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ABSTRACT

nys numerical procedures used in the computer codes HEMP and PR30 O
s1~-mlate penetration and perforation are described. Both programs 1=
1ynamic, non-linear finite difference formulations and an explicit trme
integration scheme. The formualation in HEMP is two-dimensional, while bR 3D
~-an analyse three—dimensional situations. Non-linearities can be either
~onstitutive or geometric. The latter includes large strains. Propagation of
fracture is simulated by representing advancing cracks as element-wide

nands.

examples demonstrating both theoretical aspects and practical applications

~f impact and perforation problems are also presented. The examples inclade

tne: impact of a missile on armour plate and the perforation of a roof plate
sy a pipe-end.
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TNTRODUCTLON

1mpact between two objects will result in partial or complete penetration
ard possibly ftracture of material. When penetration is complete, it is
raferred to as perforation. There are several fracture mechanisms that may
occur during perforation (Wilkins, 1978). The most common are spall, hols
enlargement by radial flow, plugging and petaling. The actual mechanism that
oparates depends o1 (Johnson, 1972) the speed and angle of iwmpact, material

sperties of both target and missile, shape of the projectile nose, the
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The authors have used the finite difference programs HEMP (Wilkins, 1969
and PR3D (Principia, 1983) to investigate situations involving impact and
penetration. These investigations have assisted the determination of which
of the factors mentioned above influence specific fracture mechanisms and
have also permitted the analysis of realistic impact configurations which
couald not be assessed using simple analytical technigues. It is extremely
itfficult to obtain reproducible experimental results using projectiles at
speeds of 1000 metres per second and it is this that makes the use of
computer simulation programs such as PR3D and HEMP particularly attractive.

In the subsequent sections, we will describe the numerical formulations used
in the two computer cades to represent the continuum behaviour of material,
the interaction between two objects and the propagation of fracture. The
remaining sections consist of applications of PR3D and HEMP to both two— and
threa-dimensional problems. Some of the examples will help to explain
features of penetration and perforation, thus demonstrating the insight that
can be gained by the use of such codes. Other examples describe practical
situations that have been investigated by the authors and their colleagues.

Here, we are concerned with impact velocities of less than 3km/s. In this
range, penetration mechanisms are controlled by the inelastic behaviour of
the interacting bodies (Wilkins, 1978).

CONTINUUM FORMULATION

Impact problems are characterised by a short duration and a strongly non-
linear behaviour. The latter arises from geometric non-linearities
associated with the establishment of contact between bodies and also from
the levels of deformation induced in the material as impact velocities are
far greater than that needed for yield. Explicit time integration of the
equations of motion is the method most suited to the solution of such
problems. The non-linearities can be handled easily as iterations are
avoided and fracture can be treated simply, although the size of the
timestep is limited so that no nodes can communicate physically during one
timestep. The analysis therefore proceeds in cycles. Each cycle is typical
and performed repeatedly until the timespan of interest has been covered.
Both HEMP and PR3D use explicit time-marching techniques and can be used for
two—and three—dimensional analyses respectively.

Both missile and target objects are represented by meshes of constant strain
elements with masses lumped at each node. The mesh is continuously updated
during the calculation to represent the deformed shape of the body. At the
start of a cycle, the resultant nodal forces are computed from the
integration of stresses around sach node and from external forces and the
forces of interaction with other bodies. The current nodal accelerations are
obtained from Newton's second lav of motion and their integration yields the
nodal velocities and the updated mesh. Incremental strains and rotations can
be computed from the incremental displacements. Incremental stresses are
then calculated from the constitative law which employs Jaumann derivatives
(Prager, 1961) to account for large deformation effects.

The last step in each cycle involves the computation of the forces of
interaction at each node. The algorithm employed in PR3D is able to follow
the development of the contact surfaces closely by monitoring the making and
breaking of contacts at each node automatically. Once a node has been
identified as intruding into another body, the normal component of the
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of the projectile node is computed. The

i i . calconlated as
-omponents of the force of interaction, ¥, are cat
ELd
F; = k(d +Ading
d is the total normal

i -s ified contact stiffness, rmal
AL - £ the surface normal. The force of

i d cpposite
interaction is applied to the node in the next cycle. Al?seg?z]t_ria‘gutga‘among
contact force is applied to the neighbouring bo_dy. This 1 . :]ij;n e
Lhe nodes of the element face througb wh.lch the in ruc thge it
senetrated. The manner of this distrlbutl?n depenqiar?gnt‘faceiof e
});;)ximity of the intruding node and thsandith?:tthetr?e \’contact e or T
‘ body (Fig. 1). For a node—to-node < i 2 i
iari?fetd to {he ngarest node only. For a node-to—edge contact, S:ieé _fsorffga{:;
«’1Ei)lstributed between the two nodes on that edge and for a n ~e
CO;]tact, the force is distributed among all three nodes.
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Fig. 1. Definitions of contact type

nditi f
Nagtegaal, Parks and Rice (1974) havg shown that due to (i:(;lel ci';iltz_;oglgw
loéal- incompressibility, constant strailn e'lement':s ca}mot m e?iurgi e,
accurately “To do this in PR3D, a mixed discretisation proc e

cundall, 1982) has been incorporated. The deviatoric part of the strain

ile the
tensor is calculated from the mesh of tetrahedron elemeni:smgn}‘élsl —
iéotropic strains are referred to a mesh composed of larger e s, e
consisting of up to six tetrahedrons.

SIMULATION OF FRACTURE

i i il ial
in general, any numerical techniqqe which Sflmulates the frac:g:ss Of};‘i[::iii;, L
and the subsequent material behaviour con31§ts of two rc)g{rffons ne.cessary L =
fracture criterion is required which defines the condi iy
f;'acture. This may be a function of stress or strain or
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1] cSifniEZi‘Ty ai/;h.l(:hhthe material will break undca’r isotroxu‘p
X e 2 . is the effective plastic strain wh g é Y
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influences of hydrostatic tension and asymmetric strain. "Hydrostatic tension
accounts for the growth of holes in fracture by spalling in which the
loading consists of a large triaxial stress and small strain. The
contribution of asymmetric strain accounts for the observation that the
elongation before failure decreases as the shear load increases in fracture
tests with combined loads. The damage function must be calibrated for a
particular material using various material property tests. This was
performed by Wilkins and co-workers (1980) for an aluminium alloy to
simulate crack propagation in a compact tension specimen.

Oof the two techniques for simulating the behaviour of fractured material,
the procedure which allows cracks to propagate between elements is the more
complex. As it requires that the propagation of cracks is traced explicitly,
crack initiation, the direction of crack growth, crack branching and arrest
need to be considered. The fracture process which follows impact between two
solids does not necessarily commence from an initial crack. Clearly, this is
not a simple task, especially in three dimensions. The alternative approach
is far simpler and has been used by authors and their colleagues in both
two— and three-dimensions. It has also been used by Bazant and Cedolin
(1980) to simulate fracture in concrete.

Once an element is deemed to have fractured, its ability to transmit
stresses must be modified. It is assumed in PR3D that material inside the
element becomes a frictionless powder. Hence, it will not resist any
deviatoric stresses and it will not withstand isotropic tension. However,
the material is still present because, if compressed isotropically, it will
continue to behave as if unfractured and because the mass of the fractured
element remains lumped at the surrounding nodes.

The fracture of an element releases its stored elastic energy. Any stresses
that the element was suffering, other than isotropic compression, disappear.
Waves travel away from the fractured element carrying the released energy.
The program reduces the instabilities that result from such an instantaneous
energy release by reducing the stresses in the broken element gradually.
From the instant of fracture, the flow stress and the maximum isotropic
tension allowed in the element are halved every integration timestep. This
is a very fast reduction (three orders of magnitude every ten timesteps) and
experience has shown that it is adequate for avoiding instabilities.

When an element fractures and its stored energy is released, its neighbours
will suffer additional deformation. If they are alrealy very strained, that
additional straining may be sufficient to fracture them. Even if the shock
is not sufficiently high, there will be a stress redistribution caused by
the effective hole created in the material for resistance purposes. The
fracture will then propagate in a way similar to that of real fractures. Its
velocity of propagation, though, may not be exactly the same because of the
artificial rate of stress reduction.

SAMPLE PROBLEMS AND RESULTS
The following sections describe analyses performed by the aathors and their

colleagues involving impact between objects, fracture, penetration and
perforation.
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Inclined Impact of a Missile on Armour Plate

A missile moving with an i

4 Vi axial velocity of 1360m/: i

- ; s hit: a

CYIingg.:isgllgzédence of 73° (Principia, 1984). The misssilzn iasmc;(o)rlrllr p(legte 3
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Fig. 3. Missile impact on armour plate after 60us
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Fig. 4. Missile impact on armour plate after 130ps

pipe-on-Pipe Impact

This example considers the impact between a stationary pipe and a whipping
pipe (Mackay, Marti and Prinja, 1984) and demonstrates the behaviour of the
method of simulating fracture used in PR3D. The stationary pipe was
perfectly constrained at both ends and suddenly impacted at equal distances
from its extremes by another pipe. This pipe, called the missile pipe, was
free at its extremes and the impact took place also at equal distances from
both ends. Both pipes were made from steel and were modelled as elastic-
perfectly plastic with a Von Mises yield criterion. The whipping motion of
the missile pipe was represented by prescribing an initial velocity of 50m/s
vertically downwards.

Deformed meshes 5Sms after impact are shown in Figs. 5 and 6 for two sets of
pipes. With one set, the material did not rupture, while with the other, the
material ruptured when any normal component of the strain tensor exceeded a
critical value.

The analysis which used a rupture strain was identical to the non-rupturing
analysis up to the point where strains reached the value of the critical
rupture strain. Subsequently rupture started and caused the impact load to
be smaller than in the non-rupturing case. As a consequence of rupture, the
extent of the plastic zone in the target pipe was reduced. As elements
fractured, further deformations were concentrated in the ruptured elements
rather than in those undergoing plastic flow.

Normal Impact of a Missile on Armour Plate

The normal impact. of a steel missile on an aluminium plate has been analysed
axi-symmetrically using the computer program HEMP (Wilkins, 1978). The
velocity of the projectile was 840m/s. Plots of the deformed shape of the
missile and plate are compared with experimental results in Fig. 7. The
calculated time for the penetration and the missile exit velocity agree with
the experiment.
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Fig. 5.

Fig. 6.

Pipe-on-pipe impact after Sms -
non-rupturing material

Pipe-on-pipe impact after S5ms -
rupturing material

it
it
i

t 52 psec t o 60 psec

Fig. 7. Experiment and calmulation of a steel projectile
penetrating an aluminium plate

Since the strangth of the projectile is greater than that o>f the plate, the
orojectile does not deform and its nose remains pointed. Hence, a high
stress occurs ahead of the missile which overcomes the shear strength of the
plate. Thus penetration occurs by radial flow of material in the aluminium
plate ahead of the projectile. The material property which controls the
behaviour of the plate is its shear strength. Consequently when this
property was altered, neither the computed penetration time nor the exit
velocity agreed with the experiment.



tmract >f a Spherical Ram on an Al minium Plate

Th1= analysis, aliso performed with dEMP, considers the impact of a spher1.
ram moving at 900m/s onto a thin aluminium plate (Wilkins, 1978). Fract.: .
was permitted when either a critical stress or a critical normal str.:
component was exceeded. Large hoop stresses were generated along the axis
symmetry in the plate and fracture initiated on the surface opposite impa -
71g. 8). This was also observed experimentally and is called petaling ~
fracture propagates through the thickness of the plate and radially, form.':;
¢ oangular petals.
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tg. 8. Calmaiaced penetration of an aluminiuam target

Dy a spherisal steel rau.

The projectile diameter to plate thickness ratio determines whether failure
is by petaling or plugging. When this is greater than unity, as in this
example, failure is by petaling. If the plate thickness is increased, *ne
plate stiffness increases faster than the bending stress. On the other hand,
large shear stresses are now set up around the perimeter of the missile and
failure occurs in this region instead. This is known as plugging and occurs
11 the example described in the next section.

Perforation of a Plate by a Punch
The perforation of a thin mild steel plate by a flat headed, rigid
cylindrical projectile has been analysed using PR3D. The plate was rigidly
supported around its circumference. Its material behaviour was modelled as
2lasto-plastic with power law hardening and the fracture criterion was
Jefined by equation (3). As only limited experimental data was available, it
~was necessary £ adopt valaes fo- the constants A and B. Tt was assuaed
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The cylindrical punch creates a large shear stress on a surface which
surrounds a plug of material under the punch. The gradual increase of this
stress results in yield and eventually fracture of the material. Our results
chow that this will occur first on the top layer of a ring of elements undet
the perimeter of the punch. Additional motion of the punch transfers the
failure zone further into the plate until the full thickness of the plate
has fractured.

The maximum impact force was 32kN. An analytical solution estimates the
maximum force required to penetrate a plate as (Goldsmith, Liu and Chulay,
1965)

Flax= 27R7h (7)
where R is the radius of the punch, h is the plate thickness and 7 is its
yield stress in shear. For the problem under consideration here, Fp ., is

10.1kN which, although of the same order of magnitude as the numerical
value, differs by a factor of about 3. This most probably occurred because
of several simplyfying assumptions in the analytical solution which were
unnecessary in our computations. For example, in Goldsmith, Liu and Chulay
(1965) it was assumed that the material was elastic-ideally-plastic while
our analysis permitted strain hardening. If the ultimate strength, instead
of the yield strength, of the material was used in (7), the predicted load
would increase by 60%. In addition, our computations allowed fracture of the
material and also followed the non-linear vibrations introduced by the
impact, which cannot be accounted for by (7).

Perforation of a Roof Plate by a Pipe-End

This analysis investigated the effects of impact of the end of a whipping
pipe on a roof plate. As a consequence of the rotation of the pipe about its
restrained end, the velocity of its free end contained components which were
both normal and tangential to the roof plate. At impact, the former was
equal to 90m/s. /‘

The material of both the pipe and plate was mild steel and was represented
by an elasto-plastic law with Von Mises yield criterion and isotropic
hardening. The latter was described by a power law. The failure criterion
and the values of the constants A and B were the same as in the previous
example.

The mesh representing the pipe consisted of 960 tetrahedral elements while
the plate was modelled with two layers of 3872 tetrahedrons in each layer.
Fig. 11 shows the mesh near to the point of impact where obviously the

refinement of the mesh is increased. For clarity, Fig. 11 only shows brick
elements — each brick element is, in fact, composed of six tetrahedrons.

The analysis was performed up to 75us after impact. At about 60us, elements
started to rupture. Fig. 12 shows the situation at 7lps. Fractured elements
have been removed from the plot to ease visualisation. From the Figure, it
is clear that the pipe has perforated the plate. As the free—end of the pipe
is moving across the plate, the maximum dimension of the ruptured region is

also in that direction.

Fig.

11. Detail of mesh used to analyse perforation
of a roof plate Wy a pipe

12.

Perforated roof plate 7lps after impact by a pipe
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The deformations of the pipe, by comparison with those of the plate, wer:
very small. This is a consequence of the stiffness afforded by the geometry
of the pipe.

CONCLUS IONS

We have described the numericil techniques that are necessary to model the
fracture mechanisms associated with impact, penetration and perforation. 7
number of examples showed both the insight that can be gained into
theoretical aspects of such problems and also demonstrated practical
applications of these procedires. Clearly, for further advances in this
field, there is a need for greater experimental data than is presently
available in order to define more precisely the parameters characterising
fracture of materials under corditions of dynamic loading.
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