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Characterization of the Natural Fragmentation of Explosive Ord-
nance Using the Numerical Techniques Based on the FEM
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The presented new methodology for full numerical simulating performancesof casing ruptur eintegr atesthefinite element
method and thestochastic failuretheory in the solver sfor 2D and 3D axis-symmetric analysesof the proj ectilefragmentation.
Thispaper focuseson theeffectsof thetypeof casing on thefragmentation characteristics. I n thisway, the selected specimen
consider sthreespecific typesof high explosive (HE) items: 205 mm HE projectileM 1, 1220 mm HE mortar shell M62 and 128
mm HE missilewarhead M63. Aswell, the presented technique makesit possibleto consider the effects of the mechanical
properties of the casing material and explosive type on the fragmentation. The results of numerical smulation and some
relevant experimental dataareused for their compar ativeanalysisand evaluation of thenumerical approach, confirmingthe
computed parameter s of fragmentation predict properly the characteristics of the natural casing disruption.
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Introduction

EAL dynamic systemsand phenomenahave alwaysbeen

of interest to humankind, but only in the middle of the
last millennium there have been made serious steps in their
mathematical interpretation. The modern theory of dynamical
systemshasarelatively short history, and seeksto provide an-
swers on two important aspects of the integrity of dynamical
systems: structural integrity and integrity of the dynamical
processes, which sub-diversities are still very different (e.g.,
various aspects of the stability of dynamical systems). The
development of thetheory of dynamical systemsintegrity was
in many ways based on the appropriate mathematical theory
of phenomenol ogy and phenomenol ogical mapping of differ-
ent physical systemsand processes. Animportant contribution
to asystematic approach and formulation of the mathematical
theory of phenol-menology, in hisworks[1,2], was given by
Mihailo Petrovi¢ to whom these lines are dedicated. In the
context of the integrity of dynamical systems considered as
well in moredetailsin[3], this paper dealswith the explosion
of HE projectiles where structural integrity and fracture me-
chanics are of a primary interest.

Relating to the casing, an explosion of the HE projectile or
HE warhead is always followed by shock loading and
fragmentation effects and a response of these explosive
propulsive systemsinvolves highly non-linear phenomenacof a
transient nature. Regarding the theoretical consideration, there
are three basic theoretical approaches that can be applied in
order to accurately characterize such events, together with more
general sKkills such as experience and judgments. Firstly,
empirica formulas (hand calculations) can be applied.
However, only the smplest highly idealized problems are
practically solvable. Secondly, more complex analytica
techniques, which are usually computer-based or involve the
use of look-up tables and graphs, are very useful in enabling
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consideration of many different cases, relatively quickly.
However, theanaytical techniquesare based on alimited set of
experimental dataand particular smplified assumptions, so that
are only applicable to arelatively narrow range of prablems.
Finally, the numerical software based on the finite ele-
ments method (FEM) enablesto model the full physics of the
phenomenaand offers another approach to the fragmentation
studies. They are designed to solve the governing conserva-
tion equations that describe the behavior of the considered
physical system. By their nature, numerical techniques are
suitable for solving awider range of problems than any par-
ticular analytical technique. Aswell, they allow very different
results analyses of a perfectly instrumented numerical ex-
periment. Thusthe parameters such as stressand strain, strain
rate, temperature, etc., that arevirtually impossible to measure
in the real experiments can be examined in whatever appro-
priate detail. However, the numerical techniques for these
highly non-linear phenomena are not able to model the com-
plete physics without the required data which must be ob-
tained through the experiments (e.g., material properties).
Theanalytical techniquesof fragmentation analysiscan bethe
satigtical and the physically based approaches[4]. Thegtatistical
modeling is based on the analysis of experimentd data used in
thedefinition of the mathematical description of thedistribution
of size, massand shape of fragments. Inalargenumber of papers
[5-11] the authors dedl with different statistica models of the
fragments distribution. On the other hand, the authors have
considered the physical approach to the fragmentation process
based on theclassical study of Mott [12]. Thewell-known Mott's
initial fragmentation model was the basis for more complex
research gpproaches to the modeling of fragmentation [5,9,10].
The cal culation of fragmentation characteristicspresented inthe
above-mentioned works apply specificaly to the cylindrical
modelsor tothereal casingsthat can be reasonably approximated
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aseither particular hollow cylindrical bodiesor aseriesof hollow
cylindrical sections [7,9-11]. If the variation in the wall
thickness-to-diameter casing ratio is dight, the fragmentation
characteristics may be caculated using average values over the
entire length of the casing. However, if the variations are large,
the casing is treated as a series of equivalent cylinders
representing the actual shape as closdly as possible. This
principle, adopted on 105 mm M1 HE projectile casing [13], is
illustrated in [10]. Generally, for this kind of fragmentation
analysis, it isimportant to obtain the best mapping (description)
of the casing that is available. It can be achieved using the
iteration procedure, providing the errors of the masses of the
explosive charge and casing are less than 0.1%.

It should be noted that the base of the projectileisnot apart of
thehollow cylindrical shapeand thefragmentation characteristics
of the base may not be determined using the equations described
inthe above listed references. Similarly, thefuze body may usu-
ally not contain the explosive material and, if thisisthe case, the
fragments from this region may not be characterized by the
methodsdescribed above. A qualitativeimprovingintheconsd-
eration of fragmentation represents a sophisticated physically
based approach developed in [14]. The given mode! links high-
strain and high-strain-rate continuum hydrocode analyseswith a
series of fragmentation modeling routines enabling the accurate
numerical simulation of performance of natural and controlled
casing fragmentation [15].

Applied methods and models

For the purpose of this work, summarizing all the above
considered advantages and di sadvantages of the analytical and
numerical techniques, the numerical method was chosen for
the fragmentation study. The software tools ANSYS
AUTODYN-2D® and AUTODYN-3D® [16], based on the
FEM, were used in the characterization of the natural frag-
mentation. Aswell, the representative specimen was selected
so it includes three specific types of the real HE items of the
narrow caliber range (105 to 128 mm): HE projectile, HE
mortar shell and HE warhead; shown in Fig.1.

Figure 1. Three-quarter axial cross-sections of 105 mm HE projectile M1
(top), 120 mm HE mortar shell M62 (middle) and 128 mm HE warhead M63
(bottom)

The goal activities of the research presented in this work
can be summarized as follows:

- Numerical simulation of the fragmentation of al men-
tioned specifictypesof the HE items, determining themain
characteristics of fragmentation and comparative analysis
of thenumerical and experimental results of the fragmenta-
tion with general evaluation of the chosen predictive nu-
merical technique; and

- Determining some practically immeasurable fragmentation
parameters such as the stress and strain, temperature and
strain rate in the considered materials.

Material properties

In the numerical experimentsof HE projectilesfragmenta
tion the various mechanical characteristics of the steel casing
are used. The main mechanical properties of the casing mate-
rialsare shownin Table 1.

Table 1. Mechanical parameters of casing materials

Elastic |Young's|Poison’s| Shear |Fracture|Fracture

Drrfy limit |Modulug ratio [modulus| stress | strain

Label

P o, E v G OF eF

Steel #0| 4000 510 2100 | 030 |80.769| 810 | 0.210
Steel #1| 7830 580 2200 | 028 |85938| 810 | 0.210
Steel #2| 7850 324 210.0 | 029 |81.395| 589 | 0.230
Steel #3| 7800 920 220.0 | 0.28 |85.938| 1000 | 0.205
Steel #4| 7850 495 2100 | 029 | 81395 | 785 | 0.213

&Shear modulus: G = E/2(1+v).

Let us say that a complex artillery fuze design was very
simplified and modeled as a homogenous steel body with
4000 kg/m® of artificial density (Steel #0). Thisissuitablein
thiskind of analyseswithout the negative repercussionsonthe
accuracy of the results. As well, al necessary data for ener-
getic materials (explosives: TNT and Comp. B) and metals
(Copper/Johnson Cook, used for rotating band) are given in
the solver material library.

The HE items were modeled based on the accepted me-
chanical properties of the materials and the design geometry.
The computed masses of the appropriate parts together with
the number of generated finite elements for full three-
dimensional models of each item are givenin Table 2.

Data given in Table 2 were used to calculate the mass of
metallic parts, explosive and fuze. Their computed mass and
appropriate real mass, shown in Table 3, coincide well.
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Table 2. Computed parameters of the components of the HE items

105 mm HE projectile 120 mm HE mortar shell 128 mm HE warhead
Part Material Mass Number of FE| Material Mass Number of FE| Material Mass Rieegc
m m m FE
- - kg - kg - - kg -
Casing Steel #1 11532 1824732 Steel#2 8.506 1216614 Steel #4 4.611 1358392
Rotating band Copper 0.212 31488 / / / / /
Explosive charge TNT 2.036 65352 TNT 2.283 7050 TNT 2412 154078
Fuze (body) Steel #0 0.823 25340 Steel #0 0.436 35990 Steel #0 0.156 139910
Detonator TNT 0.044 11356 TNT 0.023 6878 TNT 0.030 64
Booster charge TNT 0.212 33212 / / TNT 0.042 12228
Detonator body Al aoy 0.064 1956 Steel #3 0.024 7608 Steel #3 0.018 12624
Stahilizer body / / / Steel #3 0.991 55670 / / /
Wing (All) / / / Steel #3 0.296 25624 / / /
Casing bottom / / / / / Steel #4 1.348 1516194
Sum - 14.923 1993436 12.559 1355434 - 8.618 3193490

Table 3. Review of the computed and real masses of the HE items

Computed mass (Real mass)
Part 120 mm HE mortar
105 mm HE shell 128 mm HE
jectil head
PO | with stabilizer | "
- kg kg kg

Metallic compo- 12.631

@), nents (12.738) 10.253 (10.100) |6.133 (6.141)

2) Explosive 2.292 (2.217) 2.306 (2.500) |2.484 (2.514)

(3) Fuze 0.931(0.957)| 0.483(0.460)  |0.246 (0.260)
Total mass 14.923

(4), @=(1)+(2) (14.955) 12.559 (12.600) |8.618 (8.655)

Finite element modeling

The 120 mm HE mortar shell wasused toillustrate the applied
modeling technique. Theair and explosivematerialsaremodeled
using the Euler solver whereit is able to treat multi-material ef-
fectsin onefinite e ements mesh. The Lagrangian meshing was
used to describe the behavior of projectile metallic parts. The
generated 2D Euler meshin Fig.2 (top) isuniformand finesizing
with 1x1 mm cellsdimensions. Thesamefigure (bottom) depicts
the 3D Euler meshing with a centered grade zoning of min. 2x2
mm cell dimensions. Aswell, here are shown the remapped (2D
to 3D) Euler explosive partsand initial coupled Lagrange-Euler
meshing with the inserted geometry of the 120 mm HE mortar
shell modeled in the pre-processing procedure.

o

4D Euler meshing [wndfaerm zoning. 1x1mm)

3D Euler meshing
[grade roning, man 2x2mm)

10 meshing
Coupled Euler- Lagrange
[tatang element ane, min 08mm]

Figure 2. The FEM modeling applied on the 120 mm HE mortar shell

After the initial studying and partia testing, convenient
ways of pre-processing and numerical simulation were cho-
sen. Firstly, the metallic parts design and meshing were
achieved using CAD/CAE toolsand two ANSY Ssolvers: de-
sign modeler and finite element modeler. Finally, after mate-
rials definition and assignment of the appropriate initial and
boundary conditions, the designed models were remapped
into the solver AUTODYN. The half 2D and half 3D axis-
symmetry FE models were adopted for the simulation.

Theor etical consider ations

Beforethe solutionisinitiated, abrief review of the consti-
tutive equations and equations of state (EOS) for all materials
will be discussed.

Governing equations

The partial differential equations express the conservation
of mass, momentum and energy in the L agrangian coordinates
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[16,17]. These, together with the equations of state (material
models) [16,18] and a set of initial and boundary conditions,
define the complete solution of the problem. Material contin-
uum associated with a Lagrangian zone stays with that zone
under any deformation. Thus a Lagrangian grid moves and
distortsduring timewith the material automatically satisfying
the conservation of mass. The density p at any time can bede-
termined from the current volume V of the zoneand itsinitia
mass My

_PoNo _ My

whereis. pg—initial density and V, —initial volume.
Then, the partial differential equations which express the

conservation of momentum rel ate the accel eration and stress
tensor O'ij:

0oy 00y 00y
OX oy oz
OX oy 0z
. 00, 00y 0o,
PE=o Ty Tz

pX=

Py = 2

whereis: X, Y,z —components of the vector of acceleration.
The stress tensor gj; is separated into a hydrostatic compo-

nent p with the artificial viscosity q and the deviator compo-
nent s; that is discussed more largely in [16,17]:
O =—(P+0) + S«
oy =—(P+0)+sy
Oz =—(P+0)+5S,

3)
Oy =Sy
Oyz =Sy
Ox = Sy

The negative sign for the hydrostatic pressure p follows
from the usual notion that stresses are positivein tension and
negative in compression. The strain tensor ¢; is determined
from the relation between the strain rates and the velocities

(xy.2):

. _OX
&0 = ox
oy
gW:Fy
. _0Z
¢z = 57
. 4
v =2l oy T ax
. _1(0y oz
‘9“‘2(az+ay)
. _1(oz, ox
g”_2(8x+6z)

These strain rates are rel ated to the rate of the change of the
volume V /V by:
%=é‘xx+é‘yy+é‘zz ®)

Theelastic behavior of metallic materialsis determined by
the Hook’ s L aw relations between the deviator of stress rates

and the strain rates. A pragmatic approach in the choice of
yield criteriais aformulation given by the Von Missesyield
criterion that describes the elastic limit and transition to the
plastic flow. The applied criterion, determined by the princi-
pa stresses 1, 0, and o3, defines the local yield condition as
follows:

(0'1—0'2)2+(0'2—0'3)2+(0'3—0'1)2 =2Y? (6)

whereis: Y—theyidld strength in ssmple tension.
The pressure pisrelated to the density p and specificinter-
na energy e through the EOS given in the general form
p= f(p,e) . Different formsof the EOS are describedin [16]

and they must be solved simultaneously with the equation ex-
pressing the conservation of energy:

o= %(Uxxé o Oy E O né 520,06 -

+20 1€ 1 +20 5 E ).

Relative to the energetic materials a standard Jones-
Wilkins-Lee (JWL) EOS [16,18] was used to describe the
adiabatic expansion of detonation products. The next equation
represents the pressure as a function of the specific volume
and energy:

R Re
=A 1—ﬂ)e7+|3(1—ﬂ)e7 +ew 8

p=A(1-% L G
with thefollowing notation: n=p/p.—ratio of density of detona
tion productsand expl osive charge and e—energy of detonation
per volume unit. The values of constants A, Ry, B, R,, and w
for very common explosives have been determined from dy-
namic experiments (cylinder test).

Used to model materials, typically metals, subjected to
large strains, high strain rates and high temperatures, the
Johnson Cook strength equation [18,19] defines the yield
stress, Y, as afunction of strain, strain rate and temperature:

Y =[ A+Bzj |[1+Clogé,, |[1-Ti | (9)

with the following notation: ¢, - effective plastic strain; gp -

normalized effective plastic strain rate; A, B, C, mand n -
constants of material determined experimentally and available
in the solver materialslibrary, Ty - homologous temperature
Th = (T - Tre)/ (Tmait - Trer) = (T - 300) / (Timeie - 300) K.
TheEq. (9) inthefirst set of the brackets representsthe ef -
fect of strain hardening and gives the stress as a function of

strain when ¢, = 1.0and Ty = 0 (i.e. for experiments at the

room temperature). The expressions in the second and third
sets of the brackets represent the effects of strain rate and
temperature, respectively. In particular, thelatter relationship
models the thermal softening so that the yield stress drops to
zero at the melting temperature Tio:. The constantsin these
expressions were obtained by Johnson and Cook empirically
by the means of dynamic Hopkinson bar tensile tests [20]
over arange of temperatures. As well, the constants of the
material were checked by calculationsof the Taylor tests[21]
of impacting metal cylinderson therigid metal targetswhich
provided strain ratesin excess of 10E+5 s and strainsin ex-
cessof 2.0.

Model of the casing crack

When the high explosive charge detonates in a metallic
cylinder (hereaprojectile casing), several thingsoccur. First,
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adetonation wave propagates along the axis of the detonation
(Fig.3). Theseresultsin the pressure generated with the atten-
dant stressand strain wave[22] being transferred to the metal -
lic casing.

E o e
g T
o \

Figure 3. 2D model of the detonation wave propagation through explosive
and the radial expansion of projectile casing (txo = 20 us)

Further, the casing expands and, affected by a complex
pressurefield that generatestheinvolved shock and expansion
waves, after some time ruptures by a shear or tearing failure.
If the case expands significantly and removes significant en-
ergy from the detonation products, thereisacondition known
asa"terminal detonation". If the case expands very little be-
fore fragmenting, the result is known as a "prompt detona-
tion". Once the case ruptures, fragments fly in directions de-
pendent upon theinitia rejection angle and velocity and their
individual mass and geometry.

There are several factors that affect the fragmentation
process: explosive brisance, charge to casing mass ratio, cas-
ing diameter, casing wall thickness and mechanical properties
of the casing material, initiation, etc.

Different approachesin system integrity studying the clas-
sical mechanics problems, relating to continuum damage me-
chanics [23,24] and classical fracture mechanics concepts
[25,26], are applied in explaining the phenomenol ogical map-
ping of the crack initiation and propagation for different mate-
rials. So, the quasi-static fracture of linear elastic-plastic and
linearly viscoelastic materials are quite well understood. On
the other side, theinvolved very complex shock wave stresses
initiate the dynamic fragmentation of the casing. Dynamic
fragmentation is a spatialy and temporally discrete process
governed by material flaws (inherent and random), material
properties (e.g., toughness, hardness, el astic and rupture stress
and strain limits) and structure (e.g., grain type, size and ori-
entation) [27].

The casing fragmentation usually begins from the outside
diameter through the formation of sharp radial cracks of the
longitudinal orientation. These cracks then join with shear
cracksfromtheinside of the material (or not, if the material is
extremely brittle). The cracks then coalesce into long, longi-
tudinal cracks. If the casing material isresilient enough, asthe
casing expands radially and during this process, the wall will
somewhat thin out. In any case, sooner or later, the metallic
casing will fragment completely. The described scheme of
casing fragmentation is depicted in Fig.4.

Figure 4. Scheme of casing wall rupture and fragments generating: (A)
principal and (B) seed fragments

Inthe generd case, regarding the morphology, two types of
fragments arise [11,18,28]: large massive or principal frag-
ments (A Type) and small light or seed fragments (B Type).
The massive fragments comprise both casing surfacesfromthe
inner and outer side and they are generated by principa
stresses. On the other hand, the small fragments comprise one
external surface (outer or inner) only. The variety of small
fragmentsincludes two subtypes (Fig.5): B' - the fragments of
the explosive contact zone formed by shear cracksand B" - the
fragments of the outer casing zoneformed by the sharp rupture
along the radial direction (typical for high-carbon sted!).

Figure5. Casing crack scheme: brittle steel (left) and ductile steel (right)

The crack surfaces of principal massive fragments are
characterized by two zones: the surfaces of brittle normal dis-
ruption (zone R in Fig.4) adjacent to the outer surface of the
fragment and the surface of shear cracking along the dliding
region (zone Sin Fig.4) adjacent to the inner fragment sur-
face.

Denoting the zone of the brittle normal disruption y and
wall thickness g, then the type of cracking can be described by
theratio c=y/é. E.g., for thefragmentsof brittlematerialssuch
asgray cast iron, the typical vaues of ¢ are between 0.5 and
0.8. For low-carbon steels and aloy steels, afragment gener-
ating occurs according to the scheme of ashear crack and c~
0 (Fig.5, right). Beside the negative effect of high carbon con-
tents, the mass of massive to small fragmentsratio is directly
proportional totherelative casing thickness and takestheval-
ues from 0.49 (thin-wall casing) to 0.91 (thick-wall casing)
and more.

Furthermore, real fragmentation sand pit tests show that
some metal mass of ruptured projectiles will be lost perma-
nently for further analysis. In practice, the mass of so-called
lost fragments [28] may take the allowed value up to 5% of
the total mass of metal. It contains primarily very fine frag-
ments (particles 0.5 to 500 mg of mass).

Sochastic failure and statistical distributions of fragments
mass

To mode the dynamica fragmentation for axis-symmetric
loading and geometry, it is necessary to impose some material
heterogeneity. Real materials have inherent microscopic flaws
which causefailuresand cracking to initiate. An approach tore-
producing this numericaly isto randomize the failure stress or
strain for the material. Using this property, a Mott distribution
[5,6,12] is used to define the variance in failure stress or strain.
The Mott model assumes that elementary probability of an un-
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fractured specimen of theunit length will fracturewhenthestrain
increase from ¢ to (& + de) takes the exponentid form:

Ce’de (10)

where ¢ is the strain, and C and y are the parameters of the
material.

With the experimentally determined fracture stress or and
the strain ¢r, and the parameter in the strain-hardening law op,
the stochastic variance y and parameter C will take an ap-
proximate form [6] as follows:

N Op . - ~(ey+05772)

Y 16076F L) Cx~ye (1D
In accordancewith the assumed model, each element of the

casing isalocated avalue of thefracture probability p, deter-

mined by the Mott distribution, where the value of one is

relevant to the mechanical characteristicsof the material. The

Mott probability of fracture p distribution takes the form:

p=1-exp —%[exp(yg)—l] (12)

The stochastic failure option may be used in conjunction
with many of the failure properties, including hydrodynamic
pressure (Pmin), plastic strain, principal stress, etc.

The numerous statistical distribution laws are applied to
describe a real distribution of the HE projectile fragments.
One of the earlier (Mott) and one of the recently proposed
(Held) laws of the fragments mass distribution will be briefly
discussed. In[12] Mott had formul ated the well-known frag-
ment distribution law in the form:

05 -~
N(m)='\2/L‘jeXp{—(m } p=" m=Mo (13

- whereis: N(m) - the cumul ative number of fragmentsor to-
tal number of fragmentswith the mass greater than m, Mg -
thetotal massof fragments, N, - thetotal fragment number
and m- the average fragment mass .

Held [29] introduced the method to predict the cumulative
mass of fragments M(n) in terms of the cumul ative number of
fragments, n(n = 1,2,3,...,Np):

M (n) = M, [1— exp(-Bn’ )] (14)

In addition, the method of Held allowed an implicit form
for the prediction of the fragment mass m, depending on the
cumulative number of fragment:

m=MoBAn* " exp(-Bn*) (15)

Held constants B and 4 are determined based on the ob-
tained experimental data.

Results and discussion

Numerical simulation of typical HE items

In order to identify the end of the fragmentation process,
the numerical integration of some of the models was con-
trolled up to 200 pstimelimit. The appropriate diagram of the
overall fragmentation progress depending on timefor 105 mm
HE projectile, 120 mm HE mortar shell and 128 mm HE war-
head isshownin Fig.6. Thefragmentation progress, expressed
in percents, representsthe current fragments number nsto total
fragments number ratio, ny/Np.
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Figure 6. Fragmentation progress vs. time

Sincethevaluesof caiber arerdatively narrow to each other,
itisexpected that the fragmentation processeswill be completed
at the approximately sametime. Thisview isconfirmed by adia-
gramin Fig.6, showing that the fragmentation in the most unfa-
vorable case effectively ends after max 145 ps.

In addition, the visua illustrations of the simulated frag-
mentation process of the 3D models of all HE items (Table 2)
|oaded by the shock wave and pressure of gaseous products of
detonation are given in Fig.7.

Figure 7. Illustrations of fragmentation process (from left to right): the 105
mm HE projectile M1, 120 mm HE mortar shell M62 and 128 mm HE
warhead M63 (t = 0, 30, 60 and 90 ps)

In any case, the nose and tail sectionswill break up into a
small number of relatively massive fragments. On the other
hand, the ogival and cylindrical partswill fracture into many
smaller fragments travelling at a high speed. Also, parallel
numerical simulation and experiments indicated that the ge-
ometry of the casing base with the hemispherical inner side of
the 105 mm HE projectile shows more favorable fragmenta-
tion behavior than the flat one.

Further, the numerical simulationisableto analyzethebe-
havior of the fuze and the stahilizer of the detonated projec-
tiles. The rejected fuze and stabilizer keep consistency after
the detonation. Fig.8 shows the time history of the velocity
registered by two gauges (#11 and #12 in Fig.8) alocated on
the front and the end side of the fuze body. In addition, the
figureillustrates atypical appearance of the fragmented fuze
120 ps after initiation.

According to the diagram of velocities, after more oscilla-
tionsthe overall material of the fuze will take thefinal or so-
called terminal velocity (~ 300 m/s).

The behavior of mortar shell stabilizer follows the analog
scenario taking very low terminal velocity, from 30to 40 nv/s.
Because of a very low rate of rejection velocity that is ori-
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ented opposite to direction of the projectile falling velocity
(150-200 m/s), the massive mortar shell stabilizer frequently
remains stuck in the ground when shooting is carried out at
high elevation angles.
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Figure 8. Time history of the velocity variation of fuze body

The calculated distributions of fragments velocities de-
pending on the normalized origin-X of all fragments for the
105 mm HE projectile, 120 mm HE mortar shell and 128 mm
HE warhead aregivenin Figures 9-11, respectively. Here, the
origin-X means the initial position of the center of gravity
(CQ) of the fragment.

Figures 9-11 give very detailed information about frag-
ments absolute velocity indicating thetypical large variations
of velocities at the end sides of the HE items. In the cases of
the HE projectile and HE warhead, the vel ocities of the frag-
ments generated from the flat end sections are varying from
350 m/sup to 2300 m/s[Figures9 and 11]. Onthe other hand,
the massive stabilizer of the HE mortar shell causes a sudden
drop in velocity of the fragments generated from the end sec-
tion of the projectile[Fig.10]. At once, the parallel numerical
experiments of the mortar shell fragmentation without stabi-
lizer showed that the fragments in this zone reach signifi-
cantly higher velocities. E.g., in this case the fragments dis-
tributed around the axis of symmetry are traveling at speeds
over 1000 nvs.
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Regarding the theoretical analysis of the distribution of
fragments mass here is considered only the fragmentation
case-study of the 120 mm HE mortar shell (Fig.12).

. '
130 firf HE MAORTAR SHELL
0% = Murtas sl experirness LAUITOOWA] 4
s Caleulated [HELEG
| — Caleulal s [RAOTT)

M
=
o

NORRAALZED FRACGAENT MUMBER, n/N

r F 4 -] ] 161 ]
MOBMUALITED FRAGMENT MASS, mim _ |-]

Figure 12. Distribution of the fragments mass of the 120 mm mortar shell

Thetheoretical distributions, illustrated in Fig.12, include
simultaneously the results of the numerical simulation and



UGRCIC,M., etc.: CHARACTERIZATION OF THE NATURAL FRAGMENTATION OF EXPLOSIVE ORDNANCE USING THE NUMERICAL TECHNIQUES... 23

fragmentation laws proposed by Mott and Held. The curvesthat
represent the normalized fragment number depending on the
normalized fragment mass (up to ratio mm,, = m'M = 10)
match very well. Sincethe experimental datarelating to the mass
of the fragment cannot be classified individualy fragment-by-
fragment asit enablesthe theory, thediagramin Fig.12 does ot
contain experimental data. So, the shown gpproach of presenta
tion of theresultsdoes not provide asuitable comparative analy-
sisof the numerica and experimental data.

To overcome the prablem, in practice the fragments are
classified into several massfraction range. Such classification
of the fragments still follows the sand pit tests. Similarly, the
corresponding classification of the fragments mass, obtained
by numerical experiments, was done for al HE items and
shown in Table 4.

Table 4. Classification of the fragments mass given by numerical
experiments

.. |120 mm HE mortar| 128 mm HE war-
Mass 105 mm HE projectile shell head
fraction| Massfrac- | Number | Mass | Number [Mass frac-| Number
label tion of frag- | fraction | of frag- | tion | of frag-
range ments | range | ments | range | ments
0.0<m< 0.0<m< 0.0<m<
. 03 737 | 02 | ®® | o5 | se7
0.3<m< 0.2<m< 0.5<m<
2 05 32 | 10 | ¥ | 10 | s
0.5<m< 1.0<m< 1.0<m<
€ 1.0 402 | 20 | |20 | 3m
1.0<m< 20<m< 20<m<
4 2.0 280 | 30 | 3 |30 | 22
20<m< 3.0<m< 3.0<m<
g 3.0 166 | 50 | ®? | 50 | 200
3.0<m< 50<m< 5.0<m<
g 50 218 10 | 10 | 220
10<m< 10<m<
7 |5.0<m<10 266 20 95 15 50
20<ms< 15<m<
8 10<m<15 112 30 29 20 2
30<m< 20<m<
9 |[15<m<20 76 50 8 20 12
50<m< 30<m<
10 [20<m<30 % 100 2 50 2
50<m<
11 |30<m<50 31 More 2 70 >
12 |50<m<75 16 - - More 2
75<m<
= 100 4 -
14 More 2 - - -
sum Computed | 2748 R 4743 } 2577
(Experiment)| (2184) (3637) (2480)

Table 4 contains data relating to the mass fraction label,
relevant mass fraction range and number of fragmentsin the
massfraction rangeincluding all metallic parts (fuze, rotating
band and stabilizer). The last row in the table shows that the
tota number of fragments obtained by the numerical
experiment is always greater than the number of fragments
obtained by thereal experiment. Such asituationiscaused by
the loss of very small fragments during send pit tests, aswas
expected and what was discussed in the previous part of the
paper.

The computed results given in Table 4 and appropriate
experimental data [7,8,30] are used for their comparative
analysis and evaluation of the FEM as a predictive technique
in the characterization of the HE projectile fragmentation. In
this order, the comparative diagrams that represent the
number fragment frequency, i.e. number of fragmentsin the
mass fraction range are designed. The mass fraction rangeis
labeled from 1 to M, where is: M = 14 for the 105 mm HE
projectile, M = 11 for the 120 mm HE mortar shell and M =
12 for the 128 mm HE warhead. Together with the results of

numerical simulation and real experiments, shownin Figures
13-15, the diagrams depict data calculated by the Held
method.
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Figure 13. Fragments mass distribution of the 105 mm HE projectile
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Inany case, according to Figures 13-15, all distributions of
the fragment number frequency depending on the mass frac-
tion range coincide very well, except for extremely low mass
of fragments (m < 0.5 g). Thisdiscrepancy, between the theo-
retical and experimental results, appearschiefly duetothelost
fragmentsthat are always present in the real tests. Regarding
the deviationsin extremely high fragments mass, the massive
componentslikethefuze and stabilizer may cause somevaria-
tions of the overall distributions, but thisis not of agreat im-
portance. A comparative analysis of presented experimental
and numerical resultsincluding the detailed researches of the
effects of design parameters of the projectile, given in [28-
31], clearly indicatesthe validity and the great benefits of the
applied numerical methods based on the FEM and confirms
that it is suitable for a high-quality-analysis of the natural
fragmentation of all types of the real HE items.

Determining the immeasurable fragmentation parameters

As previously mentioned, a standard measure conceptsin
mechanics [32] and measure techniques used in dynamical
tests [20, 21, 33] cannot be applied successfully to measure
e.g., parameters of deformation in the wall of the real ex-
panded casing. However, the actual computation technique
represents a powerful instrument for efficiently recording
(computing) the various physical parameters of the considered

mE HEN  Sme: s

|_EEEEaEN

explosive processthat areimmeasurable in real experiments:
the plastic strain, strain rate, temperature, fragment velocity
vectorsand parametersof kinetic energy transfer inthewall of
the 3D casing model.

Some kinds of such parameters of the expanded steel
casing of the 120 mm HE mortar shell, affected by the
detonation of TNT at t;o = 40 us and tsg = 50 us, are
illustrated in Fig.16 and discussed below.

The reached values of the plastic strain are extremely high
(Fig.168), up to the value of &, = 1.121 (tso = 50 ps). At the
given moment, the wall of the casing base is intensively
stressed due to the involved perpendicularly directed shock
wave. The strain rate distribution of the projectile casing is
given in Fig.16b. The maximum computed value &,=

7.195E+5 s* of the strain rate here is reached on the casing
base as well. The temperature is distributed according to
Fig.16c. It isranged from the ambient temperature 300 K on
the unl oaded casing base and stabilizer to the maximum local
temperature of 1075 K on the expanded cylindrical parts of
the casing. Finally, Fig.16d depicts the vector velocity distri-
bution of fragments and unfragmented elements of the casing.
According tothelast illustration, some particles of the projec-
tile casing intensively accelerate until theinstantaneousveloc-
ity of 1188 m/s.

tso = 50 ps

Figure 16. Physical parameters of the 120 mm HE mortar shell fragmentation: a) Plastic strain, b) Strain rate, ) Temperature and d) Fragments velocity

In addition, the velocity was registered in more gauge
points located along the casing. The time history of
acceleration and oscillatory velocity increasing in more

opposite points on the inner and outer side of the casing wall
isgivenin Fig.17.
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Figure 17. Time history of the velocity variation on the inner and outer side of the casing, with gauge points allocation (Case #5)

The accomplished additional analyses confirm another ex-
cellent performance of the solver used in the numerical simu-
lation of the projectile fragmentation. Regarding the FEM
based numerical software, itsmain disadvantageistheimpos-
sibility of introducing the effect of the chemical composition
of the casing materials (iron and shell-grade steels) in the
analysis of the fragmentation process. One possible way to
overcome it is by artificialy adjusting one (or more) of the
mechanical parameters of the casing material.

Finally, we have to emphasize that this paper has demon-
strated the great possibilities of the techniques based fully on
the FEM and stochastic failure theory in solving one of the
most complex problems of the explicit dynamics such is the
fragmentation of detonating projectile.

Conclusion

Numerical simulation of the casing fragmentation of more
specific types of the HE projectiles enables determining the
main characteristics of fragmentation, relating primordially to
the fragments vel ocity and fragments mass distributions. The
comparative analysis of the calculated data and appropriate
experimental results of the fragmentation coincide well, con-
firming the validity of the applied numerical technique based
on the FEM approach. The numerical simulation of the frag-
mentation process varying the mechanical characteristics of
the casing and type of filled explosive was successfully car-
ried out. The present computation method isableto determine
alargevariety of the parameters of fragmentation such asthe
fragment vel ocity, fragment size and massand fragment mass
distribution. Furthermore, a few characteristics of casing
fragmentation, immeasurable in real experiments, are com-
puted and shown, e.g., the temperature, stress and strain and
strain rates in the casing wall.
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Karakterizacija prirodne fragmentacije razor nih ubojnih sredstava
primenom numeri¢ke tehnike zasnovane na MKE

|zZloZzena nova metodolo3ka procedur a za kompletnu numeri¢ku simulaciju razar anja koduljiceintegriSe metodu konaénih
elemenatai teoriju stohasti¢kog razar anja sadr Zane u solverima za 2D i 3D analizu osno-simetriénog modela fragmentacije
projektila. Ovaj rad sefokusiranaefekteuticajatipakoduljicenakar akteristike procesa fragmentacije. U tom cilju, odabr ani
uzorak razmatratri specifi¢nekonstrukcijerazor nih ubojnih sredstava: razorni projektil 105 mm M 1, razor nu minobacac¢ku
minu 120 mm M 62 razor nu bojnu glavu 128 mm M 63 zar aketni projektil. Takode, prezentirana metodologija omoguéava
analizu uticaja mehani¢kih svojstava materijala ko3uljicei tipa eksploziva na proces fragmentacije. Rezultati numeri¢ke
smulacije i odredeni relevantni eksperimentalni podaci su iskoriséeni za njihovu komparativnu analizu i ocenu izloZzene
numeri¢kemetode, potvr dujuéi daizracunati parametri korektno opisuju kar akteristike prirodnefragmentacijekosuljice.

Kljuéneredi: razorni projektil, fragmentacija projektila, numeri¢ka simulacija, metoda kona¢nih elemenata.

XapaKkTepUCTUKHU €CTECTBEHHOH (pparMeHTalMy Pa3pylIMTEIbHbIX
CMEPTOHOCHBIX CPEACTB C MCIOJb30BAHNEM YHCJIEHHBIX METOI0B,
ocHOBaHHBIX HAa MK E

31ech mpeacTaBieHa HOBasi METOJ0JOrMYecKasi NMPOLeAypa ISl MOJTHOIO0 YHCJIEHHOr0 MOJEeITMPOBAHUS Pa3pylIeHHst
pyOamiku, KOTOpasi HHTErPHPYeT METOJ KOHEYHBIX 71eMEHTOB H TEOPHIO CJIY4aifHOH CTOXacTHYeCKOil NecTpyKIMH,
conep:kaumecs B pematesie 1 2D u 3D ananmu3a akcHaILHO-CHMMETPUYHOH MO/Ie/IM OCKOJIOYHBIX CHApsA0B. B nanHoit
CTaThe OCHOBHOE BHHMAaHHe y/ieJIsieTcsl BO3/ICiiCTBHIO THNA PYOAIIKH HA XapaKTePHCTHKH mpouecca ¢pparMeHTanuu
(pa3pywennst Ha ockoaku). C 3Toif LebI0, BHIOPAHHBIA IMA0JIOH PAacCMAaTPHBAET TPH KOHKPETHBIX KOHCTPYKIHI
paspylIUTeIbHBIX 00eNPUNACOB: pa3pyIHTeabHbIi cHapsix 105 mm M1, pa3pymnTensHblii MEHOMETHBII cHapsin 120 mm
M62 u paspymnTeasHyio 6oerojioBky 128 mm M63 peaxkTuBHoro cnapsina. Kpome Toro, nmpeacraBiieHHasi MeTOIHKA
M03BOJISIeT AHAIH3 BIHSAHHS MeXaHHYeCKHX CBOMCTB MATePHAJIOB Py0AlIKH H THNA B3PbIBYATHIX BeHIECTB HA MpoOIecC
(parventauun (paspyLieHnsi Ha 0CKOJIKH). Pe3y/IbTaThl YHCIEHHOT0 MOJACTHPOBAHNS U HEKOTOPbIE COOTBETCTBYIOLIHE
IKCHEePHMEHTAIbHbIE JAHHbIE HCIOJIB3YIOTCS ISl HX CPABHHTEILHOT0 AHATN32 H OLeHKH YKCIIOHHPOBAHHBIX YHCIEHHBIX
MeTOJ0B, TNOJATBEPJIHB, 4YTO BbIYHC/IEHHbIE MAapaMeTPbl NPABHJILHO ONHUCHIBAIOT XAPAKTEPHCTHKH €CTECTBEHHOI

(parmenTauuu pydamku.

Kniouesvie crosa: pa3pylIHTeIbHBIE CHAPSAABI, (parMeHTalMs CHAPSIA, YHCIEHHOEe MOITHPOBAHHE, METO KOHEYHBIX

3JIEMEHTOB.
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Caractérisation de la fragmentation natur elle des moyens puissants
meurtriers par I’ utilisation de la technique numérique basée sur
MEF

Lanouvelleméthodologie pour lasimulation numérique complétedeladestr uction du cor psdecartoucheintégrelaméthode
deséémentsfinis(MEF) et lathéoriedeladestruction stochastique dansles solveur spour I'analyse 2D et 3D du modéleaxial
symétriquedelafragmentation du projectile. Cepapier est centrésur leseffetsproduitspar letypedu cor psdecartouchesur
lescaractéristiquesdu processusdefragmentation. Danscebut I’ exemplairechois considéretroisconstr uctions spécifiques
desmoyensmeurtrierspuissants: projectile105mm M1, minedemortier 120mm M 62 et ogive puissant 128mm M 63 pour le
projectile fusée. La méthodologie présentée permet auss I’ analyse des effets des propriétés mécaniques des matériaux du
cor psdecartoucheet du typedel’ explosif sur le processusdefragmentation. L esrésultatsdelasimulation numériqueet les
données expérimentales relevantes ont été utilisés pour leur analyse comparative et pour I'évaluation de la méthode
numérique présentée en confirmant que les parametres calculés décrivaient correctement les caractéristiques de la
fragmentation naturelle du corps de cartouche.

Mots clés: projectile puissant, fragmentation de projectile, smulation numérique, méthode de démentsfinis.



