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Probabilistic Assessment of Aircraft Risk
for Nuclear Power Plants

By Ian B. Wall”

&stract: The risk to the public flom an aircraft strikin~ a

nuclear POwer plon t has been e valuoted in a qua. tified nnner.

Aircraft acciden 1 &t. have ken analyzed to estimate the

probability of an oircruft sttikin~ o Opical nucieur power plant

at sites adjace” t to and mm OZ. from on aiwrt. In the e v.. t

that on aimraft sm’kes o building, the resion of impact is

Xenerally restricted to u /@al component, ~o modes of

d~ificanr damage are delineated: (1) perforation a“d (2) Imal

collapse, Methods have been developed to escimute the

condin’onal probabilities of such srrutural damage n.wn an

aixraft strike and probabiliw values calculated for o repre-

senrative strut tire, Actual n’sk to the PUbiic (pro bability VS.

rodioa.rive.releose ma~itide) my be esrimated porn a clossi.

ficarion of critical Safew components bJ their srmcmrnl
pmtectiofi ond the likely releose mo~imde i“ the event of

their damage. All foreseeable releases either cause insiflificon 1

Off.Site dose or, for most sites, are associated with ucv low
probabilities. A bn’ef evaluation shows that em upn impacl is

Hot a siflificon r increme” t of risk, Comparison of these risks

to $wially acceptable n’sk levels shows that reactor sites

beyond 5 miles from an aivort or away from a busy air
corridor should be mceptoblc, Other pore. rial sites need

individual examination, and, in some cases, hardening of the

srmcmre mq be necessay.
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The basic objective in the safety assesment of nuclear
power plants is to reduce the risk to the public to an
acceptable level by the judicious application of the
finite resources that are avzilable. fiis objective
requires (1) that each haard be placed in perspective

so that resources can be allocated for m overall
balanced desi~, (2) uniform criteria for different sites,

and (3) a socioeconomic judgment of acceptable risks.
The problem is truly m allocation of resources and, as
such, falls in the conceptual frmework of applied

decision malysis.l The tool for acketing the above.
mentioned objectives is the pcobabflistic as~ssment of
each event or system; probability is concerned with
consistent action in the face of uncertainty.

Several people ,-3 have analyzed current sOcietal

risks to establish the masnitude of acceptable risks.

Their conclusions suggest that probabilities of less than
10-6 to 10-7 per year are acceptable to an individual
almost regardless of the nature of the risk, wherein, for

small radioactive releases (no si~ificmt off.site dew),
probabilities of less than 104 to 10+ Pr reactor-Year
are acceptable. By a statistical analysis of meteorology
and consideration of population densities, such proba-
bilities can be translated into acceptable frequency of
release vs. magnitude of release of fission products.
Such a limit line, advocated by Farmer” and WW ? is
one convenient method for assessing the safety of

nuclear power plants. To implement the methodl “4
requires that dl potential accidents, includtig aircraft

strikes, be systematically analyzed to determine their
probabilities and associated fission. product-release
magnitudes; the combination is compared to the limit
line.
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The risk associated with an aircraft striking a
nuclear power plant is particularly amenable to prob.
abilistic assessment. The probability of an aircraft
strike has been estimated for many sites.6 “a The

analysis given in the following section is for an average
site within the United States; i.e., the total number of
aircraft crashes is assumed uniformly distributed over

all airports.9 If an aircraft strikes a building, either the
whole butiding or only the locdl component may
respond. Conservation of momentum can readily show
that the reactor.building response would be less than
that from an operating-basis earthquake; therefore it is

10 Th”~ d~~~gctoSpeCifiC Structural cam.negligible,

ponents is of importance.

Three modes of structural damage to a local
component can be identified if an aircraft strikes the
reactor building. The first is characterized as the
perforation mode, where the aircraft engine perforates
the structural component upon impact.

The second type is caused by a collapse mode,
where the structural member yields considerably at dl
rest raints, In this mode of damage, the structural

compnent loses all its integrity, and the falling debris
from the aircraft or structure may enter the building.
In this article, aircraft missles are first characterized
and frequency distributions generated for weight,
velocity, etc., of potential missties. Subsequent sections

delineate methods of assessing the condition proba-
bility for each of these modes of structural damage,
using, as an example, an 18-in..thick reinforced.
concrete side wall of a typical boiling-water reactor
(BWR).

The third type of damage is the cracking mode,
which mdy be determhed from an elastic analysis. A

study9 has shown that this mode is more probable than
~rforation and collapse. However, cracking wfll not

cause extensive deformation, and my equipment inside
the structure is unharmed. Thus results based upon
elastic behavior would be unduly conservative with
respect to estimating risks from aircraft projectiles.

This mode is not discussed in this article.
Risk to the public is associated with the release of

fission products to the environment becau= of damage
to a critical safety component, From a classification of
critical safety components by their structural protec-
tion and likely release magnitude in the event of their
damage, three representative cases are analyzed later in
tfds article to estimate probability vs. fission-product-
release magnitude. The probability of release is the
probability of a strike times the condition probability

of structural damage, Since the consequences of an
aircraft crash might be amplified by fire, the article

briefly analyzes this potential md concludes that it is
not a si~ificant increment of risk.

me final =ction of this article compares the risk to

the public from the aircraft hzard to the above-
mentioned socially acceptable risks and summarizes a
methodology for assessing any proposed reactor site
with respect to aircraft hazard. When considering risk

assessments, it should be remembered that the concern

is with decision making for reactor design and siting
and not detaifed design. Delineation between signifi.
cant and trivial hazards only requires estimates of the
probability and consequences withti a factor of 10.

Risk assessment is an aid and not the find a~bite~ in
safety design.

PROBABILITY OF

AN AIRCRAFT STRIKE

Civil-aircraft accident data within the United States

are published annually, 11 and military accident data
are ~I~o ~vai]ab)e, 12.] 3 Analysis suggests that militarY

crash frequency is comparable with that of air car-
~ierS,l 4 The later “bsewations are equally applicable tO

both civil and military data. The civilian data are
principally categorized into air-carrier operations and

general aviation, but the more useful breakdown for
risk analysis is by aircraft weight with a division at
12,500 lb. Perusal of the briefs for air.carrier accidents
suggests that only accidents causing fatalities are
significant with respect to an aircraft striking a
building. Indeed, there is a strong correlation between
accidents involving fatalities and those destroying the

tircraft, and it is difficult to conceive of a“ aircraft
striking a building without destruction and fatalities.
Tbe same conclusion seems reasonable for general

aviation. For this reason, only fatal accidents are used
to estimate the strike probabilities. Further statistical
breakdowns’ 1 show that “collision with building” was
the initial cau% for only a small fraction of fatal

accidents. Therefore the use of all fatal accidents is
probably conservatively high with respect to aircraft

risk. The aircraft accidents are also classified with
respect to the proximity of the tirport, i.e., those
occurring within and beyond a 5.mile radius.1 ‘ Acci.
dents on the airfield were excluded from the data.

To estimate the probability of an aircraft striking a
nuclear power plant requires that the shadow areas of
the reactor and turbine buildings and the switchyard be
estimated. It is usually conservatively assumed that the

tircr aft has a strike an@e of 10° above the horiz(>ntal.
The shadow area for a typical BWR, including turbine
building and switchyard, is esti,nated to be 0.137
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sq !niie, and the estimated number of operating tir-
ports within the United States is Y200. From these

estitnates and an analysis of civil-aircraft accident data
over several years through 1968, the probability of an

aircraft striking some part of a nuclear power plant has
been Caicukdted and is su,nll>arized in Tdble 1.

Table 1 Probability of an Aircraft Striking a
Nuclear Power Plant per Yew*

b-tion of phnt

Akwaft tize. Bev.”d 5 miles Within 5 miles
Ih if auportt -f auport

Sr”all, <12,500 1,4 x 10-~ 3.3 x 10-’
Large, >12,500 4.6 x 10-7 1,1 x 10-6

*Prc,babiUty of striking specific critical .afety equip
r“cnt is estimated t“ be 17. of stated values.

tExcludes any consideration of air corridors.

~ree observations should be noted about the

strike probabilities shown in Table 1. First, the values
are average throughout the United States, and specific
sites w<>uldhave different probabilities depending upon
their proxitnity tu specific airports and traffic cor~i.
dors. For exarllple, only a fraction of the airports are
probably capable of handling large aircraft. If this

fr~ction is 10%, the average probability of a large

tircraft striking a plant site within 5 miles of such an

airport would be increased to 1.1 x 10-5 per year. The
retaining tirports could be classified as beyond 5 miles
and as having a strike prob~bility of approximately
4.6 x 10-7 per year for l~rge aircraft. Similarly a

reactor site under a busy air c,~rridor could have tighe~
probabilities than those stated in Table 1. Each pro.
posed reactor site should be examined on its own
merits.

Secotld, the quoted strike pr(>bability near an
airport is an average value over a 5-trifle radius, A nlore
detailed examination shows that the strike probability
varies approxi!nately as 1Irz, where r is the distatlce
fr<)m the airpc,rt; i.e., the strike probability for a plant
located 74 rllile from an airport is about 60 titnes the

average value, and the probability at 5 miles is about
equal to the value quoted for beyond 5 tndes. Further,
Il)ust crashes occur within two 60” arcs about the

ccl]ter Iirlc at each end of the run.aay.’ a If we

conservatively assumed that all accidents occurred
within these 120”, the strike probability for a react<~r

site within these arcs would be tripled.
Third, the qu<~tcd strike prc]babilities are conserva.

tive estilnates for the entire nuclear power plant,
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including reactor and turbine buildings and switchyard.
The probability of striking a specific area containing

critical equipment (e.g., control-rod-drive hydraulics)
would be Substanttid]ly lower, and so an approximate
figure is estimated as follows. me relative target areas
of the reactor building, turbine building, and switch.

yard are 0.68,0.19, and 0.13, respectively. Typically, a
critical piece of equipment is located on one side of a
building and would only be vulnerable to aircv~ft
comtig from a specific quadrant, a factor of 0.25.
Further, a typical piece of equipment occupies only
about 5% of a wall. ~erefore the probability of
striking a wall area opposite specific equip!nent is
about 17. (If the strike pro bdbilities of an aircraft
striking tbe plant.

The validity of using past statistical data for
aircraft crashes to estimate a future probability of an
aircrdft striking a nuclear power plant should be
evaluated. The absolute number of air-carrier crashes in

the United States, both total and fatal, has re,nained
fairly constant over the past decade despite a huge

increase iI1 annual aircraft movements. Accordingly
most analyses assunle that future increases in air traffic
wiO be offset by impr”ved flight safety, a“d the
above.mentioned extrapolatiotl is justified. This as-

sulnption should be examined for each potential

reactor site,

CHARACTER ISTICS OF STRIKING

AIRCRAFT PROJECTILES

The conditional probabilities of perforation or
collapse of a structural component are functions of
aircraft characteristics and speed. Frequency distribu.
tivns for aircraft speed and weight, engine weight, and
effective diameter may be generated from the annual

census of U. S. civil aircraft,’s A distinction should be
anade between site I(>cations, within and beyond

5 nliles OCaI1 airport, with respect to probable aircraft
speed. Within 5 ]niles of an airport, an aircraft is likely

to be landing or t~king off. For the purpose of tbe

following analysis, a typical speed of 140% of stall was
assumed if no other data were available. Away from an
airport an aircraft is most likely to be cruising at 7570
power, but other possible speeds are 140% of stall (if in

trouble) or tnaximuln speed. For small aircraft, fre.

quency distributions of 0.25, 0.5, and 0.25 were

assu]ned for 1407. of stall, 7s% of power, and
mdxitnunl speed, respectively, L~rge aircraft, predo!n-
itlantly air carriers, were assulned to be at cruising
speed, With these additional assumptions, four fre.
quency distributions were generated for small and large
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aircraft striking within and beyond 5 miles of an
airport. Mure detail of analysis and the results are
included in Ref. 9. The data are allnost log nortnally

distributed, and this fact was used in the subsequent
andlysis for the collapse Illode ofdatl] age.

The strike probabilities in Table 1 and tbe pre-
ceding characteristics include both single.engine and
tnultiengine aircraft. For the following structural analy-
ses, it is assumed that the engine is the only part of the
aircraft that c)ffers enough impact to the structure to
cause damage, Other parts of the aircraft, such as wings
and fuselage, offer less resistance and are assumed to
break up upon irllpact. This assumption is reasonable
for single.engine sIIIall airplanes. For two.engine srllall

airplanes, two p(]ints of impact have to be considered,
but it is assumed that two engines are Carenough apart

that the solution <>btailled for one engine sholdd be
reasonable. However, for larger aircv~ft, the fuselage

also offers a great resistance to crushing under ilnpact.
In this study, for the purposes c~f cotllputation of
per foratio!l thicktless, the engine weight (,nly is used. It

is believed that the thickness obtained using the

characteristics (If the engine gives rn<]re conservative
results than that obtained by using the characteristics

of the fuselage. For the collapse-nlode calculatiojl, the
engine weight is increased hy a factor to accout~t for

the portion (>f the body weight associated with the
engine.

The potential for large aircraft ti, carry he~vy
non deformable cargo should be considered. It is argued

that air freight is nut nortnally heaW capital cquiptllent
but rather light c~r perisbab!e goods and furthcc that

the frdction of air.carrier movements associated with
such shipments are small. In tiew of the already
marginally significant strike probabilities, these consid-
erations suggest that air freight does not pose a
si~ificant increment c>frisk.

PERFORATION MODE OF DAMAGE

Any discussion (~f the impact of pr(>jectiles on

concrete t~lakes it esscntiil to define penetration,
perforation, and scabbing. Penetration depth is used
for the depth to which a projectile enters a Inassive
concrete target without passing through it. No evidence
of bulging or rupture of the target on the btick side can
be observed. Thus penetration depth isit,dependentof

the thickness of the target, and penetration per se
would not damage critical equipment, Thetermperfo-
rati”n thick~ess is “seal specifically when the projectile

just passes through the target cumpietely; i.e., the exit
velocity of the projectile after passing through the

target is zero. The term scabbing thickness is used
when the material on the back side of the target just

begins tt~ fall off. Thus, with respect t{] risk f~”m
external missiles, the critical thickness of target is
ilnplicitly associated with the perforation and scabbing
thicknesses.

An analytical forrnulatiorl of the problem of
aircraft impact and perforation to determine the
necessary thickness of concrete to protect the equip.
rllent itlside the structure is difficult and impractical.
Thus all the available forlnulas describing penetration
phenomena are etnpirical and are based on experi-

lnental data. As such, these e!npirical forlnulas are walid
only within the ranges of the variables for which the

experimental data are available. Many of theempi~ ical
forlnulas are based c~nexperi!nents, conducted during
World Wa~II, in which bullets and bombs struck

rein forced. cuncrete target slabs. Tbe range of variables
enc<~untered in tbe prc)ble”l c>f aircraft impact is, in

general, different fro!n the range ofvariables for which
the experilnents were conducted. Since no further data

are available, the available for~n”las have often been
used in anutnber of studies without lnc~dificat ion, thus

x)!netitlles leading to very unreasonable results.

Chelapatiet al.9 studied the available empirical for,nu.
las and developed a ,lew one for pcrf<~rdtio!l which

appears to have a greater rallge of applicati”” a,ld t“
give tnore reasc>nable estimates f,~r aircraft projectiles.
Their article cc>rllpares all fc>rr””las and presents a
~ationale fur their select i”rl. Recom!nended forlnulas

for penetration? depth and perfor~tic]l> thickness are
given ill the reference.

Thec(lnditi<>rlal probability of theperforation ofa
given thickness (If reinforced concrete was esti!llated
by a simple Monte Carlo technique. Frequency distri.
butions were assigned t“ each ~?laj”r variable in the
perforation f[>rtl?ula, and, by a randolll sarllpling for
each parameter, aperforatiun thicktless was calculated.

From 10,000 trials, the cotnpletnentary cu{nulative
distribution functiorl for perforation thickness was
generated foreachcategury ofstriking aircraft.

The frequency distribution for the compressive
strength c)f cotlcrete was derived frotn field llleasure-
tnents at a plant site. The paranleters f(>r the lnissile
were chosen as representative “f aircraft engi”es, ”sing
the daPa described itl the previous section; interdepen.
dence was properly considered. Uncertainty in the

e!npirical f~rmulation wasil?trc,duced. The selection (>f
frequency distributions and the assigtlrnent (]fnulner.
ical values f<>reach pardrneter are described in Ref. c~,

The probabilities of a strike, the conditional
pr<>babilities of perfc)rati(ln givetl a strike, and the
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absolute probabilities of perforation are summarized in
Table 2 as a function of plant location and thickness of
reinforced concrete. It can be seen that the absolute
probability of perforation of an 18.in ..thick rein-
forced-concrete wall is 6 x 107 per year for a site
within 5 miles of an airport md 10-6 per year for other

sites. Similarly, for a 6-ft-thick wall, the absolute
probability of perforation is zero for sites local to an
airport and 1.5 x IOY per year for sites beyond 5
miles.

Three observations should be made about these

estilnat es. First, it was conservatively assulned that the

nlissile struck the wdl perpendicularly. The penetra-
tion depthl 6 is sharply reduced by oblique im.

pact; e.g., impact at 30” froln the perpendicuhr would
reduce the penetration depth by approximately 427.
for projectiles with velocities in the mnge 1000 to
2000 ft/sec. As tbe angle of impact is increased,

richochet Iway occur.

Second, the perforation probabilities are associated
with the missile just passing through the wall; i.e., exit
velocity is zero, Hc~wever, it should be noted that even
a slight reductic)n of wall thickness, sdy 107., results in
a residual velocity of shnost 40Y. of the striking
velocity.’ 7‘ a

Third, the strike probabilities are average values for
the whole plant, *nd all absolute probabilities should

be tnultiplied by approximately 0.01 to obtain the
probability of perforating a wall opposite specific
equipment.

One of the auxiliaW benefits of a probabilistic
approach to safety is the ranking of para,neters with
respect to thei~ cwtribution tu the overall uncertainty.

Frotn t~s information, the ~allle of refining a s~cific

parameter (i.e., reducing the uncertainty) by additional
experiments, etc., rndy be assessed. The relative cuntri.

bution of edch parameter in the empirical equation f“r

perforation thickess was estimated by the propagation
of ~rrorS;l 9 the interdependence Of Silme parameters

was properly incorporated. For the case of stmdll
aircraft ~nd plants located witfdn 5 miles of an airport,
the uncertainty in the projectde description (i.e., size,
weight, and speed) contributes about YOYoof the

overall uncertainty. The other variables (concrete
strength, nose shape, *nd the empirical relation)
co)ltribute 2.3, 2.7, and 4,4Y0, respectively. For the
other aircraft sizes and plant locations, the projectile

uncertainty is even tnore donlinant. Therefore it is
evident thdt further experiments to refine the per fora.
tion formula would not significantly reduce the overall
uncertainty in the probability of breaching a given wal.
thickness for a given category of aircraft; hence they
are not economically justified.

COLLAPSE MODE OF DAMAGE

This section is concerned with estimating the
conditional probability of collapse for the typical
rein fc>rced.concrete wall panel described bel”w. The
analysis is described in detail ill Ref. 9. The original
purpose of the work was twofold, consisting first of
predicting the conditional probability of wall. panel

collapse and second c>f illustrating the use of simple
probabilistic techniques to account for the uncertain.

ties associated with the prediction.

From an examinatic>n of the plans of a typical
BWR building, the Iongitudind side wdll of the t(]p
fluor was asses%d tc> be the must vulnerable struc-
turally, Theside wall consists ufaseries ofpanels,24.5
by 24 ft cen;<r to center. The thickness of the wall is
18 in., with reinforcement of No, Ybarsat Y in. center
to center running In ““,,, “,recclonson both sides of
the slab. Structurally the wall is continuous over the

colulnns and the flc)ors and is jnoni)lithic with the r(~of.

Table2 hobabifities of Per foration asa Function of Phnt Lo~tion
and Conmete Thichess

Ph.t I.mtion Robabitity W.babifity of perforation (conditional; abwl”te).

from .Uport, haaft for tbe intimted tbichess of rehforcd conaeteof stiike
mites type pm yea I ft 1.5 ft 2 ft 6 ft

<5 small 3,3 x 10-$ 0.003;1 .10-’ 0 0 0
Lxge 1,1 x 10-6 0.96;1 x 10-’ 0,52; 5,7 x 10- 0.28; 3.1 x 10-’ 0
Total 3.4X 10-’ 1 X10-6 6X 10-7 3X 10-~ o

>s small 1.4X 10-$ 0.28; 3.9, 10-6 0.06; 8.4 x 101 0.01 ;1.4. 10-1 0
Large 2.6X 10-7 1.0;4 ,6. 10-7 t.O; 4.6x 10-7 0,84; 3,9. 10-7 0.32; 1.5x 10-7
T“tal 1.4 .10-5 4X 10-6 1 x 10-6 5X1 O-7 1.5. 10-~

*Multiply all absolute values by 0.01 f“, da”age prohab~h ties for specif~c cquipme,, t
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As an illustrative example, one panel was analyzed.
Since it was assessed to be the most vulnerable, the
estimated probabilities of collapse of this panel should
be greater than those for other portions of the reactor
building.

h energy balance technique is used to determine
the factor of safety against a flexural failure of the
single wall panel. The factor of safety is defined as the
ratio of the strain.energy capacity of the individual
wdl panel to the kinetic energy absorbed by the wall

panel as a result of aircraft impact. Probability density
functions are estimated for the strain-energy capacity

and the absorbed kinetic energy from which a proba.
bflitydensity function is deterlnined for the factor of

safety, The probability of flexural failure of a wall

panel is equivalent to the probability of the factor of
safety being less than unity.

The strain.energy capacity for the individual wall

panel is assumed to be the nonelastic strain energy

occurring along lines of yielding on the slab since the
elastic strain energy occurring prior to yielding is
negligible. A yield-fine pattern is determined for any
impact location on the slab as shown in Fig. 1. As the
assumed impact location P. is mc)ved, the positions and
lengths of individual line segments alter, but the overall
pattern of yield line, denoted by m+ and m-, relwains
unchanged. The moment and rotational capacities are
evaluated for the slab. If we assu!ne a moment.

curvature model of rigid plastic9 f(>r the bebavior of
the wall panel along the yield lines, the nonelastic
strain-energy capacity per unit length of yield line is
tbe product of the moment capacity per unit length

times the rotational capacity. The total nonelastic

strain-energy capacity is then equal to the product of
the nonelastic strain energy per unit length times the

Fig. 1 Approximate yield pattern for concen-tti Ioti on
recta”flti dab with =strtined dges.

total length of the critical yield lines. The e{lgirlc
striking location and thus the critical yield pattcrll and
the tnoment and rotatiotlal capacities are all treated as

random variables, and the rnediatl *nd starldard-

deviation values are evaluated fc]r each.
In contrast to the Monte Carlo procedure for the

per fc>ration probability, a manual analysis was used 10
cdlcul ate the probability of collapse. III the calcu la-
tit~ns, several varhbles arc in the furtn of products <>r
quotients. If each variable is assumed to be distributed
log normally, the distribution for a fullc[it>rl of
products or quotients of such variables may be sinlply
derived. For small coefficients of wartiations, the differ-
ence between log-normal and norjnal distribution is not

very significant except in the case of very h)w
probabilities. By assuming a Iogtlormal distribution
and assigning a Inedban and h)garithlnic statldard
deviati(>n t<> each variable, the mcdti~n, Ic)garithnlic

stankard dcviati<~n, and 9ffh cc~nfidence interval lc>rthe
factor of safety may be colnputcd. The actual assigr]-
rnents are stated in Ref. Y. The Iog-nortwdl distribution

is often used in civil.engineering applications.z 0

The results uf this analysis for the categories of

aircraft size and site pr(]xirnity to all airport arc
summarb~ed in Table 3, We cdn see that the conditi”I1al

pr,>babifity “f c“llapse for the 18-in ..thick wall used as

all example is practically zer<) f(>r s!nall aircraf’t arid is
tllure than 507” for Iargcr aircraft. The prt}bability

values arc curllparable tc> those for the per forati<)n
mode of c(dlapse. There is no silnple extrapolation f<~r

thicker structures, since the probability uf local c,)I.
lapse is a futlction of geometry atld rein f(~rcetnent as

well as concrete thickness.

The probabilistic analysis gives some insight int”
the utlcertainty <>flhc analysis. The rnedb~ll fact”r “f
safety itlforlnat ion f(~r local Oexural failure of a wdll
panel and also its 9W&confidence interval are shown irl

Table 3. We should note the very large spread between
the lower and upper bounds of this interval. Irl all

cases, the upper bound on the factor of safety is at
least 50 times greater thdn the lower bound, which
suggests considerable uncertainty in the factor of
safety against a local flexural mode of wall failure.
Most of the uncertainty stellls from the large range in
the effective aircraft kinetic energy applied t<, the wall
at ilnpact and is nc~t due to uncertainties concernitlg
the structural behavior of the wall. The only way to

significantly reduce the size of the 9wA confidence
interval for the safety fact<>r is to specify a much larger
number of classes f<lr the impacting aircr~f’t s(] that

rach class has a much sjnaller ra}lge of aircraft weight,
engine weight, and aircv~ft veh~cities. Basically the

NUCLEAR SAFETY, Vol. 15, No. 3, May–J””e 1974
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Tabk 3 Median Factor of Safety and Conditioml Probability for Collapw Mode of
Damge of Indvidml Wall Panel (18 in. Thick) Due to Aucraft Crash

Smll au-aft ~ge a~cr.ft

Within 5 miles Bey”nd 5 miles Wtithi” 5 miles Beyond 5 miles

of atipo, t of auport of aupo,t of auport

Median factor of safety 205 78 0,77 0.086

Log stand.rd deviation 1.18 1,37 1.78 2.06

f., factor of sa(ety

90,1 confidence i“terv.1 29 to 1440 8.1 to 750 0.041014,5 0,003 t“ 2,6

for fact”, “f ,,fety

Conditional pr”babifity o 0 56 86

of C“IPAPSC“,”de “f
d.l”age “f wall

“a”el. %

analytical techniques and tnaterial investigations used
in this study are overly precise unless the applied

k>ading is nlore accumtely defined.
In order of influence c)n the uncertainty in the

wfety factor, the other par~meters may be ranked as
fc,llows: strain-ellcrgy capacity per unit length ulyield
line, lack of detailed knc~wledgc about the itl>pact
phelloancna, and yield.line Iailure patterrl as a functic~n
of impact location. Reduction in the utlccrtainty due

to the first two parameters would require substanthl
expcriinclltal data [In plastic behavior of reitlfurced

c<]ncrete atld un aircraft impdcts. Refinements in
estimating the location [If engine itnpact or use uf a
inure exdct segtnen tally linear yield.line pattern to
represent the actual curved pattern arc rlc~lwarranted,
since this pardtlleter cuntribu(cs rlli!]irnuln unccrtaillty.

ASSESSMENT OF CONSEQUENCES

ANO RISK

The consequences of a tnissile striking a nuclear
p(~wer plant were assessed byexarl]ination [>f the plan

and elew~tiotl of a typical 1065 -MW(e) BWR. Each
significa,lt itcrll of equiptnerlt was tabulated with its
localiutl in theplant. itsprotcctio!l (nutllberuffcetof
concrctc) Iroln external rl]issiles, and a brief statement
of consequences 01 its dalnige atld likely fissiorl -
pr<)duct. release magnitude. The prc>babilities of each

stated cc)nsequence are the combination c)f the strike
probabilities <)( Table 1 plus the cc)tlditi(>tlal probabil-

ity c)f perf(]rmarlce <)r local collapse of the protecting
wall as shc)wn iIl Tables 2 and 3. It sht)uld be noted
ttv~t the fc,ll(]willg stated probiibilities include s,)lnc
alh)watlcc fc]r the ratii~ c]f equiptnetlt t<>site area but
arc for average react(>r sites, and SC>tbe obscrvati,)rlsirl

the first secti(]n 01 this article apply. Risk is the
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c,)mbinat ion of probability a!ld release rragllitudc.
Three represe,ltative examples will be corlsidcred.

Mt>st sla!ldby cc)re-cuolitlg equip,nent (e.g., HPCI
turbine and core. spray pump) is located bel<>w grade
with effectively 6 ft of protecti”tl. Da,llagc to an
individual itcnl wuuld impair shutdown capability b“t
would not directly cause a fissiurl. product release.
Although the potential release n~dgnitude is indeter.

lninant, acc(]rding tu Table ?, the probability “f
da!nage is lO* perycarur less.

Other equipment (e.g., reactor cleanup systetII and
resin tanks) has less protection (1 t“ 2 ft ,]fconcrctc),

and the probability of damage is about 10-n perycar”r
less. A typical inventory is a few hundred curies “f
!nostly no,lvola tile s{,lidswbicb are relatively ilnmo bile
and which, evetl if released, would not cause a
significant dose at the site boundary.

The fuel.storage pool is protected by only a steel

superstructure. A conservative assumption would be
that this superstructure affc)rds no pcc)tection, so that

the probability of da!magc equals the strike probdbil.
ities as shown in Table I reduced by the rati” of
reactor building t“ t“tal target area, namely less than
tO-s per year. CJsually a quarter corc<)firradkted-fuel
bu!jdles wc~uld be stored in the pool with an average
c<>(]lil]gperic)d of 60 days. it is estimd ted that 67,500
Ciof8s Kr and 14 Ciof’311111ightb ereleasedifevery
fuel rod wercbrc)ken;$ s”charelcase [w~gnitudew”uld

*Releaw of plenum activity is. ss”med. t:or 8 ~Kr and 131 I

the plcn”m activity is conservatively estimated to be 30Yand
1.2,#, respectively, of the t“v.1 fuel inventory and a co”sems-
tive partition factor of 100 was aptdicd to the 131 lrelea~ .,,

The ,>~1 percentage is l“wcr tl,an the value recur,,”,ended i“
Safety Cuidc25 (Rcf.22) sir,cell\c ”l,;cctive isriskasscssment
rather than dcsig”.
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have a I(IW probability of causing a sigtlificatlt dose at

the site boundary. A mc~re likely eve!lt is that a small

fraction (e.g., 10% of the fl,cl rods) w,],dd be dalragcd,
with a pr(]portionally stnaller release atld cc)nsequence.

CONSIDERATIONS OF POSTACCIDENT

FIRE

The cutlsequences <If arl aircraft impact may be

arllplified by fire after the crash. hl the event that the

structural component is per f(>ratcd, aircraft fuel lnight

enter the building and cause a local fire. In the

preceding secti”n it was assu!lled that the critical

equipment was tc)tally destroyed, and thus a local tire
would not greatly aggravate this sitw~tiotl. A possible

exceptiotl to this cc)nciusiol? would be a crash into the
refueling area dltring a refueling outage, but tbe
combined probability of these twoindepctlde,lt events
is sigrlificantly Iowcr than the prc~babifities stated i,,

Table 1. In the event that the buflding wall is tlut
breached, most fires would dissipate themselves to the
environment and oIIly cause local crdcking of [he

co!lcrete unless fuel was spilled intc) the vcntilati”n
ducts for the c(~ntrol room or other critical areas.
However, as shown below, tbe probability ofs”ch a“
event is less than 17” of the probabilities stated i,l
Table 1. Thus postaccident fires do tl(~t appear to be a
sigtlificant increment of risk.

Analysis of accident datall shows that ab<~ut 30
and 5W0, respectively, t>f the general-aviation atld
air.carrier fatal crashes Ivave postaccident fires. These
ratios can be applied to the probabilities stated in

Table 1 to establish the abs(]lute probabilities c)f fire.
Such estimates arc probdbly conservative since im.
provements in aircraft design, fire. preventi(~n systems,
and fuel technc~h]gy sh””ld reduce the frcquc”cy of
postaccident tires in the future, Exatnination [If air.

craft data suggests that small aircraft typically hold less
than 100gal of fuel withan upper bound t~f400 gal,

whereas the fuel capacity of large aircraft is in the
range of 3000 to 50,000 gal, with a median value of

about 10,000 gai or less.

The probabilities stated in Table 1 are predicated

on a target area of 0.137 sq Infie or 4 x 106 ftz. The
total area of the ventilation openings, which are
effectively pinpi~ints c)n the overall target, is probably

less than 500 ft2. Thus a direct hit is exceedingly

unlikely. A c<)nservdtivc csti!natc of tbc ratio of
significant fire events to the probabilities in Table 1

!may be obtained as f(dk]ws: Fora small aircraft~ crash,

100gal of fuel might affect an arc~of 500 ft2. Thus

the ratio is about 0.3 x 500/4 x 106 or4 x 10-5, For

a large aircraft crash, 10,000 gal of fuel might affect
25,000 ft2, and so theratit} isabout O.5 x 25,000/4x

106, 0r3X 10-3.

SUMMARY

The potential risk fr(~nl aircraft crashes should be
exarllilled for each prc~posed reactor site. This review

article considerssc)llle average data for atypical reactor
building and suggests sc>tlle tllethc) dology from which
getleral guidcli,ics Inay be stated. It is an example “f
the risk. assess{nent apprc~ach to nuclear power-plant

safety.

Cotnparison <>f the risks asscsxd in an earlier
secti<>ll to the socially acceptable probabilities statedin
the begi!lningof this article suggests that a reactor site
beyurld 5 rlliles frulll arl ai~pc~rt is likely t“ be
accept ahlc. Even release lnagllitudes that do not cause

signil?;atlt c)ff-site dose have probabilities of 105 pr
yea] <jr Icss. The indcterlni,lant release ill the event of

cl:lhl>aget,] the ctllcrgetlcy core-coulingsystelll (ECCS)
eqtliplllc!lt has a prc)bability of 10% per year or less.

LltIless there are sotlleexceptio!? alcircumstarlccs (e.g.,
locatiorl u!lder a busy air c(~rridor), no particular

structural analyses arc necessary.
For proposed sites within 5 ,ndes of an airp”rt,

further detailed a!lalysis is desirable otI a site. by.site
basis because the strike prc)b;!bilities could be substan.
tidly higher than the average values reported in
Table l. Since tbctbickncss ofalmosta Ob”ildingwalls
exceeds 18 in., the data [)( Tables 2 and 3 strollgiy
suggest that sjnail aircraft do not present a significant
prubleln except possibly in the case of a steel super.
structure over a fuel. storage PO”I. If the strike proba.
bility for sjnall C)Klarge aircraft cxceedsor is equal to
10+ and 10-6 per year, respectively, the structure and
layout of the builditlgatld the pr<)tcctiun affc)rdcd to

critical equipment should bc cxaillined.

A principal COIICCEI1is that ECCS equipment be
adequately protected eitberby location below grade or
by an adeqllatc thickness of cullcrete, If the strike
probability l<~r large aircraft is significantly greater
than 10+ per year, additional hardening “f the
structure should be cotlsidered. The potential of tire
after an aircraft crash apparently is nut a significant

incretnetlt of risk.

From the inform~tion presented here, it call bc

concluded that the aircraft risk is acceptably low (or

tllost react(>r sites. It is evident fr[>m past safety

analyses 6-8 that the ,I”clear industry and tbe AtOltic
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Ellergy Cc)rntnissi(>n reviews ensure adequate precau-
tio!ls for any proposed site where the aircraft risk
lnight be above average.
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CONFERENCE ON RELIABILITY ANO FAULT-TREE ANALYSIS

The co” fere”cc will be held at the University “f Calif”rnC., Berkeley C&mp.s, Sept. 3–7, 1974. rts

PUIPUSC is to bring forth recent development, in the fields of r~l~~bility and ~~ult-tree ana1ysi3. Models,
concept%, and meth”ds of q“antitati.e analysisi” hotb fields have significant similarities. This conference,
for the first time, will provide ag~ound foz the exchange of ideas .m””gw&ri”us groups that h.ve been

f“llowing independent paths. Sessions will include:
i. I:ault.Tree Co”st,uction.

2. l:ault.Tree Ardlysis.

3, C“here.t Structures #“d C“mbindtorics.

4. Statistical Problems in Relkdbltity and Fault.Tree Aw&lysis.

5. Network Reltiability.
6. C“mputer Rel?&bility.

7. Applications to N“cle.r Power React”rs a“d Other Fields.

The registration fee is $25.00. For further inf”r”v.tie”, contact P. Chatterjee, Operati”ns Rese.rch

Ce”rer, University of Cdlifortia, Berkeley, Calif. 94720, Telephone: (4 15) 6424993.
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