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ABSTRACT

The paper describes the simulation of impact of jacketed projectiles on steel armour plates using
explicit finite element analysis as implemented in LS-DYNA. Validation of numerical modelling includes
a comprehensive mesh convergence study leading to insights not previously reported in literature,
using shell, solid, and axisymmetric elements for representing target plates. It is shown for a number
of cases that with a proper choice of contact algorithm, element size, and strain rate-dependent material
properties, computed projectile residual velocities can match closely with corresponding test-based
values. The modelling requirements are arrived at by correlating against published test residual velocities!
for variants of mild steel plates (designated as MS1, MS2 and MS3) of different thicknesses at impact
velocities in the range of ~820-870 m/s. Using the validated numerical procedure, a number of parametric
studies such as the effect of projectile shape and geometric aspect ratios as well as plate thickness on
residual velocity have been carried out and presented in Part I of the current paper.
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1. INTRODUCTION

The behaviour of armour plates subjected to
impact by projectiles for velocities including and exceeding
ballistic limits, has been investigated primarily using
the following approaches: (a) controlled experimentation 6,
(b) estimation of residual velocity and ballistic limit
with the aid of semi-empirical and limit-state solutions®”®,
and (c) finite element-based contact-impact analysis’!’.
The third approach, if properly validated, could be
considered as the most potent approach for predicting
ballistic limits of armour plates and for designing
optimised as well as innovative solutions.

In the current study, with an objective of arriving
at a robust finite element modelling procedure, a

comprehensive convergence study, not previously
reported in the published literature, was carried
out wrt element size. Shell, solid, and axisymmetric
elements were considered and the applicability of
shell elements, limited by plate thickness, in predicting
experimentally determined residual velocity was
ascertained. Solid elements representing target plates
are shown to be reliable for both thin and moderately
thick plates. The convergence of projectile residual
velocity using Belytschko-Lin-Tsay (BLT) shell and
constant stress solid elements representing mild
steel plates of different hardness is studied by
correlating the experimental results reported by
Gupta & Madhu'. In the material constitutive model,
the effect of strain rate on yield stress and failure
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strain was considered; however, thermal effects
were not accounted for. For the impact velocities
considered here, which are well in the ordnance
range, the computed results are not expected to be
substantially influenced by this latter assumption
as observed by Backman and Goldsmith*. It may
be noted that all analyses were carried out with the
explicit contact-impact analysis code LS-DYNA.
A user-friendly surface-to-surface contact with erosion
option in LS-DYNA was chosen for shell and solid
elements and 2-D automatic interface algorithm
for axisymmetric elements. Having established
confidence in the modelling procedures that could
yield converged residual velocity for single-layered
plates, a number of studies were carried out by
varying plate thickness, projectile parameters, impact
velocity, etc., which are presented in the Part II
of this paper. The modelling guidelines developed
here can thus be useful in efficiently creating new
design solutions which can otherwise consume
considerable time and resources if attempted through
physical testing.

2. FINITE ELEMENT MODELLING OF
TARGET PLATE AND PROJECTILE

Finite element models of a given target plate
using shell, solid, and axisymmetric elements are
shown in Figs 1, 2, and 3, respectively. For analysis
using LS-DYNA, BLT shell elements based on a
co-rotational formulation and constant stress solid
elements were chosen. To start with, these models
were employed for studying the effects of mesh
size on convergence of computed projectile residual
velocity wrt test values given by Gupta & Madhu'.
The plate was square in shape with dimensions of
200 mm x 200 mm and was clamped at the four
corners. Plates of three different thicknesses, viz,.
4.7 mm, 6 mm and 10 mm were considered. The
jacketed ogival-nosed projectile targeting the plate
centre was modelled with solid elements as shown
in Fig. 4. The projectile core had a dia of 6.2 mm,
was 28 mm long and weighed 5.2 g. It was made
of a hard steel alloy with an approximate hardness
of 900 VPN. The core was enclosed in a copper
sheath which increased the total dia of the shot to
7.8 mm.

Figure 1. Plate modelled with shell elements and projectile
with solid element.

Figure 2. Plate and projectile modelled with solid elements.

Figure 3. Plate and projectile modelled with axisymmetric
elements.

COPPER
SHEATH

Figure 4. Close-up view of jacketed projectile modelled with
solid elements in Figs 1 and 2.
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2.1 Strain Rate-based Material Modelling
of Target Plate

The material model with the keyword
*MAT STRAIN RATE DEPENDENT PLASTICITY
(material type 19) in LS-DYNA was used for
defining the behaviours of three variants of MS
(mild steel) plates designated as MS1, MS2 and
MS3 by Gupta & Madhu'. In this constitutive model,
yield and tensile strengths can be specified in a
tabular manner wrt strain rate. The quasi-static
engineering properties of these steel plates for the
hardness ranges quoted by Gupta & Madhu' are
listed in Table 1.

Table 1. Quasi-static engineering properties of mild steel

plates

Plate Vickers Quasi- Quasi- Quasi-
material  hardness static static static
nomen- range' yield tensile elongation
clature' VPN strength strength at break

(MPa) (MPa) (%)

MS1 110-115 205 380 25

MS2 150-155 360 505 35

MS3 140 - 145 305 465 34

The quasi-static engineering stresses were at
first converted to corresponding true values using
a standard procedure based on a constant volume
assumption during a uniaxial tensile test. True
instantaneous strain was interpreted as the logarithm
of instant gage length divided by its original value.

From the variations of yield and tensile strengths
wrt to strain rate for three varieties of steel designated
as DP800, HSLA350 and HSS590 by Brenda?, it
was noticed that the rate of increase of the respective
strengths was nearly the same for all the steel
grades mentioned. Hence, similar variations of yield
and failure strengths with reference to strain rate
could be adopted for the present mild steel variants
(i.e., MS1, MS2, and MS3) of target plates. The
following scaling relation enables defining the
dynamic yield and failure strengths of mild steel
plates considered here:

G(HSS 590)
(steel type) _ __(steel type) ¢
O; =0, (HSS590) (1
&
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(sreel ) {5 the strength (yield or failure)

where, o;

at a given strain rate, ¢ (s') ; and Gi‘;me} %9 is the
corresponding quasi-static strength at a low strain
rate of &, (s'). A regression-based curve fitting
approach was used to obtain the yield and failure
strengths of a target material by extrapolation at
a high strain rate (e.g., 10,000 s ') not considered®.
The approach outlined leads to a set of idealised
true stress versus true strain curves as shown in
Fig. 5 for various strain rates for each mild steel
plate variant being studied here.

It may be noted that the methodology employed
here for obtaining strain rate effect on material
strength by scaling as per Eqn (1) has been found
to be useful in other applications also such as low-
velocity impact on a grade of mild steel plate?
distinct from MS1, MS2, and MS3, and ballistic
impact on aluminium plates?>. In the latter case,
the reference material was a grade of aluminium
(and not HSS 590 considered in Eqn (1)) for which
published data on strain rate sensitivity was available.
Implicit in the current approach is the assumption
that the material for which strain rate-based strength
is being derived behaves in a similar manner as the
reference material in terms of rate of increase of
strength (yield or ultimate) wrt strain rate.

2.2 Material Modelling of Jacketed
Projectile

The projectile core has been assumed as rigid
based on the physical observation that only sheath
erosion occurred in the tests carried out in Eqn (1)
against which comparisons have been made here.
The sheath is modelled with material type 24
in LS-DYNA designated with the keyword
*MAT PIECEWISE LINEAR PLASTICITY using
the nominal engineering properties of copper listed
in Table 2. It may be noted that strain rate sensitivity
has not been considered in the material modelling
of the projectile.

3. ELEMENT SIZE ON PROJECTILE
RESIDUAL VELOCITY

The objective of this study was to determine
an optimal element size on plate surface as well
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Figure 5. True stress versus true strain behaviours of
(a) MS1, (b) MS2, and (c¢) MS3 plates.

Table 2. Projectile properties used in simulation

Elastic Poisson’s Yield Tensile Elongation

Projectile modulus ratio  strength strength at break
component  (Gpy) (MPa) (MPa) (%)
Copper sheath 130 0.3 395 405 21
Hardened

steel inner 203.4 0.3 Rigid

COore

as through its thickness (for solid and axisymmetric
elements) which will yield reliable values of projectile
residual velocity. Plates of varying depths were considered
and the computed residual velocities were compared
(as in Fig.6 through Fig.8 with the corresponding
measured values reported by Gupta &Madhu'. It is
seen in Figs 6(a), 7(a) and 8(a) that residual velocity
tends to converge monotonically as shell element
size decreases, with stiffer meshes (with coarser
elements) resulting in lower residual velocities as
compared to recorded residual velocities in tests.
*CONTACT_ERODING_SURFACE_SURFACE
(CESS) interface in LS-DYNA is chosen for analysis.
Coefficients of static and dynamic frictions were
respectively assigned values of 0.2 and 0.1 as is
a common practice. [t may be concluded from this
study that shell elements of size 1.0-.5 mm may
be used for simulating impact on mild steel target
plates of aspect ratio (span/thickness) 20-40.

The convergence characteristics of projectile
residual velocity for plates modelled with solid elements
are given in Figs 6(b), 7(b), and 8(b). In these
cases, the effect of solid element thickness on
residual velocity was included in addition to element
size on plate surface. It is seen from these figures
that good convergence patterns are obtained for all
the cases considered. In general, solid elements of
size 2 mm on plate surface yield residual velocities
in good agreement with corresponding test values
for the plates considered. The desirable thickness
of solid elements is 1/6" of plate thickness.

Axisymmetric element-based analysis results
are shown in Figs 6(c), 7(c), and 8(c) and good
convergence characteristics are noted in all cases.
Axisymmetric elements of size 2 mm on plate surface
yield residual velocities in good agreement with
corresponding test values for all plates analysed.
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Figure 6. Projectile velocities for impact on 4.7 mm thick
MS1 plate modelled using: (a) shell elements; (b)
solid elements; and (c¢) axisymmetric elements
(impact velocity: 821 m/s).

The desirable thickness of axisymmetric elements
is 1/6™ of plate thickness.

The results hitherto obtained through shell,
solid, and axisymmetric element-based analysis using
LS-DYNA are compared in Table 3. To assess the
degree of correlation of simulation-based residual
velocities with test residual velocities, the following

426

__ 1000
£
800 .  ———— $——

E P U A e
o B
8 600 -
m
>
— 400 1
<
2
= 200 A
M
~

0 T T T

3 mm 2.5mm 2mm 1.5 mm 1 mm

ELEMENT SIZE (mm)
--¢- Computed —e— Test [1]
(a)

1000
g
E 800 ¢——  EE T T—— ¢+ ¢+
8
S 600y .
m
e 400
a |
<
a
7 200+
83}
o~

O T T T

3.0 2.0 1.5 1.2 1.0

ELEMENT SIZE THROUGH THICKNESS (mm)

- - - Computed, 2 mm on surface —a— Computed, 4 mm on surface —e— Test[1]

(b)

1000

800¢ * P R

600

400+

200+

RESIDUAL VELOCITY (m/s)

0

3.0 2.0 1.5 1.2 1.0
ELEMENT SIZE THROUGH THICKNESS (mm)

- -¢ - Computed, 2 mm on surface —a— Computed, 4 mm on surface —e— Test[1]
©

Figure 7. Projectile velocities for impact on 6.0 mm thick

MS?2 plate modelled using : (a) shell elements; (b)

solid elements; and (c¢) axisymmetric elements
(impact velocity: 866.3 m/s).

Correlation Index (CI), is defined:

1
W
DG >

where V_is the test residual velocity, e, is the
difference between the computed and the test residual

Cl =1
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Figure 8. Projectile velocities for impact on 10.0 mm thick
MS3 plate modelled using: (a) shell elements; (b)
solid elements; and (c¢) axisymmetric elements
(impact velocity: 827.5 m/s).

velocities, and the summation is carried out over
the number of cases for which a combined index
of correlation is sought. It is apparent from Eqn (2)
that as the degree of correlation increases (i.e., e,
decreases), CI approaches unity. For each modelling
approach described above, a C/ value is calculated
by considering all three cases of target plates for
which residual velocity convergence study has been
carried out. These values of CI are listed in Table
4. It can be inferred from this Table that all element
types considered for plate modelling yield extremely
good estimation of test residual velocities, although
the axisymmetric element-based representation of
plate and projectile yields the highest degree of
correlation.

It is to be noted that the modelling criteria
arrived at above are based on analyses for impact
speeds in the range ~820-870 m/s. However, the
ballistic limits for the mild steel target plates analysed
are likely to be much lower than this range of
impact velocity. For the present modelling procedures
to be used with confidence for plate ballistic limit
prediction, the convergence of residual velocity
has been studied for two lower impact velocities,
i.e., 250 m/s and 500 m/s for MS1 plate of 4.7 mm
thickness. The study revealed similar patterns of
convergence as what has been observed at a projectile
impact speed of 821 m/s.

4. EFFECT OF CONTACT ALGORITHM
ON RESIDUAL VELOCITY

LS-DYNA offers a wide choice of contact
interfaces for analysis. A powerful and user-friendly
algorithm suitable for most problems, is defined
by the keyword *CONTACT_AUTOMATIC
GENERAL (CAG). For the present category of
problems, which involve removal of elements on
reaching a failure stress or strain, a common practice

Table 3. Comparison of shell, solid, and axisymmetric element-based prediction of residual velocity

Projectile residual velocity (m/s)

Plate Projectile
thickness impact velocity Test [1 Shell Solid Axisymmetric
(mm) (m/s) est [1] element-based element-based element-based
4.7 821.0 758.6 780.07 769.86 763.51
6.0 866.3 792.2 768.82 770.12 778.80
10.0 827.5 702.2 685.93 660.17 685.18
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Table 4. Correlation indices for different types of modelling

Finite element modelling type Correlation index

Solid element-based 0.963
Shell element-based 0.972
Axisymmetric element-based 0.983

is to use an erosion-based contact such as given
by the keyword *CONTACT _ERODING_SURFACE _
SURFACE (CESS) already considered in the
convergence studies of the previous section. Here,
results from CAG and CESS options are compared
to establish objectively that CESS is indeed a better
choice. In the present comparative study of CAG
and CESS interfaces, BLT shell element-based
representation of target plate is used. It is seen in
Fig. 9 that residual velocity converges faster to
corresponding test residual velocity when CESS
interface is used. In addition, it has been observed
occasionally that although residual velocity matches
well with the test value for CAG-based simulation,
a complete perforation in target plate is not visible.
On the other hand, CESS-based simulations at
impact velocities higher than ballistic limits always
lead to a clear visual perforation of target plate.

It has been seen from Figs 6 to 8 that test
residual velocities represent an upper bound for
the numerically computed residual velocities for
all modelling approaches considered here. It is
further seen in Fig. 9 that CESS condition consistently
leads to a faster convergence of residual velocity
for plates of various thicknesses. Although the
study in Fig. 9 is limited to shell element-based
discretisation of target plate, a similar behaviour
has been observed for solid element-based target
modelling.

Based on the above observations, it can be
concluded that the CESS option should be preferred
over the CAG condition for ballistic impact simulation
with LS-DYNA.

5. SIMULATION-BASED FAILURE
PATTERNS OF TARGET PLATE

In the previous sections, the ability of the
present numerical procedure for predicting residual
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Figure 9. Effect of contact algorithm on residual velocity.

velocity has been established. Snaps-shots of penetration
and perforation of MSI1 plates obtained through
analysis are shown in Fig.10. This figure shows
that the copper sheath of projectile is partially
eroded during target plate perforation although the
erosion is higher for target plate modelled with
solid elements. For plates of higher thickness
(corresponding to MS2 and MS3 varieties), the
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Figure 10. Snap-shots of failure modes of 4.7 mm thick MS1 target plate.

erosion of projectile copper sheath increases
substantially. Such partial-to-significant erosion of
projectile sheath has been observed in actual tests.
The presence of localised bulging of perforated
target plate with minimal dishing (i.e.,plate bending)
in shell-, solid-, and axisymmetric-based modelling
of target plate as seen in Fig.10 has been reported
in tests at velocities substantially higher than ballistic
limit (as is the scenario here).

6. CONCLUSIONS

The present paper details a comprehensive
finite element-based study of ballistic impact on
moderately thick mild steel plates of different grades
with a low- calibre jacketed projectile. The mesh

convergence study reported here has led to objective
guidelines for simulation of mild steel target plates
subject to ballistic impact. A comparison of three
different modelling techniques has been done for
the first time which removes a degree of confusion
that may have existed in published literature on
preference for any of these approaches. A consistent
and easy-to-grasp procedure has been outlined for
material modelling of mild steel plates by capturing
strain rate effects. The ability of the current modelling
techniques in predicting residual velocity and plate
failure mode indirectly confirms earlier observations
of experts that thermal effects are not significant
for velocities not exceeding the ordnance range.
The present convergence study also establishes
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the advantages of CESS algorithm over the popular
CAG algorithm used for crash analysis in LS-
DYNA; furthermore, it has been shown that the
modelling criteria obtained here for velocities in
the range ~820-870 m/s are also valid at a substantially
lower velocity of 250 m/s. The modelling procedures
developed here can thus be applied with confidence
for carrying out numerical parametric studies for
armour plate design.
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