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SUMMARY

The dynamic and three—-dimensiomal character of aircraft impact
problems canmot generally be mneglected. Also, straims are
sufficiently large to warrant a fully non-linear treatment.
Added to that are the special modelling requirements imposed by
reinforced concrete behaviour. A methodology is presented here
for dealing with such problems. Although the general treatment
proposed may not be needed in all cases, the analysis can be
conducted without any major simplifications when required. Some
examples are presented which study the effects of aircraft impact
on underground structures.
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1. INTRODUCTION

The probability of an sircraft impacting a nuclear power plant is
exceedingly small, However, due to the extreme safety which
characterises nuclear design, a requirement has existed for some
time to assess the safety of nuclear facilities in relation to

impact from flyinmg esircraft, In some countries it has been
considered sufficient to show that the probability of such impact
remains below & certain threshold. In other countries, the

aircraft impact must be assumed to occur and structures and
components have to be designed to sustaim it.

A number of analyses have been published in the recent past
dealing with the problem of aircraft impact on nuclear
installations. Most of the investigative effort has been
concentrated on reinforced concrete structures above the ground
surface, particularly the containment building (31, I[81, [10],
[12] among others). HBowever, work has also commenced on
enderground structures [2]. Although analyses of underground
structures subjected to blast loads have often been performed in
relation to defense activities, studies of impact effects on
underground structures remain scarce. Similarly, experimental
work on the behaviour of reinforced concrete subjected to impact
loads has beenm concentrated on effects of plant-generated
missiles (for example, [1]) or tornado-borm missiles (for example
[9]), with scaling problems for applying results directly to the
case of aircraft,

It is felt that additional numerical and experimental work are
required on this problem. In the present paper, & methodology is
proposed for amnalysing numerically problems of aircraft impact.
The paper concentrates on the case of buried structures.

2. METHODOLOGY

"The analyses described here are based on a Lagrangian finite
difference scheme., Differences are central both in space and
time. The mass of the continuum is lumped at grid nodes. The
mass lumped at each node remains constant during the analysis in
spite of large deformations because of the Lagrangian character
of the procedure, ie: the mesh moves with the deforming body.
The methodology presented is embodied in PR3D [4], a commercially
available computer program.

Two basic sets of equations have to be satisfied in the problem:
the constitutive equations and the equations of the conservation
of momentum. In this approach, the constitutive equations are
formulated incrementally and are always applied in an explicit
fashion, that is, increments of the stress temsor are computed as
a function of strain increments, strainms, strain-rates, etc.
This relationship is never inverted, thus avoiding the
singularities and instabilities which would arise in softeming
materials. The full momentum equations are used without any
simplifications.



The treatment of =reinforced concrete presents special
difficulties due to its anisotropy, non-linearity, inhomogeneity
end differential tension/compression behaviour. In the
calculations reported here, the philosophy adopted has been thet
of modelling the concrete mass and the reinforcing bars
separately. The concrete ijs then treated as a continuvum, But,
independently, grid nodes are linked to adjacent grid nodes on
the planes of reinforcement by means of structural members. The
continunom is givenm comncrete constitutive behaviour, whilst each
structural element represents the joint behaviour of all the
reinforcing bars in the areas associated with the structureal
element. The specific conmstitutive behaviours used for concrete,
reinforcing bars and soil are discussed later on,

In solving a problem pumerically, space and time must be
discretised into small domains. There is a choice im selecting
their characteristics, namely the size and type of the elements
in the space and time discretisations. Simple (constant-strain)
space elements can be psed. However, the same resolution can be
achieved with more complex (higher-order) but fewer elements.
The same applies to the time increment vused for integration of
the momentum eguations. A small timestep (explicit integration)
uncouples the eguations of motion of all grid nodes; it therefore
gllows independent integration of the equations at each mnode. A
large timestep (implicit integration) requires a smaller number
of more complex timesteps; the equations of all nodes are then
coupled and must be satisfied jointly.

The simpler space elements together with the smaller timesteps
allow far greater generality of treatment, constitutive
behaviour, etc. Bowever, these may result in greater computing
costs for problems where the added generality is not needed, such
as in elastic, small-strain calculations, The options can be

summarised very simply: the question to decide in each case is
whether to perform fewer but more complex calculations or mOre
but simpler calculations. In this paper, constant-strain

elements and explicit integration have been used.

3, MIXED DISCRETISATION

Nagtegaal et al [6] pointed out that the number of degrees of
freedom per space element must be greater than the number of
constraints imposed by a condition of local incompressibility.
Otherwise, an artificial stiffening of the mesh occurs during
plastic flow and, 2s 2 conseguence, plastic collapse loads may be
grossly overestimated. This espplies even to jnfinitely refined
meshes.

At the other end of the spectrum, jt is well known that too many
degrees of freedom per element result in the sppesramnce of
unrestrained combinetions of nodal displacements. This problem
is known ss 'hourglassing’ and is typical of meshes of constant-
strain gquadrilaterels in two dimensions and constant-strain
hexshedrons in three dimensions.



Implicit procedures have treaditionally handled this problem by
using higher order elements inm conjunmction with reduced
integration techniques which decrease the nuomber of isotropic
constreints [11]. Merti and Cundall [5] proposed the mixed
discretisation scheme, wvhere deviatoric and isotropic parts of
the strein and stress tensors are referred to different space
discretisations. The latter is the procedure implemented in the
analyses described in this paper.

In the present calculations, the deviatoric part of the stress
eand streinm tensors is referred to 8 mesh of constant—-strain
tetrehedrons, arranged so that three tetrahedrons make a
triangular prism and two such prises compose a hexahedron., By
contrast, the isotropic psrt of the straim and stress temsors is
referred to 2 mesh of triangular prisms, each composed of three
tetrahedrons. It can be seen [4] that this procedure does not
allow the development of unrestrained hourglessing modes while
permitting at the same time accurate modelling of plestic flow.

4. GOVERNING EQUATIONS

As mentioned earlier, two main sets of equations have to be
solved: the momentum equations and the constitutive laws. Oxnce
space is discretised, each node represents a small volume of
material bounded by a surface s. The mass, m, of that volume
is lumped &t the node. The momentum equatioms can then be
expressed:

fsaijnjds + Fi
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vhere u; zare the displacements
j; is the stress tensor
n, is the normal to the surface s
Fi is the resultant of external and structural forces
acting at the node
fi are the body forces
dots imply time derivatives

The central explicit integratiom is simply:
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wvhere At is the integration timestep

As can be noticed, this formulation leads to 1u,, v: and u,; being
staggered in time by At/2,. Eqs.2 produce velocities end

displacements (thus continuously updating the geometry) which are
then used to compute strains snd rotations in anm imcremental
continuum formulation:
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where eij' eij are the strasinm and rotation tensors, respectively.

Similarly, the strainms in structural elements can be obtained
from:
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where A, B sare the nodes which define the structural element
refers to the nodal coordinates

The rotation tenmsor is required for implementing the Jaumann

formulation, which must apply to all variables referred to a

Lagrangien frame, in particular the stress and strain tensors,

The strain and strain increment tensors are used to enter the

constitutive laws,

In the sample runs described in this paper, concrete was simply
modelled as an elestoplastic solid with limited tensile stremgth,
A von Mises yield criterion was used to describe its plasticity.
Compressive strains were observed to be sufficiently small that
no crushing criterion was necessary.

A somewhst similar elastoplastic law was used for the reinforcing
bars. The compressional, bending and shear strength of the bars
were neglected. In tension, they were assumed to deform as
elastoplastic elements, Their assumed behaviour is best observed
in Fig.1, which displays a stress-strain path followed under
irregular loading. Notice that elongatiom following shortening
does not necessarily result in tensile stresses being developed,
even if the total strain is tensile. This effect arises because
of plastic elongation of the bars. The tensile-strain failure
criterion imposed was not reached by any of the structural
elements.

The non-linearity of soil is difficult to neglect, even for
relatively small strains, Phenomena such as intermal energy
dissipation, distortion and dispersion of waves, residuoal
displacements, etc., cennot be properly studied evenm with an
equivelent-linear representation. Hence, a truly mnonm-linear
constitutive law is required. An elastic non-ideally plastic lavw
was selected for modelling undrained deformation of saturated
soil, The elestic part has been collapsed to the hydrostatic
axis. Hence some plastic strains are induced from the onset of
deformation, The isotropic hardening law used was of the
hyperbolic type:
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Fig.1 Stress-Strain Path of Structural
Elements under Irreguler Loading
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where L . ﬂgct sre the octahedral shesr stress and octahedral

plastic shear strain, respectively
C, D are material properties

For easier visualisation, monotonic devistoric loading of a solid
with the constitutive law mentioned results inm a hyperbolic
stress—strain path. Unloading is elastic, which is not

considered inadeguate for studying the response under 8n aircraft
crash loading history.

5. SAMPLE PROBLEMS

As is now common practice, the loading imposed by impact of s
Phantom aircraft travelling a2t 215m/sec was represented by the
time history shown in Fig.2. The history is applied om a circular
section with an area of 7m”.
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Fig.2 Load History Applied by Impact
of & Phantom Aircraft at 215 m/sec

Only two of 2 long series of enalyses are reported here. They
correspond to generic calculations performed im relstion to the
safety of four uvnderground ducts, The ducts carry emergency
cooling weter from the emergency coolinmg pond of & muclear power
plant to the reactor building.



The ducts are protected by 2 surface slab of reinforced concrete
90cm thick. Both the upper 2and lower surfaces of the slab are
reinforced with bars running parallel and perpendicular to the
direction of the ducts. The ducts are further protected by 3.30m
of £i1L, The gemneral cross—section is shown im Fig.3.
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Fig.3 Cross-Section of the Emergency
Cooling Water Ducts

The natural soil was layered, its stiffmess increasing witE
depth. Initial shear moduli G  ranged from 1.0 to 5.2x108N/m
with a Poisson's ratio of 0.45 and a curvature parameter in the
hyperbolic law, G /C_  (where C  is the asymptotic shear
strength), between 800 and 2900, Densities varied between 1900
and 2400 kg/m3.

In the two generic analyses described, the slab concrete was
asssumed to display a Young’'s modulus of 2x1010N/n2, and a
Poisson's ratio of 0.25 Compressive and tenmsile strengths wvere
assumed to be 41107N[mi and 2x106N/m2, respectively. A density
of 2500 kgfmg was used, The concrete of the ducts had similar
properties, except that it was considered elastic. The assumption
in this case is that the slab design will include sufficient

reinforcement to guarantee the linear behaviour of the dnct
concrete,

The reinforcing bars hsd s tensile stremgth of 4.6x108N/m? and s
Young's modulus of 2,3x10 N/mz. The mass contribetion of the
reinforcement was neglected. Areal densities of reinforcement
renged from about 15 to 26 cnl/m.



The two analyses presented correspond to impacts of the aircraft
directly above the centre and the edge of the ducts. The first
one (Fig. 4) used s mesh of 18000 tetrahedrons, 3872 nodes and
650 structural elements. Although the actual meshes used are made
of tetrahedrons, only bhexahedrons (each inclnding six
tetrahedrons) have been outlimed in the plots for easier
vispalisation. The edge impact was studied with 27660 tetrahedral
zones, 5852 nodes and 944 structural clements (Fig.5).

Although longer runs have been performed, those shown here extend
only to 70 msec, that is, the duration of the impact. Between
1000 and 1500 timesteps were required to complete TOmsec of
esnalysis. This corresponds to timesteps cn the order of 50 to
TOpsec, The relatively small permissible timesteps are
controlled by the size of the tetrahedroms inm the thin duct
walls. -

All verticel boundaries had symmetry conditions, i.e.: free to
move within the plane of the boundary but umable to leave 1t
The bottom boundary was fixed while the top surface was free to
move in any direction.

Only very limited results can be presented here for reasons of
space, The central impact resulted in peak slab velocities of
2.8m/sec and deflections on the order of fcm. In the case of the
edge impact, these numbers were reduced to 2.1m/sec and 4cm,
respectively.

Monitoring of motions at the ducts yielded peak acelerations of
about 9.9g and 5.2g for the central and edge impacts, Velocities
were limited to 0.26m/sec and 0.19m/sec respectively. Fig.6
shows some typical response spectra, which in this case
correspond to the extreme cormer of the outer duct ceiling during
central impact,. As can be seen, peaks occur around 30Hz and
T08Hz.

It is clear that the edge impsct produces lighter effects at the
dncts then the centrel omne. This could be expected because
maximum effects would normally occur along the axis of impact.
In the central impact, the axis goes through s thin duct wall,
unsupported on both sides. In the edge impact, the soil outside
the ducts helps to strengthen thet line of maximum effects;
ferthermore, the edge wall is somewhat thicker thamn the inner
ones. The same effect can be moticed oa the peak stresses.
Between the central and edge impact, vertical compressive
stresses decreased from 4.6x105N/m? to 3.0x105N/m2, while shear
stresses (sampled in these runs only st 10msec intervals, rether
then continuously monitored as were all others variables) were
hnelved from about 8x108 to 4x10°N/w?. At the same time,
horizontal tensile stresses remsined on the order of 10°N/m“. A
sample stress history is shown in Fig.7. It represents the
history of normel vertical stresses at the top of the central
duct wall for the first 70msec following central impact.

Kaximom surfece displacements were attained in 211 cases between
50 and 60msec after the beginning of the impact history. Figs.8
gnd 9 display the deformed meshes 50msec after impact. In order
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Idesiisetion for Anelysis of Edge Impact

Fig.5



