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SYNOPSIS

Explicit Lagrangian methods are ideal for modelling high-velocity
impact, where important plastification of the missile and target ensue,
The paper describes briefly the theory, with special attention to the
contact logic, and applies it to the analysis of the impact of a

projectile on armour plate.

1 INTRODUCTION

Large deformations of solids are usually best handled by means of
incremental formulations referred to updated Lagrangian meshes, If the
increments are small, tﬁe problem is incrementally linear, which allows
for fast simple solutions.

Short-duration dynamic problems are ideally suited for treatment by
time-marching methods which inteérnte explicitly the equations of motion,
Since all equations are uncoupled, the procedure is very simple and
robust. The limitation imposed on the size of the integration timestep is
cbviously of little consegquence in a short—duration problem. ;

The specific problem of interest here is the analysis of the
deformations induced by a high-velocity projectile impacting armour plate
at shallow angles. In addition to the above characteristics (large strains
and rotations, short duration) the numerical procedure must be able to

model the contact between bodies across an interface which changes

drastically as a function of time,



2 CONTINUUM MODELLING

The general methodology of explicit Lagrangian procedures is well
known, Space is discretised and its mass lumped at grid points. The
momentum equations, integrated on the area (S) surrounding the mass (m) of

each mode, are:
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where 1uy is the displacement

°ij is the stress tensor

nj is the unit normal
Fi are external forces
f; are body forces

dots indicate time derivatives

The explicit integration is central in time. New nodal velocities
are obtained by addition of HiAtznew nodal coordinates, by addition of
ﬁiAt. This results in coordinates being staggered between velocities in
time; similarly, velocities are staggered between accelerationms.

The second set of equations governing the deformation process are

the constitutive laws, which are formulated incrementally,

A
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where Gij is the Jaumann rate of Cauchy stress
dij
{E} is a set of material properties

is the rate of deformation tensor

Equation 2 generates new stresses which allow returning to egq. 1,
thus recommencing the computational cycle. This solution procedure will be
stable providing the timestep is smaller than specified by the Courant
condition,

It is obvious that eq. 1 and 2 presuppose that space has been
discretised into elements. Here, a modified version of the mixed
discretisation1 has been used. This type of discretisation has not been
used before, hence its concept is explained below.

Meshes of constant—-strain tetrahedrons are known to result in

2

ertificial stiffening during plastic flow“. The reason is that they are

unable to accommodate simultaneously all the volumetric constraints



imposed by that flow. Meshes of constent—strain elements with more nodes
(e.g. pentshedrons, cubes, etc.,) allow the development of hourglassing or
zero—energy modes. These are combinations of nodel displecements that do
not affect the strain tensor and are therefore unrestrained by restoring
forces.

A mixed discretisation would typically use a mesh of constant-
strain tetrahedrons for referring only the deviatoric parts of the
tensors., Their isotropic counterparts would be referred to & superimposed
mesh of larger elements (e.g. pentahedrons made of three tetrahedrons
each), thus decreasing the number of volumetric constroints. This
combination has been shown to result in accurate predictions of collapse
loads while avoiding hourglassing modes entitelyl.

Unfortunately, a mixed discretisation is not sufficient in problems
with sharp discontinuities in boundary conditions. As the volume.of an
element tends to zero, its internal pressure should go to infinity, thus
preventing its continuing prog “ession towards ncgative volume. A mixed
discretisation does mnot prevent this from happening in individual
tetrahedrons, with disastrous consequcnces when very large highly-
localised loads are applied.

Here, initial deformations follow exactly the formulation given in
the traditional mixed discretisation. However, as the volume of i< . .doval
tetrahedrons goes to zero, thec pure constant—straic tetrahedral fomulation
is asymptotically recovered. Experiments conducted to date indicate that,
using this procedure a) no hourglassing appears, b) plastic collapse is
accurately predicted and c¢) elements have the ability to prevent their:

volume decreasing to or below zero.

3 CONTACT LOGIC
The analysis of the interaction between contacting bodies

represented by mesh discretisations requires logic which deals with
problems of various kinds:
a) topological
= finding which node(s) from each body is(are) in contact
with what element(s) of the other
- defining the normal to the contact interface at each

contact point



b) kinematic
N calculating the incremental and accumulated relative

displacements at each point of contact across the contact

interface

¢) mechanical

= determining the local forces of interaction which arise

from the local relative displacement

These problems will be briefly discussed in the rest of this

section. Three—-dimensional general contact searches are n2

algorithms and
result very onerous in computer time. The procedure adopted here is to
'seed’ contact areas by providing the program with a pair of contacts per
non-connected region of the contact area. The program then checks every
timestep whether any external nodes surrounding one involved in a contact
ere themselves involved in contacts. Thus the program will expand
automatically the contact interface until it is bounded in every direction
by nodes with negative pemetratioms, 7

Three kinds of contacts are distinguished: node-to—node, node-to-—
edge and node-to-face. The program estimates appropriate tolerances for
this categorisation. Since faces are triangular, their normal is well
defined. If the target is an edge, the contact normal is taken as the
average of the normals to the two external faces sharing the edge. If it
is a node, the normals to all external faces sharing the node will be
averaged to generate the normal at the node.

The next problem is the computation of relative velocities and
displacements. Relative velocities across the interface are computed as
the difference in velocity between the contact point alternatively
considered to be part of each of the two bodies in contact. The contact
normal can then be used to resolve the relative velocity into its normsal
and tangential components.

Mechanical contact laws are then applied incrementally based on the
relative displacement rates. These laws can be general to account for
cumulative damage, dynamic friction, etc. In practice, they are usually
elastic in the normal direction and elastic up to slip governed by a
friction coefficient in the tangential direction. Further, physical and

numerical uncertainties involved in frictional processes often result in

zero friction being used. For successful results, these laws should be



applied incrementally in a way similar to that proposed for the
constitutive equations. Jaumann rates of the local force of interaction
should be computed as a function of the relative velocities at the
contact, possibly other variables and set of interface material properties
(e.g. normal stiffness, tangential stiffness, friction coefficient, etc.).

Finally, the local contact force will obviously be felt by the
impacting node, as well as by the impacted node, edge or face. That force
will be shared amongst the latter in inverse proportion to their distance
from the impacting node. This sharing obviously applies only to the node-
to-edge and node-to-face contacts, the node-to-node being a trivial case.
The proportions are consistent with the constant-strain modelling
philosophy, in which all element faces remain plane during the deformation
process.

It should be stressed that contacts are established by nodes of
body A on nodes of body B, and by nodes of body B on nodes of body A, This
preserves the symmetry of the formulation and ensures that all intrusions
will be noticed by the program,.

In typical problems, the proposed procedures impose an overhead of
no more than a few percent above the time consumed in performing the

continuvum calculations,

4 APPLICATION

The preceding continuum and contact logic has been implemented in
the computer program PR3D3. In the present case, it has been applied to
the solution of a problem involving the shallow impact of a high-velocity
projectile on armour plate.

The projectile is composed of a cylindrical body with a diameter of
44mm followed by a troncoconical section with a half-angle of 73° capped
by a short cone. The overall length is 140mm. The material has a density
of 14.5!3/-3. Its behaviour was seen to correspond to that of an elastic
ideally plastic solid with limited ductility. The elastic behaviour is
characterised by a Young's modulus E = 358GPa and Poisson’'s ratio
v = 0.35, Plastification occurs when the stresses reach a Von Mises yield
surface described by an effective stress oy = 2GPa.

The impacted armour plate has a thickness of 120mm, Its density is
7.9!3!-3. It behaves as an elestic non-ideally plastic solid. The elastic

constants are a Young's moduls E = 210GPa and Poisson’s ratio v = 0.3. Its



plasticity is characterised by a Von Mises yield surface with a linear

strain hardening law:

T =41+ ng) s % 4 k3)

where T is the effective stress
Ep is the effective plastic strain
A and B are material constants which were determined to be 950MPa

and 0.63, respectively

The projectile is assumed to be travelling in the direction of its
axis at 1360m/sec. The angle of incidence is 73° with respect to the
normal, At initial impact, therefore, the troncoconical section of the
projectile has a generator lying on the surface of the plate. Friction at
the projectile-plate interface was neglected.

Due to symmetry, only half of the problem needs to be modelled. The
discretisation of the projectile consisted of 135 nodes and 444
tetrahedrons. The near region of the plate was modelled with 1440 nodes
and 6426 tetrahedrons, Although provision had been made to rezonme the mesh
if exceedingly large deformations were triggered, this was not mnecessary
ir the calculations.

The amount of armour plate which required modelling was estimated
on the basis of a) avoiding interference between the local displacement
field and the boundaries and b) providing a mass of armour plate much
larger than that of the projectile. In problems where only a small
proportion of the emergy is travelling in the form of elastic waves, their
reflection from artificial boundaries is of only limited concern. In any
case, even compressional waves would travel only about three guarters of a
metre in the timespan of 140psec.

The evolution of the normal component of the velocity at the tip,
middle and back of the projectile is presented in fig. 1 for the first
140psec following initial contact. The pre-impact value of that component
is obviously 398m/sec in all three cases, Figures 2 to 5 display the
evolution of the deformations. They correspond to 20, 60, 100 and 140psec,

respectively.
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Fig. 1. Evolution of the vertical velocity of points
situated along the axis at the tip, middle
and back of the projectile

As can be noticed, jnitial sliding om the plate is easily achieved.
However, &s the normal component of the velocity results in 8
progressively greater indentation of the plate, the longitudinal movement
of the projectile finds greater opposition ahead. As & result of this, 8
small ridge of plate material builds up in front of the projectile.

This same build-up of material is thought to be responsible for
another phenomenon observed both experimentaliy and in the present
computations. In spite of the fact that the initial bending curvature of
the projectile is obviously concave spwards, the projectile tends to
reverse its curvature before ricocheting. This reversed curvature can be
observed in the mesh at 140psec and is also suggested in the time
pistories, which jndicate that the mid-point achieves, at least for some

time, a greater rebound velocity than the tip of the projectile.

5 CONCLUSIONS

The proposed procedures for handling the continuum and, more
particularly, the contact conditions appear to produce answers which are
both qualitatively reasonable and consistent with expe:imental
observations. Further, the contact logic proposed only lengthens the
calculation time by a few percent in spite of the full generality glloved

for the shape and movements of the contact surface.



Deformed Meshes at 20psec

Fig. 2.

Deformed Meshes at 60psec

Fig. 3.



Fig. 4. Deformed Meshes at 100psec

Fig. 5. Deformed Meshes at 140usec
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