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1. INTRODUCTION

Loads induced by projectile impact against Nuclear Power Plant
(NPP) structures constitute important factors in the reliability analysis
of nuclear installations. These loads may be due to impact of projec-
tiles originated within the NPP, or be caused by external man-made or
naturally occurring events. Thus, projectiles that may require conside-
ration in the safety evaluation of a NPP are listed in Table 1.1.

The first step in the evaluation of a NPP design for protection
against impact loading, in general, is to identify those events that may
be considered credible for a particular site. In connection with
external, man-made events, i.e. items (h) to (k) in Table 1.1, IAEA
Safety Series No. 50-SG-S5 provides a methodology for selecting the
events that need to be considered for the site. It is appropriate to point
out here that, although there is general agreement that events charac-
terized by a very low probability of occurrence should not warrant
further consideration, which readily permits eliminating from the
list of design requirements items such as (c) and (k) in Table 1.1,
there is no concensus on the value of the threshold probability* nor
on the assumptions and methods used to determine it. For these
reasons, other factor such as a national safety policy, may play a role
in the decision process aimed at defining events and their character-
istic parameters, which will constitute the design basis for the plant.

In some cases, even when a given hazard has been positively
identified, it may still be excluded from the need for specific analysis,
if it is shown that its effects are bounded by other design basis event.
For example, if items (a) or (h) are parts of the design basis, then hail,
i.e. item (b), may be excluded. Similarly, when (h) is a design event,
then the requirements for (a) will generally be satisfied.

* Events characterized by an annual probability of occurrence lower than E-07
are normally excluded from the list of design events.
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TABLE 1.1. SUMMARY OF IMPACT LOADING EVENTS

Type Item Description

Naturally occurring, a
external events

b

tornado or wind borne projectiles

hail

meteorites

Man-made internal
events

f

g

drop of heavy items being transported inside the
nuclear power plant

impact induced by pieces of bursted pressure
vessels or piping

turbine failure debris

impact loading induced by failure of cranes,
chimneys, or other structures

Man-made external h
events

i

accidental impact by aircraft or parts thereof

accidental impact by trucks or other vehicles

accidental impact by ships or barges

impact by satellite debris

Note: some of the man-made events may in met be initiated by a natural hazard, such as earthquake, wind
tornado, tsunami, etc., which causes an initial failure, for example a crane, which in tum induces impact
loading in other NPP critical structures. On account ofrheir low probability of occurrence, iems (c) and
(k) are not considered as design basis events.
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In any case, impact loads may become governing factors in the
design of containment buildings, as well as in the dimensioning of
class I structures and, as such, the topic has received widespread
attention in SMiRT Conferences, becoming also subject of special
CEB(1988) and CRD(1990) Reports.The ensuing discussion is partly
based on the above references, as well as on the material collected for
one of the SMiRT 10 Principal Division Lectures (1989).

hi the following, the term target structure will denote the body
subjected to impact by a projectile, regardless of its purpose
or function in the NPP. Moreover, unyielding or rigid target structure
indicates that no perceptible or significant deformation of the
structure occurs under impact. For clarity, the subject has been
divided in four areas:

o determination of interface forces for projectiles impacting against
unyielding structures

o induced vibrations
o penetration, perforation and scabbing
o response determination

2. INTERFACE FORCES IN PROJECTILE IMPACT AGAINST
UNYIELDING STRUCTURES

The problems posed by impact of small projectiles, in which
small refers to the ratio between the projectile mass and the mass of
that part or volume of the target structure affected by the impact, may
be often handled by means of design equations, which allow the
determination of the required thickness to prevent an undesirable
effect, such as perforation, scabbing, or other design parameters. The
approach will be briefly discussed in Section 4.
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In case of large projectiles, on the other hand, it becomes
necessary to perform a dynamic analysis to determine the structural
response. When a highly deformable projectile impacts against a rigid
structure, it is often possible to uncouple the problem, which leads to
a significant reduction ofthe computational effort. Thus, the reaction-
time function at the interface between the projectile and a rigid
surface is first determined. This reaction-time function is next
employed, in an independent analysis, to evaluate the response of the
target structure. The expression used for the interface reaction in
normal impact is:

Fx (t)=Pc [x(t)3 + u[x(t)] V2(t) (2.1)

in which Pc denotes the crushing (plastic) load ofthe projectile, p. its
mass per unit length and V the velocity ofthe rigid, uncrushed portion
ofthe projectile, while x(t) represents the distance from the nose to
the impinging cross-section:

x (t) = Jo V g ) d § (2.2)

Assuming that impact begins at t = 0, the evolution of V (t) may be
obtained numerically by integrating the equation of motion of the
uncrushed portion ofthe projectile. When the target undergoes a
prescribed motion xa (t), the reaction-time function is given by:

Fx(t) = Pc[x(t)-Xa(t)] + ja[x(t)-Xa(t)](V-Xa)2-mdXa (2.3)

in which md is the mass (debris) accumulated at the projectile-target
interface. Eqs. (2.l)-(2.3) have been extensively used to determine
load-time function for aircraft, automobiles and other projectiles
impact against stiff structures. Some of these results have been col-
lected, for illustration purposes, in Fig. 2.1.

The theoretical model described above preceded the experi-
mental evidence obtained in two important research programs: the
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FIGURE 2.1 (a) Reaction-time curve for normal impact of Phantom
RF - 4E jet fighter against rigid target, considering and without takin
into consideration the detachment of turbines.
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FIGURE 2.1 (b) Total normal reaction for oblique impact of Phantom
RF - 4E jet fighter against a rigid target, for a lateral velocity compo-
nent equal to 10 % of the longitudinal velocity (<(> = 25 ).
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FIGURE 2.1 (c) Comparison of predicted and experimentally
determined reaction - time ninctions for normal impact of pipe-like
projectile:
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FIGURE 2.1 .(d) Reaction - tirne function for turbojet engine for
impact velocities against rigid target.
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man tests conducted at Meppen (Jonas and Rudiger, 1977; Jonas 'et
al', 1979; Rudiger and Rich, 1983) and the British studies at Winfrieth
(Sage and Pfeiffer, 1979; Brown'etal', 1979). Both programs were
designed to furnish information on the strength of reinforced concrete
plates subjected to impact loading, and to validate scaling laws. An
initial result was the verification of eqs. (2.1) and (2.3) for soft projec-
tiles. Concerning aircraft impact, a very elaborate test conducted at
Sandia National Laboratories under contract for a Japanese project,
allowed the validation of the approach using a real Phantom jet in
flight (Von Riesemann 'et al', 1989). Thus, the determination of load-
time functions for soft projectiles, such as aircraft, pipes or wooden
poles, can be performed with adequate precision and reliability.

Problems in which the projectile penetrates the target structure
without experiencing a significant deformation may often be dealt
with by means of empirical or semi-empirical formulae, as discussed
in Section 4. Finally, the most difficult problem, from an analytical
point of view, arises when both target and projectile undergo large
deformations, situation in which both bodies must be simultaneously
modelled.

3. VIBRATIONS INDUCED BY IMPACT

In addition to the verification of the integrity of class I
structures, the safety evaluation of NPP requires the determination of
internal vibrations induced by impact, which may cause failure of
piping or other critical equipment. In general, however, this
verification has to be carried out only in case of large projectiles, such
as an aircraft, or a large jet engine. Small projectiles, as encountered
in a tornado or strong wind event, are responsible only for local
damage in the impacted structures, and do not cause important
internal vibrations.

The procedure normally followed is based on the dynamic
analysis of a discrete model of the target structure subjected to the
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specified load-time curve for the design event. The output of this ana-
lysis, performed by means of numerical integration in the time domain
or FFT methods in the frequency domain, are used to compute floor
response spectra similar to those employed in the seismic design.
Impact at several locations must be considered, which leads to
"envelope" design spectra, that cover the most unfavourable situations.

Note that in view of the number of required loading conditions
andofthesizeofthe model, i.e. the large number of degrees of
freedom, nonlinear solutions would become prohibitively expensive.

Theoretically determined vibrations induced by aircraft impact
exceed seismic excitation of equipment in the high frequency range,
(f > 20 hz). Such a requirement would cause a non-negligible increase
in the global NPP cost. Since there is substantial evidence concerning
the fact that large, high frequency accelerations do produce less
damage than predicted by conventional methods, some simplified
approaches seem justified. For example, Schnellenbach 'et al' (1981)
suggest that on account of nonlinear effects around the loaded area,
an 'equivalent' reaction-time function may be used when impact occurs
at central areas of plate surfaces. This equivalent function presents a
lower peak value than the original interface load, and of course longer
duration, since the total impulse must remain the same. In addition,
a simple verification scheme was later proposed for internal compo-
nents, which should ve checked only against a static horizontal load
equal to half its weight.

Several projects aimed at verifying the level of vibrations
induced by external impact were under way in Germany in 1991. The
author is not aware of final results as late as March 1993.
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4. PENETRATION, SCABBING AND PERFORATION

The earliest studies in NPP impact analysis were based on
forlumlae developed for military applications during World War n,
for dimensioning protective structures. Its direct use in NPP design
is not permissible, because the data base was outside the range of
situations expected in nuclear applications. A thorough account of
further developments, as reported in successive SMiRT Conferences,
can be found in Div.J Principal Lecture (1989).

For projectile penetration, Riera(1989), on the basis of data
collected by Haldar (1985), proposed the equation:

1 = 31.0 rj -51.3 [1 - exp(-0.6ri ) ] (4.1)

in which r| denotes the ratio between the penetration depth x and the
projectile diameter d while I is the nondimensional impact factor:

I = ( N m V 2 ) / ( f ; d 3 ) (4.2)

In eq. (4.2) m represents the projectile mass, N the so-called nose
shape factor (N = 0.73 for flar nose, N = 1 for spherical, bullet nose
and N = 1.14 for conical nose ) , fc' the compressive strength of the
target concrete and V the impact velocity. For ideally soft projectiles,
eq. (4 .1) should be substituted by a modified equation that takes into
account the slenderness of the projectile (Riera, 1989). In addition,
Riera (1989), as well as Barr (191983) have argued that the tensile
strength is a better parameter to account for the resistance of the
target material to penetration or perforation than its compressive
strength. However, more recent studies suggest that friction along the
side walls of the projectile may be a more important factor than
previously thought. This additional influence renders the choice
between f̂  and f t rather meaningless in most cases. Moreover, the
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geometry of the projectile head is of paramount importance for low
values of r\, say lower that 2. This influence cannot be accounted for
by the use of the nose shape factor. Moreover, as r\ grows, the
influence of the nose geometry tends to vanish.

For low impact factors, the most successful prediction equation
to determine the perforation thickness of plate or shell structures
appears to be the so-called EDF-CEA equation proposed by Berriaud
'et al' (1979), which for a circular cylindrical homogeneous projectile
of length 1 and specific mass p may be put in the form:

1/3 3/3

I P = 1.8(p / p c / ( h / d ) ( 1 / d ) (4.3)

in which I p represents the impact factor associated to the perforation
velocity, while pc and h denote the specific mass and thickness of
the target structure, respectively, hi case of non homogeneous or
non cylindrical projectiles, average values of 1/d and p should be
used.

Also for low velocity impact against steel plates, important
research efforts were under way in Japan and should yield reliable
results in the near future.

323



REFERENCES

1. Barr, Peter: Guidelines for the design and assessment of concrete
structures subjected to impact, SRD Report, SRD R 439, Issue 3,
AEA Technology, Culcheth, May 1990.

2. Comite Euro-international du Beton (CEB); Concrete Structures
under impact and impulsive loading, Bulletin dlnformation No 187
Lausanne, Aout 1988.

3. International Atomic Energy Agency (IAEA): External man-made
events in relation to Nuclear Power Plant design, IAEA Safety Guide
50-SG-D5, Wien, June 1991

4. Riera, J.D. Impact and Impulse Loading and Response Prediction,
in: Advances in the Analysis and Design of Concrete Structures, Me-
tal Containments and Liner Plates for Extreme Loads, Principal
Division Lecture, Division J, SMiRT 10, Los Angeles, Transactions,
Special Vol., 1989,261-297

5. Riera, J.D. Penetration, scabbing and perforation of concrete
structures hit by solid missiles, Nuclear Engineering and Design, 115,
1989, 121-131, North-Holland

324


