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Analysis of aircraft impact is required for newly designed nuclear power plant containments, that are typically
robust reinforced concrete (RC) or prestressed concrete structures. In our paper we shortly summarize the
main function of containments and show some typical examples for their structural arrangement. From
the point of view of the impact we show the typical effects of an aircraft impact and the analysis methods
of it. In the second part of the paper a preliminary analysis for aircraft impact into a prestressed concrete
containment building is executed with different methods and with a military jet and a large passenger
aircraft. At the end results of the analysis are evaluated and suggestions for more detailed modelling are

made.
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1. INTRODUCTION

The probability of an aircraft impact into conventional
engineering structures is extremely low, therefore it is not
included in the design standard. However, in case of nuclear
power plants (NPPs) or other nuclear related facilities,
because of the severe consequences (e.g. release of radioactive
substances), aircraft impacts have to be analysed. Beside the
safety of operating NPPs it is also important regarding the
design of new ones. According to the Hungarian regulations
(Government Decree 118/2011) impact of smaller military
jets and also of larger civil aircrafts has to be analysed.

In this paper we shortly summarize the functions and
arrangement of NPP containment buildings and the effects
of an aircraft impact into them. We also present the possible
modelling techniques of reinforced concrete and prestressed
concrete structures subjected to impact loading.

In the second part of the paper a preliminary analysis is
presented where both impact of a military jet and of a larger

commercial aircraft is examined into a prestressed concrete
containment building. After the analysis the results are
evaluated, and suggestions are made for further researches.

2. CONTAINMENT STUCTURES OF
NUCLEAR POWER PLANTS

2.1 Functions and arrangement of
containment structures

The containment (hermetic protective building) is the
structure that surrounds the reactor and the systems directly
connected to it. From the structural point of view, it is a
pressure vessel that should retain the overpressure that
occurs in case of accidents. It also means the final physical
barrier between equipment of the nuclear technology and the
environment. This barrier function includes the protection of

Fig 1: Schematic cross-section of AP 1000 (Sahlin et al., 2015), EPR (Areva, 2007), VVER-1200 (Aszddi, 2017)
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the environment from fission products and ionising radiation
and the protection of the internal technology from external
natural hazards and human activities (meteorological loads,
explosion, fire, aircraft-impact etc.) as well.

Based on the Nuclear Safety Code Vol. 3a 4.6. (Annex
3/A to Government Decree No. 118/2011 (VIIL.11.)) the
containment function can be provided by either one or
two separate containment structures. In the latter case,
subatmospheric pressure in the space between the two
structures should be kept, in order to detect leakage through
the inner wall and to prevent the release of radioactive
substances into the environment. In case of double-walled
containments the protective function is separated: the inner
(primary) containment has to be designed for overpressure
(that occurs in case of a LB LOCA=large break, loss of coolant
accident), while the outer (secondary) for aircraft impact.
The inner containment can be a steel vessel with a concrete
external shield building (e.g. AP1000, where the inner steel
wall is 4.5 cm thick, the outer concrete wall is ~0.9 m with
2 cm thick steel plating (Sahlin et al, 2015)). Instead of a steel
inner wall it is also typical to use prestressed concrete, two
examples for this are the EPR (European Pressurized Reactor,
inner containment: 1.3 m thick post-tensioned concrete with
6 mm metallic liner, outer shield building: 1.3-1.8 m thick
reinforced concrete (Areva, 2007)) and the VVER-1200
(inner wall 1.2 m post-tensioned concrete; outer wall: 0.5 m
thick reinforced concrete (Asmolov et al., 2017)), see Fig. 1.

In case of single-wall containments both protective
functions are provided by the same wall, this solution is typical
for the NPPs operating since the 70’s-90’s (Generation II),
that were not designed for aircraft-impact. One example is the
Unit 3 of Ohi NPP in Japan (see Fig. 2), where 1.1-1.3 m thick

Fig 2: Ohi NPE, Unit 3 from outside (source: wikipedia.org- Ohi
Nuclear Power Plant) and schematic cross-section of the containment
(Sandia National Laboratories, 2003)

Fig 3: Cross-section of the hermetic compartment system of Paks 1
(without the reactor hall building), (Boros, 2017)

post-tensioned concrete wall is applied. Another example is
the Paks 1 NPP (Fig. 3), where VVER-400 reactors operate,
in this case a bubble condenser containment building is built,
which means a hermetic compartment system in which the
steam-air mixture generated within a LB LOCA is transferred
into the bubble condenser system where it is condensed and
the pressure is reduced (Blinkov et al., 2012).

2.2 Design requirements for aircraft
impact

Based on the Annex 3/A to Government Decree No. 118/2011
for new NPPs crash of a military or civilian aircraft is included
in the design basis, which means that the criteria of design
basis (TA) operating conditions have to be met in case of
aircraft crash that has higher probability than 107/year (that is
the frequency limit for external hazard factors associated with
human activities). Selection of the aircraft types that have to
be analysed is done by taking into account the statistics of
accidents and the location of airports near the site of the NPP.

Crash of a military or civilian aircraft is also included in
the extension of the design basis: requirements for TAKI
(complex accident) operating condition should be fulfilled.
For any possible military or civil aircraft it has to be proved
that: a) the cooling of the active core of the nuclear reactor is
not compromised or b) the containment is not damaged, and
c) the cooling or integrity of the spent fuel pool is maintained.
In this case large passenger planes are the critical missiles
that have to be examined without analysing the probability
of their impact.

3. EFFECTS OF AIRCRAFT IMPACT
AND THEIR ANALYSIS

The effects of an aircraft impact into a relatively rigid structure
depend on multiple factors. The most important parameters
are the size, mass, stiffness of the aircraft, direction and
location of the impact and properties of the target structure
(containment). The effect of different parameters was analysed
in details by Laczak (2017). We can distinguish between two
primary effects: global and local effects. The first means
the overall structural response of the target structure, while
the second means the effects that locally cause significant
damages at the impact zone (Fig. 4). Beside primary effects,
secondary effects such as vibrations, fire, explosion, high
temperatures can also be significant. In this paper we mainly
focus on global primary effects.

Fig 4: Local effects: (a) penetration, (b) cone cracking, (c) spalling,
(d) cracks, (e) scabbing, (f) perforation and global effect (g) of missile
impact (Li et al., 2005)
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Fig.5: Full-scale impact test of a Phantom F4 fighter (Sugano et al.,
1993-1)

The damage caused by the aircraft or its parts to a great
extent depends on the stiffness and rigidity of the missile
and the target. Usually, an aircraft fuselage that impacts a
concrete structure with thick walls means a deformable (soft)
missile causing global effects while the engine behaves as
a non-deformable (hard) missile that causes local effects
(penetration, perforation, scabbing). A detailed full-scale test
series was done by Sugano et al. using a Phantom F4 fighter
(Fig. 5) and its engine (Sugano et al., 1993-1,2,3). In general,
different models and methods are used for the analysis of
global or local effects, we will discuss them shortly in the
following.

3.1 Global effects

Global effects are mainly caused by deformable missiles,
such as the fuselage of an aircraft if the impact velocity is
sufficiently high and the target is sufficiently rigid. In this

Fig 6: Load-time function in case of impact of a Phantom F4 fighter
with 215 m/s, (based on Riera (1968), Wolf (1978) and Sugano et al.
(1993-1))

200
Sugano
P -
:2: i Wolf / [ \
o
i W
~QV\

0 0.02 0.04 0.06 0.08 0.10

t(s)

case the impact can be substituted by a load-time function
acting on the target. Such load-time functions are prescribed
by the standards (Katona, 2015) or can be determined by
different analytic methods, from which the most frequently
used is the Riera method (Riera, 1968). Both the method of
Riera and the lumped-mass model of Wolf (1978) have been
verified during the experiment of Sugano et al. (1993-1),
as the calculated load-time function approximated well the
measured impact force-time function acting on a rigid wall
during the test shown in Fig. 5. The calculated and measured
load-time functions are presented in Fig. 6.

As the available computational capacity increases,
application of detailed numerical models that includes both
the aircraft and the containment becomes possible, this
analysis type is called missile-target interaction method. On
the one hand these models can provide detailed information
on the behaviour of the structure and of the missile. On the
other hand, several parameters appear in these advanced
models, which can lead to uncertainties, therefore the
application of load-time functions for calibration of detailed
models is still relevant. For preliminary analysis it is also
suggested to use a linear elastic target by assuming that the
effects of nonlinearity are only important in the vicinity of the
impact zone. Two examples for detailed numerical models
for the analysis of global effects are shown in Fig. 7. Both
use volume elements with concrete material model and the
reinforcement is modelled by constrained line elements.

3.2. Local effects

The local effects are typically dominant when the
deformations of the missile are negligible compared to the
damages of the target. Local damages are material specific,
the most important effects in case of RC structures are shown
in Fig. 4. From the point of view of the barrier function of
the containment building the most important parameters are
the required thicknesses to prevent perforation or scabbing.
In case of scabbing the missile does not perforate the target,
but the formation of debris (secondary missiles) can also
cause damage in the protected zone. The determination of
the required thicknesses is done by analytic, semi-empirical
and numerical calculation methods. Summarizing articles on
local failure calculations were published by Kennedy (1976),
Teland (1998), Li et al. (2005) and Murthy et al. (2010).
An example for numerical tests is shown in Fig. § where a
quarter model of a wall is shown for a rigid bullet impact. The
applied material model is an advanced explicit material model
for concrete, that can follow the local damages (compaction,
penetration, scabbing). Red colour represents the totally
damaged elements, while blue colour shows the intact parts.

Fig 7 left: Model of the impact of a Boeing 747 into a fictious containment building (Arros, 2007); right: model of an RC containment and the

damage after impact of a Phantom F4 (Igbal et al., 2012)

| 40 mm o @ 80
| mm e both ways |

10

2019 =



target

compacted
penetration zone

missile

cracked scabbing zone

Fig 8: Damage of a concrete target in case of impact of a rigid missile,
red colour represents the totally damaged elements, blue colour shows
the intact parts (Laczék and Karolyi, 2016)

4. PRELIMINARY ANALYSIS OF A
CONTAINMENT STRUCTURE

As a case study, preliminary analysis of a containment with
simplified geometry and prestressing of the Unit 3 of the Ohi
NPP is done for the impact of a Phantom F4 and of a Boeing
747 aircraft, the impact velocity is 215 m/s in both cases. The
containment building was chosen because it was examined
in details during a 1:4 scale overpressurization test (Sandia
National Laboratories, 2003), therefore details of its pre-
stressing system are available. The mentioned aircraft types
were chosen because they are frequently used in the related
literature.

4.1 Numerical model

The finite element (FE) model is built in Ansys Workbench
Explicit Dynamics environment. The model of the
containment building consists of a cylindrical building with
hemispherical dome. Linear elastic volume elements are
used (Young’s modulus 35 GPa, Poisson ratio 0.2, density
2500 kg/m?), the reinforcement is not modelled. The wall
thickness is 1.2 m, the height of the cylinder is 43.0 m, total
height of the structure is 65.7 m, outer radius of the cylinder
and of the hemisphere is 22.7 m, average element size
is ~Im (Fig. 9). We do not take into account that Young’s
modulus of concrete depends on the loading rate. The
design overpressure of the Unit 3, Ohi NPP containment is
0.47 MPa, therefore its prestressing system was designed
to provide decompression in case of such overpressure. In
the model, effect of prestressing is taken into account by
-0.47 MPa negative internal pressure, that points towards the
interior and acts in the normal direction of the internal surface
of the cylinder and of the hemisphere. The calculation is done
in two steps: at first, static analysis is done with application
of the prestressing, then in the second step the results of the
static calculation are used as initial conditions for the explicit
dynamic analysis. In case of the Phantom F4 both a load-
time function and a missile-target interaction model are
used, while for the Boeing 747, only a load-time function is
applied. Normal directional impact at the connection of the
cylinder and the hemisphere are investigated (see Fig. 9 left).
In case of the load-time function the load is distributed on a
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Fig 9: Geometry of the containment and the Phantom F4, and FE
mesh of the containment

circular surface with 3 m diameter.

4.2 Analysis of military jet impact

Impact of a Phantom F4 fighter is examined at first. The load-
time function is a simplified function determined by the Riera
method. For the missile-target interaction model a simplified
aircraft geometry is used with bilinear kinematic hardening
material (initial Young’s modulus 200 GPa, hardening
modulus 2 GPa, Poisson ratio 0.3, limit stress 30 MPa,
density 5500 kg/m?), the finite elements of the aircraft fail
and are deleted from the model if limit compressive strain
value 1.0 is reached. Length of the aircraft is 17.5 m, its mass
is 4655 kg+2626 kg+12208 kg=19.5 tonnes (wings + engines
+ fuselage). Wall thickness in the model is 2.5 cm for the
fuselage and wings, 10 cm for the engines, average FE size
is 0.2-0.4 m.

Fig. 10 shows the load that acts on the containment wall,
which is the load-time function in one case and the measured
contact force-time function in case of the missile-target
interaction. Difference between the two can be explained
by the difference in the engines’ stiffness in the FE model
and in the model with load-time function. By more detailed
modelling of the engines the difference can be reduced.
Crushing of the model aircraft is shown in Fig. 1.

Fig. 12 shows the horizontal displacement of the
containment as a function of time at the middle point of the
impact zone. The shape of the displacement-time functions
follows the shape of the force-time functions, maximum
displacements from the linear elastic model are 0.028 m
(missile-target interaction method) and 0.036 m (load-time
function). Global structural behaviour of the containment in
case of the load-time function can be followed in Fig. 13,
where horizontal displacement of the top of the dome (at

Fig 10: Load that acts on the containment in case of missile-target
interaction method and in case of application of the load-time function
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Fig 11: Crushing of the model aircraft (time is given in seconds)

height #=65 m), horizontal displacement at the middle of the
impact zone (at height #=43 m (max)) and at the height of the
impact but at the point farthest from the impact (on the other
side of the building, at height #=43 m (min)) are shown. It
is visible that the cantilever-like horizontal deformation of
the building is small (the top of the containment moves only
0.01 m) compared to the local displacement in the impact
zone. The maximum (linear elastic) tensile stress also arises
at the impact zone, it is 26.2 MPa in case of the missile-target
method and 37.7 MPa in case of the load-time function, the
magnitude of the tensile stress shows that crack formation
and nonlinear behaviour should be considered in the impact
zone. This magnitude of stress shows that detailed analysis is
needed with nonlinear and concrete specific material models
as such tensile stresses cannot occur in concrete.

Fig 12: Horizontal displacement of the containment at the impact
zone in case of missile-target method and in case of application of the
load-time function
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Fig 13: Maximum horizontal displacement of the containment
at different height in case of application of the load-time function
(Phantom F4)
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Fig 14: Load-time functions for impact of a Boeing 747 with 215 m/s
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Fig 15: Maximum horizontal displacement of the containment at
different height in case of application of the load-time function (Boeing
747)

4.3 Analysis of passenger aircraft
impact

Impact of a Boeing 747 passenger aircraft is analysed by a
simplified load-time function determined by the Riera method.
It is represented in Fig. /4, together with the functions used
and measured by Arros (2007). Maximum displacements are
presented in Fig. 15, results belong to the same points as in
Fig. 13 (top of containment, at the height of the impact at the
impact zone and at the point farthest from the impact zone).
We can see that the maximum displacement at the impact
zone is ~0.16 m and the cantilever-like displacement of the
building becomes significant (0.06 m at the top and 0.04 cm
at the height of the impact). The maximum tensile stress is
58 MPa in the impact zone, but at the bottom of the cylinder,
because of the cantilever-like global behaviour 50 MPa tensile
stress also arises, therefore in this case crack formation and
nonlinear-behaviour should be considered not only at the
impact zone but also at the zone close to the support.

5. CONCLUSIONS

In our paper preliminary analysis for aircraft impact into a
prestressed concrete containment building was executed,
effect of prestress was taken into account by initial conditions
of the dynamic analysis. Both missile-target interaction
analysis and load-time function method were applied and
impact of a Phantom F4 military jet and a Boeing 747
passenger aircraft was examined. Impact of the Phantom
F4 caused significant deformations and stresses around the
impact zone, where the maximum horizontal displacement
was 0.03-0.04 m. In case of the impact of the Boeing 747
aircraft, the maximum displacement was ~0.16 m and global
cantilever-like motion of the building was also significant.
The analysis showed that application of nonlinear material
models and detailed structural modelling are needed around
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the impact zone and in case of the Boeing 747 also around
the supports, because these are the critical zones where crack
formation and nonlinear material behaviour (yielding of steel
bars, softening of tensioned concrete, plastic deformations
etc.) occur. The results of such preliminary analysis are
useful for approximation of the effects and to show the further
required steps and level of detailed modelling.
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