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ABSTRACT

The state of knowledge concerning afrcraft crash hazards to nuclear powver
plants 1 critically evaluated. This effort is part of a study to analyze
the potential effects of offsite hazards upon the safety of nuclear power
plants and to develop a techanical basis for the sssessment of siting
approaches for such facilities. The evaluation includes the deterministic
modeling of alrcraft crash scenarios and threat environments, the estimatlion
of the affects on and the response of the vital plant systems, and the
probabilistic -aspects of the crash problem, i.e,, data bases and ststistical
" methodologies. Also critically reviewed are past licensing experience and
regulatory practice with respect to aircraft crash hazards.

In general 4t {s found that the data bases, methodologies and modeling
approaches are adequate to estimate the threat and plant vesponse. However,
this knowledge is not always fully used in aspecific applications. Siting of
nuclear power plants relstive to aircraft hazards is & risk bassed procedure
that considers both probabilities of <crash occurrence and cheir
consequences. In this coatext it appears fessible to improve the site
screening procedures and to develop exclusjon zones from controlled air
spaces (airports, airwvays, etc.) based solely on local aviation statistics
and {independent of plant design. Methndologies for treating complex
aviation environments such as multiple airports and overlapping airwvays are
needed, &s are guldelines for crash target calculations. Purther
investigetions of crash scenarios, particularly those that could lead to
multiple or propagating fallures, should be pursued.

NRC
FiN No. Title
A2076 Analysis of Offsite Hazards and Tielir Effects Offi Nuclear

Facilities
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EXECUTIVE SUMMARY

This report provides & review and evaluation of aircraft cra hazarda
analysea for nuclear power plants. Of particular concern are t poliéiea,
both past and proposed, and regulatory experience of the U.$§ Nuclser
Regulatory Commission regarding the aiting and design of these plants. The
U.S. Code of Federal Regulations currently requires that the ait} location
and engineered safety festures of a nuclear power plant should infure a low
risk of public exposure to accidental radicactive releasnes, and tglt design
besis events used to ensure this should not b exceeded by any accident
considered credible. - NKC standard review practice considers] credible
potential exposure events as those having an expected rate of Pccurrence
greater than from 109 to 1077 per year depending upon the natdre of the
dats and assumptions. Both the Code of Federal Regulatfons and RC policy
provide for engineerfng safegusrds to compensate for unfavorgble site
characteristics. The NRC has recently instituted a formal policyftc screen
future sire selection op the basis of proximity criteria to concéntrations
of commercial and military aircraft activities.

It has been suggested that the present rules and regulations naj.teoult in
an over-relisnce on engineering solutions, unnecessary exposurel and de-
eanphasis of siting as & defense-in-depth factor to aircraft hagards. In
addition to specific plant dJdesizn features to mitigate aitcr‘kt crash-

{nduced consequences, alternats eslting approaches have been advané‘d and are
summarized as follows: |

ainimue standoff distances

exclusion d{stances

sita acceptance limits - exclusion threshholda
site acceptance floors - approval threshholds
screening distance values

screening probability levels

As amentioned, recent NRC review procedures establish screening
values which are independent of specific plant design.

distsnca

In general, extensive aircraft data bases and statistical crash rfite wmodels
have been developeds The Llatter are judged here to be accufate on a
national basis to within about one order of magnitude with
arising from the definition of crashes potentially threstening auclear
power plants and the classification of aviation characteriftics and
activities. Deficiencies do, however, exist with regard ¢l military
aviation, delinestion of phases of operation, and important par§meters of

b



afircraft cralh"'tcel.l'\i'rlol. These dlfflcultien_ are usually surmounted through
analytfcal wodels,  probabilicy distribution functifon constructions, and
couservative l:ltﬁllptionl.

Alrcraft cruh rates correspond to groupings of afrcraft type, aviation
activity, lirport(zcharacterlsticc, and azir epace usage (e.g., airway,
restricted air space, and background air activities). The rates scale with
the nuaber of operatious; other possible scaling effects have not been
adequately studied. A value of 1074 events per year per square mile is
representative of- the crash rates of background light aircraft and of heavy
aircraft f{n the {mmediste vicinity of heavily traveled alrways and within
about five miles of a major alrport. Although detatled crash rates In
actual situations will vary widely, this representative value demonstrates
that siting and plant design features are important and necessary
considerations in meeting federal safety requirements for nuclear power
plants relative to atrcraft hazards. MHore specifically, sites ﬁearby heavy
aircraft avistion spaces, which concentrate air traffic, 1n§eue crash

rates, and multiply the types of aviation activities, nust  thoroughly
scrutinized, and plants should be relatively nonsusceptibl® to 1light
alrcraft cruhu.

Crash probabilititl corresponding to varicus aviation 3rouping } have been

calculated for a number of plants. These results depend pringlpnlly upon
the aumber of annual operations occurring locally 1in each avigtlon group,
respective crash rates, assumed accident scenarfo parametefs such as
aircraft type and crash path, and plant parameters. The latter Yncludes the
fdentification of susceptible safety-related features and computation of
thelr effective target areas. These calcrlations typically ?epend upon
considerable local data gathering, eite-specific representatiofls, accident
paraneter modeling, and conditional probability estimations of c@rtain event

occurrences. In particular, conditional probabilities off having a
radioactive material release exceeding NRC guidelines given Jn aircraft
crash are wusually {mplicitly made as follows: a value off unity for
structures uud ifn the effective target ares evaluation and ze!

for those
excluded. :

The results obtained are often near to or marginally within the ¥requency of
occurrance .lfctji guidelines. Considerable conservatism 1isf apparently
{ncluded in tha cases reviewed. However, not enough attention
to certain lpccllliud aspects of the problea and es
sensitivities 0 esults to vartations in the key parameterf® vhich are
important f{n l’ny marginal sftuation. For example, the impact '_ *enomem of
aircrafc and ltrcuﬂ: missiles on substantial concrete structut@s has been
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extensively lth'died',‘: but other crash ascenarios have not been pursued in any
similar detail. Adrcraft crashes may result in multiple failure initiating
events, and a propagating fallure orginating with a nonsafety system
malfunction may be possible. Fire and explosfon hazards assocfated with the
aircraft fuel -have not been trested in sufficient detail, and, while these
threats may ba ralatively less hazardous than the direct aircraft tmpact
threat, this has not been adequately demonstrated.

Further, there fs a lack of clear and supported statements on smany fimportant
underlyiag assumptions and of . comprehensive trestments of the overall
hazard. 'Fro_n the perspective of risk analysis methodology, the calculation
experience is generally rather simplified with grosc and often implied
relationships used to represent the complex couplings asmong the many
variables of the problem. It £{s ilaportant to state, however, that this does
not necessarily imply that the results are misleading or invalid or that
significantly different estimates can be made, but that improved treatments
of aircraft halzl:'d scenarios and more advanced methodologies are generally
desirable. L

Major findings are that, in addition to the types of improvements in
attalyses and '."i'eth'odologtu outlined adbove, certain alternate regulatory
approaches are’ worthy of pursuit. Spacifically, the recently instituted
site screening approach can be further refined, and the establishment of
minimum standoff and/or exclusion distances relative to airports, airways,
and complex aviation environments appears hoth feasible and practical to
develop. The principal advantages of the latter would be (1) to clearly
esphasize aite selection over engineering solutions 1in those cases where
safety design features are costly and heavily relied upon to reduce the risk
of power gensration to the public, and (2) to significantly streamline and
sinplify the regulatory process.




1. INTRODUCTION

In recent years the effects of offsite hazards have become an important
consideration in the seiting and design of nuclear power plants. The
objective of the current study 1s to provide NRC with technical background
for possible rulemaking on the siting of nuclear power plants with regard to
a nunber of offsite hazards. Ome of the considered hazards is the crash of
an airplane on' the power plant site. An with all hazards the ultimate
concern is the safety of the general publlc, which $a turn faplies the
avoidance of subatantfal radiocactive releases. Such releases may arise
either directly through the damage or breaching of a plant coamponent
containing radioactive materials or indirectly through the malfunction of
plant systems and components, which in turn result in substantial damage to
the reactor core and primary hest transport system.

Th1 major threats associated with an aircraft crash are the {apact loads
rerulting from the collisfon of the afrcraft with power plant structures and
cosiponents and the thermal and/or overpressure effectas which can arise due
to the ignition of the fuel carried by the aircraft. While the damage
mechanisas dcpenil on the plant asystem affected Ly the crash, credible
accident scenarics must consider both the direct release of radioactivity
due to breaching of barriers and the delayed release assoclated with damage
to core and other vital plant systems. In the latter castegory of prime
importance sre safety aystems which are needed for safe shutdown and long-
term heat rowoval.

Since offsite hazards to mucleatr power plants arise from accidental events,
the stochastic aspects of the problem must also be considered. This maxim
holds particularly for aircraft crashes because it is not possible a pricri
to exclude the presenc: »f asircraft from any particular location. The
purpose of tha current - riv {s to critically review and evaluate the state-
of-the-art of both detern’ A: > and probabilistic knowledg- concerning the
hazards to nuclear powws ». '~ froe aircraft crashes. 7Thi effort is not
only intended as @ review of past practices, bnt represents x: independent
evaluation of the dats bsses and methcdologies used in estimating the
hazards to nuclear power plants. Moth the strong points and Lhe
inadequactes of past practices are identifiad, and where possible remedisl
approaches ars recommended. Possible regulataory approaches are discussed in
1ight of these evaluations.




present policles, practices, and
regulatory cmpqri nce are briefly reviewed in the next section. This is

e

followed by an ‘verview ‘of the literature survey. Aircraft hazards analyois

next sections. This is followed by a detailed evaluation
sed. to estimate crash loads, structural response, and
fire/exploslon hazards.. The final sections of the report concern the
overall evaluatio of 'uthodologiu and recommendations concerning analysis
1nprovenents as" vell ‘ss poasible regulatory approaches. Brief summariec of
most of the reviewed papers, reports and documents are provided in the
Appendix.




"2+ BACKGROUKD

Past prnctic. i4n nuclear ipower plant siting has been to address the problcu
associated vith}' f!nitc ‘hagards on a case-by-csse basis. ‘I'hc approach
consisted of (1) idontification of significant hazards, (11) an amlysin and
evaluation of the ‘hazard level by the applicant using recommended pr his own
methodologies, and #(111) a demonstration of techniques and engineered design
features for litigating ‘the consequences if the level of hazard {s found to
be excessive. In the past all of these efforts were directed to meet the
nuclear :eactors iting eriterfis which are contalned in the Code of Federal
Regulationg --l’lr: ‘100 .of Title 10 (10 C¥FR 100) [1] and which constituted
the primary mandat “for NRC evaluation of prcposed sites.

While new criteria may be developed in conjunction with future eiting
rulemaking, several" alpcctc of 10 CFR 100 are iaportant to this study sionce
they have hictorlully pot only influenced the site selection and reactor
plant design procusu but have provided the objectives of most of the
subject analyses to be evaluated here. Specifically, "... the site location
and the eagineered features included as safeguards against the hazardous
consequencza of an accident, should one occur, should insure a low risk of
public exposure.” ' Provision is made for the derivation of an exclusfon
area, a low popuhi:ion zone, and population center distance gasuming a
fission product release frow the core and expected demonstrable leak rate
from the containment utilizing exposure guidelines described for these
regions. The fission product release assumed is suggested to follow from
calculations based upon & wmajor accident having potential hazards not
exceeded by those from any accident considered credible. It 1- further
stated that such accidents are generally assumed to result in wbatantial
core mpeltdown and relesse of appreciable quantities of fission products.
Site acceptability factors to be taken into account include, among others,
unique or unusual features having a significant bearing on the probability
and consequences : of .accidental radicactive release and appropriate and
adequate engineering safeguards that compensate for unfuorahlo physical

characteristics .of. ‘I:he site. Thus, 10 CFR 100 predicates consideration of
the following topi 8.

material barriers and iubsequent

uncontf;i'iéd :_teleue;
® failure modes of safe shutdown and decay-heat-removal systems;




® accident scenarfos, mechanisms, and credibilities;
® risk'estimations.

Review'pt;écdﬁtc Jarifhsed by the NRC in interpreting 10 CPFREIO0 and other
applicable regulations; these are contained in the Standard’ Review Plan
(SRP), NUREG-OBOO_[Z]. These procedures establish criteria

ich must be
complied withiin specific licensing cases before a license 1yfisaued. The

SRP Sections having a direct bearing on afrcraft hazards are: .

2.2‘1?2h2"}Bentification of Potential Hazards in 81:gf?1c1n1ty
2.2 3 : }-Evnluation of Potential Accldents J
3.5, 1.6 . Adreraft Hazards

Section 2. 2 1*2 2.2 1s primarily concerned with the locations #nd separation
distances fron‘ the afte of {ndustrial, military, and f{:anspor:ation
facilities .and ; routel in the vicinity and during the 11}ftime of the

plant. It sugseatl review of all identified facilitles &
within 8 km (5 piles) and at greater distancea 1if the ;:
affecting plant llfety-teIACGd features exists. Section 2.2.F provides for
review of the‘xidentlfication of potential accident sftuftiona, their
completeness,.and . the bases of design accomodation. 3 , where
approptiatc)ﬂuis the review of probabllity analyses =~ data bases and
analytical models - '
design basllﬁ nts- In the past design basis events had td% include each
accident having ‘an expected rate of occurrence of potentialiexPoaures in
excess of the 10 CFR 100 guidelines exceeding approximatelyiro per year
using eite-specific or representative {nformation and ass
realistic estinations. A rate of 1076 per year 1is
connervltill'cid*bé demonstrated. The effects of those d-si
on aafety-related ‘features must be analyzed, and measures to |
connequenca;'nult .be taken.

gptions, 1i.e.,
Jcceptable 1if
" basis events
btigate thelir
It is recognized in the SRP that the aggregate

basis concern or that appropriate accident events have be
properly charactcri:ed relative to impact and fire hazards.
procedure identiflel the following situations:

chosen and
e SRP review




l. Sices having sn adequately low probability of occurrepce (less than
about 10”7 per year) of radiological consequences 1
10 CFR 100 guideline. This condition 1ia assumed} to occur by

inspection 1if the distances from the plant neet t requirements
below:

excess of the

{a}) The plant-to—-airport distance D 1is between 5 and 10 atatute
miles, and the projected annual number of opcr;tiona is less
than 500 Dz, or D I8 greater than 10 statute iiles, and the
projected annual number of uperations is less thlg 1000 02,

(b) The plant is at least 5 asta-ute miles from the e4ge of military
training routes, including low-level training &outes, except
those associated with a ueage grester than 1000 flights per
year, or where acrivittes (e.g., practice bombipg) may create
an unusual stress situattion, '

(c) The plant is at least 2 statute miles beyond thM
of a federal airway, holding partern, or approachipattern.

nearest edge

2. Si{tes not meeting the apove proximity criterla or f§
hazardous uillitary activities are identified. In ¥
detailed review of alrcraft hazards must be perfo ﬁ_d. If any,
aircraft accidents which could l:ad to radiological ¢gonasequences In
excess of 10 CFR 100 exposure guidelines with §
probability grester than about 1077 per year should b@
the design of the plant, subject to the design bsgl
criteria regarding aircraft impacts (missiles) and firg

sufficlently
sltuation &

{4] octurrence

Th*s section of the SRP alsoc addresses review procedures some detafl

relative to aviation uses, holding patterns, designated
airways. For these cases the crash probability depends upon
and frequency, the airway locatifon and characteristics, in-flEght crash data
(crashes per aircraft-aile flowm per year), and plant fgtures. Also
addressed are civilian and military airports «nd heli-ports. _i
probability will depend upon the types of aircraft, number @ flight paths
affecting the site, airport crash statistics (crashen pe.'é movement per
square mile) of the afrcraft types, traffic data for the alrcEaft and flight
paths, and plant features. The total alircraft hazard probapility must be
integrated over all potentially threatening aviation asitSations. The
effective plant area is recognized to depend upon a shadow arfa based on the
assuned crash angles of the various aircraft and fallure mode

frepaces, and
Might altttude

re the crash

i o skid area



based on afrcraft and topographical characteristics, and the sgusceptible
features of the plant relative to structural or fire damage.

The current nuclear power plant siting policy and practice, in which an
applicant selects a single proposed site using factors presented in 10 CFR
100 and submits 1t for NRC etaff review, has encountered significant
criticism and has been under review by NRC for some time. One outcome was
the formation by NRC of a Task Force to develop a general policy statement
on nuclear power reactor siting. Their findings were presented in 1979 in
the “Report of the Siting Policy Task Force,” NUREG-0625 [3]. The major
concluslion of this study is that past siting practice has stressed the
employment of engineered safety systems and has tended to deemphasize site
isolation leading to the acceptance of reactor sites with unfavorable
characteristics. Recommendation 2 of the Report, which deals specifically
with offsite hazardl; states that 10 CFR 100 should be revised to require
consideration of potential thazards posed by wman-made activities by
establishing minimum standoff distances for specific threats. This
recommendation is in line with the overall goals set by the Task Force,
namely:

® To strengthen siting as a defense {in-depth factor by establishing
requirements for site approval that are independent of plant daaign
considerations.

® To take 1into conslderation 1in siting the risk associated with
accidents beyond the design basis by establishing population density
and distribution criteria.

® To require that gites selected will minimize the riek from energy
generation.

With respect to the hazard of aircraft crashes, the Task Force felt that
some practicable standoff distances can be set and recommended specifically
that major or commercial ajfrports be no closer than 5 miles from a nuclear
power plant.

While not all recommendations of the Task Force have been generally accepted
by the NRC, serious consideration has been given to changes in the giting
policy as evidenced by the Advance Notice of Rulemaking 7590-01: Revision
of Reactor Siting Criteria [4). While the Notice discusses many specific
aspects of nuclear power plant siting, its major thrust ie to emphasize aite
isclation, 1i.e., siting new plants away from highly populated areas and
major Industrisl facilities. At the same time more uniform national
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criteria for plant siting are stresaed. One approach suggested for the
implementation of such uniformity is the so-called "three-tier” approach.
This would involve the spectfication of two thresholds for each pnraaeter.
One would De the acceptance limit which would exclude any site not meeting
1t. The other would be an acceptance floor — any site that did not exceed
that floor would be approved with respect to this criterion. Between these
extremes would be a middle ground where residual risks would be considered
in deciding whether to approve a site. In the case of offaite hazards the
establishment of minimun standoff distances 1s again proposed. These
suggestions have by no means gained general acceptance as evidence by some
of the ACRS commenta incorporated into the Notice.

To provide technical backup for some aspects of this proposed rtrule—making
NRC - Office of Nuclear Reactor Regulatory Research requeated that Argonne
National Laboratory review, evaluate, and wnere possible improve and
recommend methodologies and approaches for addressing offsite hazards to
nuclear power plants. At the same time a somewhat similar effort was
launched by Sandia National Laboratories under the ausplces of NRC/NRR [5].

A review of past nuclear power plant siting experience indicated that
hazarda arising from aircraft crashes were analyzed in at least 12 cases in
the U.S.A. The preferred approach in the evaluation of the aircraft hazard
is through probabilistic techniques. However, determinietic atudfes
addresaing primsrfily impact loading and the structural response of concrete
dtructures are algo part of past experlience. As with ocher offsite hazards
the current approach has led to a variety of solutions to mitigate the
aircraft crash problem. In the vast majority of cases the hazard 1s simply
excluded on the basis of the statistical data. In sBome cases the wvital
power plant systems, in particular the contaianment structures, are hardened
to resist the impact of certain types of alrcraft, e.g., Three Mile Island
{6]. It appears that for all U.S. plante currencly under conatraction it
has been found that it 1is not necessary to require containments dovipaed to
take the impact of a large commercial jet aircraft.

This practice is contrasted by the experience in the Fedetral Republic of
GCermany where it has been found necessary to design essentially all nuclear
containments to withstand the crash of certain types of military and
commercial aircraft (7,8). A systematic approach to the problem of aircraft
hazards 1s also recommended by the International Atomic Energy Agency [9].
During the site survey stage it 18 recommended that elther a Screening
Distance Value (8DV) or a Screening Probability Level (SPL) approach be used
to deternine {1f aircrafr hazarde require further considerations. Steps to
be followed in a detailed evaluation of the hazards are also gutlined in the
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IAEA Safety Guide and ioclude the deterwination of probabilities for crashes
of all pertinent types of aircraft. When it 1is nacessary to protect the
plant agsinst aircraft crashes, the design basis crash, i.e., the crash
giving the most severe consequence, is defined. Effects which are included
in the evaluation are impact and secondary missiles as well as possible fire
and explosion caused by fuel ignition. The document also recommends careful
consideration and procedures for the determination of design basis
paraneters, 1.e., sircraft type, aircraft speed, load time functions, and
amount and type of fuel.
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3. LITERATURE SURVEY

The literature survey can be categorized intc the following four areas:

® NRC Documents: NUREC reports, regulatory guldes, standard review
plaan, regulations, past siting experience (SAR's, S:R's,Dockets),

¢ [AEA Documentst Safety guides, Safery Standards, reccamendations,
and procedures.

® Covernment Documents: DOE, DOT, DOD, EPA, etc.
® Qpen Literature.

The NRC documents provide the background of current regulations, criteris,
and procedures for licensing and approval of nuclear power plant sites, sas
well as the past siting experience which 1is contained primarily {n the
various SAR and SER reportas. In addition, some pertinent information 1is
contained in apecific plant Dockets. The Docket material {is poorly
referenced and is avaflable only in microfiche form, making the survey of
this information rather difficult. On the other hand, the IAFA documents
are readily available and much of the information is also contalined in other
U.S. publications. Concerning other U.S. Government documents, National
Transportation Safety Board reports were collected since they provide the
data base for low probability accident events in the past. HMost of the
structural response and anaslysis of aircraft crash on the nuclear power
plants can be found in the published open literature.

Computer searches were used to locate much of the material and provided a
large number of titles; e.g., in the category of structural response alone,
several hundred papers surfaced as published in the last decade. After
screening and collection of these original papers from various journals and
Teports, a summary sheet was prepared for each relevent paper. These are
presented in the Appendix of this report. In each summary sheet, the title,
author's name, origin, and a brief description of the contents are given for
the convenience of later referral. As cen be teen from the References, most
of the pertinent open literature appears 1in the Journal of Nuclear
Engineering and Design, which collects papers from various internatfonal
conferences such as SMIRT and the Internaticonal Extreme Load Conference on
Nuclear Power Plants. Some pertinent structural literature can be found In
the area of pseismic analyses s’ .> many air crash reaponses have been
compared with the consequences of . earthquake.
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4. AIRCRAFT HAZARDS ANALYSES

4.1 Sources of Information

Literature relevant to alrcraft hazards was identified, collected, and

evaluated. In addition to the NKRC documents discussed in Section 2, the
literature consistas of

L data bases, e.g., alr traffic/sccident reports,

L probabilistic/deterministic methodologies and appiications,

L nuclear power plant and other site-specific alrcraft rcisk
estivations.

Extensive data bases exist fcr virtually all aspects of air travel, both
civilian and military. 1In particular, excellent compilations are maintained
on a routine baals of afrcraft by type, usagc, flighta, etc., and of
airports fncluding movements and traffic patterns. The alr space over the
United States is rather well defined; an extensive network of air corridors
i3 wmaintained for air carrier traffic, and restricted ailr spaces are
enforced for special purposes such as military applicetions in addition to
alrport activities. The principal source of civilian aviation records and
statistics is the Federal Aviation Administration (FAA), Department of
Transportation. Specialized satatistics that may be required in general or
for a particular site will be provided to the ecxtent possible by the FAA
Management Services Division and afrport records. Milictary flight
informatfon can be obtained from the appropriate branch of the Department of
Defense, military afirports, and other command . Unique problems exiat,
however, in the case of military aviation; in particular, these relate to
unavailability, reliability, and variability of the data bases as
exenplified by classified operations and data and the statistical

significance of much of the flying experience and especially short duration
missions.

Accident data for U.S. Civil Aviation are thoroughly coampiled on a case-by-
case basis as well as statistically by rthe National Transportation Safety
Board (NTSB). It can be assumed that the deta base of acclidents potentially
threatening to a nuclear power plant is complete and accurate to the extent
possible. Unfortunately, however, the nature of an accident scenario
usually precludes the accurate gathering of certain data that would be
useful to auclear power plant applications, for example, the alrcrafe
trajectory from normal flight to point of {mpact, the inclination of the
final crash path to the ground, and the ability or inability to control the
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descent and point of impact. Details of the air traffic/sccident data baseu?f
are presented in Section 4.2.

Probabilistic methodoiogles, both generic and special application, have been
developed for alrcraft crashes, crash impact characterfatics, nuclear power
plant characteristics, and the risk estimation process. In general, the
various aspects of the problem can be treated with reasonable confidence

given a2 particular site. Results of the relevant analyses are presented in;f
Sections 4-3 and 404-

Determinist{c (and experimental) studies have been made for the alrcraft
lapact loading and structure-component response for certain structures and
systems. In addition to impact loading, fire and possible explosion provide
aother loading mechanisms. These resgults are very important to (1) define
the range of consequences and bound the risk estimation, and (2) provide for
some measure of control via englneered safety features over both the

consequences and level of risk. These results are presented in Sections 6
and 70

The results of analyses made for the aircraft hazards to nuclear power%?
plants and other sites are summarized here to illustrate in some detall the
nature of the problem and past practices. It ehould be remembered that
alrcraft hazards, like most other offsite hazards, beloug to that class of
low probability-potentially high consequences events.

4.2 Alr Traffic/Aceident Data Base

The necessary data to estimate crash probabilities includes both normal air

traffic and accident statistics. The most general statistical categories
are

® Alr Carrier
® General Aviation
® Military Aviation

Alr Carriers operate under 14 CFR 121 and {include certified route and
supplemental (charter) caxriers and commercial operators of large afrcrafc*
(over 12,500 pounds). The cypes of services provided by Alr Carriers are
typically passenger, cargo, training; and ferry operations.

*Commercial operators were included in the General Aviation
category prior to 1975,
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General Aviation refers to the operation of all U.S5. Civil Aflrcraft other
than Alr Carrier operations. The aircraft are classified according to type, .
raximun gross takeoff weight, the number and type of engines, etc. The -
types of flying 4include dinstructional, noncommerclal, commercial, and -
miscellanecus flying. Military Aviation includes alrcraft and atir/air-
ground operations unique to military applications and militarr alrporta.

4.,2.1 Air Carrier Statistics

¥

Alr Carrier accidents are defined to occur {l0] when any person, passenger,
crewmenber, or other person in direct contact with the aircraft, suffers .
death or serfous dinjury or <the alrcraft receives substantial damage. .
Accordingly, euch accidents are tabulated by the NTSB by injury - facal,
involving serious injury, involving minor injury - and by afvcraft demage =
destroyed or substantial damage. The type of accidnnt relates to the
circumstances surrounding the accident such as collisfon with ground/water,
engine faflure, overshoot, etc.,, and two separate types may be recorded,
f.e., first and second types. The first phase of operation -~ static, taxi,
takeoff, in-flight or en route, landing, unknown - {8 recorded for each
type. Finally, causes/factors categories such as pilot, weather, power
plant, etc. are tabulated from the accideut data. '

For the ten year period 1967 to 1976* there was an average of 40 accidents
per year with an average of & per year with fatalities [10). For this period
faral accidents were, therefore, about 15 percent of all Alr Carrier
accidents, and from 1971 to 1976 about 25 percent of the alrcraft f{n
accidents were destroyed. Over 50 percent of all fatal accideats from 1967
tu 1976 had collision of some kind including midair as the first type of
accideat, whereas, for all accidents, collisions represented less than 20
percent {turbulence 18 cited 1in about one-third of all accidents). The
principal causes/factors cited in both fatal and all accidents are pilot,!
personnel, and weather; these are reported on the average about seven times-
more frequently than other causes/factors such as airframe, landing gear, '
power plant, systems, {instruaents/equipment, airports/airways/facilities,
and mimcellaneous. For the ten years 1967 to 1976, about 20 percent of all.
accidents are during the statlc or taxi phages of operation; landing
accidents at about 25 percent are nearly four times more prevelant than
takeoff accidents, and nearly 50 percent occur in-flight. The first phase};
of operation statistics for fatal accldents involve landings alightly rore a

*Unlees otherwise stated, the from-to notation 1is inclusive.
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often than in-flight (both arcund 40 percent) and landings about five times
more than takeoffs.

From 1971 to 1975 an average of 2.6 x 10% afrcraft-miles were flown annually
by Alr Carriers excluding commercial operators (about 2 to 3 percent of
total m{les flown). The average accident rate for that period was 0.018 per
million alrcraft-miles flown, and the average fatal eccident rate was 0.003
per million aircraft-miles flown.

4.2.2 Ceneral Aviatlion Data Base

General Aviation accidents are also defined [ll} on the baeie of injury and
damage 1indexes. In addition to the type of accident, phase of operation,
and causes/factors, the kind of flying and type of alccraft are
statistically analyzed., Kinds of flying are instructional; noncommercilal,
including pleasure, business, and corporate/executive operations;
commercial, such as air taxi and aerial application; and a miscellaneous
category. The types of alrcraft are small fixed-wing having maximum groas
takeoff weight less than 12,565 pounds, large-fixed wing heavier than 12,565
pounds, and rotorcraft.

From 1969 to 1978 there was an average of 4,427 accidents per year (more
than 100 times that of the Air Carriers) with an average of 696 fatal
accidents per year or about 16 percent of the total accidents (11} - note
that the fatal to total accident percentage is essentially the same for both
Air Carrler and General Aviatlon. During 1977 and 1978, abou. 26 percent of
the aircraft damaged were destroyed, again roughly the same percentage a3
for AMr Carriers, and virtually all the others ~ecelved spubstantia! damage,
i.e., damage normally requiring major repair or replacement of the affected
component. From 1973 to 1978 the wost prevalent first accident type was
engine failure/malfunction, accounting for 24 percent of all accidents.
Uncontrolled collision with ground/water accounted for 17 percent of fatal
accidents followed by controlled collision with ground/water at 13 percent
and engine fallure/malfunction at 12 percent. The most frequently cited
causes and related factors for both fatal and all accidents were pllot,
weather, and terrain.

From 1973 to 1978 the in-flight phase of operation accounted for about one-
third of all accidents and two-thirde of fatal accidents. For all
accidents, landings at about 42 percent occur more often than tn-flight and
about twice as often as takeoff accidents; landing and takeoff phuses of
operation occur in about 16 and 12 percent of all fatal accidents,
reapectively. Pleasure, aerial application, and {instructicnal flying
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accounted for B8l percent of all accidents from 1975 to 1978, and pleasure;i
aerial application, and air taxi accounted for 75 percent of fatalls
accicents.

0f 793 fatal accidents 1in 1978 about half of the afrcraft were beyond 5;
miles from an afrport (for all phases of operation); of the 4,494 totalfl
accidents (4,554 aircraft) in 1978, less than 30 percent were beyond 5 miles
of an airport. Chelapti, Kennedy, and Wall [12] analyzed ten- and four-yea
periods up to and 1ncluding 1968 and found that on the average about two-j
thirds of the fatal accidents occurred beyond 5 miles of an alrport fof}
small and large Ceneral Aviation alrcraft and for Alr Car-riers. Smalll
fixed-wing aircraft accounted for 90 perceat of both all and fatal accidentsiil
Quring 1978, Large fixed-wing afrcraft accounted for 1 to 2 percent of%%'
these accidents, specifically, 14 fatal and 48 total acci-dents duringf{
1978. Rotorcraft and miscellancous types account for the remainder.

N

3
From 1969 to 1978 an average of 3.9 x 10? afrcraft-miles was flown annually,%
ranging from 3.1 x 102 (1971) to 4.9 x 10° (1978) miles flown per year. The%
total and fatal accident rates both exhibited decreasing tendencies during
that period. On the average (1969 to 1978) 1.2 accidents occur per miilion
aircraft-miles flown, ranging from 1.48 (1971} to 0.90 (1978}, and 0.18
fatal accldents occur per million aircraft-miles flown, ranging from 0. 211@,

P
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(1971) to 0.159 (1977 and 1978). >
2
4.2.3 Milftary Aviation Statistics §§
iy

Comparable accident statistics for U. S. Military Alrcraft are not g2
published. It is widely assumed, e.g., by Solomon and others, that thegf
accident rate of military aircraft on noncombat missions that could causejlh
the aircraft to cragh or collide with any structure not at the alrport lnf?
comparable to the similar accident rate for Alr Carriers. An accident datajﬁ
compilation published by the NRC, "Afrcraft Impact Risk Assdessment Data Base?%
for Assessment of Fixed Wing Air Carrier Impact 1in the Vicinity ofﬁf
Alrports,” NUREG-0533, June 1979, by Akstulewicz, Read et al. found cthat %J
military air transport, "...when operating as an air carrier, has accident E&
rates approrimately the same as those of civilian non-scheduled air carrier]
service."” The accident and traffic experience used in the compflatio
included military aircraft similar to types flown by civilian Afr Cuarriers =
specifically, C5A, Cl4l, EAA aircraft. It has been the practice in certainfs
cases where wilitary aviation is involved to adopt a rate equal to the Airjq
Carrier accident rate multiplied by an integer greater than one (to allowéf
for uncertainty) as the military transport accident rate when tha%‘
acquisition of specialized data appears to be unwarranted, i
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4.,2.4 Alrport Statistics

Niyogi, Boritz, and Bhattacharyya [13] analyzed the characteristics of
critical accidents, i.e., accidente resulting in fatalities or a destroyed
alrcraft, of civil aviation occurring within § wmiles of an atrport for the
years 1966 to 1970, The ratio of these critical accidents to fatal

accidents 18 1.6, Their atatistical results are of interest because of the o

breakdown by aircraft type and power plant, phase of operation, and afrport {
type. The alrports listed are those covered in the 1972 National Afrport
System Flan and are characterized in the table below:

Alrport Type Number of Annual Number of

Deaiggationt __(Operations/Yr.) Airporte Total Operatione
A <2,000 6,632 33.2 x 0%
B 2,000 ~ 10,000 1,702 28.4 x 10°
c 10,000 - 40,000 1,047 78.1 x 102
0 340,000 (non FAA) 299 85.4 x 10
F. 40,000 (FAA) 330 192.5 x 10°
Totals 10,010 417.6 x 10°

t{assigned here)

Table 1 gives the number of critical asccidents during the 1566 to 1970
period for several types of aircrafe. Table 2 shows the relationship i
between types of airport and power plants for small fixed-wing aircraft. d

Tabie 3 givas the distribution of emall fixed-wing afrcraft accidents :_

according to phase of .operation and distance from the airport for each i
ajrport type. '

Godbout [14} studied tekeoff and landing accidents that produced tatallcies@%
of cerious aircraft damage for heavy afrcraft (gross weight more than 18,000'5
pounds) for the years from 1960 to 1973 {n the vicinity of Canadian
airports. fle found that most of these accidents occur within 10 miles of an
ajrport but {included data out to 30 miles in the afrport-reiated, e.g., |l
takeoff and landing, statistics. Pigure 1 is a polar representation of the=¥
landing accldents that have occurred. Very few heavy aircraft accidents
were found to occur off the runway axis as {indicated in the figure; thil%ﬁ
msy, in part, be due to Canadian sirport traffic pattern procedures. ragure;n
Z ehows the accident histograms for landing (A), takeoff (B), and combined
(C) accidents. These statistice are interecsting since they are analyzed inﬁﬁ
a manner that clearly {illustrates landing and takeoff d!rectlonf?
correlations. :
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Table 1. Critical Civil Aviation Accidents within 5 Miles -
of an Adrport 1966-1970 [113]

Critical
Type of Adrcraft Accidents
Large Fixed-Wing (more than 12,500 lb) 35
Small Fixed-Wing ~ jet 20
Small Fixed=-Wing = 2 propeller 260
Small Fixed-Wing ~ 1 propeller 1640
Other 110
Total 2065

Table 2. Critical Civil Aviation Accidents of Small Fixed-
Wing Alrcraft, 1966-1970. (13])

Alrport Type of Power Flant
Designation Jet 2 Propeller 1 Propeller Any
A 4 52 661 717
B 2 38 241 281
C 5 57 346 408
D 2 38 178 218
E 7 79 214 296
Total 20 260 1640 1920
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Table 3. Nature of Small Pixed-Wing Afrcraft Accldents,
1966~1970. (13}

Frequency of Accidents

Aly- S Distance from Airport (miles)
port Fhase of Traffic '

o o R L

3Phase
Type Qperation* Pattern 0-1 1-2 2-3 3-4 4~5 Total Praction
: t
T0 113 65 9 5 1 0 193§ 0.269
1F 29 109 70 6L - 55 17 341 1 0.476
A IL 1 1 2 1 1 0 6 §0.008
oL 124 40 3 5 3 2 177 0.247
Total 267 713 85— 712 80 19 717 ¢ 1.000
T0 33 17 3 2 3 1 59 ! 0.210
1r 8 39 42 % 27 10 160 g 0.569
B 1L 0 1 0 0 0 0 1 *0.004
oL 39 14 3 1 2 2 61 - 0.217
Total 80 71 48 37 32 13 281 ; 1.000
TO 44 28 7 0 0 1 80 - 0,196
144 16 48 48 39 41 15 207 . 0.507
c L . 3 3 2 1 0 1 10 0.025
oL 82 21 1 4 2 1 111 0.272
Total 145 100 58 44 43 18 408 .'1.000
TO 25 20 1 1 0 0 47 0.215
144 12 19 29 22 12 8 102 0.468
D IL 3 2 0 2 0 0 7 0.032
oL 38 17 5 0 0 1 62 1 0.284
Total 78 L] 13 25 13 9 218 11.000
TO 22 19 1 4 1 0 47 0.1%9
1r 7 26 26 18 30 7 114 0,385
E 1L 20 3 9 4 1 1 38 0.128
oL 65 17 11 2 1 1 97 0.328
Totsl 114 05 4/ 28 33 9 296 1.000
TO 237 149 21 12 5 2 426 0,222
1 72 241 215 174 165 57 924 0.481
Any IL 27 10 13 8 2 2 62 0.032
oL 348 109 23 12 9 7 $08 0.265 -

Total 683 309~ 272 206 18T 68 1910 1.000

Fraction of aircraft crashes 0.412 0,220 0.167 0.148 0,055
tT0 = Takeoff, IF = In=7I{ght, IL = Instrument landing, OL = Other Lapding.
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Fig. 1 Polar Plot for all Canadian Landing Accidents for Aircraft Above
18,000 Pounds during 1960-1973 [14]
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For any of the aviation categories and characterfstics discussed Jabove, as
auch specific detail as desired 1is generally available. oné® a site
location 1s selected the presence of nearby afrports, federallf afrways,
controlled air spaces, and military activitfes can be ident¥fied and
appropriate site-specific statistics can be gathered and snalyz§d. This
information 1s necessary to (1) identify the appropriate crash Jatea, (2)
determine whether specislized statistical crash models require d 'Elopment,
and (3} compute the deaired crash probabilities for alrcraft hazn ﬂn to the
nuclear power plant. In Sectfon 4.3 existing crash rate
presented.

ggdela are

4.3 Atrcraft Crash Rate Modela

Several definitions of an aircraft accident potentially hazarde
nuclear power plant have been used, e.g., fatal and crtticalg'
defined in the preceding section. Other definitfons include incifh
result in fatalities or malfunctions serious enough to force the &
land at other than 4ts planned destination and accidents that
the afrcraft to crash or collfde with any structure not at an aiffr
the following crash rate models, the definition involved will bl
as used with no serious attempt at quantitative correlation fi
general, the difference between fatal and major accident subse il
accidents {s less than one order of magnitude. The three ndl
normalizing factors applied to the accident data are the number ofJ
miles flown, the surface area over which flights are made, and the
aliport operations or movements.

4.3.1 Crash Rates per Adrcraft-Mile

As derived {n Section 4.2.1, the aversge fatal Alr Carrier accids
about 3 x 1072 per aircraft-mile. NRC Standard Review Plan [§
value of 4 x 10710 commercial aircraft en route crashes per aircrd t~mile as
having been used and references H.E.P. Krug, “Testimony orlAircraft
Operations in Reuponle to & Request from the Board,” Docket Nos. B-275 and
50-323. This crash rate is based on the assumption that one cq{istrophic

3

and, although no accident data buse analysis was presented, the vallie of one
en route catastrophic aircraft event per year appears plausible.fEHowever,
it 1s not obvious that only catastrophic aircraft failures are 'f;patening
to nuclear power plants in view of the record that cites most fif
of accidents as westher, personnel, and pilot (e.g., pilot falledn




25

procedures and directiona, wisjudged speed and distance, etc.). §JThus, 1t
would appear that calculating the in-flight crash cate per slrcraft-mile on
the basis of the smallest accident subset, i.e., catastrophic accidents,
yields the lover bound for the Air Carrier en route accident rate.

The SRP also cautlons that heavily traveled corridors (more than 100 flights
per day) may require a more detalled analysis. This {s faportant since f{t
tecognizes that the above value 1s an average over all corridorsg To our
knowledge Alr Carrier crash rates have not been derived as a functfbn of air

corridor characteristics such as 1dentity, traffic density,
altitude, ctc. 3

Mocation,

for heavy aircraft in several countries for the years 1969 to 1973:%

Crash Rate per

Country Billifon Adrcraft-Miles Uncertainty
United States - 2.1 30x
United Kingdom - 24 582
France 50 50%
West Cermany . 32 1002
World Averags 9.5 122

These rates are besed upon all accidents serious encugh to
aircraft to land, but include only accidents that occur farthegEthan 30
wiles from an afrport. In the U.S. it has been observed that s¥but one-
third of fatal accidents occur within 5 ailes of an airport (salt
4.2.2). Thus, their value of 2.1 x 1077 potential crashes per ajrde

zone around an airport. For heavy Canadian atrcraft they have cf}-
in-flight serious accident rate of 8.0 x 1077 per alrcraft-oile. '
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Accident Class Accidents per Alrcraft-Mile

All Accldents 23 x 1072
Ma jor Accidents? 11 x 1077
Patal Accidents 4 x 1077

tPotential crash or collision with any structure
not at an airport

For major Alr Carrier accidents Solomon derived the following
for three phates (modes) of operation:

rates

Major Accldents

Phase of Operation per Alrcraft-Mile
Takeoff 116 x 10°2
Inflight? 5.2 x 10'3
Landing 450 x 10~
Average 11 x 107

tincludes climb and descent

and since the supporting data base is not presented, it is no. cl ; how the

calculation 1is made.

Subject to possible air corridor traffic varjations, a value of 3] ,'710'9 for
the 1in-flight heavy afrcraft crash rate per aircrafc-aile §ong afr
corridors appears to be a reasonable compromise among variatioge
phase of operation and accident definition., Site analyses in th
of an airport may duplicate from one-third to one—half of these acilidents in

potentially threatening to nuclear power plants.

For the Ceneral Aviation category, crash rates per aircraft-mile
developed by Solomon [16,17] with kind of flying as an additional

been
raneter;
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these results ate summarized below for major accidents and the phases of
operation: B

Malor Accidents per Alrcraft-Mile (x 10"9)

Flight Category All _ Takeoff In-fiight! Landing
All ' 530 2440 38 2440,
Instructional 330 153 198 1010°
Buniness/Corporate 370 171¢ 222 1210
Pleasure ’ 940 423C 564 6350
Aerial Applicstion 790 2370 474 1740
Atr Taxt - 320 1470 192 1230

tincludes climb and descect

The ratfo of the major accident and fatal accident crash rates 1§,about the
szoe for both Alr Carrier and General Aviatfon, slightly lesa th{p a factor

of 3. (This ratlo is significaantly larger than three for instructional and
aerial application flights.)

Niyogl et al. [13] derived crash rates for critical accidents of small
fixed-wing General Aviation aircraft as a functfion of distance from Cthe
airport; these are presented below for the five-year period 1966 to 1970:

Accident Avetage Critical Critical Accidents
Locattion Accidents per Year __per Alrcrafr~Mile
On airport 87 -

0-1 miles 190 2370 x 1079

1-2 miles 76 950 x 1077

2-3 miles 55 690 x 10~7

34 ufles b4 560 x 1072

4=5 milas 19 230 x 1077

>S5 niles 514 160 x 107)

All sccidents 985 280 x 1077

Clearly, the crash rate of small fixed-wing aircraft reaches thqébeyond-s-
nile asynptotic__viluo shortly after the 5-aile distance. Thléﬁ value 1s
conputed using an average of 3.12 » 10? sircraft-miles flown beyoﬁa 5 miles;
the miles flown witiin 5 miles of an airport i{s one order of nagnté@de less.

&
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Critical accidents defined by Niyog! et al. are 1.6 times larger than the
fatasl subset; therefore, the average fatal crash rate s 175 x 1077 per
afrcraft-nile consistent with the values of 180 x 10”7 and 187 x 1079 per
aircraft-mile given in Section 4.2.2 and by Solomon, respectively. Cottlied
[19) gives fatal crash rates for twin-engine atrcraft of 69 x 1079, 6.4 x
10"9. and 14 x 1077 per aircraft-mile for pleasure, business, and air- caxi
flying, renpcctively; derived from data for 1975 and 1976.

These crash rates are used {n computing crash probabilities for sites in the
vicinity of flight paths or sairways {see Section 4.4). A statistical
measure of the crash distributlon normal to the flight path or afrway {s
needed to define the crash accidenta per afrcraft-umile per mile normal to
the flight path or per flight operation per square wuile.

4.3.2 Crash Rates per Square Mile

There is an absence of statistical data required to correlate the
distribution of crash {mpact locations with atrcraft and fiight path
characteriatics. Analyses that coastruct modela to do this are discussed In
Section 4.4. However, two cases can be developed from statiscical duta and
correspond to the extremes in which cthe flight path is either irrelevent or
relatively fixed, The first represents statistically random flights which
closely approximate much of General Aviation, and the second represents the
imnediate vicinity of alrports.

Uoing the data of Niyogi et al. from 1966 to 1970, there is an average of
898 critical accidents per year of small fixed-wing aircraft {not Including
aircrsft on the afrport), which gives an average of 2.0 x 104 acctdeats per
square mile per year ovar the Continental v.s.* during the reference 5-year
period. \Niyogl et al., derive a value of 2.3 x 1074 crashes per square mile
per year for thesa sccidents occurring more than 5 wmiles from an airport
assuming 10,010 airpaorte; the average zirport rate, i.e., within 5 miles, is
4.9 x 10'& accidents per square mile per yeat, and this rate Ancreases
rapidly as the dJistance to the airport decresses. The Canad;un light
aircraft en route sverage crash rate s decrtved by Godboutr et ul. to be
about 4 x 1073 per squars mile per year during 1974.

5
*Continental U.S., area 1is 3,023 x 100 square nlles (source:
1978 Hammond Almanac). )
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These rates assume that a crash can occur anywhere with equal likelihood and
independent of flight path. They may be viewed as nonconservative in the
sense that they represent gross averages of statistical data and do not take
into account flight traffic density. The Canadian crash rate could well
reflect this type of varfation. Thus, the area of suscseptible targets of a
nuclear power plant to small fixed-wing aircraft must be exceedingly low for
the probability of an unacceptable crash event to be less than 1077 pet
year. This will be discussed in more detail fn Sections 4.4 and 8. :
Several analyses have been nmade for afrport crash rates utilizing
statistical data on the distribution of crashes occurring in the vicinity of
an airport. Efsenhut [6]) analyzed fatal crashes that “occurred within a 60
degree reference flight path symmetric about the extended centerline of the
runway.” His results are bdased upon 8 =x 107 atr Carrier, 5.5 x 10?
Navy/Marine Corps, and 3.9 x 107 Air Force movements and are given in Table
4. Efsenhut [6,20] slso derived fatal crash rates for General Aviation as ®
function of distence from the airport using a data base of 3993 fatal
accidents resultiog from 3.2 x 108 aoveaents from 1964 to 1968. These ar_é
given In Table 5 and range from 3.75 to 6.46 times higher than the
corresponding rates for Ai{r Carriers with an average of 5:l.

Boonin [21] performed a similar analysis of data for the years 1966 to 1970
aassuning that all accidents (fatal) occurred within the 60 degree cone used
by Elsenhut. Results were obtained for small (less than 12,500 pounds) and
large (more than 12,500 pounds) afrcraft in General Aviation and Alr Carriet
categories and are given in Table 6. They agree closely with Efsenhut's
results for Ceneral Aviation but exhibit gsome differences with regard to Mr
Carriers. : é
From Tables 5 or 6 for General Aviation the fraction of fatal aircraft
crashes occurring in each radial zone can be computed after multiplying by
the respective gone areas. The resulting distribution of fatal accidents
agrees closely with that of Niyogi et al. for critical small fixed-wing
atrcraft asccidents operating out of any afrport (see Table 3). The radta}
variation of crash rate strongly decreases due to (1) the decrease in the
number of accidents with increasing distance from the airport, and (2) ch’
geometric divergence of the radial zones.

Solomon et al. [22,23] derive an average crash rate of 2.0 x 1078 pe%‘
cperation pet square aile by conaidering all fatal crashes occurring at ali
commercial airports from 1963 to 1972 over the 10 square miles lmediately
ad jacent to the runways. In additlon a fatal crash rate of 15 x 10 "8 per

[ g
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~; Table & Fatsl Crash Bates for Air Carrier -
ca it Military Aviaiion [6,20].

Distance Probabtlity (x 108) of a fatal crash
from end per square mile per aircraft movement
of runway
(miles) ‘ U.S. Afr Carrier USN/USMC USAF
Otol 16.7 8.3 5.7
1 to 2 4.0 1.1 2.3
2 to 3 0.96 0.33 1.1
o & 0.68 0.31 0.42
L tod 0.27 0.20 0.40
5to 6 0.0% NAt NAt
6 to 7 0.0 NA NA
7to8 0.0 NA NA
8 to 9 0.14 NA RA
9 to 10 0.12 NA NA

*No crashes occurred at these distances within a 60° flight
path. '
tData not available.

Table 53 Patal Crash Rates for Genersl Aviaticn [20]

Probabi{lity of Q faral

Distance from crash per mile“ per
airport, miles aircraft movement
0tol 86 x 107>
1 to 2 15 x. 1072
2 to 3 6.2 x 1072
Ito b 3.8 x 1070
4 to$S 1.2 x 1073




Table 6

Detailed Crash Rates - Fatal Accidents per Operation per Square Mile [21]

Distance from Alrport

Adrcraft Chtegorie; 1/2-1 »riie 1-2 nile 2-3 mile 34 aile 4-5 mile
All aircraft 4.098 x 1077 1.438 x 1077 6.232 x 10°%  3.857 x 1078 1.149 x ;078
Sasll afreraft £.755 x 1077 1,561 x 1077 7.199 x 1078 4,404 x 108 1.20) x 1078
Large aircraft 6.902 x 1078 2.076 x 1078 2.076 x 10°%  4.448 x 1079 2.307 x 1077
General Aviation (total) 4.283 x 1077  1.400 x 1077  6.271 x 1078 3,958 x 1078 1.220 x 1078
General Aviatfon (small) 4.534 x 1077  1.483 x 1077  6.271 x 1078  4.203 x 108  1.220 x 1078
Ceneral Aviation (large) 2.976 x 1077  3.809 x 10°8 5.952 x 1077 —-

Afr taxi (total) 1.188 x 1078  4.291 x 1077 2.447 x 1077 9.574 x 1078 5.319 x 1078
Alr taxi (small) 1.100 x 1078 4.291 x 1077 2.447 x 1077 9.574 x 1078 5.319 x 1078
Adr taxi (large) 1.415 x 1076 —_— —— - —

Alr Carrier (total) 7.639 x 1078 1,910 x 1078 7,639 x 107  1.091 x 108  8.488 x 1077
Afr Carrler (small) 2.425 x 107 6.190 x 1077 1.905 x 167 3.809 x 1077  1.905 x 10~7

4.0% x 1077 2,761 x 10°°

Alr Carrier (large)

6.135 x 107

i

1€

4.09 x 10°°
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operation per square mile over the “most dangerous™ square mile IPcated at a
distance of one mile and along *he centerline of the runway %=' derived.
These values are Independent of aircraft category and are Bn general
agreecent with the all sircrafr values in Table 5. |

Codbout and Brais [15) found that for light aircraft (gross welgh _ less than

18,000 pounds) the crash point distribution in the vicinity & Canadian
afrports exhibits no angular dependence with respect to She runway
direction. Further, the nuaber of accidents decreases very rgpidly with

distance such that the presence of a 1light atrcraft airpoft becones
unisportant after about 2 to 5 wmiles as shown in Fig. 3. Co _teaponding
crash rates would appear to drop off faster with distance than thik . U.S. data
indicate; howsver, the en route value for light afrcraft exia'_ in both
cases in the nefghborhood of 5 miles from the airport.

The dependence of the heavy aircraft crash rxate on the polar:j
(r,8), r being the radial distance and 8 the angle to a cragl location
measured relative to an airport runway, {s derived by Codbout andirais [15]
on the basis of Fig. 2 for takeoff and landing r-vartatfons and? he Solomon
et al. model [22] for the oO-variation, f.e., given & relativq—
C(®M = 1.0 between O and 1 degree of the runway, :

rdinates

frash rate

1.0, 0%°¢0q® ,

C(@) = o (4.1)
178, 1°<o<90°.
Making wuse of the conservative assumption that all takeoﬂ% {Qf heavy
aircraft are made in the esame direction along a runway, ind@ipdent of
meteorological or other conditions, the crash rate” distributfod [for heavy

aircraft in the wvicinity of Canadian airports is shown in lig 6 for an
airport having 300 000 annual movements from a stngle runway. ~HE

The crash rate model of Solomon et al. also exhibits both rudlali;‘
dependence about a runway for takeoff and landing accidents. -:-.:.!_ pnon and
Codbout both considered airports with more than one runway ; &b

gathered. In such actual situations, statfstics on takeoff -8
patterns and practices, efther from atrport and FAA records .

are convertﬂl to crash rates per asquare mile here.
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the calculations where desirable. Horanyik et al. [24,25,26] derived c.ash
rate distributions for milicary eircraft flying target-bombing fright
patterns, again utillzing available site-specific information (in this case
military data. uere obtained).

4.4 Alrcrafe C'aah Probah'litv Hethodolqﬁies

The afrcraft crssh_ rates of Section 4.3 are used to determine the
probablilities of crashes at any specific site. In general a set of
probability estimates mist be generated corresponding to groupings of the
following parameters: (i) type of afircraft, (11) type of aviation activity,
(1i1) airport characteristics, (iv) atir corridor, restricted air space, and
bacltground air activity overhead or within crash range, and {(v) site
featurea. These parameters appear explicitly in the probability estimation
proceas and famplicitly through the selection of the appropriate crash rate
statistics and modeling methodologies.

The sensitivity of theuc calculations is such that the results will. depend
principally wupon the frequency of flights, the crash rate, {iqd the
potentially susceptible targets at the site for each grouping. Obviously
site~specific data must thus be used in any numerical crash probability
evaluation. It should be mentioned at this point, however, that past
experience indicates ‘that, - for the siting of nauclear power plants, the
presence of neatby;;airpotta having a relatively large number of annual
movements, nearby .air corridors, and the flights of light (single engine)
atrcraft usuvally dbnihate the overall crash probability valuation. Imn these
instances it has been found that the engineered safety features of a anuclear
power plant are importantly drawn into the risk estimation procedure, and
the individual hazard groupings above become quite significant in thasselves
in addition to their contribution to the overall crash probability.

4.4.1 Crash-Probability Modela

The probabllity P of an afrcraft crash per year for a particular .gpuping
described above is given by :

(I) P, = NAC

¢ .
(4.2)

(I1) P, = NAC/W

where N 1s the nuaber of annual operations, e.g., uirport novan@btu or
aircraft flights, A is the effective target area at the site, C is the crash
rate per mpovement per square mile in FEq. 4.2(1) or the crassh tate per
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aircraft-mile in Eq. 4.2(11), and W 1s the effective crash width extent
centered on the afrcraft's flight path (when C 1s given per aircraft-
mile). All of these variables depend upon the identities of the parameters
chosen to belong to the various possible groupings (subscripts to indicate
the five principal parameters are omitred for clarity with the single
subscript G affixed to P to emphasize this dependence). The values of the

variables in Eq. 4.2 are, of course, site-specific, and their variabilicy
depends upon the level of detail represented by the parameter groups chosen.

Note that although crash rates can vary considerably depending upon their
parameter coamposition, they are derived on the basils of the naticnal
accident data base - a statistical requirement in view of the rarity of
aircraft crashes at any given site location. Mditionally, certain
conditional probabilities are required as they affect potential target areas
and aircraft crash consequence models. These relste to the alrcraft crash
path and its orientsation relative to the plant features, the aircraft impact
speed and weight, and the likelihood of fuel ficre and explosion events,
given that the crash of a particular rtype of alrcraft occurs. The
discussion in the following subsections will examine the formulation and
evaluation of the pertinent conditional probabilities.

4.4,1.1 Afrcrafe Crash Path

Crash trajectories from the flight point where trouble (first) develops to
the impact point gre implicitly represented by the statistical distribution
of crash points for alrport-related activities and treated as randomly
occurring avents for uncontrolled (general) aviation. For in-flight traffic
along prescribed routes such as air corridors and traffic patterns where a
flight line exists, for example, military air maneuvers such as weapons
delivery or navigation practice [25], probability distributions can ‘be
constructed for both the pormal traffic deviarions and crash trajectories.
The latter will depend upoa such factors as altitude, asttitude, type of
aircraft and other characteristics such as speed.

Hornyik et al. [246,25] conetruct a normal air traffic density function in
order to coapute a collislon probabilicy, that 1s, collisiona resulting fror
deviations from .the intended flight path and the presence of plant
structures. These accident types are included in the statistical data base
and can be usually 4gnored as an iaportant separate class of events except
in very specisl cases of low flying atrcraft in aerial application and
military aviation. PFor most low flying alircraft, e.g., pleasure flying, the
deviations from “intended” routes are usually ec large that the routes are
virtually nonexistent relative to the present application, and collisions
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:
are equivalent to random crash events. For high altitude flights along a‘lr
corridors, flight .path deviations are assused negligible in extent aﬁd
fmplicitly included within the crash trajectory distribution orthonormal l:o
the flight path. 3
Crash site probability distributfon functions have been constructed by
Hornyik et al. [24) and Solomon [16]. Figure 5 illustrates the geomettic
relation between the crash site and (straight) intended flight path, e. g.,
alr corridor centerline. Associated with the crash site to flight path
distance x is the conditional probability of a crash occurring along tjjne
line x equal to’'sa constant, given that a crash occurs. Solomon assunes thiu
conditional probability to be a negative exponential function that deca}s
(syametrically) as x increases and gives the following subjective estimates
for the decay constant as a function of aviation category:

R

Exponential
Aviation Category Decay Constant (mi 1)
Alr Carrier 1.6
General Aviation~
Aerial Appliction 1.0
Ceneral Aviation-Other 2.0 g
1.0

Military Alircraft

Cottlieb [19] {ncreased certain of these values to account for lower atr-
corridor altitudes in his site~specific analysis. }
In general, air corridors may not be straight, and there are often wmultiple
corridors having different dirvections and different altitudes over a givén
eite. Cottlieb modeled such an instance by dividing the air space into
half-mile wide strips and superimposed the negative exponential densiéy
functions for each atrip. He found that the orthonormal condltioml
probability becomes negligible beyond x equal 3 miles for a decay constant
of 2/mile. i

E

The value of W1 tn £q. 4.2 1s this conditional probability of orthonornull
crash site location and is a function of the distance from the plant to the
air corridor centerline. SRP Sectfon 3.5.1.6 suggests using for the value
of W the air corridor width when the site 1p under it, and this width pllgl
twice the distance from its edge to the site when the site 1s beyond the i

g
i
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R P R R

;Iruay. The produc: of th and AL shown in Fig. 5 corresponds to the value
of A in Eq. 4.2,

e effective plant area A is the equivalent ground surface area such that a
Y'rash probability computed on the basis of A accounts for all crashes that
fg:."ould affect susceptible targets at the plant site for each parameter
_§roup1ng. The calculation of A will, in general, involve aircraft, crash
telated, and target characteristics. Most analyses treat A as the sum of a
ékid area, shadow ares, and true target area. The shadow area 1is very
_;__ignificanc since it allows for target height; it depends strongly upon the
crash angle and 1is 1llustrated in Fig. 6. The shadow area varies inversely
with tan ¢ where ¢ is the crash angle shown 1in the figure. Solomon uses
values for ¢ of 15° (16} and 20° [22]; Niyogl [13] quotes values of 10° for
‘_._l!gndings and 45° for takeoffs. Cravero and Lucent [28) conclude from thetr
‘i'.tudy of international aviation that of 34 accideats from 1962 to 1966 over
f@alf resulted in verl:ical dives (¢ equal to 90°), and for the remainder $ 1is
igeater than 45°; they arrive at similar conclusions from their study of
ﬁuropean private aviation for the years 1968 to 1970. Joerissen and Zuend
i129] assume an average value for ¢ of 45°. '

i e

*ﬂle skid asrea 1is shown by Solomon ([16] to vary proportionally with! the
;guare of the aircraft’s initial horizontal velocity, and inversely with a
friction factor that depends on the ground terraln. From a review of
accident reports and other studies, Solomon [16] 1ists posaible ikid
lengths, viz.t 0.6 mile for high velocity military aircraft; 0.3 mile for
Alr Carrier aircraft; 0.06 aile for Ceneral Aviatfon afrcraft; and an upper
@htance of one mile for high velocity military aircraft on very sufooth
Jercain., Hornylk and Crund [25) state that the choice of skid length should
11 into the category of conservatism due to "partial/total ignorance” .%

i h many analyses, skid area 1s not factored into estimatfons of A; thlf may

‘5 due to the corresponding decrease of the aircraft's impact kinetic energy
3 the skid distance increases. However, Solomon notes that skid area tends
ﬁ;ﬁ dominate the evaluation of total effective area, more so than the c*ice
#f ¢, and 1s, therefore, important.

: general, the calculation of effective plant area can become rather
":'plex. The effective aircraft dlaaeter is of the same order of magnftude
8 plant structure dimensfons und must be included; this 1is usually done by
Anply increasing the dimensions of the target. Accordingly, A is a dizrect
pnction of the sircraft type. Crash related characteristics other thin ]
be important such as crash orientation relative to the plant?and
:_cidtnt failure modes. The targets st the plant have complex geometries

1

Mok re
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:apecially_ iﬁi réiition to one another (shielding possibilities arise and
vary with crash orientation), and terrain features (both natural and man-
made) strongly affect skidding. :
B ) : R i
i . ' ;‘5

4.4.1.2 Alrcraft Impact Characteristics _
; T i

From 1973 to~1976, 19 different aircraft makes and models were involved 1n
88 percent of all and 90 percent of fatal Air Carrier accidents [10].
Including both pistra and turbine engines, there were over 118,000 small
(lighter than’ 12,500 1bs) and 5,100 large (heavier than 12,500 1bs) aircraft
in 1968 {12].‘:" " Chelapati et al. note tha* the size, weight, and speed of an
aircraft are direct functions of 1its horsepower and use the 1967 annual FAA
census and other data to construct frequency distributions for swall "and
large aircraft speedl and engine welghts and thus their effective diameters
and weights.” A typical speed of 140 percent of stall was assumed within 5
miles of an,‘nirport, and 75 percent of power, 140 percent of stall, fand
luximun pover mrc assumed beyond 5 miles.

Niyogi et al. [13] analyzed the characteristics of small fixed-wing aircraft
qu observed that length, maximum takeoff weight, stalling velocity, .and
maxinun horizontal velocity (for at least single-engine alrcraft) all s¢a1e
with eapty. ﬁeight, LA They developed idealized alircraft parameter{ as
functions of w, for single-engine (1000 1b <, € 2200 1b) and twin-engine
(2800 1b <w, < 8000 1b) aircraft, and they suggest several probabiiity
distribution models to account for fleet mixes. Solomon et al. [22] ﬁase
selection of -aircraft characteristics upon the afrcraft flight data forjitwo
specific airports; e.g., wide-body jet aircraft account for one-third of*all
operationu at Los‘Angeles International Alrport.

g

4

Godbout and Btail [15 27] have constructed probability density functions’ for
the crash characteristics of a large number of individual 1light and hnavy
aircraft (e.g: average crash speeds of 80 and 150 mph, respectiveiy)
Hodeling the 'conditional probability of an impacting aircraft having iany
given set of characteristics 1s necessary to the realistic estimation of
pbsaible crash consequences, e.g., the conditional probability of a
particular structural failure mode occurring. Information on the flee:;nix
appropriate to a given site locale can be subsequently used to yield ovetall
conditional - probabilities defining the aftrcraft crash consequence
environment i ;
4g5.1.3 Alrcraft Fires

T
RN
- Crn

In their stﬁay;ofj]ccident data, Cravero and Lucenet (28] found that for 44

3
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accidents fro- 1962 ‘to 1966, 26 fires commenced after impact a;ainnt the
ground (about 60 ‘percent of the accidents) while 9 aircraft "were! in fire at
the moment of ‘the impact on the ground.”™ Joerissen and Zuend 29] report
that an cnginc catchu fire in about a third of all fatal: acaidents,
according to-statistics. Wall [30] reviewed NTSB reports of accidents and
foun! that about "0 percent of General Aviation and 50 perceat of Alr
Carrier crashes involved postaccident fire. '

4.6.2 Crash Probability Calculatfons

The Mdinte"bb‘je'ctivc of calculating an aircraft crash probaﬁﬂlty at a
3iven nuclear power plant site s to obtain the annual frequeney of the
condition "given a crash occurs” corresponding to each or any coabination of
groupings of the aircraft accident and plant parameters defined i’in Section
4.4.2 and selected from site-specific criteria. This can then t;c combined
with suitable conditionsl probabilities (see Sections 4.4.1.1 to 4.4.1.3)
and deterministic’ relatioanships (see Sections 6 and 7) to estimate the
possibilities that various modes and nmagnitudes of crauh-induced plant-
related conuqucncu ‘will exist.

However, the crjih probabilicy 1is 1iteelf a conditiconal ptobability.
conditioned by the particular parameter grouping, that f{e, accident scenario
characteristics and, more importantly in the current context, the ‘effective
target features. Since the nature of the target in the present a‘pplicadon
depends 4itself upon the assumed accident scenario, e.g., light or heavy
alrcraft, the calculation process can te rather involved; furt‘her, potential
nuclear power plant (safety-related) targets are complex and varied (see
Section 5). The procedure reguires identification and quntif'cation of
likely accident scenarios and evaluation of corresponding target _p,turea Aon
the basis of deterniniltic and Judguental wmethodologies and 'f"
criteria. ' A

1t 1s hportlnt to"view the results of various inveotigationa'dincuss"ed
below with this" _perlpective in mind since the necessary detail gcupporting
both scenarioc 'and"plant feature assumptions and sensitivity calculations are
extrenely diff.lcull:_,t.o find #nd evaluate. PFurthermore, crash probubilities
lust be mltiplildu‘)y:" appropriate conditional probabilities of a . adioactiéve

eding 10 CFR 100 guidelines to obtain the onaequeuce
probabnuu-j for such & release. This 1s usually hplicltly done gby
assuaing a release i conditionsl probability of unity for all structures used
in the effectin plant ares evaluation and of zero for those excluded. The
ficst auu-ptton 1- in =many cases very conservative for ¢t ¥ type of
structures qqd " _ran_gc of both accident and plant ruponu"--pcenariou

TR
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iavolved., Scnnitivlty to the second assuaption can be cstimated by ucinz
all potentially ‘relevant plant features (and their shadow, %nkid and
shielding chnracteriuticl) as an upper-bouad calculation, ‘but total
effective plant area evaluations are generally unavailable. k2

Niyosil' et al. {13] discuss this aspect of the problem in more )idetau and
numerically wsight ' the effective areas of their identified ;IUSceptibie
targets by sassumed condftional release probabilities as follows: ﬁ. value of
1.0 for the. containnent, fuel storage building, and control roon, 0.1 for
the prin:y nuxiliary building and equipment vault; 0.01 for thc diesel-
3enetat0t building.: cooling - tower, waste-processing building,*ﬁrefueling
water:: storase tank, circulating~watzr pump house, and service .water pump
houue, ‘and 0. 0 for the turbine building. v
Joeriiicn and Zucnd [29] present probabilities of crash-induced r;dioactive
releases and refer to detsiled studies of system/component nuaceggibil“tiea
and reactor response for both BWR and PWR plants, but do not citefycferencea
or provide details. They estimate the conditional probability of: ‘equipment
dauagc dn a room inside a penetrated building as generally grea%gg than :30
percent- Selvidge [31]) considers damage scenarics for an aircrf%t ninnile
penetratins a  building containing plutonium and computes pr':abilitles
(Rocky} Flats Plant) of varfous forms of plutonium escaping iunzdifferent
quantltieso These scensrios all involve fire of the aircraft fue' As the
primary relca-e ncchantsn. Eﬁ

&3‘1 .j;:. RCPR S i

Table: 2 presents various crash probability and related results for nuclear
powver planc: {20] and 1s based on calculations by Eisenhut {6] a f;
SAR and AEC Regulatory staff evaluations. Chelapati et al. [12]; and Wall
[30] derive the following crash probabilities for a “typical”§p
located relative to an “aversge” airport using crash rates and tesffic data
averaged over the entire U.S.:

~%’ Alrcraft Alrcraft Strikes per Yeart & _
?i Size Within 5 miles Beyond 5 miles i‘ :
g%nall o 3.3 x 1072 1.4 x 10 ; ;
;-arae R 1.1 x 107 4.6 x 10

r‘I‘Doel not couaidcr air corriders

These ralulti alsune effective target areas (¢ = 10°) as follows:30.093 mi2
for chc reactor ‘building, 0.026 a1? for the turbine building, a f§0.018 at?
for tho switchyard (0.137 total square miles for a BWR plant).;iﬂote that
the swftchyatd target area is as large as the entire target nrea' given in
Table 7‘-' 'rheu resulto do not include any conditional p‘robabiliti




" Three
4 - Mile Rone Surry
Island Shoreham Point  unites 3 and 4
(2 unite) (1 unit) (2 units) (2 ﬁhttl)
Usage (movements/year) §§
Air cariers 80,0004 3,000 40,000
Navy 8,000 97,000t 40 000
Miscellancous 3,0004 *
Location (plant-nirport
diltance in -1103) 2.5 4.5 3.5 S
Target area (uled in’ ﬁ
probnbility snalysis) 0.0 ui? 0.01 w2  0.02 mi? 0.01 »ilg
Probabillty of lyﬂ.qff L %?
potentislly damaging g_
crash (per year) . 5x 10”7 2 x 1077 4 x10-7 1 % 1076
‘The fucility 1- designad to withstand the crash of all but 2400
these movements. i

tThe facility is designed to withstand the crash of all these 97,

noveaents.

#tAir-carrier statistics were used for these movements.

§For small aircraft, ares used wss 0.005 mi

: if
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reprosenting crash 'conuquencu. but they derive adjustments to the atrlkc
probabilities bued upon calculations of the perforation failure mode for
varylag thicknesses of concrete and two aircraft types. Additionally, they
derive the conditional probabilicy of striking any specific safety-related
equipnent wlthin . buildlng to be 0.01.

Niyogi at nl.; [13} derin the following crash probabilities fron normal
background avistion crashes into safety-related structures for a typlcal
two-unit nuclear power plant having a total projected area of nbout 0.01

Alreraft ' Two-Unit

© Type Crash Probabtlity (yr~l)
Alr Carrier _ 2.0 x 10'3

" Small Fixed-Wing (2 Engine) 2.0 x 107

" Small Fixed-Wing (1 Engine) 1.1 x 10"2 :
. Any 1.3 x 107

The effective plant area does not appear to be conservatively calculated,
and the conditjonal damage probsbilities discussed abave have bgen applied
to obtaln these results. Further, the background aviation usod does not
expltcitly l:ake 1nto account airport and ajirway effects. ;

Solouoln {16} derivu effective plant areas* for the Palo Vtide Nuclear
Generating Station of 0.017 @12 for Cenersl Aviation airerafr, 0.1 w1? for
an F-104 Starfighter Jet, and 0.067 w12 for a DC-10 using shadqw and skid
areas for the containmeat, fuel, and radwaste buildings. Thess areas are
aignif.icantly larger than those used in most such studies. The PVNGS 1is
near some wilitery aviation and approximately 5 miles from an air corridor
having about 100,000 flights per year. The crash probability for the air
corridor hazard (stroagly dependent upon separation distance) 1is derived to
be about 6 x 108_ per year and represents the largest aircraft hazard: at
this tite- Solomon [17,18) also has developed a generelized mthodolozy for
calculuing the crash-probability at an arbitrarly located eite, but, since
his mple reoultl are hypothetical 4in nature, they will not be presented
here.f; _ ? :
Gottllcb [19]" truted 8 specific site near several air corridorn, a large
airport 50 nilu awly, 4 large number of small airports, and at leaat six

ol
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larié ones within 75 miles. His analysis clearly fllustrates the {mportance
of deriving crash probabilities on the basis of the parameter groupings
discﬁcced previously. The crash probabilitfes for ulngle-engfne and twin-
engine Ceneral Avistion aircraft are given as 3.9 x 10™ and 1.0 x 1076 per
year, rcspectively. :

4.5 Alrcraft Hazards Suanqu

Excellent infornatlon sources exist end are readily available for
establishing afrcraft-related data bases and statistics. All aircraft
accidents are investigated and reports filed containing as wuch detall as
possible under the circrmstances. The absence of or difficulties involved
fn generating certain types of accident parazeters can i usually be
compensated for by analytical procedures, conservative assumptions, or
probability distribution functions. IMajor aircraft crashes at any given
site represent very low probablility events. Aflrcraft crash rates that scale
with the number of operations and based upon the data bases can be estimated
with a reasonably high degree of confidence. However, except primarily for
a cursory treatment in the Canadian reports [14,15,27), other scaling
effects have not been adequately studied. Niyogi et al. [13] found,
however, that the uoirport-related accident rate for small fixed-wing
aircraft varies from adut one-third to almost five times the average rate
in going from large PAA airports to very small airports (see Table 3). The
possibility of rveglonal and sir corridor variations in the crash rates for
all “types of aviastion, both nonrouted and in afrways, has not been
adequately {investigated in regard to the present application;ﬁ Also, not
enough attention s given 4in genersl to the particularlyéﬁthreatcning
scenarics posed by small but relatively heavy and fast (e.g-,%

win-engine)
aircrafe. '

There. are three primery effects of airports, airways, and other restricted
air ;baces: (1) to concentrate the level of air traffic, (2) to‘?ncreaae the
crash’ rates as distance to these zones decreases, and (3) to increase the
nusber of different types of aviation activicies (for exampli, takeoffs,
landings, and the concentratfon of large commercial afrcraft; ofhcro include
ntlitpry spplications, etc.). It 4» reasonable to concludc that the
combined cffcc:a ‘0f these controlled regions represent a aignificantly
1ncrealed hazard to nuclear power plants than the true or even averaged
bnckground aircratt hazard.
i Coe %

For saall (Genutal Aviation) aircrafrt it would appesr from the available
analyseu that the airport effect merges into background crash rates at about
S nilll for llrpottl having say 10,000 operations per year and probably at
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only s slightly larger distance, say 6 miles, for any nize afrport; a
significantly increased rate would only begin to appear very close in, say
within 2 to 3 miles, For large (Air Carrier) aircraft a nominal background
crash rate on the order of 10’ ma jor crashes per flight per square mile can
be assuned along the affected strip of ground under a single -air corridor
(assume a crash rate of 3 x 10~9 per alrcraft-mf{le and a mean crash-width
dimension of 3 miles), For heavily traveled corridors, more than 100,000
flights per year, the heavy afrcraft crash rate i{n the immediate vicinity of
air corriders will vary from about the same to significant., greater than
the background light afrcraft rate. v

The heavy aircraft crash rate per square mile 5 miles froam an airport is not
significantly larger than that near an air corridor per operation. If {t is
assuned that one-third of all Alr Carrier crashes occur within 5 miles of an
airport and one-half of all crashes are “airport related,” then the airport
effect on crash rate will extend for some, possibly considerable, distance
beyond 5 miles. This distance~airport effect relationship cannot be
examined further at present using only the analyses anc data evaluated here.

Crash probebility calculations for the specific sites previously studied
involved considerable data gathering and modeling of saite :featurea and
accident parametera. Resulte are strongly dependent upon theié_factors and
invariably reflect derived and in most cases assumed conditional probability
estimations of certain event occurrences. In general, the airc%aft accident
hazard cannot be eliminated solely on the basis of the crash probability
being less than 10 =6 o 1077 per year without taking into account the
inherent hardness and 4dentity of safety-related features of the plant.
Zven doing 80 often leads to results that are near to or marginally within
10 CFR 100 guldelines; however, conslderahble conservatism 1is apparently
included in . the radioactive release conditional probabilitics typically
used.,

The afrcraft hazards studies that have been made are importunt to more
general considerations of reactor safety, siting, and risk estimation.
Thege procedures are essentially risk-based concepts ([32,33,34] in that both
probabilities of occurrence and consequences as the result of occurrence,
i.e., all aspects of @ possible event, are considered. Finally it should be
noted that there are no explicit requirements on the frequency of occurrence
" of alrcraft crashes per se on nuclear pover plants provided that the risk {.
acceptably small. The lov risk value 18, of course, tantamount to & low
crash probability in cases where the conditional probability of having a
radicactive - release given a crash 1is taken as unity, e.g., for large
commercial aircraft. At the other extreme of zé¢ro conditional probability,
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e.g., light iinglajinglh- sircraft crashing into the containaent structure,

no such relationship existe.

i TR




48 ﬁ

5. SAFETY-RELATED SYSTEMS

e v

£
Rk

Safety-related systeus may be subdivided in (1) criticality control systems,
{2} hest removal sgystems, (3) support systems, (4) containment systém(a),
and (5) mitigation systems. In the following we shall address %rimarily the
first three types of systems.

5.1 PWR Safety—Related Systems

5.1.1 PWR Criticality Control Systems

For PWRs the critficality control systems consist of: (l) control rods and
drives, and (2) safety injection systems (SIS). Rapid shutdown by dropping
the control rods does not require the availability of electric power.
However, it should be recognized that in PWRs the control rods do not
constitute & complete shutdown system, in that the reactivity worth of the
rods 1is only sufficient to bring the plant from full power to; hoc stand-by
conditions. To bring the plant to cold shutdown requires injection of boron
by means of the safety injection system, which does require electric power
1f the primary system remaing pressurized. Note that both these eriticality
control systeus are quite well protected against direct impact 1n case of an
aircraft crash.

5.1.2 PWR Heat Bemoval Systeas

These systeas msy be subdivided into two groups:

(1) PWR Heat Removal Systems for Normal Operation
L primary theat transport system (PHTS), 4including:
pressure vessel, primary coolant piping and pumps,
steam generatots, and preessurizer,
o mnain feedwater system and steam lines,
o condenser and condenser cooling systea,

L relldual heat removal system (RHRS),

] vater intakes and ultimate heat sink(s) (UHS)
Of these systems, the condenser and condenser cooling water system, parts of
the feedwater gsystem and the steam lines, as well as the water intakes and
ultimate heat iink(l) are not protected inside hardened structures; they are
thus wvulperable to direct Iimpact. Moreover, though the vtesidual heat
removal system itself 1is fully contained in the hardened containment and
suxiliary buildings, its intermediate heat removal circult and dltimate heat
sink are not protected in that way. .
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(2)  Heat Removal Systems for Off-Normal Conditfons
' . @ emergency core cooling seystem (BECCS), with {its

injection and recirculation mode, '

auxiliary feedwater system,

stean dump system,

containment cooling ayetem (PAHR), ‘

systems for the feed-and-bleed cooling mode,

residual heat removal system (RHRS),

water f{ntakes and ultimate heat sink(s)} (UHS).

Most of the above systema are contained inside hardened structures, except
for water {ntakes, ultimate heat sinks, and some of the support systems.

5.1.3 PWR Support Systems

The support systems play an extremely important role, in thst &any safety-
related systems would fail without their correct performance. ;, Among these
support aystems should be named -

® component cooling water system (CCWS),

. (7;"n¢rvice water system (SWS) e

® ' electric power system (FPS), fincluding (a) oﬁatte power,
(b) offeite power, (c) emergency diesel generators, and (d)
batteries.

Though the CCWS and SWS are well protected in hardened structé%cn. some of
their subsystems are not {(e.g., water intakes and conduits frﬁu the water
intakes), Furthermore, the offsite power {s quite vulnerable to direct
impact in case of an aircraft crash. :

. %“
5.2 BWR Safety-Related Systems

5.2.1 BWR Criticality Control Systems

In the BWAs the reactivity worth of the coontrol rods is sufficiently large
to shut the reactor down from full power to cold conditions. The rods have
to move sgainst gravity; however, each rod is provided with an independent
energy source (compressed nitrogen), and 1is not dependent on outoide
electrical power for rapid resctor shutdown. Furthermore, the entire

reactor shutdown systes 1s well protected againet direct fapact in case of
an aircraft crash, being fully inside the containment gtructure.
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(1) BWR Heat 'Removal Systems for Normal Operation

L PBTB;(part inside the containment building),
® “'main’ fecdwster systes and steam lines,
* “fcoﬁdenler and condenser cooling water system,
¢ i residual heat removal systea (RHRS),
) . water intakes and ulcimate heat siak(s).

As for PWRs, the coandenser and condenser cooling system, parts of the
feedwater system and steam 1lines, the condenser and condensel cooling
system, ac well as the water 1intakes and ultimate heat sifk(s) are
vulnerable to direct. impact in case of an aircraft crash. Notcia that for

BWRs the PHTS includes the steam lines, the condenser, and the main
feedwater system. . ’

(2) BuWR HﬂlfVRBDOVII Systems for Off-Normal Conditions

e high pressure core spray system (HPCS),
L] low pressure core spray system (LPCS),
L4 " low pressure coolant injection (LPCI),
°

"residual heat removal system (RHRS).
As for the Pﬂll;iib;t of the above systems are contained inuid; hardened
structures, except for the water intakes for the service water lyutens and

the ultimate heat linkl.

5.2.3 BWR Suppor'c Systens

The BWR lupport cyltens ars similar in nature to those in a PW

_ffacflity
which are di-cullcd' bove. k-

5.3 Accident nguencel.lnvolvigﬁ Safety-Related Systems

5.3.i General AQSQEt;

The results of ln lircrlft crash on a nuclear power plant are not
the effects of tha ‘impact of heavy parts (such as a jet enginc
engineering structures. Nugerous systems are required in order
reactor shutdown and adequate long—term cooling of the core. Although many
of these ssfety-related systems are well protected within}fhardened
structures (containment system, auxilisry building), some are:
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particular, ccrtain systems, which are not formally delignat d as safety
systeas but which may indirectly sffect ssfety systems, are qilte exposed.
The plant's electric - -avitchyard may serve as sn example: Ig'ra-h of en
sircraft on & tvltchyntd wuld very likely elfainate the pl‘@i's offsite
pover., rurthcrlorc, although there exist protective design fea Ures against
propagation of alectrical failures from the switchyard into t; Jrect of the
plant, the probnblllty for such electrical failure prOpaj' ion is not
zero:  Past cxpc?icnce "has shown that electrical failures
unexpectedly from nonsafety systeas to safety systems (ex
Onofre, Rancho Seco, Crystal River). '

= \y propagate

Therefore, in an overall risk evalustion, the possibility of igxceeding the
10 CFR 100 probability guidelines due to an afrcraft crash on tie switchyard
of a nuclesr power plant merits investigation. Should massiflf elsctricasl
fatlure leading to total 1loss of power be possible (witiilithe diesel
generators failing or unable to deliver power because of shol": circuita or
other equipment faflures) 1t would leave the plant vulnersg
melt. The only way left to cool the core would be natural fcirculation
conbined with atmospheric steas dump. The latter cooling mo :

 depends on
the availability of a turbine-driven auxiliary feedwater pump., '

e to core

Additional ways f{n which a nuclear power plant could be uerlofi y affected,
different from a direct impact on a hardened estructure, would: by impact
on systems affecting long~term heat removal capability such .W_xhe turbine
hall (severing the steaa lines) and the water intakes. It li'hld be kept
foremost in mind that the combined effects of impact and £iv8 due to an
aircraft crash open the possibility for numerous nultiple failures; the
detailed evsluation of this 1is not easy and well beyond the cope of the
present study. ‘

5.3.2 Accldent Sequences Involving PWR Safety-Related Systems %

5.3.2.1 Accident.SeQuencen Involving PWR Criticality Control s:,f

An aircraft ’Cf‘lﬁ ion a PWR nuclear power plant resulti; 3 rapid
deprcslurizatlon of the plant's secondary cooling system, g with
total loss of. llcctrlral power (impact on the turbine buildlng and the
switchyard),’ would .result in an accident sequence in which the JEssion power
in the core Uould remain at some considerable level: In‘l j;lly, upon

dropping of th. control rods, the fission power would decreane; govever, Lhe
rapid deprcllurlzctlon of the secondary system would resultfiiin a rapid
cooldovnrof.thq“ptllary system, thus resulting in recriticalig

3 since the
primary system; would remain pressurized (preventing dischi¥g

of the
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accumuylators” uith;;borntod water), and since the safety injection systenm
(515) would not be functioning due to loss of selectric power, there would be
no way to shut down the reactor. Purthermore, since the loss of electrical
power and the': dannge ‘to the secondary system would preclude any cooling
other than lhortétenu boil-off of the primary coolant inventory, the core
would most probably be headed for serious damage if not total meltdown.
Core meltdown, :without the availability of electric power, Hoéld probably
result in contalnment overpressurizatifon and release of; fadioactive

materials to_the_envlronucn: far 1o excess of 10 CFR 100 3u1deli:

Note that the above sequence of events does not depend {n an ﬁay on the
breach of a hardened structure due to the impact of a heavy segnent of the
aircraft at some optimum (i.e., most-damaging) angle, which seceds up to now
to have had the greatest attention in the evaluation of nuclear power
reactor safety. with respect to aircraft crashes. Note further that this
accident scenario requires the occurrence of multiple fatlures, many of
which are strongly plant-dependent. As an example, the location (inside or
outside hardened structures) of the auxiliary transformer (used for reducing
the voltage of the offsite power lines) and the associated breaknfa strongly
affects the ‘probability of losing all electrical power. A detailed
probabilistic: avaluation of this accident scenario is beyond the scope of
this study;. such. ‘a study is, however, recommended 1if the tﬁ}tiai event
(aircraft cralh) has a probability of occurrence larger than reqq@red.

5.3.2.2 Accident-Sequences Involving PWR Cooling Systems '

Long-term'coolinﬁﬂéapabillty is an important requirement for prgfenting core
damage or meltdown. An aircraft crash could compromise long- jru cooling
capability in'nuuefoqa ways. Systems, or parts of systems, mo% pusceptible

to aircraft:.iupact. are those not (or not fully) enclosed; hardened
ntructures.'f]nohg‘thele should be named: The main feedwaterfBystem, the
condenser cooling water system, the steam lines, the ultimath heat sink
(cooling tower, water: intakes, etc.)

(aircraft

down the core and deprelaurizing the PHTS to the point where th;ERHR system
can be enployed.. If the feedwater line rupture can be inolated; the use of
the auxiliary  feedwater system would provide an adequate means of cooling
the core and depreoluriztng the PHTS to the level of the anas If the
suxiliary feedwnter system is not functional, the feed~and-bleed cooling
mode would constitutc the only long~term mcthod of cooling the co;n' this
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uould, howevcr,fﬂét”hllow it to depressurize the PHTS to the level of the

RHRS.

(2) A multiple f;ilutc5itesulting in rupture of the main feedwater lines
combined with.loss ‘of electrical power, would require the correct
performance” ' bine-driven auxiliary feedwater pump. B

(3) An. aitqrafr ‘crash affecting the ultimate heat sink (cooling tower,
water intakes, tc.) wuld leave core cooling dependent on the feed-and-

bleed cooling nodi;;provided a sufficf{ent water supply and electrlcal power
remain available.’ -

5.3.3 Acéideht’Sajuenéel Involving BWR Safety-Related Systeas

Since BWR criticality control systemsp are well-protected ugainst direct
external inpact ongthe plant, and since their performance 1is indcpcndent of
the availability of electrical power, it seems that these systeas can be
onitted as contributorc to accident causes in case of an aircraft crash.

The availability of the large suppression pool (heat sink) {inside the
hardened containncnt structure makes BWRs in general less susceptible than
PWRs to Iosafofﬁcooling capability. However, since the PHTS includes the
stean linel§_:ndf3faedwater lines, a direct fmpact in the asrea of the
containment penetration of the steam line(s) and feedvater 1line(s) could
conceivably cause -blowdown of PHTS into the environment, if both steam line
isolation vnlvel,in_the steam lines, or the check valves in the feedwater
line, were to befdhnaged simultaneously.
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6. STRUCTURAL RESPONSE

To undcrztlhd‘ithd phenomena of nuclear power plant structural response
subjected to aircreft fumpact, it is necessary to discuss firgt the impact
loading function. - Without proper definition of ifmpact load, the structural
response celculation may lead to erroneous conclusions. In dealing with
structural vesponse, one has to exaaine the material description and 1its
modeling technique. 1In Section 6.2 some typical constitutive equations for
concrete and structural steel will be given togzether with the effects of
material nonlinearities on the structural response. The local response of
the structurs will then be presented in terms of its faflure mechanisam and
corresponding failure-mode analysis. The structural system may fail through
either 1its local or global response. The nuclear power plant equipment
response can be correlated to the floor response spectra which depends uporn
the structural 'synten response to the impact. The severity of equipment
response is Cthen compared to a =sodest earthquske-induced vibrational
effect. Since & variety of approaches 1s used in the published snalyses, a
comparison of pddoiing techniques is also made.

6.1 AircrnffJ

T
Impact Loads

The impact of an- aircraft uj»a a relatively rigid or hard structure will
generally reault in the grosi. collapse or crushing of the aircraft
structure. = Some components aof the aircraft, such as outboard wmounted
engines, which are relatively solid\;wpstructures, can fmpose severe local
fmpact loads upon the structure and nay\?ead to local puncture of the plant
structure.  Still other aircraft conponants, such as the fuel, can be
expected to behave in yet another response mode. Since the plani structures
are generally hard structures, their gross motions in the vicinity of the
inpact will ho_lnhll compared to those of the aircralt structure. Thus, the
response of the. aircraft can be uncoupled from that of the plant structure,
and the impact load can be evaluated under the conditfon that the atrcraft
impacts a rigid surface.

It is realbnhbloftd expect that the motion of all the mass of the impacting
aircraft, at:least for impact normal to the structure, will be completely
arrested (without any significant rebound) by the fmpact event such that the
momentum tranaferred to the plant structure 1s well defined and is equal to
the productf&fﬂkhé mass of the aircraft and irs speed at the onset of the
fapact procinsfﬂ?Since the aircraft is, in 1its simplest geometric form, a
1ine source (along its flight path), the impsct process will take place over
a short period of time which, to a first approximation, can be calculated as
the quotient of . the length of the aircraft and the aircraft speed. Thus,
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the total _llﬁulii fmposed upon the plant structure {s known and the
approxtllto load duration can be estimated. An adequate treatment of the
response of 1 *9hard pover plant structure to wsn aircraft {epact will
generally S Quirc a mwors definitive dascription of the fwmpact load.
Speclflclllyf;tht ‘time detafls of the force acting over a noainal fmpact
area are- ‘nocdcd- ~'In addition, for certain aircraft configurations, &
spacewise’ ‘or” -ultiplt sourca representation smay be appropriate. This would

be the caseltor any aircraft which has relatively maxsive outboard engines.

Considerable’ effort has been expended over the psst decade in order to
define thc{idhd details resulting from the impact of an afrcraft on a hard
structure, - The recent Canadian report [27] presents a coaprehensive suasary
snd evaluation of this aspect of the afrcraft crash prodlem. Two models for
the soft missile (afrcraft frame and distributed mass representation as
differentiated from the relstively solid enjifne sub-structure, the so-called

rigid migsile) _i-pact treatmnent warrant discuasion. Both models are
relatively simplistic and treat the alrcraft as & line source of distributed
nass and crushing strength. The ti{we dependent reaction force 1s

repregsented as the sum of two terms; the first represents the force acting
upon the (still) uncrushed portion of the atrcraft, and the second
reprc.entsjthe_lnfluencc of the crushed portion of the aircraft adjacent to
the rigid fmpact surface. The first model of interest was developed in 1968
by Riera {35]. . In this model the uncrushed portion of the aircraft 1s
decelerated,isﬂlfrelult of the imposed crushing load, and the second term
ceatributing to the reaction force represents the momentum flux entering the
crushed reglon;?-The reaction is given as a function of the distance from
the nose of the aircraft. This distance is converted to time by assuming
that the crushed region 1is very small; however, this assumption also leads
to a velocity discontinuity at the wall (rigid boundary) or at the crushing
front. This apparent nonphysicol feature is the primary weakness of the
Riera model [27]). In 1975, Rice et al. [36] developed a somewhat different
model uhich'elilinttod the velocity discontinuity and represented the two
terns that' contribute to the reaction force directly as a function of
time. These two models allow tne distributed character of the aircraft
(1.e., 1its sass and crushing strength) to be {included 4Into the load
definition. - Tho nass distributfon is generally well known; however, the
axial cruching uztength of the afrcraft s not well known.

_wis used [37,38) to analyze the aircraft crash problem for
the 8¢¢brook Nuclmnr Station. The sapeciffc application dealt with the
'_ FB-111 afrcraft traveling at 200 mph. The weight and crushing
ltrangth_“all ribdtiono are presented in Fig. 7 and the resulting load
J o1 cnted 1n Fig. 3. B5Since the crushing strength was uncertain
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the calculations were repeated with crushing strength variations differing
by a factor of five (both larger and smaller). The results of theee
calculations are also presented in Fi{g. 8 and show that, for this case at
least, the crulh!ﬁg strength {s not an Influential parameter in the flapact
load specification. The sircraft weight is 107,440 lbs and {ts length 1is
73.8 fr; thus, the total impulse 1is 9.79 x 105 1b-sec with an approximate
load duration of 0.252 sec. The corresponding uniform reaction force pulse
is also presented in Fig. 8. It i{s clear that the total impulse of the load
hiatory computed by the Rice model 1s significantly emaller (by
approximately 40 percent) than the correct fimpulse; however, the durations
are generally in the correct range.

The Canadian ,gg_p'_érc examined Rifera's model and compared its load prediction
with the  predictions from a nuaber of =more sophistfcated models
[39,60,101]_.‘fg"-_?,'ff-ﬁéie" comparisons are presented in Fig. 9 and show that the
various nodeh}f:_'yield similar results. They alsc note that sensitivity
analyses for typical commercial aircraft indicate that the momentum term (of
Riera's model) contributes approximately 80 percent of the fmpact force.
Thus, the crushing strength details should not be an influential parameter
in these cases. The Canadian report concludes that Riera's model yields
results which are “pessimistic in nature” due to its treatment of the
behavior of the crushed portion of the alrcraft. It used Rice's model to
evaluate the above reference weakness of Riera's model and notes that peak
loads predic&d by the Rice model are approximately 40 percent lower than
those predicted by Riera's model. They further conclude that “even 1if ‘the
RIERA approach may be in error by at least 40Z it represgents a reasonable
formulation for the upper bound.”

The current evaluation examined the Riera model for a simple soft missile
which consisted of a uniform mass and crushing strength distribution. The
results demonstrated that the total i{mpulse was conserved and that for the
limiting case of zero crushing satrength the load s a simple ceonstant
reaction force whose duration is equal to the approximate (i.e., idealized)
value defined in the initial portion of this section. A similar limiting
treatment ofl"’RIce's model yielded a uniform pulse shape; however, the
ampiitude was only one-half of the proper value and thus, 50 percent of the
total impulse was lost. The current evaluation also examined a continuum
model for a simple uniform rigid-perfectly plastic materlal. In guch a
model a plastic wave exists across which the particle velocity changes
diascontinuously. -Thias detail, although not expilcitly defined in Riera’as
model, can be used to infer the correctness of the model. This continuum
model indicated that the compression ratio which occurs across the plastic
front is the only parsmeter involved (it is relatable to the crushing
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atrength);ﬁf' fﬁe reaction load for this 1idealized cage 1s uniform 1in
magnitude, and 1its duration {s shortened as the compression ratio s
reduced. - Since the total {mpulse {s conserved, the amplitude must
1ncrease; M?orjtypica1 values of the compression ratic, the {nfluence of the
crushing itrenhth is relatively small. It is clear that Rice's model is not
correct undltha:zkiera'n model is adequate.

The totaIﬂippﬁiséits proportionsl to the speed of the afrcraft at the onset
of lnpuctjihehéé;git is important to specify the value of this parameter
with _conaldefible}*cara- The Canadian report presents an excellent
statistical - treatment of this aspect of the afrcraft crash problem.
Finally, the appropriate representation of the afrcraft as a single line
source or as a series of additional masases to model any significant outboard
features of the aircraft is important. Again, the Canadian report presents
a comprehensive summary of the methodologies needed to treat the hard
wisegile problem. The level of sophistication used to define the impact load
should be consfstent with the level of sophistication being applied to the
reaponse of the plant structure.

6.2 Constitutive Relationship of Structural Materials

6.2.1 Material Models

The response of contalnment structures subjected to aircraft impact depends
on the wmaterial properties of the structures. The wmaterial models for
reinforced concrete in general include a fracturing, spalling, and yielding
of concrete and steel components. There are three types of concrete
failure: (1) faflure by tension, (i{i) failure due to shear deformation, and
(111) faflure due to compressional crushing. Concrete can be conaidered as
an {sotropic material in a three-dimensicnal state of strain. 1In tension
and for moderate conmpression, a linear elastic constitutive law can be
applied. In the domain of higher compressive stress, a nonlinear stress-
strain relationship should be used. The fallure criterion can be expressed
as a function of stress invariants, specified in the spatial coordinates of
the three principal stresses. The same failure criterion governs the
failure in tension (cracking) and compreassion (crushing).

The nonliriear behavior of concrete is described by a variable shear modulus
u as a fdnctibn[pf the second stress invariant I,, such as shown in Fig.
10(a) taken from [42]). The failure surface, shown in Fig. 10(b) 1s a
general cone C&htercd along the average axis of the principal stresses. Any
state of stress’ which 1s on or outside the surface represents a fallure.
The loadlngiunldiding behavior of concrete ‘s shown in Fig. 10(¢). For
reinforcing ‘steel;, the elastic-plastic behavior applies. Yielding of the
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steel ) is
function of a- 4
kineaatic hardening
strain s reached.

s for . example, by the von Mises criterion:
&“ﬂhire ‘o(k), the uniaxial tensile yield streess, 45 a
g parsmeter k. Figure 10(d) shows a typical curve for
Failure in steel bars occurs when the ultimate tensfile

6.2.2 Material Wonlinearity Bffects on Structural Response

Zinnermann_offalgr[ﬁil investigated the effects of material nonlinearities
cu ranponle'opecﬁthresulting from the impact of a Boeing 707-320 on the
secondary containment of & BWR reactor such as shown in Fig. 1l. They used
2 finite-elenent model which considered concrete cracking and crushing as
well as steel ylelding for the analysis. The resulting displacement time
histories ave shown {in Fig. 12. Comparison of the nonlinear and linear
displacement time histories shows a significant ircrease in the vertical
displacement (28X) in the vicinity of impact zone, which fades out repidly
away from the {mpact point as expected, since the response far away from the
impact area is primarily elastic behavior. Therefore, if the impact loading
is sufficient to produce any permanent deformation, a wore complicatred
constitutive equation must be used in order to obtain the real structural
response. Since thare {s no consensus theory which can predict all material
behavior of concrete, such as tensifon, compression, crushing, alcrocracking,
creeping, etc., the cholce should depend on the most impariant.

6.3 Local Structurnl Response

6.3.1 Local Yailure Mechanises

The inmpact of an afircraft upon a concrete containment of a nuclear power
plant generally may result in the damage to concrete walls. The damage may
be locx’ er -may -produce sn overall dynamic response of the targert wall.
Kennedy [43] .tresented a detaill revizw of procedures for the analyeis and
design of concrets structures to withstand missile impact effects. Missile
velocities genarated by aircraft crashes may be between 100 and 1500
ft/sec. Thog@pcil damage due to aircraft impact consists of spalling of
concrete rrom:the ‘front {imps:ted) surface and ecabbing of concrete from the
rear nurtace‘oféﬁhcgt;rgu: together with missile penetration into the target
as shown In Pig.i13. 1If the damage is sufficient, the missile may perforate
and pass throughithe ‘target.

As the vulbélt}}pt'thl impacting missilc increases, pieces of concrete are
spalled off from !the impacted surface of the targat. This spalling creates
a spall crater that can extend over an area nubstantially greater than the
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cross-sectional area of the striking mfssile. As the velocity;tncreaaes.
the missile will penetrate the target to depths beyond the depth of the
spall crater, forming a c¢ylindrical hole with diameter slightly greater than
the rissile diameter.  As the penetration continues, the missile will stick
to the concrete target; this 1a called plastic impact. Purther increases in
velocity produce cracking of the concrete on the rear surface followed by
scabbing of concrete from this rear surface. The zone 0f scabbing will
generally be much wider, but not ac deep as the front surface spall crater.

Once scabbing begins, the depth of penstration will 1ncre;sé rapidly. For
barrier thicknesc to missi{le diameter ratios less than five, the pleces of
scakbbed concrete can be large and have substantial veloclties- As the
missile velocity increases further, petforation of the target uill occur as
the penetration hole extends through to the scabbing crater. 8 111 higher
velocities will cause the missile to exit from the rear sur ce of the
target., Upon plastic 1impact, portions of the kinetie eneﬁﬁy of the
impacting missile are converted tg strailn energy associated uithg
of the missile and energy losses assoclated with target penetr:
remaining energy 1s absorbed by the impact target. This abnoyjed energy
results in &n overall target response that includes flexural defl
the target barrier and the subsequent deformation of lta?%?upportlng
atructures. A review of commonly used empirical procedures forib

local miasile Iimpact effects asuch as penetration depth, i'frforatiop
thickness, and scabbing thickness for concrete targets subJectqﬁ to hard-
missile impact can be found in [43]. Note that these empiric*l formulas
were developed by the Army Corps of Engineers, the National Defengp Research
Committee, and others many years ago baned on experimental oypervatlon.
Today, with the advent of the fin{ite-element method and after., intensive
research in fracture mechanics, it 1is possible to predict thaug phenomena
analytically. The above discussion deals with concrete atructurdq only. 1f
the alircraft impact on a steel structure, then only penetration,
perforation, and overall respanse will occur. The numerical approach to
various target geometries of this type can be found in [44].

6.3,2 Failure-Mode Analysis Using Plastic Shells of Revolution Theory

Degen, Purrer, and Jemielewski [45] have investigated the effectsfof a large
commercial airplane crashing perpendicularly on the surface of
reactor building dome. They obtained the carrying capacity of th§ structure
under an naquivalent static load using the yleld-line theory circular
plates, and calculated the weectional forces using linear-elaBtic shell
theory. They :he¢n colculate the faflure load and distridution of sectional
forces using the plastfc shell theory. The analyais was performe uaing the

- spherical
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computer code STARS~2P developed by Svalbonas and Levine [46]. This code
performs plastic analysis of shells of revolution. Plastic effects are
approximated using the initfal atrain appproach, and different modes of
hardening may be taken into account. From the results,. they obtained the
failure zone mechanism at the apex of a spherical :shell’ subjected to

alrcraft impact over a finite loading area. The results are?shown in Fig.
14, :

Degen et al. [45] also presented failure mode analysis l;yrjthe finfte-element
program TRID! [47] which utilizes three-dimensional elements for concrete
and one-dimensional elementa for relnforcing steel. This program considered
nonlinear stress—-strain relationships for concrete under multiaxial stress,
cracking and crushing under a triaxial stress state, cand elast{c-plastic
behavior for reinforcing steel. The calculation of “V'collap-ne load using
yiald-line theory for plates, STARS-2P for shell of reﬁolution, and three-
dimensional TRIDI are iIn the pressure range of p = 11 to 25, 30 to 35, and
25 to 30 kglcmz, reapectively as reported by Degen et al. °

Since the calculated collapsed load was assumed to be distributed over a
certain contact area, the impacting total load correapdndlngéto a range of
30~35 kg/cm? results 1n 28,000-33,000 tons, wusing thQrpeahéload—velocity
relationship; the crushing velocity of a large commercial airplane which the
structure under consideration could still austain may beﬁbetwé§n 480 and 530
km/hr. If the impact velocity further increases, part of the energy (not
absorbed by the structure) will be retained in the falling oﬁject. Figure
15 shows the maximum remaining loads as a function of crash velocity.
Within the velocity range of 480 to 750 km/hr, only part of the peak load
may act on the structure, but over 750 km/hr the total peak load mus:. be
used. Carlton and Bedi [48) and Gupta end Seaman [49] also studied the
local response of reinforced concrete to missile impacts using a different
computer code. The analyals appears to be adequate for the description of
failure mode mechanisms. '

6.4 Structural System and Equipment Response

There are many studies [50-58] concerning the comparison of the dynamic
response of a typical nuclear power plant subjected to 8 modest earthquake
and to the impact of aircraft crashes. Ahmed et al. [50-51] used a finite-
element beam model and modal superposition techniques to obtain the time
history response and the corresponding floor response spectra of the
structure/component., Tha effect of soil-structure interaction is considered
in that study. PFigure 16 shows the structural idealization of the nuclear
power plant in the finite-element model. Figure 17 shows the comparison of



Fig. 14 Failure Zone at the Apex [&5]

Fuex 1.E +04 [1en] -

67

CRACKING IN THE CENTER
WHICH EXPANDS OVER
LOADING AREA . ¢

é

REINPORCENEN

REINFORCEMENT MATS
CONNECTED BY TIES

SCABBINGj

L
STILL ELASTIC
BEHAVIDUR OF STEEL

FRAGMENTS HOLD
TOGETHER BY -

REINFORCEMENT MATS

MAXIMUM {MPACT LOAD
!
1
REMAINING IMPACT LOAD
TRANSMITTED TO PRIMARY
CONTAINMENT AND
INTERIOR 'STRUCTURE
ABSORBED oY
THE STRUCTURE l ! I

300 400 500 600 T00 800 900

IMPACT VELOCITY [km/n] |

Fig. 15 Maximum Remaining Impact Load as a Functioﬁ

of Impact Velocity [14)



68

:GOn ‘
PRIMARY CONTAINMENT
. BUILDING i
: 22
k50 SECONDARY
| $2i CONTAINMENT
el 220 §
e PRIMARY CIRCUIT AND é,g
f SULFORTING srnucrunssI.
3 ‘
| e g
~fo 12 g =412 i1

R e A
B Rk R Lo R,
i PR 2 0 i St . S

i
- =49 [}
. s )Y .'5
ke 74 8 4
A ‘ : 8 ¢ i

it EC TR TN Y S
. | FOUNDATION 42
"'narr

B vl (T NSNS

-t rngn W A R e e i K A T

I

l

l

|

I

|

i

|

p

¢ =

e

|

1

!

' _

i, Lo i, sl i

Ky qg_lj-jc ¢c,ti_<|: K, 5°f

I5m | I5m

e

Fig. 16 Structural Idealization of the Nuelear
Power Plant [51)




69 i

T. 177 [ITTI
o1 la)

. | BOEING

. L 707-320

L 'lIlIIl

r ‘_;,:g
PARKFIELD g_
EARTHOUAKE

i
i

0.8

- ! EHRSR

1

e e el L, o L e i :

(b) i

14 - BOEING
707-320

PARKFIELD
EARTHQUAKE

ACCELERATION {g-uaits)
-

l.

AR T, A e e e e

1 § i

4 6 100 2 46 10 2]
PERIOD (3) f%

j?it(f!? Floor Response Spectra at the Top of the

% Foundation Raft, Node 3. (a) 12 Damping
(b} 5% Damping [51] P

RO R i



70

- 1) EA

ipettra at the top of the foundation raft??or @ome selected
damping. These spectra show clearly that the effect of lmpnci by a Mulgi-
Role Combat Aircraft (MRCA) at 215 =m/s fs considerably lesa uevere than a
modest Safe Shutdown Earthquake (SSE) as represented * by the Parkfield
earthquake.< On the other hand, the effect dus to the 1mpact of the Boeing
707-320 at 103 m/l 19 clenrly more severe than that due to an earthquake.

As indicated 1n [51]. 1f the local inelastic impact effectu uere considered,

the effects of the impact of the Boeing 707-320 on the reactor plant could
be less onerous than the SSE. Xrutzik [56] made compatisons of aircraft
crash effects with both an earthquake and an explosion shock wave on reactor
bulldings. Although the excitation functions of theae loads are of 4
transient:andfitdbhéCtic nature, their effects are quitexdlfferent due to
their different ‘durations and frequency contents. Figures Idgand 19 show
the compariuons of . frequency-dependent responses of the atructure in terms
of accelerations. :. All results iIn the figures are baued on the same
analytical shell. model. From these figures it can be seen thqt in the low
frequency rang& (up to 5 Hz) the load for the earthquake ‘case is governing,
vhereas f{n the high frequency range sbove 10 Hz the load for fthe aircraft
case crash governs. - The external explosion shock wave effect is small
compared to both SSE and aircraft crash in all frequency ranses presented
here, PRI %E

floor respons

6.5 Comparison of Hodeiinngechniques

Investigations of the influence of the type of model rep}ésenﬁatton on the
results of dynamic calculations for the aircraft crash bfzKrutzik [56] are
shown in Figs. 20 and 21 in terms of responsc spectra. As Indicated in [56)
the local behavior and the dynamic response can ba ' detcrmined wore
accurately using shell models than using stick models as expecned. Figures
20 and 21 show comparisons of the results for a representative region of an
axisymaetric building obtained usfng stick and shell models’. Ffgures 22 and
23 show the similar comparisons for a boxed~shaped bulldiﬂs idealized by a
beam model snd a three-dimensfonal model. It can be seen’ that {not only the
outside structures but also the inside structures l!‘\oil'f qui}e different
dynamic response patterns in the high frequency range. The resylts relating
to the directly loaded regions of the outaide ltructurel differ radically
(Fig. 24). In. ganeral a sore sophisticated model (such’ as aiphell modei)
gives better resuits than simpler (such as beam or stick): modils, provided
both have the same model representation. Of course, aimpler nndela involve
shorter compi.ter 'running time than more complicated Iodelli Whenever
possible a more accurate model should be applied in order to ob:ain a better
understanding of the structural respcnse. :
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6.6 Evaluatfon Summary

The atructuﬁl esponse of s substantial nuclesr power plant structure to
the impact of an aircraft has been discussed fn the previous subnections
with respect to' (1) the establishment of the {lmpulsive 1load that the
aircraft 4mposes upon the structure under a normal -flight {impact
condition,  (i1) the available atructural reaponse models or methodologies
for examin_ing'the local (i.e., punc::re) and the gross risponu of the
atructure, (lii)}’tha current state—of-the-art of the constitutive models for
concrete/reinforced steel systems expericncing plastic deformation, and (iv)
the vibrational ‘response of the structure and its attendant equipment.
These deterministic aspects of the response need to be augmented by a series
of satochastic variablms relating to the aircraft type (e.g., weight),
aircraft speed,: flight impact direction, aircraft orientation (pitch and
yaw), and impact locatton on any given mtructure or structural system. The
level of deteminintlc analyses currently available and being applied to
this problem appura to be adequate in moat cases, except perhaps for those
dealing with. the systum vibratior. These analyses are also adequate to
establigh the level of the hazard {mpostd upon the plant or the degree of
engineering safety systems required to mitigate this hazard to an acceptable
level. lowever, it 1im clear that these mathodologies should include the
stochastic natu:e o! the problem to better define the hazard.
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iR

IRE 'AND EXPLOSION HAZARD ASSOCIATED WITH AN AIRCRAPT CRASH

The crash: of an“aircraft, at least those events in whicﬁ% the aircraft
structure 1l!|lgn1f1cant1y danaged, will release large quantitien of fuel in
the acneral vicinity of the crash site. An significant fraction of the
maximm alrcraft tlkeoff weight is fuel; thus, quantities of the order of
50,000 1b ‘of* ‘fuel'can be expected to be released by large nilitary aircraft
such as an FB~111 fighter. Even larger quantities of fuel are used in large
commercial aircraft. The fuels are, typically, JP-1, JP-4, or kerosene.
These fuels are not highly volatile, but they burn resdily and when properly
nixed with air can explode.

Crash events which consist of relatively long ground traverses frequently
sever or puncture fuel tanks (i.e., wing structures), and the leaking fuel
is sprayed and spilled out over rather long distances forming vapor clouds
and 1ifquid pools. Crash events which consist of the abrupt arresting of the
entire aircraft, and, therefore, providing essentially total structural
collapse of ‘the aircraft in a few tenths of a second, release their fuel
very rapidly, spilling the fuel on the {mpact point (structure) and the
immediate area. . Agaln a portion of the fuel will tend to nmix with the
surrounding dlr{forning a potentially explosive cloud. A major portion of
the fuel w111 fofu pools or wet down the adjacent surfaces.

The crash ivant, being rather catostrophic, will be assoclated with the
release of ligntflcant amounts of energy, heat, and sparks such that
ignition sourcas will generaily be present; f{t is therefore most 1ikely that
a fuel fire will occur. These fires will be local events and last for
periods of time of the order of many minutes, perhaps a few tens of
minutes. Thay will generate & significant amount of heat (thermal radiation
and hot gaucl) :and combustion products (smoke and toxic fumes). The hot

combustion productt. ‘'largely gases, will be transported yupward due to

and will mnove downwind. Thus, these gilal have the
ing nearby intske vents of tha surrounding Idcllitlen.

buoyancy forcc
potential o!in

appear to -t ‘olhrlble’in many {nstances, at least for adeqi%tely designed
facilities, it il ‘{aportant to examine the crnlh event and the local impact

example, ycase of en impact on a double envclopdd containment
structurs 1,, be possible to deposit a significant adoquate quantity of
fuel between thcitvo envelopes. The subsequent vaporization and fgnition of
the rcsu1t1ng leor-alr mixtuie could lead to a rather violent explosion
.environuen: and:filpoac upon the primary containment relatively severe
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loads. Thelc‘load- “are diffcrcnt in character than those iaposed by the
impact procesl. but ny be just as severe. Furthermore, these loads will
occur lhortly lftet ‘the impact load, and, therefore, the relﬁonae of the
structure to the conbined load event should be exnnined.

A relatively large: bndy‘of data and analystis nethodologien exiltc relating
to fires resuiting trom the crashes of aircraft. This data baue resides
dealing with firn and fire effects In general. The quantification of fires
and thelr effect-”;icxpecially pool fires, has been devclopcd to a stage
vhere the generalicharacteristics (i.e., flame height, durstlon, radiative
flux, etc.) ‘are. known. While it 1s stfll difficult to predict with
precision the outcome of various afrcraft fuel-spill fires, the lnfluence of
many aajor parameters -such as fuel properties and wind [ effects 1is
understood. The major difficulties generally lie in the complex nature of
the fuel distribution, the influence of random effects, and the somewhat
extreme geometries which may be encountered in any realistic aircraft crash
at a plant nltd‘(i;i.;:clultor of buildings).

The explosion hazard ‘resulting from the crash of an aircraft {s difficult to
define for sgeveral ‘reasons. One {s that the basic phenoucﬁon is very
complex, end many or varied degrees of energy release or combustion can
occur. The other is that the dissemination of the fuel and its partial
mixing with the surrounding air to form an explosive cloud are virtually
imposaible to predict with any acceptable degree of accuracy. The approach
used by Eichler and HNapendensky (59] and others in dealing with a broad
class of accidthtnl'vapor cloud explosions was to define, from accident ana
experimental data, reasonably conservative TNT equivalence factors for these
events, Becauss of the very dynanic fuel dispersion and the low vapor
pressure of aviation fuels, the applicabilicy of the TNT iequivnlency
approaches to the explosion hazards from catastrophic alrcraft érashec must
be carefully evaluated. This 13 particularly true for the effects close-in
to the explosion.  NKapadensky and Takata [60], while examining train
accidents involving the release of combustible materials for a 10-year
period 1in which a fire and/or an explosion occurred, observed that
approxinmately 236 'péfcant of the events involved both fire end explosion,
while sapproximately 56 percent of the ~vents involved only fire. The
remaining 8 pcrcant of the events involved o~ly an explosion.

It s clear;thst_ iﬁrdad spectrma or mix of firs and explosion events can
occur, and while 'the amount of fuel involved in any exploeion event may be
quite small, the occurence of such events must be considered. -If only one
percent of the fﬁai;;lly 500 1b for the FB-1lll fighter plane, 11?1nv01ved in

T
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such an event, the blast environment will be equivalent to the detonation of
approximately 1000 1b of TNT. The local blast characteristics of a vapor
cloud are substantially different from those of a TNT explosion; however, at
longer tansla ithe ™ aquivnlency concept 1is appropriate. For. the above

-explosion the *safa” overpressure of 1 psi will exist at a range of
approximately 120 m. e :

It is difflcult to - “obtain a conplete and perhapl correct picture of the
design review and 'acceptnnco proceas as it applies to any given offaite
hazard fenture, ; iﬁce ‘the details are frequently divided between many
diverse dOCUlentl‘in ‘the dockets and in the iterative question and answer
format which s’ cuployud. Using the fire hazard analysis of the Seabrook
Station [37), _the . following level of treatment appears to be typical. The
production of ajcombustible vapor s dismissed as being 1ns£gnif1cnnt {in
quantity) on the bllil'that the atomization process takes plncc over the

0.3~sec. impact )“aﬁrttlon. This duration is not repreaentative of the
vapor productio ~criod- Clearly a number of wvapor production nechanisms
will exist. To xauple, some fuel will be sprayed into the atmoaphete and
then fall as f}iin ‘gattling at a rate much less than 0.1 m/s,” depending
upon droplaet ilii' ‘Furthermore, fuel can be expected to be thrown over
large elevated “surfaces with subsequent flow downward over these surfaces
due to the action of 3rav1ty.

Depending upon_ h cur!nce temperature of these exposed uurfacen (exposed
perhaps to the gun) ‘and the possible presence of fire, the vaporization rate
can be anplifiad tlgniflcnntly and the vaporization period may lagt for many
ninutes. Fites ‘are’ “usually treated in a more comprehensive manner than
explosiona since" l variety of pool conditfons can be postulated, and using a
vaporization rate (for a burning pool) of approximately 0.004 cm/s, the
durations of the.firo. can be estimated. Flame temperatures, radiative flux
levels, and fire durstions can then be used (but usually not explicitly
used) to clall_thi:wflrol do not constitute a threat to the facility. Tae
probability of fueyfnntering the relatively few openings (vent atack, air
fntske vents, steam line tunnels, etc.) to these collective structures will
generally be quite low simply on an area basis, although speciflczvaluel are
frequently not. cited.; Account has been taken [61l] of the {nternal concrete
wall which acts ‘as a nmissile barrier when present to prevent flames and fuel
from directly entering the air intake. It would appear, however, that this
is too optimistic since vaporized fuel, hot gaseous reaction products, and

to a certain extant portlonu of 1liquid (fuel) streams will flow around such
obstructiona. S
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EVALUATION OF METHODS AND APPROACHES

In this lecfi 111 provide an overall evaluatfon of the methods and
approacheu’éﬁﬁloye {n afrcraft hazards studies and present conclusions that
can be drawn® therofro +' Siting of nuclear power plants relative to alrcraft
hazards ia gd ‘ally y.ated as a risk-bmsed procedurc that considers both

the probabll!tie (Woccurrence and consequences of a radioactive material
release 31ven't"

bability of occurrence of an aircraft crash. In actual
practice 10 CFR:100. 'nd SRP guidelines have been (exclusively) enployed on a
case-by-caoe'bacli Thi: methodology provides for the implicit 1nc1usion of
risk by requirln ‘?tho exposure probability of aircraft crash events 1s
acceptably lnnll “deterministic analyses and engineered safety features are
used in cases ofi esign basis events, those having otherwise unacceptable
exposure probabilities, untll the exposure {(risk) guidelines are satisfied.

The aircraft crash hh:ard for nuclear power plants is primarily a stochastic
problem, which  depends on many conditional probabilities 1including the
probability d:r radioactive material release given a particular crash
event. Conn‘rvltfiﬁ: is ususlly applied 4in estimating the  conditional
probability of occurranca of any given level of radiological consequences -
fn the extreme a value of unity 1is assigned to the conditional probability
of having an unlcceptlble release., However, it is observed that there is a
direct coupling betvean the calculation of crash probabilities and these
conditional prohabllitieo. and, therefore, the praoblem {s net silmply
defined. '

In general, account 1s taken of the stochastic features, response, and
relative vulnerabllity of structures, systesms, and components. Ma jor
criticisms that may be made of typical aircraft hazards analyses are the
lack of clear: nnd“iupported statements on many key underlying assumptions
and conprahenltvc ‘treatments of the overall hazard. Thus both the open
literature lnd docuncntation concerning specific power plants abound with
studies of the 1npact phenomena of aircraft or aircraft missiles on
substantial concretc structures. These analyses are pursusd to the virtual
exclusion of othotvaircraft crash scenarios. While it is recognized that
the breaching; of i some of the plant's concrete barriers may often be
tantamount. to )lease of radioactivity, it {s not readily evident why
other crash scenarios should not be considered in similar detail.

As discussed in Sectfon 5, it is possible to envision a chain of events that
favolves nonhirdcnod, plant systems, e.g., switchyard-turbine hall, which
could 1lead t . consequences. It {is realized that to obtain a
substantial radioactive relasse through the fallure of those nonhardened
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plant lyltlll it »ﬁébhasnry to have multiple initiating events or a
propagsting’ !ailur__ here the malfunction of a nonsafety system ultimately
affects a: plant tafety system. There is some indication that the latter, a
pr0pa3nt1ng iflilurc,’ can sometimes occur. The crash of a large aircrafe
with the resulting ‘projectile {mpacts, fuel spillage, and fire/explosion
scenarfos uusgelts that multiple initiating events may also be possible. In
none of ‘the'ireviewed literature have these problems been addressed; the
combinutlon‘of flrn/explonlon and impact damage has reczived a little but
highly nupnrficial”nttention.

w .a‘g._@l\,m s

Since plant,ffél ures directly iInfluence the estimation of radiocsctive
exposure probability and the crash probability {fteelf, through site

location, sulccptiblc target areas, etc., it 1is necessary to represent them
consistent with, _the range of possible accident scenarios. As fndicated
above this. ptocc:s is usually performed either inadequately or without
pertinent - supporting ‘date or calculations. In particular, potentially
vulnerable plahtﬂ'feltures are not identified through a wuniform code of
practices, as, for example, the inclusion or not of switchyard, turbine
hall, and other structures. On the other hand, calculations of the
effective plant  area for the included susceptible targets are aade
conservatively thfough the choice of the aircraft crash angla, although the
skid problem ‘and 1its contribution to plant area have not been adequately
resolved.  Another shortcoming of many aircraft crash analyses 1is the
employment of -simplified and/or outdated methodologies or data when much
more advanced methods and better data are available. An exanple of this 1s
the treatuent"bf_local structural damage to concrete walls where both better
material representations and computational procedures are availatle than
those which nre_uaually employed.

Although considarablc conservatisn is apparently included in the conditional
probabilitlci f:radioactive relesse that are typically used for the plant
features 1nciudd ‘idn the analyses performed, crash probability calculations
for a nunbd ”ot nucloar power plant sites have yielded values that are often
(1) margina 'h' respect to 10 CFR 100 and SRP guidelines, f.c., in the
general rang 1076 to 1077 per year, and/or (1i1) unacceptably high
without takin sccount either the inherent hardness of plant structures
or engineer. /features. Cenerally those sites are close to one or
more airpor eivlliln and ailitary) and in some {nstances within 5
miles. Als 'presence of General Aviation light atrcraft flights in
uncontrolled ‘'airspace and major air corridor traffic in the immediate
vicinity of fte usually result in unscceptable crash probabilities
without taki count of hardness factors through a aignificant reduction
in effective target area. In addition, the following specific obaervations
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and conclutlonl-cnn be -adoi~

ror light General Aviation aircraft it is found that at about 5
niles from" ‘most airports, the effect of the airport becomes
uninportant°'*1.e., the background level doainates. Using
national averages for crashes of 1light afrcraft results in a
relafll'velly"‘:high frequency of approximately 1074 events per year
per ‘square ailes This {n general gives wmarginal crash
probabilitlel (on the order of 10 =6 per year) for nuclear power
plantn-of :ny significant size, and, therefore, a major portion

yclr, the crash frequencies again appear to be
't events per year per square mile, resulting in

order ofJIO % square miles. Since airways are predominantly used
1 ircraft, power plant hardening fs not an easy task.
Again,;j;_tha ‘affects on national average crash rates due to local
air-coﬁridor condltions and traffic patterns is not established.

about 330 major FAA-controlled airports in the U.S.,
and the ‘nuaber of critical Air Carrler crashes, i.e¢., crashes
that could da-age a nuclear power plant, {8 of the order of about
ten per year. Assuming that one-third of such crashes occur
vithin ‘5 wmiles of these major airports and using the national
accident statistice, one finds that the probability of such a
crash.uithin the 5-mile radius from the airport 1is on the average
‘events" pcr year per square mile - again a rather excessive
Sensitivity studies performed during the current work,
_ flndlcite that this airport effect may extend to
significantly greater distances, e.g., say to 10 miles or more.

flitary airports are much less defined; however, they
"“general to be comparabie to commercial airports.
However,’ ‘apecial flight patterns, e.g., training flights, high-
speed flighto, low-flying aircraft, bomd runs, etc., must be
considered carefully. Indications are that past practice haa
\ese zspecte into account.
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Addit lonal ‘

ééncernins the actual analysis methodologies can also be
“de- 7 ) !

'ultoiary'to eaplecy the virtual areas of bouer plents,
‘are”’ based on the shadow areas of vulnerable structures,
'uking aircraft hazards analysea. Indications are that
:'aii'cut‘t_;kid areas may in some cases be consideradbly larger than

thon"{:-'v'irtual areas, but skid analyses are generally not
performed. '

o H'h'etii"de(f_ming plant wvulnerable areas, the nonhardened features
are  normally not included. As indicated eariier, consideration
should ;_be ‘given to multiple fallures and the potential for
'failure'i'propaxation associated with the nonhardened areas, in
particular, the switchyard and turbine hall.

® ‘I'hd j':_bcffsftﬁ"';. available methods, approaches, and dats should as a

matter of practice be enmployed in any detailed analysis of

" atrcraft crash hazards. Past practice 1s often found deflicient

with respect to the state-cf-the-art, relying 1instead on
expedient and simplified procedures.

L SRP. 'gdidelinea are presently oriented to defining the aircraft
threat .and - the nature of the probability assessment. More
expucit guidelines concerning what are acceptable methodologies
and’ nodelu in a much broader context are lacking which partially
accoum:l “for a degree of confusion and {inconsistency among
siaflar. baled .studfies. Another difficulty is that it would
appear ?*‘jto. be difficult to assess or quantitatively measure the

el of ‘realism or conservatisa in the results obtained in most

In summary,: ppears _lubject to the above comments that the methods and
data required : llaka ~an adequate analysis of the aircraft crash hazarls are
reasonably well: 4n  hand. Excellent information gources exist and are
readily auilable ;;_-for' establishing aircraft-related data bases and
statistics. ' The bsence of or difficulties involved in generating certain
types of acci arameters can usually be compensated for by analytical
procedures.: ervative assuaptions, or probability distribution
_aft“érlft crashes at any given site do represent very low
probability anntn Adrcraft crash rates that scale with the number of
operations cln ‘be-estimsted as functions of basic aviation parameters with
reasonably high;.xdczrou of confidence, but certain higher order acaling
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possibilitie létgno been adequately studied. The crash probability is
fteelf a conditionsl probability, conditioned by the accident scenario
characterintic nd the effective target featuren. Since the nature of the
target depend' taelf” ‘upon the assumed accident’ scenario, the calculation
process can  be rather involved; further, potential nuclea::_power plant
tergets are complex nnd‘varted. > ;

Crash probad y calculations for the specifié sites previoﬁsly studied
involved conlidérahle -data gathering and modeling of site features and
accident parsmeters. . Results are strongly dependent upon those factors and
invariably reflectfdctived and in most cases assumed conditlonal probability
estimations i certaln . event occurrences. - The procedure requires
ldentificntiaﬁ and quantificntion of 1likely accident scenarios and
evaluation of_correlponding target features on the basis of deterministic
and judgnental uothodolozies and consequences criteria. Howevqr. necessary
detail supporting both acenaric and plant feature assumptions and
sensitivity calculations are difficult to find and evaluate. The state-of-
the-art of thli”cbnplcx problem is relatively advanced at the present time;
however, the available knowledge has not been employed to its full advantage
in past applications, and a lack of detailed procedures or codifications
appears to persist.. It appears, therefore, that room for improvement exists
in carrying out :hé_ stochastic analyses and, iIn particular, in the more
deterninistic areas of scenarios and damage mechanisms, and where a complex
aviation environment exists.
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‘9"." REGULATORY APPROACH RECOMMENDATIONS

The present rcgulhtorﬁ'approach re alrcraft hazards to nuclear power plants
is to allow for a compensatory combination of site location and engineered
safety features ¢to meet federal regulations and 1licensing standards.
Neither this study nor to our knowledge any other study has shown that this
approach {1s fundnﬁantnlly unsound or deficient in achieving the desired
safety standards ‘slthough these standards and the topic of risks were not
themselves included in the current scope. A reasonsble argument can be made
that this approach- results in better plant design compatible with {ts
(aircrafe) envlronmeﬁt“although again this point has not been proven and is
beyond the current’ scope. Equally credible arguments have been made that
the present apprbach- results fin some cases in an over-reliance on
engineering _tolutioni}  unnecessary exposure to alrcraft hizarda with
possible increhaed';risk; and does not effectively wutilize or euphasize
aiting as an {nherent defense-in~depth factor. '

The three areas wﬁefe changes have been suggested and can be made to
establish alternate regulatory approaches are in the Code of Federal
Regulations, NRC Standard Review Plan, and Regulatory Guides. Severasl

alternate approaches are discussed in Section 2 and are summarized here as
follows: '

. es:aﬁlishment of minimum standoff distances from gedgraphically

located offsite hazards;

® exclusion distances from the sane;

L site acceptance limits where psites not meeting these thresholds
are excluded;

* site acceptance floors where sites not exceeding theae thresholds
are approved;

] containment design to withstand certain aircraft cranh scenarios;

e design against most severe aircraft-induced conaequencto,

] establishment of screcening distance values anj* screening

probability levels to identify situations requiring ‘substantive
treatments.

&

In particular, the questfion 1is raised as to whether a lit@hg approach
relative to aircraft (and other) offsite hazards is feasible anﬁ?practicable
whereby site approval requirements can be established independently of
specific plant design. As an example, it has been reconnended_§hat nuclear
power plants be located no closer than 5 miles from major airpofts. At the
present time there are no requirementa on the frequency of "oCcurrence of
aircraft crashes per se on nuclear power plants provided that the risk is
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acceptably small, and the risk evaluation process is strongly dependent upon
plant felturolltfnnother question that arises concerns whether mote uniform
siting standards can be developed as, for example, procedures for screening
potential i;;n'locatlonq ot evaluating safe standoff di-tlnces;}

Presently.'faderdi”rcgﬁlntiono are written to ensure that no credible risk
is posed by aircraft (and other offsite) hazards to nuclear power plants on
the basis of radistion exposure criterfa. Thus, in terms of both
probability (credibility) and consequence (exposure) analyses, plant
features are at present central to the determination of compliance to
regulations through effective target ares and vulnerability characteristics;
these characteristice are themselves coupled te the alrcrafr crash
_scenarios. The current SRP review procedure (Rev. 2 - July 1981) does
establish site screening proximity criteria relative to airspace usage and
othervise ensures that all potential design basis accidents are eliminated
as credibdle ovents through proper identification, characterization, and
treatnent. The net effect of the present approach 1s that the annual
frequency of unacceptable radiation exposure rvresulting from offsite hazards
(integrated over all aviation and other situations) must be less than 1076
to 1077 per yeur depending upon the nature of the modeling.

On the basis of these risk criteria, our findings {ndicate that certain
alternate regulatory approaches to eaiting standards and wore uniform
procedures are . feasible but not completely independent of plant design
considerations., 8iting penalities (and poosibly plant hardening) would need
to be 1imposed  in: those cases where the effective areas of susceptible
targets exceed nominal values that could, in principal, be associated with
the various claeses of aircraft hazard scenarics. As an example, the
nationally avaraged background crash rate of light General Aviation aircraft
is on the order of: 104 crashes per square mile per ysar and could be
aubstantialiy 'highnr' in regions having above average traffic rates.
Therefore, & noninll effective area calculation relative to background
aviation and based upon ‘susceptible targets together with conditional
probabilities’ ‘of ‘radloactive material releases would in the first place have
to be small encugh so as to present no credible risk, and in the second
place have to vary to the extent that local aviation statistics vary.

Having nmade thi”:polnt, however, the presence of backgrourd aviation haczards
is common to i all’ facilities and should be viewed as a dasic design
considerstion ”thst '4s a siting problem only insofar a8 there are
seogrnphicnl_;vnrintionl in the thazacrd levels. Accovdingly, it s
recommended that . the praesent approach be applied in the :treatment of
background ‘aviation hazards since this, for all practical purposes, is
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synonymous vith containnent (and other) design to withstand certain aircraft
crash scenarios’ 3pr1mar11y from light single-engine pleasure aircraft;
other auggested ting. alternatives do not appesr applicable to background
aviation. - Oup f:indingl indicate that epecfalizatfon of the SRP to
background avia:ion 1i“feasib1e and that the following steps are importsnt
to this task:

L provide 'a’ clearer definition of the background aviation which a

plant is axposed to irregardless of siting details;

L generate = appropriate crash rate statistics relative to
geographical variations, fleet mix, end aviation parameters;

®  establish procedures for estimating local background aviation
activity;

L perform more detailed crash scenario and susceptibility analyses

primarily for the switchyard and other noncontainment features.

With respect té_ fixed air traffic concentrations, such as alrports, air
corridors, and other restricted air spaces, our findings ind{cate that other
siting approaches appear to be feasible and practicablc, and that the basic
information required in any alternate formulation exists. This conclusion
1s baged wupon: the "observation that nominal crash probabilities, 1i.e.,
independent of plant design, can be evaluated for any assumed site location
relative to fixed aviation air-spaces. Thus, minimum distances between the
suggested plant site and airports, air corridors, etc. or acceptability
criteria could bc‘apﬁlled on a site-specific basis and based upon, say, the
background crash  probabilit{es of 1light (and heavy) aircraft 1in the
region. Although the data bdases and methodologies are generally available,
such calculations have not been made in a systematic manner.

It appears that-tﬁe following alternate regulatory approaches are worthy of
pursuit and potentially capable of yielding additional practical guidelines
with respect to - aircraft hazards in the vicinity of fixed aviation air-
spacest SN

1. Continued development of the oite screening methodology that
depends’ only upon local aviation statistice and locations and 1is
lndopondent of plant design; suitable probability criteria would
noedttO‘bo'-atabiliuhed relative to acceptability.

2. pa t, of minimum standoff or exclusion dilflnces from

"tgwlyl, and other controlled or restricted air spaces
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thona'aQiitidn'zones concentrate traffic levels, increase crash
rates,’ and increase phases of operatfon in their vicinity.

Due to the background and possible residual effects of fixed air-ibaceu, it
does not appear feasible to develop safe standoff distance methodologies for

aircraft hazards - lndependently of nuclear power plant design considerations
as discussed above.”": S

t

The alternate approdchea would clearly emphasite site aselection over
engineering solutions to aircraft hazards presented by airports, air
corridors, etc.; however, to be effective procedures should cover situationa
that are complex in‘' the sense that multiple afrports (of wvarying size},
overlapping air corridors snd other air-usage spaces, and a wide range of
aviation parameters will generally be involved in any actual situation. It
1s anticipated that a principal advantage of the {indicated alternate
treatments will be in the handling of large (Air Carrier) afrvcraft hazards
for which engineered safety features are costly and defense-in-depth through
site selection is most desirable.

Our findings indicate, for example, that alrports handling General Aviation
traffic only becbuﬁfﬁnimportant relative to the background at distances on
the order of 5 lilei}(lay from 2 to 6 miles depending on the airport size);
this type ot dat ?hnnlycia could be readily employed in siting guidelines.
Similar results aphly ‘to" air corridors handling large commercial aircraft
although the actual decay of crash frequency with distance from an airway is
{11 defined at: preaent. -~ Major alrport air-spaces can be viewed as
consisting of ;n_iﬂuedilto gone of influence extending to 5 miles and within
which takeoff, landing, 'and other phases of operation occur and where one-
third of all large aircraft crashes takes place, and of an alrport-related
zone extending to*fgreltér distances and within which phases of operation
such as climb and” deucent, holding patterns, and the confluence of air
corridors extat.‘;The extent of the latter regfon is not at present clesr,
but {f one-half of all “Adr Carrier accidents is assumed to ba atirport-
raelated, then 1c_uunt ‘extend for some possibly considerable distance beyond
5 miles. The formulation or continuing development of additional regulatory
procedures will - t&ﬁhiro’uore detailed analyses of these and other aviation
characteristics but the data bases appear to be adeguate to the task.

Finally, it -houl b‘f:otud that the present screening criteria contained in
the SRP establish site proximity distances to airports, military training
routes, and commerciel’ aviation designated air spaces as & function of the
annual number of airport operations, at five miles, and at two wmiles,
respectivaly. In ‘sach - of these situations, the ascreening distance value
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appears to be:very .reuonnbly andlor conurvatlvely dcfined on the basis of
the review petforic fhcroz for: ‘exaaple, the scruening distance to ‘an airport
having 625 OOO fannua pirationl 1s 25 miles. However, the presen: approach
ll&ﬁni, d!ructly applicabla An relatively clear-cut‘aviation
e \ 5 'alrcraft
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1G. PROBLEM AREAS

A nuaber of areas concerning aircraft hazards to nuclear power plants are
prasently unresolved and/or treated in an inadequate manner. It is fair to
say that although some of the problem areas r2late to advances in the state-
of-the-art (e.g., aircraft skid snd fires), most only irvolve the generution
of additional epecialized information and procedures, and the orientation of
these more to the point of view of the regulatory and review processes.
Thus, resoluticn of these picblem areas is significant to the existing
regulatory approsch as rell as possible alternate approaches. Important
benefits that can be expected to result include overall simplification of
“the siting procedures telative to aircraft hazards and etraamlining of the
regulatory proceas. The wmore impartant asreas that appeared during this
study will be bhriefly notad below under the headings of aviation, scenarios,
and plant; {t should be noted that these are nonsite-soccific, i.e., generic
with respect to nuclesr power plants:

Aviation

® detailed review of aircraft accident ceports ard data o
establish criteria to better define those afrcraft accident
scenarfios that are potentially threatening to nuclear powet
plants and appropriate norae .azing statistics;

®  definition of aviation categories from hazard and siting points
of view, e.g., background crash exposure, airport-related crash
zones, situations threatening to nuclear power plants, etc.;

e scaling characterietices of crath rates relative to avigtion
paraneters such as airport eize, traffic density, air corridor
characterigtics, geographical variations, etc.;

* more detatled statistics on aircraft in-between the light single-
engine and heavy commercial sircraft, e.g.. tvin-engine and
military aircraft;

e procedural guidelines for gathering and statistically treating
local aviation data bases and the scaling of crareh rates;

°® methodologies for treating complex avistion envirommoents such as

the presence of multiple nearby airports, overlapping airways,
etc}
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® methodologies for treating fleet mixes with respect
parameters and aviation activities.

Scenarios

L modeling and verification of crash characteristical f{ncluding
flight path garameters such as speed and altitude, Tcrash path
characteristics such as orthonormal deviations to the §flight path
and crash inclination angle, and &skid momentum-distance
relationships, among others;

o establishment of probadbilicry distribution functions ielative to
aircraft {impart parameters, e.g., speed and orieftation at
{epact, fleet nix effects, etc.;

* analysis of atrcraft fire/explosion characteristics.

Plan:

L further identification of plant features susceptible to aircraft
crashes, multiple failure poasibilities, and plant f}ilure-mode
response characteristics;

L procedural guidelines for target area calculations p;rticularly

relative to fleet and accident scenario mixes.

All of the above areas are, of course, necessarlily addreesed in past studies
if only through implicit assumptions {(such as ignoricg the posgibillty of
fire), highly aimplified or unsupported models, and the appf&cation of
subjective judgement. In some areas, such as identificatlon of threatening
crashes, the data base appears adequate and is readily availabfe and only
criteria development and etandardization ieé naeded, while other}hrens need
considerable astatistical or wmodeling efforts, e.g., airport-related crash
gones, tha afrcraft skid problem, and crashes into the switchyard} to name a
few. More amphasis should be placed on the sensitivity of jresults to
variations iIin the many probabilistic and phenomenvlogical aspegts of the
alrcraft hazard to nuclear power plant problem.

To conclude, 1t should be eaphasized that it has been fou that the
ailrcraft hazards to nuclear power plants are generally very low %isk events
with respect to 10 C¥R 100 radfological exposure guidelines, and ;out of the
phenomenological and incidental factors ca. usually be e-tinateder bounded
to some degree. Therefore, the conclusicns and problem areas spelled out in

|
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this study need not b< .amie for alarm although many Jetaila cannot be
expected Lo be adequatsiy x:.ulved for at least many yaar.-.%"
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LITERATURE SUMMARIES




Authors: Ahmed, X. M. and Ranshi, A. S.
Title: Dynamic Response of Nuclear Power
Earthquake and Airccaft Impact Including Effect of

98
Offsite Hazards: Alrcraft Crash
Type of Model: Deterministic
lant due to

Brief Description:

This paper compares the dynamic response of a pical nuclear power
plant to a modest earthquake (Parkfield) and to tHe impact of MRCA and
Boeing 707-320., Finite element and modal superpogition techniques are
used to obtain the time-history response and thef corresponding floor
response spectra. It is shown that the response Qf reactor plants due
to impact of MRCA on the primary containmentl structure 1is small
compared to the response due to a modest earthquake. In the event of
Boeing 707 crashing onto the facility, the desi of reactor plants
could be damaged depending upon the amount of energy absorbed locally.

Soil-Structure Interaction
Reference: Journal of Sound and Vibration (128) S59(3), 423-440

AARARRNARRAR

Offsite Hazards: Aircraft Crash

Type of Model: Deterministic

Authors: Attalla, I, and Nowotny, B.

Title: Missle Impact on a Reinforced Conctet Structure
Reference: Nuclear Engineering and Design 37 1§76) 321-332

Brief Descriptiont
This paper studies the behavior of relnforced conctete ‘structures under
missile impact loading using PISCES 2 DL code. e local deformations
in all directions 1including wall thickness, pldsticity, and stress
waves near the loading area were considered. discussions are on
defining the material and yield models for reinforc d concrete.

ARARRRRARRAR
Offsite Hazavds: Aircraft Crash
Type of Model: Deterministic
Authors: Bahar, L. Y. and Rice, J. S.
Title: Simplified Derivation of the Reaction-Time
History in Aircraft Impact on a Nuclear Power Plant
Reference: Nuclear Engineering and Design 49 (19/8) 263-268

Brief Description:

This paper presents a esioplified derivation of the reaction-time
history of an aircraft impact on a nuclear power Plant. The equation
of motion for the rigid part of the aircraft s assumed to be a
variable system of particles loosing mass. The efuation of wotion for
the crushing region 1is obtained using containuum] mechanice approach.
The results indicated that the reaction is not affected by the assumed
velocity distribution in the crushing region of thejaircraft.
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Offgite Hazards: Alrcraft Crash
Type of Model: Probabilistic
Author: Bonnin, D, M.
Title: An Afrcrafr Accident Probability Distribution Punction
Reference: © Transactions American Nuclear Soclety 1B: 225-226,
June 1974
Brief Description: ‘
Proximity to an airport has bean considered a disadvant¥ge to a nuclear

reactor; hence, the likelihood of aircraft crashes mult be carefully
considered during aite aselection and 1licensing act Vities. While
preparing an amendment to the application for conntruc?%on permit of a
nuclear reactor a study was made to establish a detailed afrcraft

accident probability distribution function which wotld reflect the
likelihood of aircraft accidents. '

The atudy covered civil aircraft accidents within 5 milgs of an airport
in the United States for the years 1966~1970. The aircPfaft and thereby
the probability function were subdivided by usage (gdéneral aviation,

air taxi, and air carrier) and aircraft size (layge and small)
categories,

Several basic conclusions were noted from the sults of the
probability distribution function:

1. The probability distribution functlion was always qdite low varying
from 1.100 x 10°% to 2.076 x 10°% accidents pet operation per
square nile depending on the flee. mix and the fradial distance
from the center of the runway.

2. The probability decreased as the radial distance om the airport
increased.

3. Use of the function requires only the ailr traffic figures compiled
at any specific civil afrport of interest and t critical area,
in square miles, of the site. -

ARk ARhdd
Offsite Harzards: Alrcraft Crash
Type of Mndel: Survey
Author: Buchhardt, F.
Title: Some Comments on the Coucept of "UndergFound

Siting of Nuclear Power Plants® - A Critical Review
of the Recently Flaborated Numersous Studies
Reference: Nuclear Engineering and Design 59 (1980
Brief Description:
This paper veviews varfous aspects of underground§ nuclear power
plants. 1t discusses some critical analyses concerningfdifferent basic
design criteria, constructional concepts, and impacts as well as
problems of 1licensibility and operation.

iR n ik



Reference: Nuclear Fngineering and Design 45 (1978
Brief Descriptiont

100

Offsite Hazards: Alrcraft Crash
Type of Model: Deterministic
Authors: Carlton, D. and Bedi, A. :
Title: Theoretical Study of Aircraft Impact onl§ i

Reactor Containment Structures

1 197-206

This paper presents results using a finite differenc® dynamlic code
{PISCES) based upon dynamic relaxatlon initlally develdped for static
problems. The <code modela concrete, rveinforcement afd prestressing
throughout the short term nonlinear range. Concrete {is Jassumed to have
a limited tensile stress capacity, coupled with a fshear carrying
capacity which iv dependent upon the aggregate and cra size. And a
‘yield condition 1s also specified to allow for ¢riaxial stress
states. The results of a particular reinforced concrefe glad aubject
to MRCA loading indicated that 80 mm thick model slabsfcan resist the

load. In real structures this corresponds to a wallJthickness 1.4~
2.0m.

AARRARNARAAR
Offsite Hazards: Alrcraft Crash
Type of :Model: Probabilistic and Deterministic
Authors:? Chelapati, C. V., Kennedy, R. P., and W4all, 1. P.
Title: f; Probabiliatic Assessment of Alrcraft Hadard for

Nuclear Power Plants

Reference: Nuclear Engineering and Design 19 (1972)f 333-364
Brief Description: '

Asgpart of a general probabilistic safety analysisf the risk of
structural damage to a nuclear power plant from aircrdft craslies has
been evaluated {n a quantified manner. Frequency dfstributions of
aircraft speed and weight and engine we{ght were constrijcted for small
and; large aircraft and for site locations adjacent to §nd remote from
an fairpoxt. Based upon United States data an analysis of aircraft
incidents is presented to establish the probability Df an airecraft
hitting a nuclear power plant. ‘

This paper presented a quantified risk analysis of structural damage to
a nuclear power plant from aircraft crashes. Three model of damage are
discussed here: perforation, collapse, and cracking. e probability
of jdanage to an 18-inch thick reinforced concrete sidewall of a typical
Buﬁ;iin the perforation and collapse mcdes 1s investigatal. The results
are* also compared to the damage of cracking mode. A fnew formula s
proposed to cover the range of parameters encounterg@d 1in aircraft
engine impact. The conditional probability of local gollapse of the
wall panel 1is evaluated by using probalilistic approathes and yield
line theory. An elastic finite element method was used §0 estimate the
cracking mode. :
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I
Offsite Hazards: Alreraft Crash i
Type of Hodel' Probabilistic ¥
Authors:’ Cravero, M., Lucenet, G.

Title: Evaluation of the Probability of an ¥
- Crash on a Nuclear Power Plant :

Reference: Proceedings of the Fast Rkeactor Safet¥ Meeting,

Beverly Hills, California, April 1974
Brief Descriptiont

The 1liquid Metal Fast Breeder Reactor SUPER-PHENIX,
1200 MW) which wi{ll be built at CREYS-MALVILLE ia the
follow the guidelines given In France for the safety
One of these guidelines is to evaluate the risks in
traffic. Consequently, a study of this problem was
the probability of en afrcraft crash on the power p
particularly on reactor building.

R ik el

electrical power
hone valley must
of this reactor.
elation with air
gun to estimate
nt SUPER-PHENIX,
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Offsite Hazarda: Alrcraft Crash

Type of Model: Deterministic

Authors: Degen, P., Furrer, H., and Jemielewsky, J.

Title: Structural Analysis and Design of a Niclear Power
Plant Building for Aircraft Crash Effects

Reference: Nuclear Engineering and Design 37 (19{6) 249*268

Brief Description of Modeling Effort:
This paper discusses the effect of a large commercial fairplane crashing
perpendicularly on the surface of a spherical reactdr building dome.
The carrying capacity of the structure under an eqQivalent atatical
load is considered. The presentations include: ‘

(1) calculation of the failure load following the yigld line theory.
(i1 ) calculation of the sectional forcns using th§ linear elastic
shell theory and subsequent design by the 9(ltimate strength
method.
(111) calculation of the failure load, establishing of fthe failure
mechanism and distribution of sectional forcls wusing plastic
shell theory.

(1v) calculation using a 3-D FEM with plaetic capabilfty (TRIDI).

RRARARRAAARR

Offefte Hararde: Alrcraft Crash

Type of Model: Deterministic

Author: Dletrich, R.

Title: Structural Analyeis of Aircraft Impac® on a Nuclear
Powered Ship

Reference! Nuclear Engineering and Design 37 (1976) 333-346

Brief Description:
This paper evaluated the reliability against structuﬁcl damage due to
an aircraft crash on a nuclear powered ship. The follbwing two effects
are considered in the paper: local penetration and dynamic response of
the - astructure, The empirical formula derive from ailitary
applications were used for calculating the penetrationfdistance. The




102

solution of the dynamic analysis 1is obtained ing finite element
method . Both results indicated 1he eafe designJof a specific ship
sub ject to an aircraft impact. - '

AARRARAA TRAR

Offsite |{azards: . AMrcraft Crash

Type of lodel: Deterministic

Authors: Drittler, Y. and Gruner, P.

Title: Calculation of the Total Force Acting Upon a Rigid
Wall by Projectiles

Reference: Wuclear Engineering and Design 37 [1976) 231-244

Brief Deacription of Modeling Effort:
A nmerical (finite difference) mettod i{s prasented for the calculation
of total force acting upon a buflding durirg impfct of a projectile.
Varjfaticns of geometric and material properties alross the projectrile
axis are replaced by proper average values.

AhkhhhARAfithh

Offsite Hazards: Alrcraft Crash

Type of Model: Deterministic

Authors: Drittler, K. and Cruier, P.

Title: The Force Resulting From Impact of JFast-Flying
Military Alrcraft Upon a Rigild Walk

Reference: Nuclear Pngineering :nd Deaign 1976) 245-248

Brief Description of Modeling Effort:
The authora using the previous propoved method to falculate the impact
force of phantom aircrafr on a rigid wall. The repults indicated that
the impect force {s almost inoensitive to} varicus relevent
parameters. Therefore only cne force va. time F( curve may be used
for sefety consideration.
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Offsite Hazarda: Afrcrafr Crash

Type of Model: Probabilisttc

Author: Fisenhut, D. G,

Title: Reactor Sitings in the Vicinity of JAirfields
Reference: American Nuclear Soclety Transactians, 16:210-211,

Chicago, June, 1973
Brief Description:  §

An evaluation of the probability of u«n atrcraft Jecrash at a nuclear
facility in the vicinity of an afrport has be performed. This
evaluation, together with other studies, may assisQ in the development
of general criteria for the siting of reactors @ear airports. The
analysis considered those accidents that occurred thin a few milea of
the runway and aleo occurred within a 60-degree r§ference flight path
symaetric about the extended centerline of the runw

AARANRRAANRR



Reference: Docket 50295-45, 1972
Brief Description:

1063

Offsite Hazards: Afrcraft Crash

Type of Model: Probabilistic

Author: FEAR ~

Title: Potentinl Effects of Alrcraft Impac§ and Post-Crash

Fires on the Zion Station

Presents a study of the Probability of an afrcrfft wusing a nearly
airport hitting the station. Includes a second repdrt on the potential
rtfects of aircraft impact and post-crash fires on tQle station.

RARARRAA AR

Offsite Hazards: Afrcraft Crash

Type of Model: Probabiliatic - Deterministic

Author: Godbout, P. and Brais, A.

Title: A Methodology for Assessing Aircraf Crash

Probabllities and Severity as Related to the Safety
Evaluatfon of Nuclear Power Statdons '~ Phase III,
Final Report i

Reference: Centre de Developpement TEchnologiq.a, L'Ecale

Brief Description:

Polytechnologique de Montreal At
Board (Canada), March 1980.

i¢ Eaergy Control

Reports (1) the accumulation of a ecnecial and exhalistive experimental
data bank results from related experiments done In the U.5., U.X.,
France, Germany ard Australia, (2) an involved dgtailed theoretical
modelling and {ts proper coupling of each § phenomenologically
significant phenomenon present duriang the impact prdtess of an alrcraft
and per missile type, (3) ume of existing (or
computer codes to identify important processes and f4) benchmarking of
results against experimeutal data.
Specific results for CANDU Reactor Types, principally and to hard
projectiles having lowv velocities, large diametersy and large masses,
Techniques can be applied to other types of projectifes.
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Offsite Hazards: Afrcraft Crash

Type of Model: Probabilistic

Authors: Godbout, P. and Brais, A.

Title: A Methodology for Assessing Aircrafg Crash

Probabilities and Severity as Related to the Safety
Fvaluation of Nuclear Power Stations - Finai Report.

Reference! Centre de Developpment Technologiqug, Ecole

Polytechnique de Montreal, Fot AtQmic Energy Control
Board (Canada), 1204-3, September, 1976.

Brief Dasscription:

This PFPhase 11 effort complled more extensive sfatistical data on
aircraft including international experlence. The gategories of light
and hesvy aircraft were investigated and crash rat§ models developed.
Probability distributions for aircraft strikes on PBuclear power plant
structures were generated, with particular emphasis jpn sites near to an
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airport. Impact forcing functicns for the crash of
plant containment structure were evaluated using the Pharacteristics of
each aircraft type. Standarized forcing functions feere developed of
the global energy envelope for the striking phencmefia as a whole was

n aircraft on the

generated,
fhhhfihhhhhnd
Offaite Hazards: Afrcraft Crash
Type of Model: Probabilistic
Author: Godbout, P.
Title: A Methodoloxy for Assewsing Afrciraft ash

Probabilities and Severity as Related to the Safety
Fvaluation of Nuclear Power Stations - Main Report and
Appendices 1 and 11. A
Reference: Centre de Developpment Tecknologique, Ecole Polytechnigue
de Montreal for Atomic Energy Control Board {(Canhda),
AECB-1204-1 and 2, May 1975.
Brief Description!
The probability of an aircraft striking o nuclear poWer plant has been
evaluated. The method of approach as umed in this sfudy consists of a
series of orderly steps or procedures which make wuse of 1logic
modelling, of probability thecry, of the energy envelope technique, of
the sensitivity technique and of the limit 1line oncept, 1in that
order. Accident data was cbtained for all types of Bircraft accidents
since 1960, The criterion was chosen that any alrcraft which has
navigational difficulties forcing it to land fmpropegly or unwillingly
is an accident and a possible danger to the surroundings.
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Offaite Hazards: Alrcraft Crash

Type of Model: Probahilistic

Author: Gottlieb, P.

Title: Estimation of Nuclear Power Plant AfrEraft Hazarde
Referevce: Probabilistic Analysis of Nuclear Reactor Safety

Topical Meeting, Los Angeles, CA, May]8-10, 1978
Brief Description:
The standard procedures for estimating alrcraft risk§to nuclear power
plants provide a conservative estimate, which is ddequate for most
sites, which are not close to airports or heavlly traveled air
corridors. For those sites which are close to fdeilities handling
large numbers of aircraft movements (airporits or cfrridors), a wmore
precise estimate of aivcraft impact frequency can obtained as &
function of aircraft size. 1In many inatances the ver¥ large commercial
airvcraft can be ashown to have an acceptably saall
while the vary small general aviation aircraft
sufficiently serious {mpact to {impair the safety-related functions.
This paper examines the in between aircraft: primgYily twin-engine,
uged for business, plessure, and alir taxi operations For this group
of aircraft the total impact frequency was found to} be approximately
once in one million years, the threshold above with ffurther consider-

ation of specific safety-related consequences would befrequired.
KARARRANRNAR
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Offsite Hazards! Alrcraft Crash

Type of Model: Determtnistic

Authors: Gupta, Y. M. and Seaman, L. i

Title: : Local Response of Reinforced Concrele to Missile
Impacts i

Reference: Nuclear Pngineering and Design 45 (1978) 5Q07-514

Brief Descriptions

This paper presents an experimental and comPputational (finite
difference) study of reinforced concrete walls response to impacts from
postulated tornado and missiles. This paper also pFesents the results
of a study to determine the dynsaic conltitutive relations of

reinforced concrete for use 1in two-dimensional cafculations of local
impact response.

Akt Ay
Offaite Hazards: Alrcraft Crash
Type of Model: Deterministic
Author: Kammel, J.
Title: Alrcraft Impact on a Spherical Shel
Reference: Huclear Pnginesring and Design 37 76) 205-223

Brief Description of Modeling Effort:
This paper discussed the iniluence of the elastic
structure on the impact 1load F(t). The afvecrait
linenar mass—-spring-dashpot combination. The time-
of the shell as a function of F(t) are expanded

{splacenents of a
8 idealired by a
ependent reactions
terms of normal

wmodes.
SRARAARRAARR
Offaite Hazard: Alrcraft Crash
Type of Model: Analytical (Structural response and pact load)
Author: Hapeltine, J. D. {(Project Manager) JF
Title: Seabrook Station Containment Aircraft Impact Aralysis
Reference: License Application (March 30, 197/3)

Docket Nos. 50-443 and 50-444
Brief Description of Modeling Efforts:

1. Conventional elastic-siatic analysis
2+ Conventional elastic-dynamic analysis
3. "Bigge Type” elastic-vlastic analysis
4, “"Wave Type” iapact anal,-fs for aircraft

Result of Analysis:

The elastic-static and elastic dynamic calculations {irdicated that
plasti¢c behavior would occur. The elastic-plastic caleculations
indicatedc that the concrete contalnment structure design was
edequate. A methodology for determining the impact loads on a rigid
structure 1s presented in an Appendix anrd a aensitivity analysis
indicates that the crushing strength of the aircraft £fs not an
important paramseter. A brief fire analysis claims that fire and
eryplosion effects are not iamportant.
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Offaite Hazards: Afrcraft Crash

Type of Model: Probabilistic

Authors: Hornyik, K. and Grund, J. E.

Title: The BEvaluation of the Alr Traffic Hazards at Nuclear
Plants

Refe-ence: Nuclear Technology: Volume 23, July 1974

Brief Description:

Analytic models have been developed and applied to the investigation of
the hazards to a nuclear power plant from air traffic. Separate models
applying to collisione with and crashes into the plant, respectively,
employ concepts traffic density and crash site distributions. These,
aleng with the wmore conventional concepts of accident rates and
effective plant area, are used to determine the annual strike
probability of aircraft into safety-related plant structures. Although
the models are quite general, they &re applied to two specific flight
patterns of cosmon interest. The probability maps which are obtained
may be used to resolve siting problems in a quantitative manner.

ARRRRARENAAR

Offasite Hazards: Afircrafr Crash

Type of Model: Probabilistic

Authors: Hornylk, K.

Title: Alrplane Crash Probtability Near a Flight Target
Reference: Transactions American Nuclear Society, 16:209-210,

1973
Brief Description:
A suymmary of the crash and collisfon probability models developed 1in
previour work for a proposed nuclear plant site near & wilitary
aviation training area is presented.

hRANARARANKAN
Offaite Hazarda: Aircrafr Crash
Type of Model: Probabilistic
Authors: Hornyik, K., Robinscn, A. H., and Crund, J. E.
Title: : Evaluation of Alrcraft Hazards at the Boardman Nuclear
Plant Site
Reference: Portland General FElectric Company, Report No.

PGE-2001, May 1973
Brief Description:

The document presents an assessment of the probablility of aircrafte
crashing into a proposed nuclear power generating plant located near
Boardman in Morrow Count, Oregon. Quantitative estinates of crash
probabilities 1into the proposed plants are based on analyses of
operations of commerciel afrcraft use of federal alrways and the U.S.
Navy aircraft use of a nearby Navy weapons Syatems Training Facility.
The WSTF, 1its procedures, {1ts utilization, the aircraft used and
operating experience at this and other related facilities are described
in some detail. Both low altitude collision and high lltitude crash
probability models are constructed.

AR AAARRAN
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ircfltt Crash
"Probabilistic

0ffsite Hazards
Type of Model::

Authors: “Hornyik, K. and Grund, J. E. :

Title: ‘The Evaluation of the Adir Traffic Hazards at Nuclear
Plants B

Refe-ences - ‘Nuclear Technology: Volume 23, July 1974 f

Brief Descriptiont i
Analytic wodels. have been developed and applied to the inveltigation of
the hazards to a nuclear power plant from sir traffic. Separate models
applying to collisione with and crashes into the plant, respectively,
employ concepts traffic density and crash site distridutions. These,
along with the wmore conventional concepts of accident rates and
effective: plant: area, are used to determine the annual strike
probability of aircraft fnto safety-related plant structures. Although
the models are quite general, they are applied to two specific flight
patterns of:  common interest. The probability maps which iare obtained
may be used toArenolve siting problems in a quantitative mannar.

g
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ireraft Crash 3

- Probabilistic i
Bornyik, K. i
Afrplane Crash Probability Near a Flight Target
kTransactions American Nuclear Society, 16_ =210,
1973 .

Offsite Hazard
Type of Model::
Authors; B
Title:

Reference:

Brief Descriptiom: :
A summary “of the crnsh and collision probability models developed in
previous “work / for a proposed nuclear plant site near a military
aviatton training area is presented. ;-

RARKARAREAKR
Offsite lelrdu. iiuﬁﬂircraft Crash
Type of Hodel: o Probabilistic

Author. H
Title:

Hornyik, K., Robinson, A. H., and Grund, J. E.

* Evaluation of Aircraft Hazards at the Boardman Nuclear
-Plant Site

Portland General Flectric Company, Report No.
:PGE-2001, May 1973

Reference:

Brief Deacription:

The document presentl an assessment of the probabillty o! alrcraft
erashing into a proposed nuclear power gzenerating plant located near
Boardman in  Morrow Count, Oregon. Qiantitative estimates of crash
probabilities i into the proposed plants are based on ‘analyses of
operations of_counercisl aircraft use of federal airways and the U.S.
Navy aircraft use of a nearby Navy weapons Systems Training Facility.
The WSTF, . its  procedures, 1ts utilizastion, the aircraft used and
operating experience at this and other related facilities are described
in some detail.” Both low altitude collisfon and high altitude crash
probabllity model, -are constructed.

RANAARRARRAR
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“"ﬁ%n%”""" R

Offsite Hazards - Adrcraft Crash

Type of Model:. " Probabilistic

Author: - . “Joerissen, G. and Zuend, M. b

Rafeunce. " International Nuclear Industries Plar, ie.
Basel/Switzerland, October 1973 ¥

Brief Ducrlption: : B

The probnbuity and the consequences of an aircrnft crash:on a nuclear
power plant : incorporating a 1light water reactor are estimated
conltdcrtng'-.zi}_,'thn probabilities of an aireraft strike, aiasile
penetration }’jjthrough valls and dsaage of structures and systems
iaportant - for' safety. The estimsted risks are preunted in & Farmer
dilxran and conpared with tolerable risk limfts. '-,3,-‘

;‘;:‘ra % < R
The probability that an afrcraft crash would initiate an accident in a
nuclear power plant with subsequent release of radioactive materisl is
lower by several orders of magnitude than those of the design basis
accidents. - Although the consequences in terms of activity release to
the environment would be rauther severe in the worst conceivable case,
the risk would still be about two orders of magnitude dbelow the risk
limit stated by Parmer. Dose calculaticons show that even under
unfavourable meteorological conditfons the wmaximm radistion doses to
the population would be far below the lethal dose. The consequences
for the population would therefore be less gevere than for the much
more probable aircraft crash in a densely populated area.

Nk hikhhihk

Offsite Hani‘d
Type of Hndelt

" Adrcraft Crash
- Survey

Authors: " Xamil, H., Krutzik, N., Kost, G., and Sharpe, R.

Titlet “ Overview of Major Aspects of the Alrcraft Impact
. Problem

Reference: . Nuclear Engineering and Design 46 (1978) 109-121

Brief Ducriptlon:

This paper identifies the major aspectes of the aircraft impact probdlenm
and wspotlights the wost relevent topics for future investigation.
Three wmain topics are presented: modeling techniques, influence of
nonlinear ; behavior, and damping - effect in the dynamic structural
response for aivrcraft impact loading. :

AARAARANNRAN

Afircraft Crash
Deterninistic i
L Kennedy, R.P. i

Offsite Hazard
Type of Modalt
Author:

Title: A Review of Procedures for the Analysis am[ Design of
' Concrete Structures to Resist Hins:l%e Impact Effects
Refarences - i Nuclear Bigineering aud Design 37 (197¢) 1B3-203

Brief Dascription of Modeling Effort: £

This paper deals with the effects of “hard” missle iaplet- Missile
between 100 and 1500 ft/sec are considered. - The paper
reviews the wvarious empirical procedures for determining 'penetration,
depth pcrfout!on thickness, and scabbing thickness for concrete
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targets iubjiétod to missile impact. Simplified procedures are defined
for deternining the dynamic response of the target wall and for
eventing overall failure of the wall.

ARARRRARRARA
Offsite Hazards: - Afrcraft Crash

Type of Model: ' Deterninistic

Author: oo Kreatzlk, Ne J.

Title: ~ . Analysis of Alrcraft Impact Problems
Reference: Advanced Structural Dynamics, Ed. by Donea,

J« Applied Science Publishers, Ltd., London,

1978. pp 337-386

Brief Description: :
This paper. presented the characterization of the load case induced by
various aircraft impacting on the nuclear power plants. Also the
influence:'of . elastoplastic deformation in the area of impact on load
function “ s ' discussed. The dynamic structural investigations for
reactor building are presented using beam and shell models. The modal
damping, i damping parameters, soil parameters are discussed.
Invaltigatton of two neighboring buildings of unequal sizes show that
the presence’ of  the smaller building has a damping effect on the
dynamic response of the larger building, and the impact un the larjer
building - excites oscillations in the smaller buildings. As far as the
comparisons with an earthquake and an explosive shuck wave, in the low
frequency-. range (up to 5 Hz) the load case of an earthquake is
governing ‘whereas in the high frequency range (above 10 MKz} the load
case of an aircraft crash dominated.

RARRHRARAARR
Offeite Hazards: =~ Aircraft Crash
Type of Model: - - ' Probabilistic
Authors: -~ .~ WNiyogt, P. K., Boritz, R. C., and Bhattacharyya, A. K.
Title: S Safety Design of Nuclear Power Plants Apgainst Aircraft
. - Impacts
Reference: ... United Engineers & Constructors, Inc., Philadelphia,

- N : PA-

Brief Descriptiont’ i+
A nuclear - power plant {is considered adequately designed against
aircraft hazards if the probability of aircraft accidents resulting in
radiological constquercal greater than 10 CFR part 100 guidelines is
leas than about 107/ per year Otherwise an aircraft accident {e
considered a design basis event and the plant must be hardened up to
the point at which the above criterion {s met. In many cases it has
been sufficient to demonstrate that the_probability of an impact on a

© safety-related building 1is less than 1077 per year. In other casess, 1t
is necessary to take into account the intrinsic hardness of buildings
and structures designed to withstand tornado, seisaic, and nanmade
hazards in order to demonstrate that an ajrcraft impact presents an
acceptable risk ' In some cases, however, it 1is necessary to consider
aircraft {apacts as design bLasis events and to specify the level of
hardening required to satinfy the design criterion.
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This peper presents a number of techniques which may be utilized to
accouplish the above objectives. PFirstly, a re-evalustion is made of
aircraft 'crash probabilities. Secondly, methods are described for
calculating . alrcraft f{mpact forcing functions, for obtaining
probability -“ distributions for the {impact psrameters. Thirély,
evaluations are made for asseseing the probability that an fmpact on a
given structure will result in consequences exceeding those listed in
10 CFR 100 and recommendations are made for treating lower consequence

events. . Finally, other effects such as fires, explosions, and
secondary aissiles are examined briefly.

AR hkhhhAhhk

Offsite Hazards:
Type of deel;*

2 Aircraft Crash
Probabilistic

Authors: NRC
Title: _ Alrcraft Crash Probabilities
Reference: Nuclear Safety, Vol. 17. No. 3, May-June 1975

Brief Descripti : . .
The - prccent-;art!cle 1- taken from the NRC Reszior Safety Study and
sumnarizes the procedure followed by the Regulatory Staff in assesaing
alvcraft risk and alsc tabulates crash probabilitier. Such information
is necessary for an aircraft hazards analysis as descri'ed in the NRC
Regulatory Guide.

The AEC Ingulatory Staff hams compiled data on aircraft movements and
calculated - crash probabilities as a function of distance from an
airport . and orientation with respect to runway flight paths. The
probabilities are computed per square miles per afrcraft wmovement so
that the individual plant sites can be evaluated by determining the
plant wulnerable area, distance from the airport, and the number of
aircraft movements involved.

AR ARARARAN

Offaite n.:.r&;i 7 Afreraft Crash

{.Risk

Type of Model:

Authors: ' Otway, H. J. and Erdmann, R. C.

Title: -~ Reactor Siting and Design from a Riuk v1e§501nt
Refarance! ~ NMuclear Engineering Design 13: guat 1970

Brief Descriptions
This paper proposes a method for the assessment of resactor safety,
based upon the {Individusl mortality riek, which allows (1) the
detarmination of necessary site exclusion radii and (i{1) the evaluation
of safeguards in terms of the risk reduction provided. An applicattion
to a 1000 ruu PWR indicates that for a maximumn individual wmortality
risk of 107/ per year (at tha site boundary) an exclusion radius of 350
a is roquirod. For a densely populated urban site the total risk was
found to be 0.00]) deaths over a 30-year reactor lifetime. Risk was
found to be not particularly asensitive to accident probabilities.

RARARAARARAR
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Afrcraft Crash

Deterministic .
Parker, J. V., Ahued, X. M., and Ranshi, A.S.
“~ Dynamic Response of Nuciear Power Plant due to
5 Earthquake Ground Motion and Adrcraft Impact
4th SMIRT, paper No. K3/5, San Francisco, .CA,
“‘August 1977 ' : i

Offsite Razard
Type of Model:
Authorsy - s
Title:

Reference

Brief Description:. X
This paper presents a comparison between earthquake induced vibrations
and afrcraft impact induced vibrations. The nuclear power plant has
been simulated a3 beam in finite element method. The aircraft assumes
to impact the primary containment directly and horizontally near the
top of ' the ' structure. The results of structural response ia
overestimated ‘since the local impact effect which will absorb much of
the energy has been ignored. Nevertheless, it 1is shown that the
response of the reactor plant due to the impact of the multi role
combat aircraft (MRCA) at 215 m/s on the primary contalnment structure
is snsll’ compared to the response due to & modeat earthquake. By
contrast the maximum response to impact by the Boeing 707-320 at 103
m/s is considerably more onerous than the earthquake.

RANKRRAAARKN
Offaite Haznrdi Combination
Probabilistic

Type of Model: .
Author: :
Title:

Ravindra, M. K.
load Combinationa for Natural and Man-made Hazarde in
Nuclear Structural Design

Reference: e

Brief Description: -
This paper outlines a methodology for deriving comdinaticone of
statietically {ndependent and dependent hazard events that may affect a
nuclear power plant by considering the uncertainties 1in hazard,
occurrence, intensity, and duration.

[ ITY31T2L.3.0.3]
Offeite Hazards: .  Afrcraft Crash
Type of Model:- " Deterministic
Authors: S Rice, J. S., and Bahar, L. Y.

Title: “Reaction-Time Relationship and Structural Design of
Reinforced Concrete Slabs and Shells for Alcvcraft
Impact

Reference: 3rd SMIRT Conference, Paper No J5/3,

Al London, England, 1975
Brief Deacription :
This paper outlines a procedure by which reinforced concrcte structures
(slads and. shells) may be designed to retain the required structural
integrity ‘after an afrcraft impact. The reaction-time relationship for
s deformable: aircratt impacting on a rigid wall s developed. The
results 'indicated that the reaction load 1is significently less (40
percent) i than . that predicted by other models. The sensitivity of the
reaction load to the uncertainty in the crushing strength of the
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aircraft frame 1s examined and it was found that this parameter is not
important.. The dynamic effects of the structural systems were examined
using the method of Biggs.

hRRRANRARA

Alrcraft Crash
-~ Deterministic

Of faite Hazurdh;
Type of Hodel:

Authors: ~.Schalk, M. and W&1ful, H.

Title: . Response of Equipment in Nuclear Power Plants to
Airplane Crash

Reference: Nuclear Engineering and Design 38 (1976) 567-582

Brief Deacriptlon of Modeling Effort:

This paper deals with airplane induced vibrations of the whole building
which cause loadings for secondary system (equipment). Floor response
spectra due to airplane crash are studied for two different power plant
bufldings. The influence of various parameters such as time hiastory of
excitation, direction and location of impact mathematical model, soil,
damping, etcs. are discussed. A comparison with the results of
earthquake loading is also given.

RARARARNRAAN

“Afreraft Crash
- Deterministic

Offsaite Hazafﬂ;:i'
Type of Hodel’

Authore: . 8chaidt, R., Heckhausen, H., Chen, C.,

"Rieck, P. J., and Lemons, G. L.
Title: Structural Design for Aircraft Impact Loading
Reference: International Seminar on Extreme Load Conditions and

" limit Analysis Procedures for Structural Reactor

Safeguards and Containument Structures, Berlin,

Septenber 1975. 3 4%4-514

Brief De-cription
This paper uses Phanton RF-4E fighter (welight-20 tons metric) dapacting
perpendicularly midway along a soft shell-hardcore structure at 215
m/a. This paper defines the iamportant structural features that would
allow soft-shell to sustain the afrcraft impact without damaging
hardcore. - ;. The analytical model used here is a simple spring-mass
system. - The results indicated that the kinetic energy of the aircraft
has been effectively attenuated using 1/2 meter thick walls.

ANARRARRRARA
Offsite Hazard AMrcraft Crash
Type of Model: Probabilistic
Author: = Selvidge, J. E.

Title: 7 Probabilities of Adircraft Crashes at Rocky Flats

H and Subsequent Radicactive Release

Reference: - .. © Rockwell International, TID-4500-R65, April 1977

Brief Dencriptlont -
The probability of a small airplane from Jefferson County Alrport
(Jeffco) or Stapleton International Airport crashing into a Elutontuu
ares 1; the Rocky Flats Plant has been calculated at 1.4 x 107" and 4.2

x 107°% por year, respectively. The probability of such a crash
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1nvolv1ng l_llrgc airplane from Jeffco or Stapleton is 3.5 x 10 “6 and
1.1 x 1078 per yesr, yespectively. Overall, the chance of an aircraft
of any size, or any type, and from any source crashing into a plutonium
area at- Rocky Flats {s 2.88 x 107" per year. An event tree was
developed “to cover every plausible series of events leading to a
release of plutonium fn the range of 0 to 1000 grams. Selected reaults
show an annual gelease probability of 3.9 =x 30 3 for leas than 0.5
gransa 5.8 x 10”2 for 50 to 70 grumTo 5.6 x 107° for 200 grams, and 6.4
x 107° for 200 grams, and 6.4 x 107'Y for 1000 grams. Calculations led
to a seighted average release amount of 3.7 x 10”7 " grams of plutonium
per year.  Because of conservative asesumptions, 1% is estimated that
these probabilities are high by a factor of about tuo for opmall
aircraft lnd 10 tor large afrcraft.

This ltudy' conllltl of three parts. First, the probahility of an
aircraft crashing into a building containing plutonium 1is computed.
Secondly, the damage that such s crash nmight cause ias estimated. The
third part {s an aasessaent of the amount of plutoniul that could
escape assuring the damage described were to occur

Several categories of aircraft, all having different probabilitics of
crashing, . are considered. Construction of the various buildings
containing plutonium {s taken into consideration as 1s the amount and
form of plutonium that might be subject to release. Results of the
study are - summarized 1in prodbability tables and graphs that show
different. amounts of plutonium versus the probabilicies of those
amounts being released. Incorporated in these probabilities are the
three principal types of uncertainties previousiy mentioned; nanely,
the probability of a crash, the probability of certain damage {f a
crash occurs, and the probability of a certair size of release 1f the
damage occurs.

RRRREARARAAAA
Offeite Hazarda: Alrcraft Crash
Type of Model: Probabilistic
Authors: Solomon, K. A.
Title: "~ Analysis of Ground Hazards Due to Alrcrafts and
 MiesiTes
Reference: _ . Hazard Prevention Journal, Vol 12, Ne &, March/April
1976

Brief Descriptiont ,

The purposs of this generic study is to develop and to apply a
generalized methodology which approximates both the best estimate and
pessinistic probabilities that an asircraft or s missile will fmpact the
definad target area of an industrial, commercial or residential
facility, To best demonstrate the application of this methodology, the
probability impact for a hypothetical facility and sasumed air activity
are estimated, -

Coordinates of a proposed facility are parametrically selected relstive
to fixed, assunmed locations of (a) Victor sirways, (b) general aviation
sirports, {c) air carrisr airporte, (d) military installations, and (e)
other aress of air asctivity esuch as crop dusting flelds. The
probability that an aircraft or misetile will fwpact the target area is
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the sua’ of  the ‘individusl probabilities that an aircraft or s missile
originating from a particular source will fapact the subject area. The
probability of : target area ifmpact and the magnitude of damage after
fapact are functions of (a) purpose or category of flight, (b) mcde of
flight, (c) effective target area, (d) relative location of faciliity
target area and air activity, (e) nuaber of operations, (f) mode of
impact, (g) pilot experifence, (h) weather conditfons, (1) time of day,
(3) air teaffic density and so on. This study discusses how to
estimate the influence that each of these parameters has on the vaiue
of the {mpact probebility. PFor the purpose of this study, site data
and target ares have been assumed as discussed. However, actual crash
rates per mile are used.

AARRRRRARANR
Offsite Hazards: - Areraft Crash
Type of Yiodel:! Probabilistic
Authors: st Solomon, K. A.
Title: Lhooisev Fetimate of the Probability that an Adrcraft will
B Impact the PVNGS
Referencea: ... NUS Corporation, NUS-1416, June 1975

Brief Descriptions .

Offelte Haser

Brief Description:’

The probadility that sn atrcraft (Lf any size) will impact the PVNGS is
estimated to be less than 6.0 x 107" per year. This estimate is based
on conservative input assumptions and can be consifdered an upper
bound., . This estimate does not represent the probability of having a
major accident at PVNGS, but, rather, can be considered to represent
the probability of all types of postulated aircraft accidents into the
PYNGS (including a postulated atrike from a small aircraft snd a
postulated glancing angle strike of a large aircraft)., The probability
that a DC-10 (largest aircraft expected in the ﬂfcinity) will directly
fapact the PYNGS is estimated at less than 10 per year. Previocus
site experience has required containment construction to withstand
direct aircraft fapact when the yearly prodbability of direct impact by
an aircraft sufffcient in size to cause damage has been estinated to

range b!t!!ln‘10'6 and 10-7 ©r greater.

WhahbRAhhhan

.Atreraft Crash

Type of MNodel Probabilistic

Authorst . Bolomon, K. A., Okrent, D.

Title: : Alrplane Crash Risk to Cround Population
Refsrances Tmzard Pravention Journal, Vol [E. No 3, January-

February 1975

‘This peper. is''a susmary of the methods, wodels, and results contained
in tho _report. UCLA-Bn|-742& of the same nama, dated March, 1974.

ARRNARAARAARR
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Offeite Ha:ardl:"j'f Aircraft Crash

Type of Models: . - Probabilistic

Authors: ©.. " Solomon, K, A., Erdmann, R. C., Hicks, T. E.,
'_'A“g_f" Okrent, D.

Title: Q*“*';i‘= Airplane Crash Risks to Cround Population

Reference: UCLA-Eng-7424, March 1974

Brief Description:

Analysis of nat13n11 aircraft accident statistics yielded an average
value of 4 x 1077 as the probability, per square mile, per operation,
of & crash within a five mfle radius of Los Angeles International
Afrport (LAX) and Hollywood-Burbank Airport. Taking into account the
annual 1}r traffic at each results in average values of 1.6 x 1077 and
4 x 107" for the probabilities, per square mile, per year, of a crash
averaged over the five m{le radifel region for LAX and Hollywood-
Burbank, respectively.

Using these crash probabilities and considering both resident and
transient populations, estimates of expected annual mortalities were
0.8 fatalities per year, per 80 square miles around LAX and 0.5
fatalities per year, per 80 square miles around Hollywood-Burbank
Airport, (this 80 square mile region corresponds to about a S5 mile
radius around the airport).

The study {dentiffed nine sites in the vicinity of LAX at which large
numbers of people are frequently brought together. Maximum occupancies
varied from several  Thundred to many thousands of persons.
Probabilities of accidental afrcraft &rpact while oigupled. per year,
per target site, varied from 1.6 x 107 to 3.5 x 107", Three of these
sites were large sports faci{lities. Analysis for one of thenm,
Hollywood Park Race Track, {s presented later in detail since {ts
period of greatest occupsncy corresponda with the time of maximuz crash
probabilities (80X of air crashes occur during daylight hours). The
prognbiltty of an aircraft iampact on the facility is estimated as 6.6 x

per year. The probability that such an acctident will occur while
the facility &s occupied 4is estinsted as 1,3 x 10°% per year. The
probability that such an accident gill occur while the facility is
occupied 1ias estizated as 1.3 x 107 Maximum mortalities, based on
capacity occupancy of 50,000 people and a hypothetical fmpact by one of
the largest aircraft in :crvice, is estimated as 32,000 people; this {a
a4 wmuch 1lower . probability event than the “average crash®. It 1is
estimsted that the average crash during occupancy would result 4n
5,000-6,000 mortalities.

Twenty-fiva eites of frequent high occupancy 4n the vicinity of
Hollywood~Burbank Afrport were identified and investigated. Haximum
occupancies vary from 4350 to 5000 perlon? Probahnl;iu of impact
vhile site 1s occupled vary from 2.8 x 107/ to 4.0 x 107° per year, per
target |1tl."

The valucs derived are, of course, subject to an element of
uncertainty. - Assumning a Gaussian Dietribution of aircraft crash
probabilities, the 90X confidence bounda are crudely estimates as 120X
of the stated valyes,

LI
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Alrecrafr Crash, Flood, Explosions
Survey
Stevenson, J. D.

Offlltc_

Author: 3
14

Title: Current Summary of International Extreme’ Aad

Design Requirements for Nuclear Power Planty Facilities
Reference Nucfear Eng{neering and Design 60 (1380) 1§-§®
Brief Description

This papar givcu a sunnary of extreme load design criteria within any
national .- jurisdiction as applied to nuclear power plant design.
Extreme loads are defined as those losds having probability of
occurence . less than 107 "/yr and where occurence could result fin
radioclogical  consequences 1in excess of those permitted by national
health standards. The apecific loads considered include earthquake,
tornado, airplane crash, explosion.

AAARRRARRANR
Offsite Hazards . Combination
Type of Model: © Survey
Author: ;07 70 . Stevenson, J. D.
Title: 4 i . Survey of Extreme load Design Regulatcry Agency
-“Eﬁ13ﬁ3,. Licensing Requirements for Nuclear Power Plants
Referencet . . Nuclear Engineering and Deslgn 37 (19/6) 3-22

Brief Duacriptions

This paper presents the results of a survey made of naticnal atomic
energy regulatory agencies and major nuclear steam supply design
agencies, which requested a summary of current licensing criteria
associated with earthquake, tornsdo, flood, aircraft crash, and
accident (pipe brelk) loads applicable within the various national
Jurisdictions. ' Also presented are a number of comparisons of
differences in natlonal regulatory crireria. No evaluations asre made.

ki

Airéraf: Crash
Deterninistic

Offaite Ha:‘i [
Type of Model:

Authors: viti, G., Olivieri, M., and fravi, 9.
Title: nuvolqpnent of Nonwlin@nr Floor Rn_ponoo ctru
Reference: lNuclenr Enginearing «nd Design 63_11981)

Brief Description :
The paper; ‘presented a computational scheme for nonlinear floor response
using - ‘ani 1deal elastoplastic single degree of f¢
X dcvclopcd ‘numericsl procedure applied to the caca.éﬁ;
impact.iofa: missile on the integrated Reactor-Auxiliary+§
of a BHR lek III nuclear power plant. The results 1ndiﬂ

-eisnic‘ onditlons.
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Offsite Razard

Type of Hodel:  Probabilistic

Authors: - " Wall, 1. B,

Title: “ Probabilistic_Assessaent of Risk for Reactor Design
‘ -and Siting B

Reference: . ‘-Trlnsactionl Anerican Nuclelr Society 12: 169, 1969

Erief Dnlcrtptlon

This paper outlinen a wmethod of formal assessment of risk, thereby
perulttlng & rational approach to safety design and siting of power
reactors. . The semount and allocation of investment among engineered
lafcgunrdl in properly estimated by (1) a probabilistic assesvaent of
initiating events, e.g., earthquakes, mechanical failure, operator
crror._co-binod_'lth {2) & reliability snalysis of the whols reactor
systen "leading " to @ complementary cumulative probability density
function:of fission product rvelease, and (3) an assessnent of the
probubll!ty ‘density function of damage given any radloactive release.
" latter - aspect depends upon the site meteorology and local
deuography.*fj
ARARRAAARRAN
Offaite Hazavd - Alreraft Crash
“-Probabilistic

Type of Hodull

Author ! “.11. 1. B. .

Title: Probabilistic Assessment of AMrcraft Rilk for Nuclear
Power Plante

Reference: Nuclear Safety, 15(3): 276-284, Hny-Juna, 1974

Brief D!lcriptiont

The risk to the public from an aircraft striking a nuclear power plant
has been evaluated in g quantified manner. Alrcraft accident data have
been analyzed to estimate the probability of an aircraft ltrikins a
typical  nuclear power plant at sites adjacent to and remote} from an
airports::. In the event that an aircraft strikes a building, th. region
of {mpact 1s generally restricted to a local component. Two fmodes of
significant demage are delineated: (1) pertoration and (2) local
collapses .. Methods have been daveloped to estimate the cohditional
probadilities of such etructural damage given an aircraft strike and
probability valunes calculated for a representative structured Actual
risk to the public (probsbility vs. radicactive~release magni ude) may
be estimated from a classification of critical safety compohents by

their structural protection and the likely relesse nagnituddi {n the
event  of  their dasage. All foresesdble relesses  eith cause
fneignificant offsite dosa or, for most sites, are associated §ith very

low probabflitfes. A brief evalu:st:on shows that fire upon fmpact ts
not a sigaificant incroment of risk. Comparison of these Fisks to
socislly acceptable risk levels shows that reactor sites beyond'S niles
from an : alirport or away from a bdusy air corridor sHould be
accnptnbl.. Other potantial sites need individual exanination® and, in
aome cunel, hlrdeulng of the structure may be necessary.

ARARRARAARRR
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Offsite Hazards: ;“Aircraft Crash

Type of Model: “ Deterministic

Authors: © - Wolf, J. P., Bucher, K, M., and Skrikerud, P.E.
Title: "~ Response of Equipment to Aircraft Impact
Reference! ¥ Nuclear Engineering and Deeign 47 (1978) 169-193

Brief Description:

This paper discusses the state—of-the-art of the development of
equivalent force~time relationships for aircraft impact, the results of
the so-caslled Riers model and of a lumped-mass model are compared for
rigid and deformable targeta. A typicel .esponse spectrum shows that
the airplane ec¢rash 1is dominant in the high-frequency range when
compared to the effect of an 554, It also examined the effect of the
ajircraft-structure iIntevaction, of the material nonlinearity, of the
damping ard of the mass distribution on the response of equipment.

ARRAARRARRNAR
Offaite Haszards: Alxcrafs, Crash
Type of Mudel: Deterministic
Authors: Waolf, J. P, and Skrikerud, P. E.
Title: Collapse of Chimney Caused by Earthquake or by

Afrcraft Impingemeat with Subsejuent Impact on Reactor

Building

Reference: Nuclear Engineering and Desfgn 51 (1979) 453-472

Brief Description:
Th: paper presented & numerical analysis of typical chimney stack of a
nuclear power plant subjected to earthquake and impact loads.
Convected coordinate finite elewment methods were used. Force-time
curves of the aircraft impinging on the chimney were derived. The
subsequent impact of the chimney on the reector bullding {is also

atudied.
ARAARS ARANAR
Offsite Hazards: Alrcraft Crash
Type of Models: Deterniniscic
Authore: Zerna, W., Schnellenbach, G., snd Stangenberg, F.
Title: Optimized Raisforcement of Nuclear Power Plant
Structures for Aircraft Inpact Forces
Reference: Nuclear Engineering and Design 37 (1976) 313-320

Brief Description:
This paper deals with the development concerning the reinforcement of
nuclear pover plant structures for protection against afrcraft
impact. Reinforcements with high-tensile bars, with tensile cables,
and with steel fiders in connection with cables are considered. Steel
fibers and cables aseem to enable new design for afrcraft-iampact
resistent structures.
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Offsite Hazavds: Alrcraft Crash

Type of Model: Determintiatic

Authors: Zimmermann, TH., Redora, B., and Rodriguez, C.
Title: Alrcraft lmpact on Reinforced Concrete Shells:

Influence of Material Nonlinearities on Equipment
Response Spectra
Reference: Computers and Structures 13, pp 263-274, 1981
Brief Description: '
The paper investigastes the effects of wmaterial non~linearties on
equipaent response spectra fcr the impact of a Boeing 707-320 on the
secondary containment of a EWR resctor. A finite element model taking
into account concrete cracking and crushing and steel yielding fis used
far the analysis. The results 1indicated that no reduction of the
response spectra due to material non-linearity in the impact zcne.
However, comparison of the non-linear versus linear displacement time-
historeles show a significant increase in the vertical displacement in
the impact zone, which fades out rapidly away from the impact point.
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