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This paper describes how 2 and 3dimengond numericd andyss tools can be applied to the
gmulation of high explosves. The cgpabilities of the AUTODYN-2D & AUTODYN-3D
hydrocodes are described, with emphasis on the modelling of blast and explosve events. The
results of a number of example andyses are presented, to illugtrate the gpplication of various
moddlling techniques to high explosives events. These examples describe the andysis of channdling
of ar blast down a gireet, Structura response due to an explosion in a munitions store, an explosively
formed penetrator, a shaped charge and a fragmenting warhead.

1. Introduction

Oveviaew Of Andyss Techniques

The objective of this paper is to show examples where 2-dimensiond (2D) and 3-dimensiond (3D)
numericd analyss software tools have been used the amulation of high explosves. The paper will
concentrate on five particular case studies associated with explosion and blast problems, including
the analyds of loading, response and fluid-structure interaction effects.

High explosve loading and response problems involve highly nontlinear transent phenomena. A
great range of physica processes must be taken into account to enable accurate characterisation of
such events. It is the responghility of the engineer/scientist/designer/assessor to congder these
complex interacting phenomena using a range of gppropriate techniques. There are four basic
techniques that can be gpplied, together with more genera skills such as experience and judgement,
and these are outlined below. Firgtly hand calculations can be gpplied; however, only the smplest
highly idedlised problems are practicaly solvable. For example, the well known Gurney equations
can be usad to caculate the accderation of materids in contact with high explogves, [ 1]. More
complex analytical techniques which are usualy computer based or involve the use of look-up
graphs and charts, are very useful in enabling consderation of many different cases relatively quickly.
By their very nature andytica techniques are only applicable to a narrow range of problems; thisis
because they are based on a limited set of experimentd data or particular gross smplifying
assumptions. Examples include the SPLIT-X [ 2] program for the caculaion of warhead
fragmentation effects, and the ‘CONWEP [ 3] program which includes options for air blast
cdculaions. Difficulties in moddling these highly nontlinear phenomena mean thet physical
experiments play avitd role in the characterisation of such problems. However, these experiments
can be vey codly, are often difficult to ingrument and interpretation of results is rarey
sraightforward.
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1.2

Numerical software tools offer an dternative approach to high explosve blast and explosion
phenomena. Ther advantage is that they atempt to modd the full physics of the phenomena. In
other words, they are designed to solve from first principles the governing conservation equations
that describe the behaviour of the sysem. By their nature numerica techniques are suitable for
solving a wider range of problems than any particular andyticd technique. They enable great
savings to be made in the codts of invedtigative physica experiments and alow the andlyst to look at
“perfectly ingrumented numericd experiments’. Thus parameters that are virtualy impossble to
measure in physca experiments can be examined in detall.

In redity, numericd techniques for these highly non-lineer phenomena are not able to modd the
complete physics and often the sub-modes, which exist in dl gate-of-the art tools, are empiricaly
based or require data which must be obtained through experimenta vdidation. For example,
equation of state parameters for HE are often determined using data from so called cylinder tests
where the mation of the wal of a copper cylinder filled with explosve is measured [ 4]. Thereare
two mgjor general problems to be faced in the numerica analyss of the types of events described in
this paper. Firdly, for problems of solid dynamics (e.g. structurd response) the chief problem is
materid characterisation in terms of the models that are used and the data required for them. For
fluid dynamics (e.g. the expangon of high explosive products and blast) the chief problem isthe lack
of numerical resolution available for solving such problems. Much of the current research and
development work related to numerical codes is concerned with better overcoming these two mgor
iSSues.

Despite the computationa requirements of numericd andys's, the increased power and availability of
computers has led to the widespread use of numerical software tools for solving highly nortlinear
dynamic events. The barriers between experimentdists, andysts and dedigners are gradualy
breaking down as such tools become more widely used. Indeed, problems are most efficiently and
effectivdy solved when a combined approach involving physica experimentation, andyticd and
numerica techniquesis taken.

A more generd problem faced by dl techniques, but which becomes particularly apparent when
developing numerical techniques, is that many aress of nontlinear response are poorly understood,;
two notable examples are the details of dynamic materid fracture and turbulent fluid flow. This poor
understanding does not mean that modelling techniques are rendered usdless, indeed numerical
moddling isamgor vehicle in developing our understanding of these complex phenomena

The paper will gart by reviewing the current satus of the AUTODYN numerical software used in
the andyses illugtrated here. Following this each of the gpplications will be described together with
sample results from the anayses

AUTODYN-2D & 3D

The specific features and capabilities of AUTODYN-2D & 3D are described below. Importantly,
they both include al the required functions for model generation, analysis and display of resultsin a
sangle graphicd menu-driven package. The codes can be run, with the same functiondity dbet a
varying speeds, on persond computers and engineering workstations through to mainframes and
supercomputers. The codes are written in ANSI standard FORTRAN and C for portability. These
codes are under mngtant and active development through industria and academic research and



development. Such developments are to a great extent driven by the feedback obtained from users
of the codes.

AUTODYN-2D & 3D are fully integrated engineering andyss codes specifically designed for nornt
linear dynamic problems. They are particularly suited to the modelling of impact, penetration, blast
and exploson events [ 5], [ 6]. AUTODYN-2D & 3D ae explicit numericd andyss codes,
sometimes referred to as “hydrocodes’ where the equations of mass, momentum and energy
consarvation coupled with materias descriptions are solved.  Finite difference, finite volume,
finite element and meshless methods are used depending on the solution technique (or
“processor”) being used. Reviews of the theoreticd methods used in hydrocodes can be found in
[7]and[8].

Alternative numerical processors are available and can be sdectively used to modd different regions
of a problem. The currently available processors include Lagrange, typicaly used for moddling
solid continua and structures, and Euler for modelling gases, fluids and the large ditortion of solids.
The Euler cgpability dlows for multi-materid flow and materid srength to be included. A fast
sngle materia high resolution Euler FCT processor in both 2D and 3D has dso been devel oped, to
more efficently address blast problems. In addition, the software includes an ALE (Arbitrary
Lagrange Euler) processor which can be used to provide automatic rezoning of distorted grids;
ALE rezoning dgorithms can range from Lagrangian (i.e. grid moves with materid) to Eulerian (i.e.
grid fixed in space). A Shell processor is avaladle for moddling thin structures and both codes
include an erosion adgorithm that enhances the ability of the Lagrange and shdll processors to
amulate impact problems where large deformations occur. Coupling between the processor typesis
avalable so that the best processor type for each region of a problem can be used. Various
techniques, such as remapping which uses an initid exploson cdculation to set up the initid
conditions for a subsequent caculation stage, can be used to improve computational efficiency and
solution accuracy.

The Lagrange processor, in which the grid distorts with the materid, has the advantage of being
computationdly fast and gives good definition of materid interfaces. The Euler processor, which
uses a fixed grid through which materia flows, is computationaly more expensive but is often better
suited to moddling larger deformations and fluid flow.

An SPH (Smooth Particle Hydrodynamics) processor is aso available in the codes. SPH isa
Lagrangian method that is gridlessmeshless, so the usud grid tangling processes that occur in
Lagrange cdculaions are avoided, and the lack of a grid removes the necessity for unphysical

eroson agorithms. At present, the SPH capability is best suited to the modelling of impact /
penetration problems, athough the rapid evolution of the SPH technique is likely to lead to a much
wider range of applications for which SPH is a good choice. A description of the SPH technique
and examples of impact and penetration smulationsare givenin [ 9] and [ 10].

A large range of materid equations of state (EOS) and congtitutive modes are available and the user
can incorporate further options through the provided user-subroutine facilities. High explosves are
usudly moddled using the Jones Wilkins and Lee [ 4] EOS common to most hydrocodes. Thisis
an empirica materid modd with parameters typicaly derived from cylinder test data. The explosive
isinitiated at points or planes, and a detonation wave propagates avay from the initiation locations
into the materid a the detonation velocity. This process converts the explosive to high pressure



detonation products. Alternatively, the Lee Tarver ignition and growth model can be used for more
detailed explogiveinitiation sudies| 11].

2. Application Examples

Numericd anadyss methods can be used to smulate awide range of explosive gpplications:
Explosonsin air, underground, underwater and in other materids
Shaped charges for the military, demoalition and oil well perforation
Materids forming, welding, cutting and powder compaction
Other types of warhead such as explosively formed projectiles or fragmentation

Numerica andyses of five example applications are described in this section.

2.1. Street Channdled Air Blagt

In recent years high explosve bomb attacks have been increesingly directed againgt civil structures
by various terrorist organisations. This has encouraged structura designers to look for new and
improved methods of protecting civil structures without resorting to military style massive reinforced
concrete congtruction [ 12]. Such improved designs must be based on design blast 1oads with an
gppropriate degree of accuracy. For conceptual design studies it is possible to use smple analysis
methods such @ anaytical or 1 or 2 dimensonad numericd methods. For detailled design of a
protection system, better accuracy design loads are required, and for the typica complex geometries
found in congested urban environments this means tha a three dimensond andyss tool must be
used. However, if such atool isto be used, it must first be vaidated to show that it can reproduce
the complex effects associated with blast waves propagating and interacting with multiple obstacles.
Whatever method is used to generate the blast loading predictions it must be capable of predicting
load time higtories on entire building facades and on structural components such as individud panels
in abuilding facade.

In order to vdidate 3D blagt caculaions conducted using the Euler-FCT processor, and the
remapping fadlities in AUTODYN-2D & 3D, reaults from a series of numericd cadculaions were
compared with results from a smal scale experiment. The plan of the experimentd rig is shown in
Figure 1. The test is 1/50" scale and therefore represents a 1000kg TNT charge detonating at the
centre of atypica Street geometry. As shown, a pressure gauge was placed on one of the building
faces opposite the end of the street. The experiments were conducted by the Royd Military College
of Science, and further details can befoundin [ 13].

Figure 2 shows the numerica mesh used to modd the experiment. This modd used two symmetry
planes to reduce the size of the numerica mesh and hence the caculation time, and with a cdll sze of
10mm within the street it contained gpproximately 360,000 cdls. Further detalls of the experiments
and the numericd cdculaionscan befoundin [ 14].
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Figure2 3D Street Channelled Blast Model

Pressure time histories on the front face of the building opposite the end of the Street are shown in
Figure 3. A 2 dimensond gpproximation of the Street geometry results in a sgnificant over-
prediction of the pesk pressure, while the full 3D cdculation agrees well with the experimentd
results. The ‘Conwep’ time higtory shows the effects of using a smple anaytical caculation that
neglects the channeling of the blast wave down the Street.

These cdculations show that for a complex geometry with the blast wave channelled down a Street
only a 3D numericd analydsthat incorporated dl of the 3 dimensona geometry of the problem gave
good agreement with experimentd results. Comparison of blast wave predictions made usng the
Conwep program with the experimentd results showed that neglecting the effects of channelling the
blast wave aong the Street caused severe under prediction of the blast wave peak pressure and
impulse. A protection system based on these blast |oads would be very unsafe.
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Figure 3 Street Channdled Blast Pressure Time Histories on Front Face of Building

Structure/Blast Interaction In An Explosive Store

The invedtigation of a number of possible configurations for ordnance storage facilities was carried
out for the USA Navd Facilities Engineering and Service Center. The blast loading and structurd

reponse for a particular explosve dorage facility due a high explosve blast were analysed

numericaly usng AUTODYN-3D [ 15]. The anadyses consdered the fluid structure interactionin a
sngle modd using the ALE processor to couple Lagrange regions to ALE or Euler regions of the
problem. Some details of one particular andyss are described here.

The explosive store congsts of storage areas with aroof, a fixed wall and a relocatable diding wall.
The relocatable wall can dide dong the fixed wall in order to alow modification of the room Szesin
the explosive storage areas. The explosives are stored in the room shown at the front and base of
Fgure 4, detonations being assumed to take place amultaneoudy a multiple Stes ingde this room.

The physcd dimensions of the region modeled are gpproximately 14m by 12m by 12m. A
symmetry plane was used to reduce the size of the numericd modd, which conssted of 27,000
rectangular cells. This resolution was too coarse to obtain accurate pesk Hast pressures but
aufficient to obtain impulses on and the response of the structure. Note that having the cell sze
would increased computation time by a factor of 16. As is usud in 3D amulations, practica
congderations determine the resolution of the model that can be considered. Nevertheless by using
a combination of 1D and 3D moddling as follows, better resolution can be achieved without
incurring much additiond computation cost. Further detalls of the caculation methodology and
results can be found in reference [ 15].

The detonation sources were first modelled in 1D numerical models, to a radius a which the blast
expangon from the explosives becomes non-spherica. The results from this 1D modd were then
remapped into the full 3D mode of the store, using automated procedures in the software.
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The 3D analyses were run to 30 milliseconds when the peak impulses on the walls had been
reached. Each 3D andysis took about 50 hours on a 90 MHz Pentium PC (equivaent to about 46
hours on a 133 MHz Dec Alpha). A plot of the resultant Sructurdl deformation at the end of the
andydsisshownin Figure 5.

2.3. Explosvdy Formed Projectile

An EFP problem is generdly characterised by the detonation of a confined explosve and the
subsequent loading on the confinement and the liner with the formation of a high-speed projectile.



The dynamic interactions between the explosive, explosive products, base plate, confinement and
liner present a chalenging numerica problem. Designing an optima EFP warhead is a complex
task, snce the liner has to undergo severe, yet controlled, plastic deformation without breaking.
Extengve experimental and theoretica studies are required to find the required liner, explosve and
confinement shapes, as wdl as initiation procedure. The design process becomes even more
complex if one desresto form fins on the EFP[ 16].

It is well known that the EFP deformation path is very sengtive to the explosvely driven loading
pressures. The total impulse thet is imparted to the liner only determines the totd liner momentum.
However, the final shape of the deformed liner is controlled by the complex interaction of loading
and unloading waves in the explosive products, and the velocity gradients that these produce in the
liner. A powerful hydrocode such as AUTODY N enables the researcher to analyse the influence of
smdl changesin the design on the find liner shepe and velocity.

For the EFP problem, the large materid motions and venting of explosive gases are best modelled
using the Euler processor where the numerica mesh is fixed and the "fluid” flows through the mesh.
The "dructurd” dements of the problem (casing, liner, and base plate) are best suited for a
Lagrangian framework wherein the numerical mesh moves and digtorts with the materiad motion.
AUTODY N-2D dlows both of these gpproaches to be combined in the same analysis. Note that
this Euler-Lagrange coupling alows AUTODY N to readily modd such phenomenon as the venting
of the explosive gases between the structura € ements.

An AUTODYN modd of a generic EFP problem is shown in Figure 6. The liner is sohericd and
manufactured from ARMCO iron, the confinement conssts of a cylindrical sted outer case and
back plate and the explosive filling is Composition B. The charge is detonated on axis at the back
plae. This amulaion is axisymmetric and therefore can be smulated with AUTODYN-2D. For
problems involving non-axisymmetric phenomena (nontsymmetric initiation, non-cylindrica
confinement or liner geometry), AUTODYN-3D can be used [ 17]. The liner and confinement are
modelled usng Lagrange while the explosiveis Eulerian. The empty quadrilaterd regionsin Figure 6
indicate initid void regions where the explosve gases may escape after the case, base plate, and
liner separate.

The AUTODY N-2D smulation was carried out on a PC and the results compared with experiment.
Computationd time was approximately 4 hours on a PC with a 486/66 processor. Excellent
agreement is shown in the liner profiles a various times, as well as with measured parameters given
in Table 1. These results were obtained without further cdibration of the standard library materia
dataincluded in AUTODY N.

EFP at 50ns Tip Tal diameter | Tiplength | Totd length Max.
diameter (mm) (mm) (mm) velocity

(mm) (m/s)

AUTODYN-2D 9.6 16 7.0 30 2868

Experiment 8.4 15 7.0 30 2700

Table 1: Comparison of AUTODY N-2D and experimenta results
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The find shape at 105 microseconds is shown in Figure 7. At any point we can introduce a target
depending on the stand-off desired and impact the EFP onto it. The target can be modelled as
Lagrange or Euler. If Lagrange is chosen, the erosion feature may be desirable to erode highly
distorted zones.

2.4. Shaped Charge Jet Formation

Shaped charge warheads are used in many wegpons systems, in addition to civil applications such as
oil well perforation and demoalition. Over the past four decades, enormous amounts of effort have
been invested in atempting to maximise the performance of shaped charges and to understanding
the effects of materid properties and manufacturing tolerances.



2.5.

Extensve experimentd programmes have heped to identify the crucid factors in charge design,

alowing geometries and dimensions to be optimised. Sophisticated measurement techniques have
amilarly given an understanding of the processesinvolved in the jet formation. This development has
been well supported by the availability of 2D and 3D numerical modes capable of accepting readily
avallable desgn data and generating smulations of shaped charge operation which alow visudisation
of the jetting and penetration process. The information produced can be vaidated experimentaly.

The jet formation process within a shaped charge involves extremely high pressures, deformations
and drain rates in the liner materid at the jetting point and in the early stages of jet formation. For
this reason, the numerica modeling of the jetting process is commonly carried out using the Euler
processor.  An dternative approach avalable in AUTODYN-2D is a combined numericd /
andyticd method where the liner is moddled usng a Shel subgrid coupled to an Euler grid
containing the explosve charge. The accderation and deformation of the liner are caculated
numericaly until the liner reaches the symmetry axis. An andyticd caculaion isthen used to predict
the resulting jet and dug behaviour.

The following example illustrates the goplication of the AUTODY N-2D Euler processor to anayss
of a 90mm diameter precision shaped charge. The charge configuration is shown below, congsting
of an Octal explosive fill and an OFHC copper liner. A single Euler grid of about 100,000 cdls
(equivdent to agrid sze of gpproximately 0.5mm) is used. The warhead configuration and resultant
jet at 50 microseconds are shown in Figure 8 and Figure 9.

Figure 8 Shaped Charge Warhead Figure 9 Jet Formation

3D Fraomenting Warhead

Recent advances in numerica techniques, and increasingly powerful desktop computers, mean that it
is now possble to andyse full Sze fragmenting warheads containing many hundreds of discrete
fragments on a persona computer. The andysis reported here used Lagrange grids to represent the
charge and the fragments, with each discrete fragment represented in the mesh o that dl of the
fragments could interact redidicaly. Reatively smple geometries such as cylindricad or conicdl
charges can be st up using the pre-processor built into AUTODYN. More complex nove
warhead geometries can be creasted using the TrueGrid [ 18] grid generation package based on
CAD dedgn data. Importantly, TrueGrid incorporates powerful geometry manipulation capabilities
for easy desgn modifications or parametric Sudies. Essentid festures of the numerica solution
within AUTODYN are an efficient and robust contact agorithm which can track the many



contacting surfaces between adjacent fragments and between the fragments and the explosive, and
an erogon agorithm that dlows highly distorted numerica cdls to be autometicaly removed from
the explosive or the fragments.

An example 3D warhead geometry, which consists of two truncated conic sections, is shown in
Fgure 10. The maximum diameter of the charge is 120mm, tgpering to a minimum diameter of
90mm with a total length of 150mm. The charge is Compostion B with a mass of 2.3kg. The
curved surfaces of the charge are covered with 3.5g stedl cubes with sides of 7.6mm. Moving awvay
from the mid length of the warhead, the first three rows contain 36 fragments. The complete
warhead contains 816 fragments with a total mass of fragments of 2.9kg. The mode did not include
acae. The charge was smultaneoudy initiated d the centre of both end faces. This meant that
three symmetry planes could be used to reduce the size of the numericd mode to 1/8 of the
complete geometry, and the modd took gpproximately 24 hours to run on a 300MHz Pentium |1
PC. The geometry of the warhead, and the location of the ignition points, mean that the mgority of
the fragments converge towards the mid plane of the sysem. They then interact, and some
fragments undergo significant distortion before travelling in aradid direction in a plane normd to the
warhead's axis. Fgure 11 shows absolute fragment velocity a 100nms. The two rings of fragments
closest to the mid-plane have been compressed by their neighbours and gected with a sgnificantly
enhanced velocity of about 2200m/s. The velocity of the remainder of the fragments drops from
2000 to 1100m/s with increasing distance from the warhead' s mid-plane.
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After completion of the andyses, fragment postion and velocity data can be produced in any
desired format. For example, atabular data file suitable for direct input to vulnerability codes, which
contains the co-ordinates of the centre of each fragment and the fragment velocity components.

3. Condudons

Numerica software tools are increesingly useful in solving highly non-linear problems involving high
explosves. Effective use of these tools occurs when they are used together with other techniques,
including experimenta validation. The case studies described above were gpplied successtully in
actud design/safety studies and were used in association with physical test programmes and/or
andyticd techniques.

The case sudies show that complex non-linear phenomena can be smulated usng modern desktop
computers.  The examples illustrate some of the wide range of numericad techniques tha are
necessary to effectively solve blast and explosion problems. Of course, these numerica techniques
should be gtable, and find an optima balance between accuracy and speed. Nevertheless, these
qualities done do not lead to effective use of numerica smulations, for this the numerica techniques
must be encapsulated within a software tool which is robust and user-friendly. Also the vast
amounts of data generated by 3D andyses, the complexity of the problems being solved and the
usefulness of quickly interrogating andyds results, requires that the software should be interactive
and graphicdl.
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