4 on the mean capacity of the anchorage. It is permissible 

to utilize strength values_ based on a lower factor of safety for evaluation of anchorage in 

existing facilities, provided the detailed inspection and evaluation of anchors is performed in 

accordance with Reference 43. Currently, a factor of safety on the order of 3 is judged to be 

appropriate for this situation. When anchorage is modified or new anchorage is designed, it 

is recomr:nended that design allowable strength values including the factor of safety of 4 be 

used. For strength considerations of welded anchorage, it is recommended that AISC, Part 

1 (Reference 45) allowable values multiplied by 1. 7 be used. 

Stiffness of equipment anchorage as discussed in Reference 41 should also be con­

sidered. Flexibility of base anchorage can be caused by the bending of anchorage compo­

nents or equipment sheet metal. Excessive eccentricities in the load path between the 

equipment item and the anchor is a major cause of base anchorage flexibility. Equipment 

base flexibility can allow excessive equipment movement, reducing its natural frequency and 

possibly increasing its dynamic response. In addition, flexibility can lead to high stresses in 

anchorage components and failure of the anchorage or equipment sheet metal. 

Summary - For General Use and Important or Low Hazard facilities, seismic evaluation of 

equipment or nonstructural eiements supported by a structure can be based on the total lateral 

seismic force as given by Equation 4-2. For Moderate and High Hazard facilities, the seismic 

evaluation of equipment and piping necessitates the development of floor response spectra 
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representing the input excitation. Once seismic loading is established, seismic capacity can 

be determined by analysis, testing, or the use of seismic experience data. It is recommended 

that wherever possible, seismic qualification be accomplished through the use of experience 

data because such an approach is likely to be far less costly and time consuming. 

4.4.5 Special Considerations for Evaluation of Existing Facilities 

It is anticipated that these guidelines would also be applied to evaluations of existing 

facilities. General guidelines for the seismic evaluation of existing facilities are presented in a 

DOD manual (Reference 46). In addition, guidelines for upgrading and strengthening 

equipment are presented in Reference 5. These d~ments should be referred to for the 

overall procedure of evaluating seismic adequacy of existing facilities, as well as for specific 

guidelines on upgrading and retrofitting. General requirements and considerations in the 

evaluation of existing facilities are briefly.presented below. 

Existihg 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-place strength of the materials should also be determined. 

The actual strength of materials is likely to be greater than the minimum specified values used 

for design, and this may be determined from tests of core specimens or sample coupons. On 

the other hand, corrosive action and other aging processes may have had deteriorating effects 

on the strength of the structure or equipment, and these effects should also be evaluated in 

some manner. The inelastic action of facilities prior to occurrence of unacceptable damage 

should be taken into account since the inelastic range of response is where facilities can 

dissipate a major portion of the input earthquake energy. The ductility available in the existing 

facility without loss of desired performance should be estimated based on ~-built design 

detailing rather than using the inelastic demand-capacity ratios presented in Table 4-2. An 

existing facility may not have seismic detailing to the desired level discussed in Section 4.3 

and upon which the values presented in Table 4-2 are based. 

Evaluation of existing facilities should begin with a preliminary inspection of site condi­

tions, the building lateral force-resisting system and anchorage of building contents, 

mechanical and electrical systems, and nonstructural features. This inspection should include 

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

earthquake hazards in addition to ground shaking, such :as active faults which might pass 
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beneath facilities or potential for earthquake-induced landslides, liquefaction, and consoli­

dation of foundation soils. Examination of the lateral force-resisting system, concentrating on 

seismic considerations as discussed in Section 4.3, may point out obvious deficiencies or 

weakest links such that evaluation effort can be concentrated in the most useful areas and 

remedial work can be accomplished in the most timely manner. Inspection of connections for 

both structures and equipment indicates locations where earthquake resistance can be readily 

upgraded. 

Once the as-built condition of a facility has been verified and deficiencies or weak links 

.have been identified, detailed seismic evaluation and/or upgrading of the facility can be 

undertaken. Obvious deficiencies that can be readily improved should be remedied as soon 

as possible. Seismic evaluation for existing facilities would be similar to evaluations performed 

for new designs except that a single as-built coofiguration is evaluated instead of several 

configurations in an iterative manner as is required in the design process. Evaluations should 

• . be conducted in order of priority. Highest priority should be given to those areas identified 

as weak links by the preliminary investigation and to areas that are most important to personnel 

safety and operations with hazardous materials. 

As discussed in Chapter 2, the evaluation of existing facilities for natural phenomena 

· hazards can result in a number of options based on the evaluation results. If the existing facility 

. -· . . 

\ :.~.~ :: 

can be shown to meet the design and evaluation guidelines as presented in Section 4.2 and . -:· :-

good seismic design practice had been employed per Section 4.3, then the facility would be :; ,_: : 

judged to be adequate for potential seismic hazards to which it might be subjected. If the 

facility does not meet the seismic evaluation guidelines of this chapter, several alternatives 

can be considered: 

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

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

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

2. The facility may be strengthened such that Its seismic resistance capacity is suffi­
ciently increased to meet the guidelines. When upgrading is required, it should 
be accomplished in compliance with unreduced guidelines (i.e., Item 1 provisions 
should not be used for upgrading). 
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3. The usage of the facility may be changed such that it falls within a less hazardous 
facility-use category and consequently Jess stringent seismic requirements. 

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

5.1 INTRODUCTION 

This chapter presents a uniform approach to wind load determination that is applicable 

to the design of new facilities and the evaluation of existing ones. As discussed in Section 

3.2, a uniform treatment of wind loads is recommended to accommodate extreme, hurricane, 

and tornado winds. Buildings or facilities are first assigned to appropriate facility-use cate­

gories as defined in Chapter 2. Criteria are recommended such that the performance goals 

for each category can be achieved. Procedures according to ANSI A58. 1-1982 (Reference 

16) are recommended for determining wind loads produced by straight, hurricane, and tornado 

winds. The extreme wind/tornado hazard models for DOE sites published in Reference 2 are 

used to establish site-specific criteria for each of the 25 DOE sites included in this study. 

The performance goals established for General Use and Important or Low Hazard 

facility-use categories are met by conventional building codes or standards (see discussion 

in Chapter 2). These criteria do not account for the possibility of tornado winds, because wind 

speeds associated with extreme winds typically are greater than those for tornadoes at 

exceedance probabilities greater than approximately 1x10-4. For this reason, tornado design 

criteria are specified only for buildings and facilities in Moderate and High Hazard categories, 

• ' where hazard exceedance probabilities are less than 1x10-4. 

:tl":i 
The traditional approach to establishing tornado design criteria is to select extremely low 

exceedance probabilities. For example, the exceedance probability for design of commercial 

nuclear power plants is 1x1 o-7. There are reasons for departing from this traditional approach. 

The low exceedance value for commercial nuclear power plants was established circa 1960 

when very little was known about tornadoes from an engineering perspective. Much has been 

learned about tornadoes since that time. Use of a low hazard probability is inconsistent with 

the practice relating to other natural hazards, such as earthquakes. There are many uncer­

tainties in tornado hazard probability assessment, but they are not significantly greater than 

the uncertainties in earthquake probability assessment (see discussion in Appendix A). The 

strongest argument against using low probability criteria is that a relatively short period of 

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

reasons, an alternative approach is proposed in these guidelines. 

The rationale for establishing tornado criteria is described below. Figure 5-1 shows the 

tornado and straight wind hazard curves for -two DOE sites (SLAC and ORNL). The wind 

speed at the intersection of the tornado and straight wind curves is defined for purposes of 
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this discussion as the transition wind speed. An exceedance probability is associated with 

each transition wind speed. If the exceedance probability of the transition wind ·speed is less 

than 1 o-5 per year, tornadoes are not a viable threat to the site, because straight winds are 

more likely. Thus, from Figure 5-1, tornadoes should not be considered at SLAC. · 
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Table 5-1 tabulates best estimate wind speeds from Reference 2 for each DOE site, along 

with the transition wind speed. Those sites with transition wind speed exceedance probabilities 

greater than 1 o-5 should be designed for tornadoes; others should be designed for extreme 

winds or hurricanes. 

TABLE 5-1 
TYPES OF WIND FOR DESIGN LOADS 

Beet-Estimate Wind Speed9- mph 1 

Annual Hazard Transition Type of Wind for 
DOE PROJECT SITES ExCNdance Probability Wind speeci2 Design 

1o-3 1o-4 10-0 10-0 

Bendix Plant, MO 88 110 177 233 100 Tornado 

Loa Alamos National 93 107 122 138 140 Extreme 
Scientific Laboratory, NM 

Mound Laboratory, OH 90 108 171 '2Zl 104 Tornado 

Pantex Plant, TX 98 112 168 220 115 Tornado 

Rocky Flm Plant, co 138 181 183 208 _3 Both 

Sandia National Laboratories, 93 107 122 135 139 Extreme 
Albuquerque, NM 

Sandia National Laboratori-. Livermore, CA 98 113 131 150 - Extreme 

Plnellaa Plant, FL 130 150 174 204 181 Hurricane 

Argonne National Laboratory-Eat, IL 72 118 178 228 77 Tornado 

Argonne National Laboratory-West, ID 83 95 .105 118 119 Extreme 

Brookhaven National Laboratory, NY 88 100 127 179 106 Tornado 

Princeton Plasma Physics Laboratory, NJ 80 83 135 182 90 Tornado 

Idaho National EnginNring Laboratory, ID 84 95 105 115 117 Extreme 

Feed Material• Production Canter, OH 87 108 173 231 96 Tornado 

Cale Ridge National Laboratory, X-10, K-25, and Y•12. 80 90 152 210 101 Tornado 
TN 

Paducah Gaseous Diffusion Plant, KY 75 115 180 235 80 Tornado 

Portsmouth Gaseous Diffusion Plant, OH 83 95 145 205 98 Tornado 

Nevada Test Site, Ml 87 100 110 124 131 Extreme 

Hanford Project Sita, WA 68 77 85 112 89 Extreme 

Lawrance Berkeley Laboratory, CA 95 111 130 148 - Extreme 

Lawrance Livermore National Laboratory, CA 96 113 131 150 - Extreme 

Lawrance Livermore National Laboratory Site 300, CA 104 125 145 164 - Extreme 

Energy Technology and EnginNfing Center, CA 59 68 98 141 74 Tornado 

Stanford Linear Accelerator Center, CA 95 112 130 149 158 Extreme 

Savannah River Plant, SC 109 138 172 228 155 Tornado 

NOTES: 

1. Beat-atimate wind speeds come from Referenc. 2. 

2. Transition wind speed is at the intersection of th• extreme wind hazard and the tornado hazard curves. 

3. Whan transition w ind speed is not listed, it is associated with a probability 14'88 than 10-6. 
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The tornado wind speed is obtained by selecting the wind speed associated with an 

exceedance probability of 2x1 o-5 per year. The value of 2x1 o-5 is the largest one that can be 

used and stil.l represent a point on the tornado hazard curve. For example, the tornado wind 

speed for the ORNL site is 130 mph (peak gust at 1 Om) . 

A comparison of the slopes of the tornado hazard curves for the DOE shes in Reference 

2 reveals that the slopes are essentially the same even though the transition wind speeds are 

different. The criteria required to meet the performance goals of Moderate and High Hazard 

facilities can be met by using multipliers that are equivalent to an importance factor in the ANSI 

A58.1-1982 design procedure. The multipliers are specified in lieu of two different exceedance 

probabilities for Moderate and High Hazard facilities. The value of the importance factor is 

selected to achieve lower probability of tornado damage for High Hazard facilities compared 

to Moderate Hazard facilities. While the exceedance probabilities specified for tornadoes 

presented herein still do not match values used for earthquakes, the differences have been 

reduced as much as possible. The importance factors are then chosen to meet the per­

formance goals stated in Chapter 2. 

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

1. Annual hazard exceedance probability. 

2. Importance factor. 

3. Missile parameters for Moderate and High Hazard facilities. 

4. Tornado parameters for Moderate and High Hazard facilities, if applicable. 

The criteria are formulated in such a way that a uniform approach for determining design wind 

loads as specified in ANSI ASS.1-1982 (Reference 16) can be used for extreme, hurricane, and 

tornado winds. 

In order to apply the ANSI ASB.1-1982 procedure, wind speeds must be fastest-mile. 

The tornado wind speeds given in Reference 2 are gust speeds and must be converted to 

equivalent fastest-mile wind speeds. Table 5-2 gives conversions of tornado wind speeds to 

fastest-mile wind speeds. Appropriate gust response factors and velocity pressure exposure 

coefficients are utilized in the process of determining wind loads. Appropriate exposure 

categories also are considered in the wind load calculations. Open terrain should be assumed 

for tornado winds, regardless of the actual terrain conditions. 
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, TABLE 5-2 
RELATIONSHIP BElWEEN TORNADO WIND SPEEDS AND 

FASTEST-MILE WIND SPEEDS 

Tornado Wind Fastest-Mile Wind 
Speed, mph (Vt) Speed, mph (Vfn,) 

100 85 

110 94 

120 103 

130 113 

140 123 

150 132 

160 142 

170 151 

180 161 

190 170 

200 180 

210 190 

220 200 

230 209 

240 218 

250 231 

260 - 241 

270 250 

280 260 

290 271 

300 280 

Vfm = 0.958 Vt • 11.34 

For an overview of extreme wind and tornado hazards, Reference 53 should be con­

sulted. Reference 54 provides guidance on the design of structures to wind and tornado 

loads. These references supplement the materim presented in this chapter . 

. 5.2 CRITERIA FOR DESIGN OF FACILITIES 

The criteria presented herein are consistent with the performance goals described in 

Chapter 2 for each facility-use category. Buildings 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 geographicmly. Facilities in the same facility-use category, but 

at different geographical locations, will have different criteria specified to achieve the same 

performance goal. 
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The minimum wind design criteria for each of the four facility-use categories are sum­

marized in Table 5-3. The recommended basic wind speeds for extreme wind, hurricanes, 

_and tornadoes are contained in Table 5-4. All wind speeds are fastest-mile. Minimum 

recommended basic wind speeds are noted in the table. The use of importance factors in 

evaluati~g effective velocity pressure is summarized in Table 5-5. Performance goals and their 

implications are discussed for each of the categories. 

TABLE 5-3 
SUMMARY OF MINIMUM WIND DESIGN CRITERIA 

Building Category General Uee Important or Moderate Hazard High Hazard 
Low Hazard 

Annual Probability 2x10-2 2x10-2 1x10·3 1x1o-4 
of Exceectance 

w 
i Importance 1.0 1.07 1.0 1.0 
n Factor• 
d 

Missile Criteria 2x4 timber plank 15 lb @ 50 2x4 timber plank 15 lb@ 50 
mph (horiz.) ; max. height 30 mph (horiz.) ; max. height 50 
ft. ft. 

Annual Hazard 
Probabllity 2x10·5 2x10-5 

of Exceedance 

Importance Factor 
.. 

I-= 1.0 I• 1.35 

APC 40 paf @ 20 psf/HC 125 psf @ 50 psf/HC 

t 2x4 timber plank 15 lb @ 100 2x4 timber plank 15 lb@ 150 
0 mph (horiz.) ; max. height mph (horiz.), max, height 
r 150 ft; 70 mph (vert.) 200 ft; 100 mph (vert.) 
n 
a Miaaile Criteria 3 in. dia. std. ateel pipe, 75 3 in. dia. atd. steel pipe, 75 
d lb @ 50 mph (horiz.) ; max. lb @ 75 mph (horiz.); max. 
0 height 75 ft, 35 mph (vert.) height 100 ft, 50 mph (vert.) 

3,000 lb automobile @ 25 
mph, rolls and tumbles 

.. 
See Table 5-5 for discussion of importance factors 
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TABLE 5-4 
RECOMMENDED BASIC WINO SPEEDS FOR DOE SITES 

··.~ .. · .. 

Fastest-Mile Wind Speeds at ,om Height 

General Important Moderate Hazard High Hazard 
Building Category u~ or Low 

Hazard 

Wind Wind Wind Tornado Wind Tornado 

DOE PROJECT SITES 2x1o-2 2x10-2 1x1o-3 2x,0·5 ix1o-4 2x10-5 

Bendix Plant, MO 7'2 7'2 - 144 - 144 

Loe Alamoe National Scientific 77 77 93 - ,01 -
Laboratory, NM 

Mound Laboratory, OH 73 73 - 136 - 136 

Pantax Plant, TX 78 78 - 132 - 132 

Rocky Flats Plant, CO 109 109 138 138 161 161 

Sandia National Laboratori•. 78 78 93 - 107 -
Albuquerque, NM 

Sandia National Laboratories, 7'2 7'2 96 - 113 -
Livermore, CA 

Pinellu Plant, FL 93 93 130 - 150 -
Argonne National Laboratory-East, IL 70(1) 70(1) - 142 - 142 

Argonne National Laboratory-West, 10 70(1) 70(1) 83 - 95 -
~ ... ~ Brookhaven National 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 10(1) 70(1) 84 - 95 -
Feed Materials Production Center, OH 10(1) 70(1) - 139 - 139 

Oak Ridge National Laboratory, X-10, K-25, and 10(1) 70(1) - 113 - 113 
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 7'2 7'2 ~ - ,oo -
Hanford Project Site, WA 10(1) 70(1) ao(1) - 90(1) -
Lawrence Berkeley Laboratory, CA 7'2 72 95 - 111 -
Lawrence Livermore National 72 72 96 - 113 -
Laboratory, CA 

Lawrance Livermore National 80 80 104 - 125 -
Laboratory, Site 300, CA 

Energy Technology and Engineering 70(1) 10(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. 
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TABLE 5-5 
IMPORTANCE FACTORS AND EFFECTIVE VELOCITY PRESSURES 

Facility-Use Category 

General Use 
Important or Low Hazard 
Moderate Hazard 
High Hazard 

Extreme 
Winds 

,.oo 
1.07 
1.00 
, .oo 

At Hurricane Oceanli-• nes 

1.05 
i .11 
1.05 
1.11 

Tornadoes 

,.oo 
1.35 

• For regions between the hurricane oceanline and 100 miles inland, the importance factor I shall be determined .by 
linear interpolation. 

In ANSI ASS.1-1982 (Reference 16), effective velocity pt"N&Ure, qz, at any height z above ground is given by: 

where Kz is a velocity pressure coefficient evaluated at 
height z (as a function of terrain exposure category 
per Table 6 of Reference 16) 

I is importance factor given in Table 5-3 and above 
V is the basic wind speed given in Table 5-4 

5.2.1 General Use Facilities 

The performance goals for General Use facilities are consistent with objectives of ANSI 

ASS.1-1982 Building Class I, Ordinary Structures. The wind-force resisting structural system 

should not collapse under design load. Survival without collapse implies that occupants should 

be able to find an area of relative safety inside the building. Breach of the building envelope 

is acceptable, since confinement is not essential. Flow of air through the building and water 

damage are acceptable. Severe damage, including total loss, is acceptable, so long as the 

structure does not collapse. 

The ANSI ASB.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 coastlines, a slightly higher importance 

factor is recommended to account for hurricanes (see Table 5-5). 

Distinctions are made in the ANSI Specification between buildings and other structures, 

between main wind-force resisting systems, components, and cladding. In the case of 

components and cladding, a further distinction is made between buildings less than or equal 

to 60 ft and those greater than 60. ft in height. 
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Terrain surrounding the facilities should be classified as Exposure B, C, or D, as 

~")\. appropriate. Gust response factors and velocrty pressure exposure factors should be used 
·. ·"_-.;:, according to rules of the ANSI A58.1-1982 procedures. 

I ; 
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Wind pressures are cajculated on the walls and roofs of enclosed buildings by appro­

priate pressure coefficients specified in the ANSI ASS.1-1982 standard. Distinctions are made 

between overall pressures on walls and roofs of enclosed buildings and local pressures at 

wall comers, eaves, ridges, and roof comers. Local pressures are used for anchorage and 

cladding design and should not be combined with overall pressures. Openings, either of 

necessity or created by wind forces or missiles, result in internal pressures that can increase 

wind forces on components and cladding. The worst cases of combined 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 (ASO) or strength design (SO) as appropriate for the material used in construction. 

Load combinations that produce the most unfavorable effect should be determined. When 

using ASO methods, the following load combinations should be considered (Reference 16): 

(a) DL (alone) 

(b) DL + LL 

(c) DL + W 

(d) 0.75(DL + W + LL) 

where 

DL = dead load 

LL= live load 

W = wind or tornado load 

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

allowable stress. The provision recognizes that the probability of experiencing the load 

combinations simultaneously is significantly less than one. 

When using SO methods for concrete, the following load factors are recommended in 

Reference 55: 

(a) U = 1.4DL + 1.7LL 

(b) U = 0.75(1 .4OL + 1.7LL + 1.7W) 

(c) U = 0.90DL + 1.3W 
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The SD method requires that the strength provided be greater than or equal to the strength 

required to carry the factored loads. Appropriate strength reduction factors shall be applied 

to the nominal strength calculated in accordance with Reference 55. 

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

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

U = 1.7(DL + LL) 

U = 1.3(DL + LL + W) 

Application of strength reduction factors in the AISC procedure is not required in Reference 

45. 

5.2.2 Important or Low Hazard Facilities 

_,. Important or Low Hazard facilities are equivalent to essential facilities ( Class II), as defined 

in ANSI ASS.1-1982. The structure's main wind-force resisting structural systems shall not 

collapse at design wind speeds. Complete integrity of the building envelope is not required 

because no significant quantities of toxic or radioactive materials are present. However, breach 

of the building envelope may not be acceptable if wind or water interfere with the facility function. 

If water damage to sensitive equipment, collapsed interior partitions, or excessive damage to 

HV AC ducts and equipment leads to loss of facility function, then loss of cladding and missile 

perforation at the design wind speeds must be prevented. 

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

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

1 00 miles of the Gulf of Mexico or Atlantic coastlines, a slightly higher importance factor ( as 

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

Once the design wind speeds are established and the importance factors applied, the 

determination of wind loads on Important or Low Hazard category structures 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 Hazard structures. 

Greater attention should be paid to connections and anchorages for main members and 

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

The performance goaJ for Moderate Hazard facilities requires more rigorous criteria than 

is provided by standards or model building codes. In some geographic regions, tornadoes 

must be considered. 

Extreme Winds and Hurricanes 

Forthose sites where tornadoes are not a viable threat (see Table 5-1 ), the recommended 

basic wind speed is based on an annuaJ exceedance probability of 1x10-3. The importance 

factor is 1. 0. For those s~es located within 100 miles of the Gulf of Mexico or Atlantic coastlines, 

a slightly higher importance factor is specified to account for hurricanes (see Table 5-5). 

A minimum missile criteria is specified to account for objects or debris that could be 

picked up by extreme winds, hurricane winds, or weak tornadoes. A 2x4-in. timber plank 

weighing 15 lbs. is the specified missile. Its impact speed is 50 mph at a maximum height of 

30 ft above ground levef. The missile will break glass: it will perforate sheet metal siding, wood 

siding up to 3/4 in. thick, orform board. The missile could pass through a window or a weak 

exterior wall and cause personal injury or damage to interior contents of a building. The 

specified missile will not perforate unreinforced concrete masonry or brick veneer walls or 

other more substantial walls. 

Once the basic wind speeds are established and the importance factors applied, 

determination of Moderate Hazard category wind loads is 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 materiaJ being used in construction. The load combinations described 

for General Use structures are the same for the Moderate Hazard category. Greater attention 

should be paid to connections and anchorages for main members and components, such 

that the integrity of the structure is maintained. 

Tornadoes 

For those sites requiring design for tornadoes (see Table 5-1), the criteria is based on 

site-specific studies as published in Reference 2. The basic wind speed is associated with an 

annuaJ hazard probability of exceedance of 2x1 o-5. The wind speed obtained from the tornado 

hazard model is converted to fastest-mile. The importance factor for the Moderate Hazard 

category is 1. o . 
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With the wind speed converted to fastest-mile wind and an importance factor of 1.0, the 

equations in Table 4 of the ANSI standard should be used to obtain design wind pressures 

on the structure. Exposure Category C should be used with torn a.do winds. The velocity 

pressure factor is obtained, as is the gust response factor, from appropriate tables in the ANSI 

standard. Pressure coefficients for external, internal, and local pressures are used to obtain 

tornado wind pressures on various parts of the structure. A distinction is made between the 

main wind-force resisting system and components and cladding. 

In addition to the tornado wind loads, atmospheric pressure change (APC) loads may 

need to be considered if the building is sealed for the purpose of confining hazardous materials. 

The maximum APC shall be 40 psf with the rate of pressure change at 20 psf /sec. The following 

loadings are appropriate for sealed buildings: 

1. APC alone 

2. On~-half maximum APC pressure plus maximum wind pressure. 

APC alone could occur on the roof of a buried tank or sand filter If the roof is exposed at 

ground level. APC pressure is only half its maximum value at the radius of maximum wind 

speed in a tornado. The effect of rate of pressure change on ventilation systems should be 

~ analyzed to assure that it does not interrupt function or processes carried out in the facility. 

Procedures and computer codes are available for such analyses. 

Two missiles are specified as minimum criteria for this facility-use category. The 2x4-in. 

timber plank weighing 15 lbs. is assumed to travel in a horizontal direction at a speed up to 

100 mph. The horizontal speed is effective up to a height of 150 ft above ground level. If 

carried to a great height by the tornado winds, the timber plank could achieve a terminal vertical 

speed of 70 mph ,in falling to the ground. The horizontal and vertical speeds are assumed 

uncoupled and should not be combined. The missile will perforate most conventional wall 

and roof cladding except reinforced masonry or concrete. The cells of concrete masonry walls 

must be filled with grout to prevent perforation by the timber missile. The second missile is a 

3-in.-diameter standard steel pipe, which weighs 75 lbs. It can achieve a horizontal impact 

speed of 50 mph and a vertical speed of 35 mph. 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 gypsum panels. In addition, it will 

perforate unreinforced concrete masonry and brick veneer walls, reinforced concrete masonry 

walls less than 8 in. thick, and reinforced concrete walls less than 6 in. thick. 
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5.2.4 High Hazard Facilities 

The performance goal can qe achieved for this category if the main wind-force resisting 

members do not collapse, structural components do not fail , and the building envelope is not 

breached at the design wind loads. Loss of cladding, broken windows, collapsed doors, or 

significant missile perforations shall be prevented. Air flow through the building or water 

damage cannot be tolerated. 

Extreme Winds and Hurricanes 

For those sites which do not require specific design for tornado resistance, the _rec­

ommended basic wind speed is based on an annual hazard exceedance probability of 1 x1 o-4. 
The importance factor is 1.0 as shown in Table 5-5. The wind speed is fastest-mile at an 

anemometer height of 1 O meters above ground level. 

The missile criteria is the same as for the Moderate Hazard category, except that the 

maximum height achieved by the missile is 50 ft instead of 30 ft. 

Tornadoes 

For those sites requiring design for tornado resistance (see Table 5-1), the criteria is 

based on site-specific studies as published in Reference 2. The recommended basic wind 

speed is associated with an annual hazard probability of exceedance of 2x1 o-5 (same as the 

Moderate Hazard category). The wind speed obtained from the tornado hazard model is 

converted to fastest-mile. The importance factor for the High Hazard category is 1.35. 

With the wind speed expressed as fastest-mile and an importance factor of 1.35, the 

equations in Table 4 of ANSI ASS.1-1982 should be used to obtain design wind pressures on 

the structure. Exposure Category C should always be used with tornado winds. The velocity 

pressure exposure factor is obtained, as is the gust response factor, from appropriate tables 

in the ANSI standard. Pressure coefficients for external, local, and internal pressures are used 

to obtain tornado wind pressures on various parts of the structure. A distinction is made 

between main wind-force resisting system and components and cladding in determining wind 

pressures. 

In addition to the tornado wind loads, APC loads may need to be considered. If the 

building is sealed to confine hazardous materials, the maximum APC pressure shall be 125 
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psf with a rate of 50 psf/sec. The wind and APC load combinations specifi_ed for the Moderate 

Hazard faciiity-use category also are applicable for this category. The effects of rate of pressure 

change on ventilating systems s~_ould be analyzed. 

Three missiles are specified as minimum criteria for this facility-use category. The 2x4-in. 

timber plank weighs 15 lbs. 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, tt could achieve a terminal speed in the vertical 

direction of 100 mph. The horizontal and vertical speeds are uncoupled and should not be 

combined. The missile will perforate most conventional wall and roof cladding except rein­

forced masonry and concrete. Each cell of the concrete masonry shall contain a 1/2-in.­

diameter rebar and be grouted to prevent perforation by the missile. The second missile is a 

3-in.-diameter standard steel pipe, which weighs 75 lbs. It can achieve a horizontal impact 

speed of 75 mph and a vertical speed of 50 mph. The horizontal speed could be effective at 

heights up to 1 oo ft above ground level. This missile will perforate unreinforced concrete 

masonry and brick veneer walls, reinforced concrete masonry walls less than 12 in. thick, and 

reinforced concrete walls less than 8 in. thick. The third missile is a 3000-lb automobile that 

is assumed to roll and tumble on the ground and achieve an impact speed of 25 mph. Impact 

of an automobile can cause excessive structural response to columns, walls, and frames. 

~ Impact analyses should be performed to determine specific effects. Collapse of columns, 

walls, or frames may lead to further progressive collapse. 

5.2.5 Recommended Design Wind Speeds for Specific DOE Sites 

The criteria specified in Table 5-3 for the four facility-use categories should be applied 

to the site-specific extreme wind/tornado hazard models for each of the 25 DOE sites included 

in this study. Table 5-4 summarizes the recommended design wind speeds. Appropriate 

importance factors to be used with the wind speeds are listed in Table 5-5. The wind speeds 

are fastest-mile. Minimum wind speed values for a particular facility-use category have been 

imposed. The wind speeds listed in Table 5-4 should be treated as basic design wind speeds 

in the ANSI A58.1-1982 procedures for determining wind pressures on buildings and other 

structures. 

The following sites require design for extreme winds: 

Argonne National Laboratory-West, ID 

Hanford Project Site, WA 

Idaho National Engineering Laboratory, ID 
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Lawrence Berkeley Laboratory, CA 

Lawrence 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 N~tional Laboratories, Albuquerque, NM 

Sandia National Laboratories, Livermore, CA 

Stanford Linear Accelerator Center, CA 

The Rocky Flats Plant site presents a unique situation. The presence of downslope winds 

dominate the extreme wind distribution, suggesting that the design criteria should be based 

on extreme wind criteria. However, tornadoes are possible and have occurred near the site. 

Hence, both extreme winds and tornadoes should be considered in arriving at a final design 

criteria for this site. A specific hazard assessment was performed for the Pinellas Plant, FL, 

whose wind design is governed by hurricane (see Table 5-1}. The importance factor for this 

site should not be increased above the value for straight winds. 

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

Argonne National Laboratory - East, IL 

Bendix Plant, MO 

Brookhaven National Laboratory, NY 

Energy Technology and Engineering Center, CA 

Feed Metals Production Center, OH 

Mound Laboratory, OH 

Oak Ridge National Laboratory, TN 

Paducah Gaseous Diffusion Plant, KY 

Pantex Plant, TX 

Portsmouth Gaseous Diffusion Plant, OH 

Princeton Plasma Physics Laboratory, NJ 

Savannah River Plant, SC 

Brookhaven National Laboratory, Long Island, NY, and Princeton Plasma Physics Laboratory, 

NJ, are located in hurricane-prone zones. See Table 5-5 for values of importance factor for 

hurricane winds. For Moderate and High Hazard categories, the minimum tornado wind speed 

criteria apply because they are a worse case than the hurricane criteria . 
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5.3 CRfTERIA FOR EVALUATION OF EXISTING FACILITIES 

The performance goals for design presented in the previous section may be usec to 

evaluate existing facilities . The objective of the evaluation process isto determine if an existing 

facility meets the performance goals for a particular facility-use category. 

The key to the evaluation of existing facilities is to identify the potential failure points in 

· a structure. The critical failure mechanism could be failure of the wind-load resisting structural 

subsystem, or it could be a breach of the building envelope which allows release of toxic 

materials to the environment or results in wind or water damage to the building contents. The 

structural subsystem of many old facilities (25 to 40 years old) have considerable reserve 

strength because of conservatism used in the design approach. However, the facility could 

still fail to meet performance goals if breach of building envelope is not acceptable. 

The weakest link in a structural system usually determines the adequacy or inadequacy 

of the performance of a structure under wind load. Thus, evaluation of existing facilities normally 

should focus on the strengths of connections and anchorages in both the wind-force resisting 

subsystems and in the components and cladding. 

Experience from windstorm damage investigations provides the best guidelines for 

anticipating the potential performance of various structural systems under wind load condi­

tions. Reference 56 provides insights into the performance of various structural systems. A 

general approach to evaluating existing facilities is presented herein. The steps include: 

1. Data Collection. 

2. Analysis of system failure. 

3. Postulation of failure mechanisms and their consequences. 

4. Comparison of postulated performance with performance goals. 

5.3.1 Data Collection 

An as-built description of the building or facility is needed to make the evaluation for the 

wind hazard. If not available from construction plans and specifications, then site visits are 

required. Verification that the facility was built according to plans also is a necessary part of 

a site visit. Modifications subsequent to preparation of the drawings should be verified. 
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Material properties are required for the structural analyses. Accurate determination of 

material properties may be the mos 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 are used. 

5.3.2 Analysis of Components 

In the design of new facilities, several wind-force resisting systems concepts may be 

considered. Only the one built needs to be considered in evaluating existing facilities. 

After determining the as-built condition and the material properties, the wind-resistant 

subsystem(s) are modeled and analyzed. The type of model employed depends on the 

material, the loads, and the connections. Modeling of the structural system should include 

load path identification, stiffness calculations, and support restraint determination. Once the 

system is modeled, all appropriate loads and load combinations (including dead, live, and 

wind loads) should be considered in the analyses . 

Most of the time it is not feasible to model the three-dimensional load-resisting system. 

In that case, the system is decomposed into subsystems or individual elements. Wind loads 

appropriate to the facility-use category are imposed on these structural components and their 

ability to sustain the loads are evaluated . 

Breach of the building envelope may not be tolerable for some facility-use categories . 

The building envelope is breached by cladding failure or by tornado missile impact. 

Cladding failure can occur in the walls or the roof. Wall cladding, as used in the general 

sense, includes all types of attached material as well as in-fill walls, masonry walls, or precast 

walls. The strength of anchorages and fasteners should be checked, as well as the strength 

of the materials. Roof cladding includes material fastened to the roof support system (purlins 

or joists) such as metal deck, gypsum planks, or timber decking, as well as poured slabs of 

gypsum or concrete (normal or light weight). Local wind pressures and appropriate internal 

pressures should be used to evaluate cladding performance. 

The tornado missiles in the performance criteria are selected to require certain types of 

cladding to stop them, based on experimental tests. If existing facilities have exterior walls 

that are not capable of stopping the missile, then the consequences of the missile perforating 

exterior walls should be evaluated. 
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5.3.3 Postulation of Failure Mechanism 

After analyzing the structural load-resisting systems under loads appropriate to the 

facility-use category, it is possible to identify potential failure mechanisms. The failure 

mechanism can range from subsystem collapse to the failure of an individual element such 

as a column, beam,. or particular connection.. The consequences of the postulated failure are 
. -

evaluated in light of the stated performance goals for the designated facility-use 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 or a 

decrease, adds vectorially to external and local pressures, which may lead to additional 

component failures. The uplift of a building roof leaves the tops of walls unsupported, therefore 

with a reduced capacity to resist wind loads. 

5.3.4 Comparison of Postulated Performance with Performance Goals 

Once the postulated failure mechanisms are identified, the structural system performance 

is compared with the stated performance goals for the specified facility-use category. The 

general procedures described in Chapter 2 (Figure 2-1) are followed. 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 introduced in the evaluation 

methods. The hazard probability levels can be raised slightly if the facility is close to meeting 

the criteria (it is acceptable to increase the hazard probability level by a factor of 2, as is done 

for the earthquake evaluation described in Chapter 4). Otherwise, various means of retrofit 

can be employed. Several options are listed below, although the list is not meant to be 

exhaustive. 

1. Add x-bracing or shear walls to obtain additional lateral load-resisting capacity. 

2. Modify connections in steel, timber, or precast concrete construction to permit them to 
transfer moment, thus increasing lateral load resistance in structural frames. 

3. Brace a relatively weak structure against a more substantial one. 

4. Install tension ties in 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. 
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T(l) prevent breach of building envelope or to reduce the consequences of missile per­

foration, the following general suggestions are presentefi: 

1. Install additional fasteners to improve cladding anchorage. 

2. Provide interior barriers around sensitive equipment or rooms containing hazardous 
materials. 

3. Eliminate windows or cover them with missile-proof grills. 

4. Place missile-proof barriers in front of doors or windows. 

5. Replace ordinary overhead doors with heavy-duty ones that will resist design wind 
loads and provide missile impact resistance. The tracks must be capable of resisting 
the postulated loads. 

Each building will likely have special situations that need attention. Consultants who 

evaluate existing facilities should have experience and knowledge of the behavior of buildings 

and other structures when subjected to wind loads. 
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6 FLOOD DESIGN ANO EVALUATION GUIDELINES 

6.1 FLOOD DESIGN OVERVIEW 

The flood design and evaluation guidelines seek to ensure that DOE facilities satisfy the 

performance goats described in Chapter 2. The guidelines are applicable to new and existing 

construction; however, in the evaluation of existing facilities, fewer design options may be 

available to satisfy the performance goals. Table 6-1 shows guidelines recommended for each 

facility category in terms of the hazard input, hazard annual probability, design requirements, 

and emergency operation plan requirements. 

TABLE 6-1 
FLOOD GUIDELINES SUMMARY 

Facility Use Category 

Flood Design General Uae Important or Moderate Hazard High Hazard 
Step Low Hazard 

Flood Hazard Flood insurance studies Flood insurance studies Site probabilistic haz• Site probabilistic haz-
Input or equivalent input and or equivalent input and ard analysis and Table ard analysis and Table 

Table 6-2 combinations Table 6-2 combinations 6-2 6-2 
combinations combinations 

Hazard Annwd 2x1o-3 Sx1o-4 1x10-4 1x1o·S 
Probability 

Structural UBC or applicable crite- UBC or applicable crite- Flood hazard Flood hazard 
Evaluation ria for roof and site drain- ria for root and site drain- analysis, strength analysis, strength 

(Roofs, ate.) age, building load age, building load dealgn design 
factors, and design factors, and design 

criteria criteria 

Warning and Required to evacuate on- Required to evacuate on- Required if buildings Required if buildings 
Emergency site personnel if site is site personnel and to are below DBFL are below DBFL 
Proeedurea below DBFL secure vulnerable are• if 

site is below DBFL level 

Evaluation of the flood design for a facility consists of: 

1. defining the -OBFL, 

2. evaluating site conditions (e.g., facility location, location of openings and door-
ways), and · 

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

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

6.1.1 DESIGN BASIS FLOOD (DBFL) 

Use of the term DBFL should be understood to mean that multiple flood hazards may 

be included in the design. For example, a site located along a river may have to consider the 

potential for river flooding as well as the possible hazards associated with rainfall that could 
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cause onsite flooding (e.g., roofs, streets). Factors ~ibuting to potential river flooding such 

as spring snowmelt or upstream dam failure must be considered .. The DBFL tor each flood 

type (e.g., river flooding, rainfall, snow) is defined in terms of: 

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

2. combinations of events (e.g., storm surge, wave action); and 

3. evaluation of flood loads (e.g., hydrostatic and/or hydrodynamic forces, debris 
loads). 

The first two items are determined as part of the site hazard assessment. Flood loads must 

be assessed on a facility-by-facility basis. 

Table 6-2 defines the design basis events that must be considered. For each hazard, 

the worst combination of events defines the DBFL These events apply for all facility categories, 

subject to the constraint that the probability of exceedance is equal to or greater than the 

design basis. For example, if the design basis flood probability for General Use facilities is 

2x1 o-3 per year, failure of an upstream dam need not be considered if the frequency of failure 

is less than 2x1 o-3. For purposes of design, the event combinations in Table 6-2 are assumed 

to be perfectly correlated. In other words, the combinations of events listed are assumed to 

occur with certainty if the conditions stated are met . 

Primary Hazard 

River Flooding 

Dam Failure 

Local Preciphation 

Tsunami 

Storm Surge (due to, e.g., hurri­
cane, aeiche) 

Levae or Dike Failure 

. TABLE 6-2 
DESIGN BASIS FLOOD EVENTS 

Event 

1. Tide Effects (if applicable) 

2. Wind wave activity and Event 1. (above). 

3. Coincident upstream dam failure, If tor the dNign baais flood, (1) the reservoir 
elevation is greater than or equal to an elevation which is 90% of available tree-board: 
or (2) apillway is structurally unable to pau the dNign baais flood; and Events 1. and 
2. above. 

41. Ice forces and Event 1. abolle. 

All modee must be considered (e.g., Miamicalty inducacl, random structural failures, 
upstream) 

Roof drains clogging, and storm NWers blocked 

Tide effects. 

Tide effects and wind wave activity (If not included in the hazard analysis) . 

Consider failure tor events la8I than the dNign basis (i.e., failure during a flood, INa 
than the design baais). 
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8.1.2 EVALUATION OF SITE CONDITIONS 

The flood evaluation process is illustrated below: 
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FIGURE 6-1. FLOOD EVALUATION PROCEDURE 

The steps in the flood evaluation process include: 

1. Determine the facility category (see Chapter 2) . 

2. From the results of a site screening analysis or flood hazard study, identify the 
sources o1 flooding at the facility. · 
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3. Based on the flood design guidelines in Table ~1. determine the DBFL for each 
flood hazard. The design basis flood should include possible combinations of 
hazards and the assessment of flood loads (e.g., hydrostatic and hydrodynamic 
loads) or other effects (e.g., scour, erosion). 

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

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

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

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

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

In principle, buildings that flt into one category or another should be designed for different 

hazard levels because of the importance assigned to each. However, because floods have 

a common-cause impact on all buildings at or below the design basis flood level, the design 

basis for the most critical structure may govern the design for all buildings onsite when it is 

more feasible to harden a site, rather than an individual building. Exceptions to this case exist 

when building locations vary (i.e., they are at significantly different elevations or there are large 

spatial separations), or in the case when individual buildings are hardened to resist the 

expected flood loads (i.e., addition of watertight doors to a High Hazard facility building). 

It is important to consider possible interaction between buildings or building functions 

as part of the process of evaluating buildings at a site. For example, If a High Hazard facility 

requires emergency electric power in order to maintain safety levels, buildings which house 

emergency generators and fuel should be designed to a High Hazard category flood level. 

In general, a systematic review of a site for possible common-cause dependencies is required. 

This applies equally for new construction and existing facilities. A straightforward review 

develops a logic diagram that displays the functional dependencies and system i~eractions 

between operations housed in each building. 
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6.1.3 FLOOD DESIGN STRATEGIES 

The basis for the flood evaluation procedure is defined according to a hierarchy of design 

strategies. They are: 

1. Situate facilities above the DBFL level. 

2. Harden a site or individual facility to withstand the effects of flood forces such that 
the performance goats are satisfied. 

3. For the DBFL. if adequate warning is available, emergency operation plans can 
be developed to safety evacuate employees and secure areas with hazardous, 
mission-dependent, or vaJuable materials. 

If a DOE facility is situated above the DBFL. the performance goals are readily satisfied. An 

option to satisfy the performance goats is to harden a building or site against the effects of 

floods such that the chance of damage is acceptably low and to provide emergency operation 

plans. This dual strategy is secondary to siting facilities above the DBFL level because some 

probability of damage does exist and facility operations may be interrupted. 

Whether or not a facility is situated above the DBFL should be assessed on the basis of 

the critical flood elevation. The critical elevation represents the flood levet at which, if flooding 

were to occur beyond this depth, the performance level specified as part of the performance 

goals would be exceeded. Typically, the first floor elevation or a below-grade elevation (i.e., 

foundation level) is assumed to be the critical elevation. However, based on a review of a 

facility, it may be determined that only greater flood depths would cause damage (e.g., critical 

equipment or materials may be housed above the first floor}. The critical elevation will depend 

on the flood hazard (e.g., hydrostatic, hydrodynamic loads), the building structure, and the 

facility category. 

6.2 DOE FLOOD HAZARD ASSESSMENTS 

While probabilistic hazard evaluations for seismic and wind phenomena have been 

performed for all of the DOE sites, comparable evaluations for flood hazards have been per­

formed at only 9 of these sites. Flood screening evaluations have been performed for eight 

sites in the jurisdiction of the Albuquerque Operations Office (References 60-67). -Also, a flood 

hazard assessment has been performed for the Hanford Project Site (Reference 68). The 

results of these evaluations have been summarized in Reference 3. An overview of flood 

considerations is given in Reference 57. 
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All sites are exposed to the potential effects of flooding. For example, localized flooding 

due to rainfall can occur in streets, in depressed areas, and on roofs. In addition, flooding 

can occur on a nearby river, lake, or ocean. The objective of probabilistic hazard evaluations 

is to assess the probability of extreme events that have a low probability of being exceeded. 

In the case of floods, facilities at DOE sites may not be exposed to extreme flood hazards. 

Because of topography, regional climate, or the location of sources of flooding in relation to 

a site, extreme flooding on-site may be precluded. For existing facilities, design decisions 

may have resulted in all buildings being sited above possible flood levels. Consequently, in 

some cases it may be apparent that floods do not pose a substantial hazard to facility oper­

ations. For these so called "dry sites" (Reference 58), it may be possible to demonstrate, 

without performing a detailed hazard assessment, that the flood design guidelines described 

in this document are satisfied. 

The concept of a dry site as used here does not imply that a site is free of all sources of 

flooding (e.g., all 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 design guidelines are satisfied. For 

example, for the flooding source of local precipitation, the adequacy of the stormwater man­

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

topography). 

To consider flood hazards at DOE sites, a twerphase evaluation process is used. In the 

first phase, flood screening analyses are performed (Reference 59). These studies provide 

an initial evaluation of the potential for flooding at a site. As part of the screening analysis, 

available hydrologic data and results of previous studies are gathered, and a preliminary 

assessment of the probability of extreme floods is performed. Results of the screening analysis 

can be used to assess whether flood hazards can occur at a site. In some cases, these studies 

may demonstrate that flood hazards are extremely rare and, therefore, performance goals are 

satisfied. For those sites with high potential for flooding and which have Moderate Hazard 

and High Hazard facilities, the second phase will be undertaken. This consists of detailed 

probabilistic flood hazard assessment. 

A number of methods have been developed to assess the probabllity of extreme floods. 

These include: 

1. extrapolation of frequency distributions, 

2. joint probability techniques, 

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

5. Bayesian techniques. 

· ·'> References 81-84 provide background on these methods. There is no general agreement in 

the literature regarding the appropriateness of these methods to estimate the probability of 

extreme floods. Each approach has its advantages and disadvantages and thus no single 

technique is well-established. 
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In estimating the probability of extreme floods it is important that uncertainty analysis be 

performed. The uncertainty anaJysis should consider statistical uncertainty due to limited data 

and the uncertainty in the flood evaJuation models used (e.g., choice of different statistical 

models, uncertainty in flood routing). Discussions of uncertainty assessments can be found 

in References 59, 68, 78-80. 

6.3 FLOOD DESIGN GUIDELINES FOR EACH FACILITY-USE CATEGORY 

Unlike design strategies for seismic and wind hazards, it is not always possible to provide 

margin in the flood design of a facility. For example, the simple fact that a site is inundated 

(forgetting for a moment the possible structuraJ damage that might occur), may cause sig­

nificant disruption (clean-up) and downtime at a facility; this may prove an unacceptable risk 

in terms of economic impact and disruption of the mission-dependent function of the site. In 

this case, there is no margin, as used in the structuraJ sense, that can be provided in the facility 

design. Therefore, the facility must be kept dry and operations must be unimpeded. As a 

result, the annual probability of the DBFL corresponds to the performance goaJ probability of 

damage, since any exceedance of the DBFL results in consequences that exceed the per­

formance goal. 

The DBFL for General Use and Important or Low Hazard facilities can generally be 

estimated from available flood hazard assessment studies. These include: the results of flood 

screening studies, flood insurance analyses, or other comparable evaluations. For these 

facility types, it is not necessary that a full-scope hazard evaluation be performed, if the results 

of other recent studies are available and, if uncertainty in the hazard 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 Reference 59) dem­

onstrate that the performance goals are satisfiect 
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6.3.1 General Use Facilities 

The performance goal for General Use facilities specifies that occupant safety be 

maintained and 1hat the probability of severe structural damage be less than or about a 1 o-3 
per year. For General Use facilities, the DBFL corresponds to the hazard level whose mean 

annual probability of exceedance is 2x10-3. In addition, event combinations that must be 

considered are listed in Table 6-2. 

To meet the performance goal for this category, two requirements must be met: (1) the 

facility structural system must be capable of withstanding the forces associated with the DBFL 

and (2) adequate flood warning time must be available to ensure that building occupants can 

be evacuated (1 to 2 hours, Reference 71) . If the facility is located above the DBFL, then 

structural and occupant safety requirements are met. 

For structural loads applied to roofs, exterior walls, etc., applicable building code 

requirements (e.g., DOE 6430.1A, Uniform Building Code (UBC) References 9, 10) provide 

standards for design that meet the performance goal for General Use facilities. 

For existing construction, or at new sites where the facility cannot be above the DBFL 

level, an acceptable design can be achieved by: 

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

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

6.3.2 Important or Low Hazard Faclltties 

The performance goal for Important or Low Hazard facilities is to limit damage and 

interruption of facility operations while also maintaining occupant safety. For these facilities, 

the DBFL is equal to the flood whose probability ·of exceedance is 5x1 o-4 per year plus the 

event combinations listed in Table 6-2. The results of flood insurance studies {Reference 69) 

routinely report the flood level corr~ponding to the 2x1 o-3 probability level. For purposes of 

establishing the DBFL for Important or Low Hazard facilities, the results of these studies can 

be extrapolated to obtain the flood with a probability of 5.0x1 o-4 of being exceeded (if this 

result is not reported). A range of extrapolations should be considered, with a weighted 

average being used as the design basis. 
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For new construction, facilities in this category should be located above the DBFL For 

existing construction, or at new sites where the above ·siting criteria cannot be met, an 

acceptable design can be achieved by the same measures described for General Use facilities . 

For Important or Low Hazard facilities whose critical elevation is below the DBFL, emergency 

procedures must be developed to mitigate the damage to mission-dependent components 

and systems. These procedures may include installation of temporary flood barriers, removal 

of equipment to protected areas, anchoring vulnerable items, or installing sumps or emergency 

pumps. 

As in the case of GeneraJ Use facilities, UBC design standards or local ordinances should 

be used to determine design requirements and site drainage. Site drainage should be ade­

quate for roofs and walls to prevent flooding that would interrupt facility operations. 

6.3.3 Moderate Hazard Facilities 

The performance goal for Moderate Hazard facilities is continued function of the facility, 

including confinement of hazardous materials and occupant safety. Facilities in this category 

should be located above flood levels whose annual probability of exceedance is 1 o-4, including 

the combinations of events shown in Table 6-2. 

Emergency operation procedures must be developed to secure hazardous materials, 

-~ ~.'.- prepare Moderate Hazard facilities for possible· extreme flooding and loss of power, and for 

an extended stay on-site. Emergency procedures should be coordinated with the results of 

the flood hazard analysis, which provides input on the time variation of flooding, type of hazards 

to be expected, and their duration. The use of emergency operation plans is not an alternative 

to hardening a facility to provide adequate confinement unless all hazardous materials can be 

completely removed from the site. 

,. C· 

Roofs should be designed in accordance with UBC standards in order to drain rainfall 

whose probability of exceedance is 10-4. The amount of ponding that can occur on building 

roofs should be controlled by adding scuppers (openings in parapet walls) and/or limiting 

parapet wall heights. If ponding on-site is expected to occur, drainage should be provided to 

convey the stormwater away from the facility. Alternatively, doors and openings should be 

made watertight. 

6.3.4 High Hazard Facilities 

The performance goals for High Hazard facilities are basically the same as for Moderate 

Hazard facilities. However, a higher confidence is required that the performance goals are 
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met. Facilities in this category should be located above flood levels whose annual probability 

of exceedance is 10-5, including combinations of events listed in Table 6-2. Required emer­

gency operation procedures are the same as those tor Moderate Hazard facilities. Roofs 

should be designed in accordance with UBC standards in order to orain the rainfall whose 

probability of exceedance is 1 o-5. The control of ponding is the same as that recommended 

for Moderate Hazard facilities. -

6.4 FLOOD DESIGN PRACTICE FOR FACILITIES BELOW THE DBFL ELEVATION 

For structures located below the design ~asis flood level, mitigation measures other than 

siting at a higher elevation can provide an acceptable margin of safety. In general, structural 

measures are considered next, followed by non-structural actions (i.e., flood warning and 

emergency operations plans). In practice, for sites located below the design basis flood level, 

a combination of structural and non-structural measures are used. Guidelines for structural 

flood mitigation measures are described in this section. 

6.4.1 Flood Loads 

To evaluate the effects of flood hazards, corresponding forces on structures must be 

evaluated. Force evaluations must consider hydrostatic and hydrodynamic effects, including 

the impact associated with wave action. In addition, the potential for erosion and scour and 

debris loads must be considered. Good engineering practice should be used to evaluate 

flood loads (References 70, 72-76). The forces due to ice formation on bodies of water should 

be considered in accordance with DOE 6430.1 A (Reference 9). 

Building roof design should provide adequate drainage as specified by DOE 6430.1 A 

(Reference 9) and in accordance with local plumbing regulations. Secondary drainage 

(overflow) should be provided at a higher level and have a capacity at least that of the primary 

drain. Limitations of water depth on a roof specified by DOE 6430.1 A or applicable local 

regulations apply. The roof should be designed to consider the maximum depth of water that 

could accumulate if the primary drainage system is blocked (Reference 10, 16). 

6.4.2 Design Requirements 

Design criteria (i.e., for allowable stress or strength design, load factors, and load 

combinations) for loads on exterior walls or roofs due to rain, snow, and ice accumulation 

should follow applicable code standards for the materials being used (References 45, 55). 
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6.4.2. 1 General Use and Important or Low Hazard Facilities 

Facilities that are subject to flood loads should be designed according to provisions of 

use or local ordinances and specified flood load combinations (e.g., ponding, hydrostatic). 

6.4.2.2 Moderate and High Hazard Facilities 

Buildings and related structures that are directly impacted by flood hazards should be 

constructed of reinforced concrete and designed according to strength methods as required 

by ACI 349-85 (Reference 44). Load factors and combinations specified in Reference 69 

should be used. 

8.4.3 Design of Other Civil Engineering Facilities 

In addition to the design of buildings to withstand the effects of flood hazards, other civil 

works must be designed for flood conditions. These include components of the stormwater 

management system such as street drainage, storm sewers, stormwater conveyance systems 

such as open channels, and roof drajnage. Applicable procedures and design criteria specified 

in DOE 6430. 1 A (Reference 9) and/or local regulations should be used in the design of 

stormwater systems. However, the design of individual facilities to resist the effects of local, 

onsite flooding (e.g., local ponding, street flooding) should be evaluated to ensure that the 

performance goals are satisfied. 

6.4.4 Flood Protection Structures 

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

hazards. Typical hardening systems are: 

1. structural barriers (e.g., bu!lding, watertight doors), 

2. waterproofing (e.g., waterproofing exterior walls, watertight doors), 

3. levees, dikes, seawalls, revetments, and 

4. diversion dams and retention basins. 

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

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

ments (References 70, 71, 72, 76, 77). Design of structural systems such as exterior walls, 

roof systems, doors, etc. should be designed according to applicable criteria for the facility 

category considered (see Section 6.4.2). 
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6.5 FLOOD RISK ASSESSMENT 

In some cases the need may arise for DOE or the DOE site manager to perform a 

quantitative flood risk assessment. There may be a variety of reasons requiring a compre­

hensive risk $Valuation of a site. These considerations include: 

1. Demonstration that the performance goals are satisfied. 

2. Evaluation of altemative 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. 

A quantitative evaluation of the risk due to flooding can be assessed by performing a 

probabilistic safety analysis (PSA). The objective of a flood PSA is to evaluate the risk of 

damage to systems important for maintaining safety and operating a critical facility. Risk 

calculations can be performed to evaluate.the likelihood of damage to onsite systems and of 

public health consequence. Procedures to perform PSAs are discussed in References 78-80, 

85. 
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APPENDIX A 

COMMENTARY ON SEISMIC DESIGN AND ANALYSIS GUIDELINES 

The overall approach employed for the seismic design and evaluation guidelines is 

discussed in Section A.1. The basis for selection of recommended hazard exceedance 

probabilities is described in Section A.2. Earthquake ground motion response spectra are 

discussed in Section A.3. The basic attributes of equivalent static force methods and dynamic 

analysis methods are described in Sections A.4 and A.5. Note that energy dissipation 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. The basis for the specific seismic design 

and evaluation guidelines including the inelastic demand-capacity ratios recommended for 

usage in the design and evaluation of Moderate and High Hazard facilities is described in 

Section A. 7. 

A. 1 Basic Approach for Earthquake Design and Evaluation at Appropriate 

Lateral Force Levels 

The performance of a DOE facility subjected to a natural phenomena hazard ( earthquake, 

wind, or flood) depends not only on the level of hazard selected for design or evaluation, but 

also on the degree of conservatism used in the design or evaluation process. For instance, 

if one wishes to achieve less than about 1 o-4 annual probability of onset of loss of function, 

this goal can be achieved by using conservative design or evaluation approaches for a natural 

phenomena hazard which has a more frequent annual probability of exceedance (such as 

10-3) , or it can be achieved by using median centered design or evaluation approaches (i.e., 

not having any intentional conservative or unconservative bias) coupled with a 10-4 hazard 

definition. At least for the earthquake hazard, the former alternate has been the most traditional. 

Conservative design or evaluation approaches are well established, extensively documented, 

and commonly practiced. Median design or evaluation approaches are currently controversial, 

not well understood, and seldom practiced. Conservative design and evaluation approaches 

are utilized for both conventional facilities (similar to DOE category - General Use Facilities) 

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 

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

sistent with these procedures. 
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The performance goals for General Use and Important or Low Hazard facilities are 

consistent with goals of conventional building codes for normal and important or essential 

facilities, respectively. For seismic design and evaluation of facilities, conventional building 

codes utilize equivalent static force methods except for very unusual or irregular facilities , for 

which a dynamic analysis method is employed. The performance goals for Moderate and 

High Hazard Facilities approach those used for nuclear power plants for which seismic design 

and evaluation is accomplished by means of dynamic analysis methods. For these reasons, 

the guidelines presented in this report recommend that lesser hazard facilities be evaluated 

by methods corresponding closely to conventional building codes and higher hazard facilities 

be evaluated by dynamic analyses. 

The performance goals presented in Chapter 2 and the recommended hazard excee­

dance probabilities presented in Sections 4.2.2 and 4.2.3, are tabulated below for each 

facility-use category. 

Hazard Ratio of Hazard 
Facility Performance Exceedanc:e to Performance 

Category Goal Probability Probability 

General 
u .. ,x,o·3 2x10-3 2 

Important or 
5x1o-4 1x10-3 Low Hazard 2 

Moderate 
Hazard 1x10• 1x1o-3 ,o 
High 

1x10·5 2x1o-4 Hazard 20 

As shown in the above table, the hazard exceedance probabilities and performance goal 

exceedance probabilities recommended herein are different. These differences indicate that 

conservatism must be introduced in the seismic behavior evaluation approach. In earthquake 

evaluation, there are many places where conservatism can be introduced, including: 

1. Maximum design/evaluation ground acceleration. 

2. Response spectra amplification. 

3. Damping. 

4. Analysis methods. 

5. Specification of material strengths. 

6. Estimation of structural capacity. 

7. Load factors. 

8. Importance factors. 

9. Limits on inelastic behavior. 
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1 o. 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 chapter, conservatism is intentio­

nally introduced and controlled by specifying (1) hazard exceedance probabilities, (2) load 

factors, (3) importance factors, (4) limits on inelastic behavior, and (5) conservatively specified 

material strengths and structural capacities. Load and importance factors have been retained 

for the evaluation of General Use and Important or Low Hazard facilities because the 1988 

USC approach which includes these factors is followed for these categories. These factors 

are not used in general dynamic analyses of facilities or in Reference 11, and thus they were 

not used for the evaluation of Moderate and High Hazard facilities by dynamic analysis. Material 

strengths and structural capacities specified herein correspond to ultimate strength code-type 

provisions (i.e., ACI 318-83 for reinforced concrete, USC Sec. 2721 for steel). It is recognized 

that such provisions introduce conservatism. In addition, it 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, significant 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, with the 1988 USC provisions (Reference 10) for General Use 

facilities being the baseline for the guidelines for all categories. The differences in seismic 

evaluation guidelines among categories in terms of load and importance factors, limits on 

inelastic behavior, and other factors as described in Section 4.2, and illustrated in Table 4-1, 

are summarized below: 

1. 

2. 

3. 

General Use and 
Important or Low Hazard 

Important or Low Hazard and 
Moderate Hazard 

Moderate and 
High Hazard 

Only hazard exceedance probability and importance factor differ. All other 
factors are held the same. 

Load fact0r9, importance factors, damping, and limits on inelastic behavior 
differ. All other factol"8 are eaaentially the same, although static force 
evaluation methoda are ueec:t for Important or Low Hazard facilities and 
dynamic analyaia is used for Moderate Hazard facilities. 

Hazard exceedance probability and limits on inelastic behavior differ. All 
other facto,. are held the same. 

The different load factors, importance factors, limits on inelastic behavior, and damping 

making up the seismic design and analysis guidelines for each facility-use category result in 

facilities in each category having a different demand (i.e., the value, D, computed as shown 

in Sections 4.2.2 and 4.2.3, which is compared to ultimate capacity to assess facility adequacy) . 
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Larger demand {i.e., required capacity) values result for more hazardous categories, which 

is indicative of the greater conservatism and reduced probability of damage or loss of capability 

to function associated with the higher hazard categories. 

A.2 Earthquake Hazard Annual Exceedance Probabilities 

Historically, non-Federal Government Geheral Use and Essential or Low Hazard facilities 

located in California, Nevada, and Washington have been designed for the seismic hazard 

defined in the Uniform Building Code. Other regions of the U.S. have generally used either 

some version of the UBC seismic hazard definition or else have ignored seismic design. Past 

USC seismic provisions (1985 and earlier) are based upon the largest earthquake intensity 

which has occurred in a given region during the past couple of hundred years. These pro­

visions do not consider the probability of occurrence of such an earthquake and thus do not 

make any explicit use of a probabilistic seismic hazard analysis. However, within the last ten 

years there has been considerable interest in developing a national seismic design code. 

Proponents have suggested that a seismic design code would be more widely accepted if the 

seismic hazard provisions of this code were based upon a consistent uniform annual probability 

of exceedance for all regions of the U.S. Several probabilistic-based seismic hazard provisions 

have been proposed (References 11,47,48). A probabilistic based seismic zone map was 

recently incorporated into the 1988 Uniform Building Code (Reference 10). Canada has 

adopted this approach (Reference 15). The suggested annual frequency of exceedance for 

the design seismic hazard level differs somewhat between proposed codes, but all lie in the 

range of 1 o-2 to 1 o-3. · For instance, ATC-3 (Reference 47) has suggested the design seismic 

hazard level should have about a 1 O percent frequency of exceedance level in 50 years which 

corresponds to an annual exceedance frequency of about 2x1 o-3. The Canadian building 

code used 1x1 o-2 as the annual exceedance level for their design seismic hazard definition. 

The Department of Defense (DOD) tri-services seismic design provisions for essential buildings 

(Reference 11) suggests a dual level for the design seismic hazard. Facilities should remain 

essentially elastic for seismic hazard with about a 50 percent frequency of exceedance in 50 

years or about a 1 x1 o-2 annual exceedance frequency, and they should not fail for a seismic 

hazard which has about a 1 o percent frequency of exceedance in 100 years or about 1 x1 o-3 

annual exceedance frequency. 

On the other hand, nuclear power plants are designed so that safety systems do not fail 

if subjected to a safe shutdown earthquake (SSE). The SSE generally represents the expected 

ground motion at the site either from the largest historic earthquake within the tectonic province 

within which the site is located or from an assessment of the maximum earthquake potential 
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of the appropriate tectonic structure or capable fault closest to the site. The key point is that 

this is a deterministic definition of the design SSE. Recent probabilistic hazard studies (e.g., 

Reference 49) have indicated that for nuclear plants in the eastern U.S., the design SSE level 

generaJly corresponds to an estimated mean annuaJ frequency of exceedance of between 

10'"3 and 10-4. Also, during the last ten years, considerable interest has developed in 

attempting to estimate the seismic risk of these nuclear power plants in terms of annual 

probability of seismic-induced core melt or risk of early fataJities and latent cancer to the public. 

Many studies have been conducted on seismic risk of individuaJ nuclear power plants. Because 

those plants are very conservatively designed to withstand the SSE, these studies have 

indicated that the seismic risk is acceptably low (generally less than about 1 o-5 annual 

probability of seismic induced core damage) when such plants are designed for SSE levels 

with a mean annuaJ frequency of exceedance between 10-3 and 10-4 (References 17, 18, 19, 

and 20). 

With this comparative basis for other facilities, it is judged to be consistent and appropriate 

to define the seismic hazard for DOE facilities as follows: 

Category 

General u .. 
Important or Low Hazard 

Moderate Hazard 

High Hazard 

Earthquake Hazard Annual 
Exceedance Probability 

1x1o-3 

2x1o-4 

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

the facility is conservatively performed for these hazards. The level of conservatism of the 

evaJuation for these hazards should increase as one goes from GeneraJ 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 USC (Reference 10) or ATC-3 

(Reference 47) for normaJ or essentiaJ facilities, respectively. The level of conservatism in the 

seismic evaJuation for High Hazard facilities should approach that used for nuclear power 

plants when the seismic hazard is designated as above. The criteria contained in this report 

follow the philosophy of a gradual reduction in the annual exceedance probability of the hazard 

coupled with a gradual increase in the conservatism of the evaluation procedure as one goes 

from a General Use to a High Hazard facility. 
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A.3 Earthquake Ground Motion Response Spectra 

Design/evaluation earthquake response spectra generally have the shape shown in 

Figure 4-1. The design/evaluation spectrum shape is similar to that for an actual earthquake 

except that peaks and valleys which occur with actual earthquake spectra are smoothed out. 

Also, design/evaluation spectra typically include motions from several potential earthquakes 

such that they are broader in frequency content than spectra computed for actual earthquake 

ground motion. Such simplified spectral shapes are necessary in order to provide a practical 

input for seismic analyses. Because design/evaluation spectra are smoothed and broadened 

relative to actual earthquake spectra, a design/evaluation spectrum tends to be a conservative 

representation of actual earthquake amplification that might occur at a facility site. 

Spectral . amplication depends strongly on site conditions. For this reason, it would 

generally be expected that response spectra to be used for the design or evaluation of haz­

ardous DOE facilities would be evaluated from site-specific geotechnical studies. There is a 

very good discussion on the development of response spectra from site-specific studies and 

other approaches in Reference 11. Attematively, 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 geotechnical study. Additional approaches available for estimating 

response spectra from general site conditions are described in References 25, 26, and 27. 

Any of these methods is acceptable for estimating input design/evaluation response spectra. 

Note that to meet the performance goals in Chapter 2 using the guidelines presented in Sections 

4.2.2 and 4.2.3, median amplification reponse spectra should be used. Mean amplification 

spectra are a conservative approximation of median spectra. 

The C factor in the 1988 UBC base shear equation (e.g., Equation 4-1) is approximately 

equivalent to spectral amplification tor 5 percent damping, and the Z factor corresponds to 

the maximum ground acceleration such that ZC corresponds to a 5 percent damping earth­

quake response spectrum. For General Use and Important or Low Hazard facilities, earthquake 

loading is evaluated from Equation 4-1 in accordance with UBC seismic provisions with the 

exception that the ZC is determined from input design/evaluation response spectra as 

described in Section 4.2.2. ZC as given by 1988 UBC provisions is plotted as a function of 

natural period on Figure A-1. Also, Figure A-1 includes a typical design/evaluation spectra. 

I . 
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FIGURE A-1 

COMPARISON OF 1988 UBC ZC WITH TYPICAL 

DESIGN/EVALUATION RESPONSE SPECTRUM 

It is shown in Figure A-1 that an actual design evaluation spectrum differs significantly from 

the code coefficients, ZC, only in the low natural period region (i.e., less than about 0.125 

seconds). As a result, an adjustment must be made in the low period region in order to not 

be unconservative wh~n the design/evaluation spectra are used along with other provisions 

of the code. The required adjustment to the design/evaluation spectra is to require that for 

fundamental periods lower than the period at which the maximum spectral acceleration occurs, 

ZC should be taken as the maximum spectral acceleration. This provision has the effect of 

making the design/evaluation spectra as shown in Figure 4-1, have a shape similar to that for 

ZC per the code provisions as shown in Figure A-1 . In this manner, the recommended seismic 

evaluation approach for General Use and Important or Low Hazard facilities closely follows 

the 1988 USC provisions while utilizing seismic hazard data from site dependent studies. 

In the design and evaluation guidelines presented in Section 4.2.3, for Moderate and 

High Hazard facilities, design/evaluation spectra as shown in Figure 4-1, are used for dynamic 

seismic analysis. However, in accordance with· Reference 11, for fundamental periods lower 

than the period at which the maximum spectral acceleration occurs, spectral acceleration 

should be taken as the maximum spectral acceleration. For higher modes, the actual spectrum 

at all natural periods should be used in accordance with recommendations from Reference 

11 . 

A-7 



·­' 

The basis for using the maximum spectral acceleration in the low period range by both 

the Reference 1 O and 11 approaches is twofold: (1) to avoid _being unconservative when using 

constant response reduction coefficients, Rw, or inelastic demand-capacity ratios, Fu; ~nd (2) 

to account for the fact that stiff structures may not be as stiff as idealized in dynamic models. 

Constant factors permit the elastically computed demand to exceed the capacity the same 

amount at all periods. Studies of inelastic response spectra such as those by Riddell and 

Newmark (Reference 50), indicate that the elastically computed demand cannot safely exceed 

the capacity as much in the low period region as compared to larger periods. This means 

that lower inelastic demand-capacity ratios must be used for low period response if the actual 

spectra are used . .Since constant demand-capacity factors are used herein, increased spectra 

as shown in Figure 4-1, must be used in the low period response region. Another reason for 

using increased spectral amplification at low periods is to assure conservatism for stiff 
-

structures. Due to factors such as soil-structure interaction, base mat flexibility, and concrete 

cracking, structures may not be as stiff as assumed. Thus, for stiff structures at natural periods 

below that corresponding to maximum spectral amplification, greater spectral amplification 

than that corresponding to the calculated natural period from the actual spectra may be more 

realistic. In addition, stiff structures which undergo inelastic behavior during earthquake 

ground motion soften (i.e., effectively respond at increased natural period) such that seismic 

,.. response may be driven into regions of increased dynamic amplification compared to elastic 

response. 

A.4 Static Force Method of Seismic Analysis 

Seismic codes are based on a method that permits earthquake behavior of facilities to 

be translated into a relatively simple set of formulas. From these formulas, equivalent static · 

seismic loads that may affect a facility can be approximated to provide a basis for design or 

evaluation. Equivalent static force methods apply only to relatively simple structures with nearly 

regular, symmetrical geometry and essentially uniform mass and stiffness distribution. More 

complex structures require a more rigorous approach to determine the distribution of seismic 

forces throughout the structure, as described in Section A.5. 

Key elements of equivalent static force seismic evaluation methods are formulas which 

provide (1) total base shear; (2) fundamental period of vibration; and (3) distribution of seismic 

forces with height of the structure. These formulas are based on the response of structures 

with regular distribution of mass and stiffness over height in the fundamental mode of vibration. 

The 1988 USC provisions (Reference 1 O) include, in their equation for total base shear, terms 

corresponding to maximum ground acceleration, spectral amplification as a function of natural 
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period, a factor of conservatism based on the importance of the facility, and a reduction factor 

which accounts for energy absorption capacity. Very simple formulas estimate fundamental 

period by relating period to structure dimensions with coefficients for different materials or by 

a slightly more complex formula based on Rayleigh's method. This code defines the distribution . 

of lateral forces of various floor levels. In addition, a top force is introduced to accommodate 

the higher modes by increasing the upper story shears where higher modes have the greatest 

effect. The overturning moment is calculated as the static effect of the forces acting at each . 

floor level. Story shears are distributed to the various resisting elements in proportion to their 

rigidities, considering diaphragm rigidity. Increased shears due to actual and accidental 

torsion must be accounted for. 

Seismic forces in members determined from the above approach and combined with 

forces due to other loadings are multiplied by a load factor and compared to code ultimate 

strength levels in order to evaluate whether or not the design is adequate for earthquake loads. 

In addition, deflections are computed from the lateral forces and compared to story drift lim­

itations to provide for control of potential damage and overall structural frame stability from 

P-delta effects. 

A.5 Dynamic Seismic Analysis 

As mentioned previously, complex irregular structures cannot be evaluated by the 

equivalent static force method because the formulas for seismic forces throughout the structure 

would not be applicable. For such structures, more rigorous dynamic analysis approaches 

are required. In addition, for very important or highly hazardous facilities, such as the Moderate 

or High Hazard categories, it is recommended that 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 high hazard 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 represented as 

a response spectrum or an acceleration time history. 

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

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

correspond to the structure geometry. Mass in the vicinity of each nodal point is typically 
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lumped at the nodal point location in a manner that all of the mass of the struct~re and its 

contents are accounted for. The nodal points are connected by elements which have properties 

corresponding to the stiffness of the structure between nodal point locations. Nodal points 

are free to move (caHed 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 equations. However, 

dynamic analyses are more commonly performed by considering the modal properties of the 

structure. 

For each degree of freedom of the structure, there are natural modes of vibration, each 

of which responds at a particular natural period in a particular pattern of deformation (mode 

shape). There are many methods available for computing natural periods and associated 

mode shapes of vibration. Utilizing these modal properties, the equations of motion can be 

written as a number of single degree-of-freedom equations by which modal responses to 

dynamic forcing functions such as earthquake motion can be evaluated independently. Total 

response can then be determined by superposition of modal responses. The advantage of 

this approach is that much less computational effort is required for modal superposition 

analyses than direct integration analyses since fewer equations of motion require solution. 

Many of the vibration modes do not result in significant response and thus can be ignored. 

The 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 e¥citation is given in terms of response 

spectra (as is the case for the motions provided for design and evaluation of DOE facilities in 

Reference 1) the maximum structural response may be most readily estimated by the response 

spectrum evaluation approach. The complete response history is seldom needed for design 

of structures; maximum response values usually suffice. Because the response in each 

vibration mode can be modeled by single degree-of-freedom equations, and response spectra 

provide the response of single degree-of-freedom systems to the input excitation, maximum 

modal response can be directly computed. Procedures are then available to estimate the total 

response from the modal maxima which do not necessarily occur simultaneously. 
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A.8 Analytical Treats:nent of Energy Dissipation and Absorption 

Earthquake ground shaking is a limited energy transient loading, and structures have 

energy dissipation and absorption capacity through damping and through hysteretic·behavior 

during inelastic response. This section discusses simplified methods of accounting for these 

modes of energy dissipation and absorption in seismic response analyses. 

Damping - Damping accounts _for energy dissipation in the linear range of response of 

structures and equipment to dynamic loading. Damping is a term which is utilized to account 

for various mechanisms of energy dissipation during seismic response such as cracking of 

concrete, slippage at bolted connections, and slippage between structural and nonstructural 

elements. Damping is primarily affected by: 

1. Type of construction and materials used. 

2. The amount of nonstructural elements attached. 

3. The earthquake response strain levels. 

"" Damping increases with rising strain level 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 which provide more opportunities for energy 

.• . 
•<f.' 

losses due to friction. For convenience in seismic response analyses, the damping is generally 

assumed to be viscous in nature (velocity dependent} and is so approximated. Damping is 

usuaily considered as a proportion or percentage of the criticai damping value, which is defined 

as that damping in a syst!:!m which would prevent oscillation for an initial disturbance not 

continuing through the motion; 

Table 4-4 reports typical structural damping values for various materials and construction 

(Reference 11 ). These values correspond to strains beyond yielding of the material and are 

recommended for usage along with other provisions of this document for design or evaluation 

seismic response analyses of Moderate and High Hazard facilities. Post-yielding damping 

values are judged to be appropriate because facilities designed by these guidelines are 

intended to reach strains beyond yield level if subjected to the design/evaluation level earth­

quake ground motion, and such damping levels are consistent with other seismic analysis 

provisions based on Reference 11. For General Use and Important or Low Hazard facilities, 

the guidelines recommend seismic evaiuation by code type equivalent static force methods 

but with the factors for maximum ground acceleration and spectral amplification in the total 

base shear formula taken from Reference 1. In this case, it is recommended that the 5 percent 
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damped spectra be used for all General Use and Important or Low Hazard facilities to be 

consistent with building code evaluation methods. The spectral amplification factor in con­

ventional building codes is based upon 5 percent damped spectral amplification. 

Inelastic Behavior - Energy absorption in the inelastic range of response of structures and 

~quipment to earthquake motions can be very significant. Figure A-2 shows that large hys­

teretic energy absorption can occur for even structural systems with relatively low ductility 

such as concrete shear walls or steel braced frames. 

1a-· 
··~ 

-·-

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

P:70 t P -H ±><i:oH 
H (ton l 

40 

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

FIGURE A-2 CYCLIC LOAD-DEFLECTION BEHAVIOR OF 
CONCRETE SHEAR WALLS ANO 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, it is known that structures can u~dergo limited inelastic deformations without 

unacceptable damage when subjected to transient earthquake ground motion. Simple linear 

analyticaJ methods . approximating inelastic behavior using spectral reduction factors and 

inelastic demand-capacity ratios are briefly described below. 

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

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

The spectral reduction factors and inelastic demand-capacity ratios are evaluated based upon 

the permissible inelastic behavior level, which depends on the materials and type of con­

struction. For ductile steel moment frames, relatively large reduction factors or demand­

capacity ratios are used. For less ductile shear walls or braced frames, lower reduction values 

or demand-capacity ratios are employed. For more hazardous facilities, lower reduction factors 

or demand-capacity ratios may be used to add conservatism to the design or evaluation 

process, such that increased probability of surviving any given earthquake motion may be 

achieved. The inelastic demand-capacity ratio approach is employed for design or evaluation 

of higher hazard DOE facilities by these guidelines. This approach is recommended, in the 

DOD manual for seismic design of essential buildings (Reference 11). Inelastic demand­

capacity ratios are called Fu in this document. Base shear reduction coefficients which account 

for energy absorption due to inelastic be~avior and other factors are called Aw ~Y the 1988 

USC provisions. 
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Reduction ~cients, Aw, to be used for evaluation of General Use and Important or 

Low Hazard facilities and recommended inelastic demand-capacity ratios, Fu, for Moderate 

and High Hazard facilities are presented in Table 4-2 for various structural systems. Aw factors 

given in the table are taken directly from Reference ,o. The Fu factors presented in Table 4-2 

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.,. These factors are based both 

on values given in Reference , , and on values calculated from code reduction coefficients in 

a manner that the demand or required capacity which meets the performance goal is obtained. 

The following section describes the detailed method of establishing the values of Fu• 

The code reduction coefficients, Rw, by the , 988 UBC approach and inelastic 

demand-capacity ratios, Fu, by the DOD approach differ in the procedures that define per­

missible inelastic response under extreme earthquake loading. By the , 988 UBC approach, 

only the element forces due to earthquake loads are reduced by the reduction coefficient, Aw, 

in evaluating demand; while by the DOD approach, element forces due to both earthquake 

and dead and live loads are reduced by the inelastic demand-capacity ratio, Fu, 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. 

In addition, the approach tor 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, seismic axial forces and moments are both reduced by Rw, and then 

·combined with forces and moments due to dead and live loads, along with an appropriate 

load factor. The resultant forces and moments are then checked in code type 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 11): By the DOD interaction formulas, the inelastic 

demand-capacity ratio is applied only to the-bending moment, and axial forces are unaffected. 

In addition, the inelastic demand-capacity ratios are low compared to ratios for other types of 

members such as beams, as discussed in the next section, A.7. The DOD approach for 

columns is followed by these guidelines. The result of these differences is that the DOD 

provisions for columns are conservative relative to the 1988 UBC provisions such that there 

is less probability of damage to columns in Moderate and High Hazard facilities than in the 

Chapter 2 performance goals. 
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Several other factors may be noted about tbe inelastic demand-capacity ratios, Fu: 

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

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

3. Inelastic demand-capacity ratios are provided in Table 4-2 for the structural sys­
tems described in References 1 O and 11. For other structural systems not cov­
ered in the table, engineers must interpolate or extrapolate from the values given 
based on judgement in order to evaluate inelastic demand-capacity ratios which 
are consistent with the intent of these guidelines. 

Basis for Seismic Guidelines for Important or Low Hazard, Moderate 

Hazard, and High Hazard Facilities 

The performance goal for General Use facilities is probability of exceedance of 1x10-3 

for significant structural damage to the facility. It is judged that this goal is approximately met 

by following the 1988 USC provisions (Reference 10) and with a probability of exceedance of 

2x1 o-3 for the design/evaluation level peak ground acceleration. The facility demand for 

General Use facilities in accordance with the 1988 USC provisions is based on maximum 

ground acceleration as described above, median spectral amplification at 5 percent damping, 

load factor of approximately 1. 4, importance factor of unity, and reduction coefficients, as given 

in Table 4-2. This demand level is the baseline from which the design/evaluation demand level 

for other category facilities is determined as described below. 

In the seismic design and analysis guidelines presented in Sections 4.2.2 and 4.2.3, the 

demand is compared to the ultimat~ capacity in order to assess the seismic adequacy of 

structures or equipment for all facility use categories. While the ultimate capacities are the 

same for all categories, the demand is different for each facility-use category, with larger 

demand values being computed for more hazardous categories. The larger values are 

indicative of the greater conservatism and reduced probability of damage or loss of capability 

to function associated with the higher hazard categories. Demand provides a good means 

for comparing guidelines among the various categories. The demand for General Use and 

Important or Low Hazard facilities due to earthquake ground motion in accordance with the 

provisions in Section 4.2.2, can be approximated by: 
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D = LF I kZ DAFs% w I Rw (A-1) 

where: LF = load factor 
I = importance factor 

I = 1.0 for ·General Use facilities 
I = 1 .25 tor Important or Low Hazard facilities 

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

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

k = 1. O for General Use facilities 
k = 1.25 for Important or Low Hazard facilities 

In this section, peak ground acceleration for each category is expressed 
as kZ where Z is the General Use category peak ground acceleration 
and k is a factor accounting tor the differences in peak ground accelera­
tions among categories such that k = 1.0 for General Use facilities, k = 
1.25 for Important or Low Hazard and Moderate Hazard facilities, and ·k 
= 2.0 for High Hazard facilities (k is the mean value of the ratio of peak 
ground acceleration at the exceedance probability for the category con­
sidered to peak ground acceleration at the General Use category excee­
dance probability determined from the Reference 1 seismic hazard 
curves). 

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

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

energy absorption (Table 4-2) 

The demand for Moderate and High Hazard facilities due to earthquake ground motion in 

accordance with the provisions in Section 4.2.3 can be approximated by: 

D = mDAFs% kZ w / Fu 

where: m 

k 

Fu 

= a factor accounting for the difference in spectral 
amplification from 5 percent to the damping appropriate for 
the facility in accordance with Table 4-4 

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 Reference 11) 
= ground motion factor as defined above 

k = 1.25 for Moderate Hazard facilities 
k = 2. o for High Hazard facilities 

= inelastic demand-capacity ratio (Table 4-2) 
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For any facility-use category, the demand, D, is compared to the code ultimate capacity, CAP, 

<- ., to determine if the facility is adequate for earthquake ground motion. Note that the demand 

as expressed by Equations A-1 and A-2 is only a general approximation. The demand for 

specific cases depends on the particular characteristics of the input ground motion and 

earthquake response spectra, as well as the effect of other loadings acting concurrently on 

the facility. However, these approximations for the demand are utilized to establish seismic 

design and analysis guidelines such that the performance goals described in Chapter 2 are 

approximately met. 
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The relationship between performance goal exceedance probability and facility demand 

is used to determine the specific values making up the seismic design and analysis guidelines 

such that the performance goals described in Chapter 2 can be approximately met for 

earthquake considerations. This relationship is the same as the relationship between hazard 

exceedance probability and peak ground acceleration, as determined from the seismic hazard 

curves. Differences in hazard exceedance probabilities correspond to differences in peak 

ground acceleration for which the facility.is to be designed or evaluated for earthquake effects . 

These differences can be evaluated from the Reference 1 hazard curves by comparing ground 

acceleration levels at different hazard exceedance probabilities. From the Reference 1 data 

presented in Table 4-3, the mean ratio of peak ground acceleration for Low and Moderate 

Hazard categories to that for the General Use category is about 1.25 (standard deviation is 

0.08), and the mean ratio of peak ground acceleration for the High Hazard category to that 

for the General Use category is about 2.0 (standard deviation is 0.21). As a result, a difference 

in probability of 2 should also correspond to a difference in demand ( or required facility 

capacity) of about 1.25, and a difference in performance goal probability of 1 0 should corre­

spond to a difference in demand of about 2.0. 

The relationships described above between performance goal exceedance probability 

and earthquake demand have been used to develop the specific limits on inelastic behavior 

and other seismic provisions for Important or Low Hazard, Moderate Hazard, and High Hazard 

categories. The differences in performance goal probability and facility demand between 

Important or Low Hazard, Moderate Hazard, and High Hazard categories and that for the 

General Use category are tabulated below. 

Category 

Important or Low Hazard 

Moderate Hazard 

High Hazard 

Ratio of Performance 
Goal to that for 

General UM FacHitiN 

2 

10 

100 

A-17 

Ratio of Earthquake 
Demand to that for 

General Uae Facilities 

1.25 

2.0 

4.0 



~,.­.. 

However, it shquld 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 probability level and in acceptable structural behavior. The goal for General Use facilities 

is to prevent structural damage to the extent that occupants might be endangered. The goal 

. for the otryer categories is to maintain the capability of the facility to perform its function. As a 

result, the facility demand for Important or Low Hazard, Moderate Hazard, and High Hazard 

facilities should be even more different from General Use facilities than is indicated above. 

The 1988 UBC 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. It seems reasonable that if the demand 

levels for Important or Low Hazard, Moderate Hazard, and High Hazard categories were all 

increased by an additional factor of 1.25 greater relative to the General Use category, the 

differences in performance goal behavior would be fully accounted for. 

In addition, because of the increased hazard associated with Moderate and High Hazard 

facilities, it is judged to be appropriate to provide some additional conservatism such that very 

high confidence of achieving the performance goal can be achieved. For this reason, the 

facility demand for Moderate and High Hazard categories is further increased by an additional -

factor of about 1.25 relative to other categories. More factors of conservatism have been 

incorporated into the guidelines for Moderate and High Hazard facilities than for General Use 

and Important or Low Hazard facilities in order to obtain higher levels of confidence of achieving 

the performance goal for these facilities, which contain hazardous materials and which may 

be sensitive to public opinion such that damage is especially undesirable. These additional 

factors have the effect of restricting inelastic behavior to be more closely elastic and of limiting -~ · 

drift of the facility such that damage is controlled in the event of a severe earthquake. 

Hence, assuming the performance goal for General Use facilities is achieved for seismic 

design by following the 1988 UBC provisions, performance goals for other categories would 

be achieved if the earthquake demand levels for other categories were as follows: 

D1LHI DGu = 
DMHIDGu = 
DHHIDGU = 

1.25x1.25 = 1.56 

1.25x1 .25x2.0 = 3.13 

1.25x1 .25x4.0 = 6.25 
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GU = General Use category 

ILH = Important or Low Hazard category 

MH = Moderate Hazard category 

HH = High Hazard category 

-.. -~-



Based upon Equations (A-1) and (A-2), these differences in earthquake demand for Important 

or Low Hazard, Moderate Hazard, and High Hazard categories compared to thatfor the General 

Use category are given by the following equations (k and I for the General Use category are 

unity} : 

D1LH / DGU = l1LH k1LH = 1.56 

DMH / DGU = m kMH Rw / (LF Fu-MH} = 3.13 

DHH / DGU = m kHH Rw / (LF Fu-HH} = 6.25 

(A-3) 

(A-4} 

(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 approximate! 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 permitting limited 

inelastic behavior in good structural systems with detailing for ductile behavior. The amount 

that the elastic demand can exceed the capacity is the inelastic demand-capacity ratio, Fu. 

Values for inelastic demand-capacity ratio, Fu, which when used with the seismic guidelines 

• described in Section 4.2.3, assure that the performance goals presented in Chapter 2 are 

approximately met. A means of estimating Fu values which approximately meet the per­

formance goals is described below. 

Expressing the demand equations, (A-4} and (A-5) in general terms, the ratio of the 

demand for Moderate and High Hazard categories to that for the General Use category is: 

D M Hor H H = ( k) ( m) R w = RATIO 
Dcu (LF)F u 

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 = o. 7 for Wood (15% damping} 
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LF = 1.3 tor Steel 
LF = 1.4 for Concrete And Masonry 
LF = 1.5 tor Wood . 
RA TIO = 3.13 for Moderate Hazard 
RA TIO = 6.25 for High Hazard 

Equation (A-6) may be solved for inelastic demand-capacity ratio, Fu, as follows: 

(k)(m)Rw 
F •------

u (LF) (RAT JO) 

(A-7) 

Example calculations of Fu for Moderate & High Hazard steel moment frames using l;quation 

(A-7) are shown below: 

MODERATE HAZARD HIGH HAZARD 

k = 1.25 m • 0.9 k = 2.0 m s0.9 
Rw "" 12 LF c 1.3 Rw = 12 LF = 1.3 

RATIO• 3.13 RATIO• 6.25 

F • ( 1.25)(0.9)( 12). 
3 32 • (1.3)(3.13) . 

F • (2.0)(0.9)( 12). 
2 66 

• ( 1.3)(6.25) ' 

Fu = 2.5 IN DOD MANUAL Fu = 2.0 IN DOC MANUAL 
Fu= 3.0 IN GUIDELINES Fu -= 2.5 IN GUIDELINES 

Example calculations of Fu for Moderate & High Hazard concrete shear walls in accordance 

with Equation (A-7) are shown below: 

MOCERA TE 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 

F • ( 1.2S)(0 .8)(8 ) . I 83 
• ( 1.4)(3 . 13) ' 

F • (2.0)(0.8)(8) • I 46 • ( 1.4)(6.2S) . 

Fu = 1.5 IN DOC MANUAL Fu = 1.25 IN DOD MANUAL 
Fu = 1.7 IN GUIDELINES Fu = 1 .4 IN GUIDELINES 

Values of inelastic demand-capacity ratio, Fu, from Equation (A-7) along with values from 

the DOD seismic provisions (Reference 11), are presented in Table A-1 for many structural 

systems, materials, and construction. 
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TABLEA-1 
INELASTIC DEMAND-CAPACITY RATIOS FROM 

EQUATION A-7 AND REFERENCE 11 

Structural System 

MOMENT RESISTING FRAME SYSTEMS 
Columne 
Beama 

StNI Special Moment Resisting Space Frame (SMRSF) 
ConcNlte SMRSF 
Concrete Intermediate Moment Frame 0MRSF) 
Steel Ordinary Moment Resisting Space Frame 
Concrete Ordinary Moment Resisting Space Frame 

SHEAR WALLS 
Concrete Bearing Walla 
Concrete Non-Bearing Walla 
Muonry Bearing Walla 
Maaonry Non-Bearing Walla 
Plywood Bearing Walls 
Plywood Non-Bearing Walla 
Dual System, Concrete with SMRSF 
Dual System, Concrete with Concrete IMRSF 
Dual System, Masonry with SMRSF 
Dual System, Masonry with Concrete IMRSF 

CONCENTRIC BRACED FRAMES 
(BRACING CARRIES GRAVITY LOADS) 

Steel Beama 
Steel Diagonal Braeea 
Steel Columne 
Connections of Steel Members 
ConcntteBeama 
Concrete Diagonal Bracee 
Concrete Columne 
Connections of Concrete Members 
WoodTruaaee 
Wood Columns 
Connections in Wood (other than nails) 

CONCENTRIC BRACED FRAMES (NO GRAVllY LOADS) 
StNI Beams ' 
Steel Diagonal Brae:• 
Steel Columns 
Connectione of Steel Members 
Concrete Beama 
Concrete Diagonal Braces 
Concrete Columns 
Connections of Concrete Members 
WoodTruaes 
Wood Columns 
Connections in Wood (other than nails) 
Beama and Diagonal Brac:ea, Dual Systems 

Steel with Steel SMRSF 
Concrete with Concrete SMRSF 
Concrete with Concrete IMRSF 

STEEL ECCENTRIC BRACED FRAMES (EBF) 
Columne 
Beams and Diagonal Braces 
Beams and Diagonal Braces, Dual System with Steel SMRSF 

•• 
12 
12 
7 
6 
5 

6 
8 
6 
8 
8 
9 
12 
9 
8 
7 

6 
6 
6 
6 
4 
4 
4 
4 
4 
4 
4 

8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 

10 
9 
6 

•• 
10 
12 

Moderate 
Hazard 

R11 A-7 

1.5 

2.5 
2.5 

1.5 
1.5 
1.25 
1.25 
2.5 
2.5 
1.5 
1.5 

1.25 
1.25 

1.75 
1.5 
1.5 

1.25 
1.75 
1.5 
1.5 

1.25 
1.75 
1.5 
1.5 

1.75 
1.5 
1.5 

1.25 
1.75 
1.5 
1.5 

1.25 
1.75 
1.5 
1.5 

1.5 

•• 

3.32 
2.74 
1.60 
1.66 
1.14 

1.37 
1.83 
1.29 
1.71 
1.49 
1.68 
2.74 
2.06 
1.71 
1.50 

1.66 
1.66 
1.66 
1.66 
<1 
<1 
<1 
<1 
<1 
<1 
<1 

2.22 
2.22 
2.22 
2.22 
1.83 
1.83 
1.83 
1.83 
1.49 
1.49 
1.49 

2.n 
2.06 
1.37 

•• 
2.n 
3.32 

High 
Hazard 

R11 A-7 

1.25 

2.0 
2.0 

1.25 
1.25 
1. 1 
1.1 
2.0 
2.0 
1.25 
1.25 
1.1 
1.1 

1.5 
1.25 
1.25 
1.0 
1.5 

1.25 
1.25 
1.0 
1.5 
1.25 
1.25 

1.5 
1.25 
1.25 
1.0 
1.5 

1.25 
1.25 
1.0 
1.5 

1.25 
1.25 

1.25 

•• 

2.66 
2.19 
1.28 
1.33 
<1 

1.10 
1.46 
1.03 
1.37 
1.19 
1.34 
2.19 
1.65 
1.37 
1.20 

1.33 
1.33 
1.33 
1.33 
<1 
<1 
<1 
<1 
<1 
<1 
<1 

1.n 
1.n 
1.n 
1.n 
1.46 
1.46 
1.46 
1.46 
1.19 
1.19 
1.19 

2.22 
1.65 
1.10 

•• 
2.22 
2.66 

• Columns marked R11 are inelastic demand-capacity ratioe directly from Reference 11. Columns marked A-7 are 
inelastic demand-capacity ratioe calculated from Equation (A-7). 

•• Valuetj are the same u for beams and braces in this structural system 

A-21 



The inelastic demand-capacity ratios from Equation (A-7) are based on the structural 

systems for which reduction coefficients, Rw, are given in the 1988 UBC provisions. These 

provisions give different reduction coefficients for bearing wall systems and for building frame 

systems in which gravity loads are carried by different structural members than the lateral force 

resisting system. In addition, the 1988 UBC provisions distinQuish 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 Reference 11, 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 all members of the lateral load resisting system. 

In general, there is reasonable agreement between the inelastic demand-capacity ratios 

from Reference 11 and those computed from Equations (A-7). For example, the DOD inelastic 

demand-capacity ratio for concrete shear walls is between the values for bearing and non­

bearing walls from the equations. The DOD values are much lower than the values computed 

when shear walls act as a dual system with ductile moment resisting space frames to resist 

seismic loads. The inelastic demand-capacity ratios for braced frames agree fairly well in the 

case where the bracing carries no gravity loads. When bracing carries gravity loads, values 

for steel braced frames are in good 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 1 O). However, the DOD values for columns are low compared to 

values derived from the code reduction coefficients. 

Based upon the data presented in Table A-1, the inelastic demand-capacity ratios for 

seismic design and analysis of Moderate and High Hazard facilities presented in Table 4-2 

have been selected. Because of the reasonable agreement with the DOD values from Ref­

erence 11 combined with the capability to distinguish between a greater number of structural 

systems, the values derived from Equation (A-7) have been given somewhat more weight for 

Table 4-2 than Reference 11 values. The only major exception is that Reference 11 values for 

columns have been utilized. Increased conservatism for columns as recommended in the 

DOD manual is retained. In addition, Reference 11 provides slightly different values for different 

members making up braced frames, and these differences are retained. 
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In Section 4.2.3, Moderate and High Hazard facilities must meet minimum seismic 

requirements of the 1988 UBC static force method provisions with an importance factor, I, of 

2.0 and peak ground acceleration corresponding to Moderate or High Hazard category hazard 

exceedance probabilities, respectively. The purpose of these additional seismic requirements 

is twofold. First, these requirements provide a relatively simple approach to establish rea­

sonable initial designs of facilities to be evaluated for earthquake effects by dynamic analyses 

as required for these categories. Second, the 1988 UBC type provisions may govern the 

seismic design in cases where structural members are heavily loaded by dead and live loadings 

in addition to earthquake excitation. 1988 UBC and DOD seismic provisions differ. In the 1988 

UBC approach, only the element forces due to earthquake loads are reduced by the reduction 

coefficient, Rw, in evaluating facility demand. In the DOD approach, element forces due to 

both earthquake and dead and live loads are reduced by the inelastic demand-capacity ratio, 

Fu, in evaluating the facility demand. The effect of these differences is that the DOD approach 

may be less conservative for beam or brace members heavily loaded by dead and live loads. 

The minimum 1988 UBC type seismic requirements assure that Moderate and High Hazard 

requirements are substantially more stringent than those for the Important or Low Hazard 

category, even if members have significant dead and live loadings. 
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