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ABSTRACT

This paper presents a methodology for studying and evaluating the damage performance of a
120-mm multi-effect warhead by combining analytical calculations and numerical simulations
using ANSYS Autodyn 2D/3D. The study focuses on analysing the formation process of the shaped
charge jet and the dispersion characteristics of fragments through the application of the JWL
equation of state for high explosives and the Johnson-Cook strength model coupled with the Shock
EOS for metallic components. This approach is used to evaluate the combined effectiveness of
shaped-charge penetration and fragmentation within a single warhead structure, thereby
predicting its damage capability against various battlefield targets. The obtained results play an
important role in optimizing design parameters and contribute to improving the effectiveness of
damage performance assessment for new-generation ammunition systems, while significantly
reducing the cost and time required for full-scale experimental testing.
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1. INTRODUCTION

A multi-effect warhead is a type of warhead capable of defeating various types of targets or
functioning through different mechanisms to meet specific combat requirements. Worldwide, this
type of warhead has been widely studied and applied, with typical examples including the Geran-
1 [8], S8KO, and S8KOM warheads [9].

Previous studies have effectively addressed the problems of describing warhead geometry, the
formation mechanism of the shaped charge jet, and the fragment dispersion process. However, most
traditional analytical models [2] usually simplify the problem by neglecting complex changes in the
physical state of materials, which may lead to significant calculation errors. Therefore, when these
formulae are used, appropriate empirical coefficients must be selected, and the calculated results are
only approximate. At present, the problem of evaluating the damage performance of multi-effect
warheads has not been satisfactorily resolved. Domestic studies have mainly focused on separately
investigating the shaped-charge penetration effect of shaped charge warheads [3, 6, 7, 10] or the
fragment dispersion law of metallic casings under the action of detonation waves [1, 5, 11, 13]. Such
an approach does not accurately reflect the simultaneous effects occurring within the same warhead
structure, thereby imposing considerable limitations on damage performance assessment. Moreover,
experimental methods require substantial investment costs, long testing durations, and face
difficulties in collecting intermediate parameters under actual detonation conditions.

With the development of science and technology, numerical simulation enables a clearer
understanding of the complex nature of each ammunition terminal-effect process. In addition,
simulation allows relatively comprehensive visualization of relevant parameters and makes it
possible to investigate the influence of multiple parameters on ammunition effects, which is
difficult to achieve using other methods. At present, the terminal effects of ammunition can be
simulated using various approaches, including commercial software packages such as ANSYS LS-
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DYNA, ANSYS AUTODYN, and ABAQUS. Initially, numerical simulation was mainly based on
the finite element method (FEM). However, for problems involving large deformation, high
velocity, and local failure, such as ammunition terminal-effect problems, continuous remeshing is
often required during the simulation process, which increases computational time and may lead to
numerical errors. In contrast, the Eulerian mesh coupled with the Lagrangian mesh can overcome
these limitations.

In this paper, the authors propose a combined analytical and numerical simulation approach to
evaluate the damage performance of a multi-effect warhead. Specifically, the damage performance
of'a 120-mm warhead is evaluated to comprehensively analyze the formation process of the shaped
charge jet based on the JWL equation of state for high explosives, while simultaneously assessing
the fragment dispersion characteristics using the Johnson-Cook strength model coupled with the
Shock EOS for metallic components.

2. METHODOLOGY FOR EVALUATING THE LETHALITY
OF MULTI-PURPOSE WARHEADS
2.1. Fragmentation effect

Determining the impact velocity of fragments is highly complicated, since the motion of
fragments in air depends strongly on their mass, velocity, shape, and other related factors, while
accurately determining these parameters is extremely difficult.

To solve this problem, the following assumptions are introduced:

- The influence of the fragment weight on the flight trajectory is neglected; therefore, the
fragment trajectory is assumed to be a straight line.
- Upon impacting the target, the fragment still retains sufficient energy to defeat the target.
The impact velocity of a fragment is defined as the velocity of the fragment at the moment it
reaches the target. During flight, the fragment velocity decreases according to the following law [2]:
dv
m, - -R (D)

where:

The air resistance acting on the fragment is given by

2
1%

R=C.Sp.p.— )

p - Air density; ( p=1,293 kg/m?)
C. - Coefficient of frontal air resistance

The value of C, depends on the fragment velocity. The relationship C_ = f(v) is expressed as
follows [2]:

0,5 forv<150m/s
¢ = [(1,49+o,51sin(860”—360“1gv)]'1 for 150 <v<550m/ s;

0,855(1+@] forv>550m/s

v

where: S, : Midsectional area of the fragment
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The fragment mass and its average cross-sectional area are related by the following expression:

S, = q).(pﬂy : 3)

where: @ - fragment shape factor; p, — density of the fragment material;

Equation (1) can be rewritten as:

2
m, dv_ —CX.SO.p.v— on the other hand d = dv dx = v@
dt 2 dt dxdt dx
Substituting into Eqquation (1), we obtain
moﬂ:_CX'SO'IO'Z Ly ﬂ:_mdx
2 v 2m,

Integrating both sides with the velocity varying fromv,, to v, and the travel distance varying

ve 2

from 0 to x,,

I @ —— CxSO -P xjﬁt dx & 1nvi - _ CxSO -P
v 2m,

Vb Ve 2m, 2m,

%y =V, exp[—mj @

The lethal energy of a fragment is an important parameter for assessing its lethality, as it directly
affects the probability of target defeat.

At present, the lethality of a fragment is commonly evaluated based on its specific kinetic
energy, defined as the kinetic energy of the fragment per unit area of its average cross section:

2
— mOvvc

E}"
28,

©)

where: E - specific energy of the fragment upon target impact; v, - fragment velocity upon target

impact; m, - fragment mass; S, - average cross-sectional area of the fragment.

Thus, it is necessary to determine the relationship between E, and the target-defeat probability

of the fragment. In addition to the fragment energy, this relationship also depends on the target
characteristics. For simplicity, a stepwise kill criterion is used to define this relationship. The
minimum energy required for a fragment to defeat the target (£, ) is assumed to be known.

According to the stepwise kill criterion:

where E, >FE

r.min >

the target-defeat probability is P, =1;

where E, <E

r.min >

the target-defeat probability is P, =0

Thus, all fragments are divided into two groups: effective and ineffective fragments,
corresponding to kill and no-kill outcomes. The number of effective fragments can be determined
according to the following condition:

E >E

r.min

Substituting Equations (4) and (5) into the above condition gives:

100 M. D. Linh, ..., T. V. De, “Study and evaluation of the ... warhead using numerical simulation.”



Research

2 2
Tolesp = Mo v, eXp _CSopxn || 5 E (6)
28, ‘ 28, 2m, '
If the mass of a lethal fragment and its average cross-sectional area are related by the following
expression [2]:

S, =k, m” ©)

where: k,, - fragment shape coefficient. For steel-cased ammunition (k,, = 0,005m" / kg*”)
Substituting Equation (7) into Equation (6), the maximum distance at which the fragment can
still defeat the target is determined as:

m,” _Cx.khd.p.xm, ’
2-khd I/o eXp( 2.m1/3 ) 4 Enmin (8)

0

where: m, - fragment mass; k,,- fragment shape coefficient; V- initial fragment velocity; C -
coefficient of frontal air resistance; p - air density; x,
E

r.min

. - distance from the explosion center to the target;
- minimum specific lethal energy required to defeat the target.

2.2. Shaped-charge penetration effect

According to previous studies [3, 6, 7, 10], the simulation of jet formation and its penetration
into a steel plate can be decoupled into two separate sub-problems: the jet formation process and
the subsequent penetration process. The jet parameters analyzed in the formation stage serve as
the input data for the penetration stage. The explosive wave propagation and jet formation are
modeled using an Eulerian mesh, whereas the target penetration process utilizes a Lagrangian
mesh. To evaluate grid sensitivity, both the jet and the target were meshed using three different
cell sizes: 0.25 x 0.25 mm, 0.5 x 0.5 mm, and 1 x 1 cm. Ultimately, to minimize the total element
count, reduce computational time, and ensure solution convergence, a mesh size of 0.5 X 0.5 mm
was selected for both the jet and the target (Figure 1).

Target

I cuom 20 <y <100 mm
A 4401 1x1 mm

. Penetration flow
/ 0,5x 0,5 mm

Figure 1. Mesh of the simulation model for the jet impact and penetration process.

0<y<20mm
0,5x 0,5 mm ¢

The material properties and their corresponding equations of state used in the simulation are
presented in the tables below:

The A-IX-1 explosive and the PEN1.77 detonating explosive are described using the JWL
equation of state [3, 4]. The JWL equation-of-state parameters of A-IX-1 are given in Table 1.

The liner material is Cu-OFHC, which exhibits good ductility; however, under impact loading
and high strain-rate deformation, it is described using the Shock equation of state and the
Steinberg-Guinan strength model. The Shock EOS parameters and Steinberg-Guinan strength-
model parameters are taken from the software library [4] and are listed in Tables 2 and 3.
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Table 1. JWL equation-of-state parameters of the explosives.

A-IX-I explosive
Po
A B E, D
- R R
ﬂ(g;)'m (MPa) | (MPa) ‘ i ? (kJ.m) (m.s”)
1700 | 5,37167e5 | 5,37926e3 | 4,2 1 0,4 1,36e7 7500
PEN1.77 explosive
1,77 | 617¢5 | 1694 | 44 [ 12 | 025 | 1,01e7 | 8300
Table 2. Shock EOS parameters of the Cu-OFHC liner.
C C VE VB
Po _3 r y S, 2 S, Ml =
(g.cm”) (m.s”) (cm.us™) Vo Vo
8,96 2,02 3940 1,489 0 0 0 0
Table 3. Steinberg-Guinan strength-model parameters of the liner.
0 d !
G O, O ¢ max ﬂ n Gp GT (O-:i )p T:'tc
(MP9) | (MPa) | (Mpa) (kPa/K) )
4,47e4 1,2e2 6,4e2 36 0,45 1,35 -1,798¢e4 0,0034 1790

The casing materials are STEEL 4340 and AL7039. Under explosive loading, these materials
undergo large deformation accompanied by changes in both volume and shape; therefore, the
Shock equation of state and the Johnson-Cook strength model are used. The Shock EOS

parameters and Johnson-Cook strength-model parameters are taken from the software library [4]
and are listed in Tables 4, 5, and 6.

Table 4. Shock EOS parameters of the AL7039 casing.

C C VE VB
Po _3 r L S, 2 S, Ml Mt
(g.cm”) (m.s™) (cm.us™) vy Vo
2,77 2 5,328e3 1,338 0 0 0 0
Table 5. Johnson-Cook strength-model parameters of the AL7039 casing.
2 A B room T,
3 C n m
(g.cm™) (MPa) (MPa) (K) (K)
2,77 3,37e2 3,43e2 0,01 0,41 1 300 877
Table 6. Johnson-Cook strength-model parameters of the outer STEEL 4340 casing.
po A B C n m Tn
(g.cm’) (MPa) (MPa) K)
7,830 792 510 0,014 | 0,26 1,03 1793

The wave shaper material used in the simulation of the shaped-charge jet formation process is
Plexiglass. The material behavior is described using the Shock equation of state.

The Shock EOS parameters of Plexiglass are taken from the software library [4] and are listed

in Table 7.
Table 7. Shock EOS parameters of the Plexiglass.
C C VE VB
Po _3 r y S, > S, = =
(g.cm”) (ms”) (cm.us”) Vo Vo
1,186 0,97 2,598¢3 1,516 0 0 0 0
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Based on the equivalence of steel grades according to relevant standards, Armox 440T is
selected as the target material in the simulation [3]. The Johnson-Cook strength-model parameters
and failure-model parameters are listed in Tables 8 and 9.

Table 8. Johnson-Cook strength-model parameters of the target.

2o A B c . " T oo T,
(g.cnm’) (MPa) (MPa) K) K)
7,896 1,11e3 2¢3 0,002 0,85 1,4 300 1793
Table 9. Johnson-Cook failure-model parameters.
D, D, D, D, D,
0,051 0,82 -0,46 -0,04 0

3. RESULTS OF DAMAGE PERFORMANCE EVALUATION OF THE 120-MM
MULTI-EFFECT WARHEAD USING AUTODYN

3.1. Geometric model

The warhead has a cylindrical configuration with a length of 235 mm and a diameter of 120
mm. To provide the fragmentation effect, the warhead consists of an aluminium cylindrical casing
filled with A-IX-1 explosive. The cylindrical casing is wound with 15 turns of steel wire pre-cut
with stress grooves, with each turn consisting of 47 preformed fragments measuring 8 x § X 6 mm,
giving a total of 705 fragments (Figure 2a). To provide the shaped-charge penetration effect, a 2-
mm-thick copper liner is arranged at the front of the warhead, together with a synthetic-plastic
wave shaper (Figure 2b). Thus, upon detonation, the warhead simultaneously produces shaped-
charge penetration and fragmentation effects.

&
T T
a. Model of HE ﬁ1 HT\L
|
the ' j! J&:ﬁ\:‘, ;’ ;‘; ,L;‘\
fragmentatio Ty
n section [ gl
P
3
Fragmentation ring
235
b. Model of
the shaped- 220
charge &
section

Figure 2. Warhead models classified by damage effect.
3.2. Simulation results using ANSYS autodyn
3.2.1. Fragmentation effect
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c. Fragmentation results at 32 yus; d. Fragmentation results at 50,7 us.

Figure 3. Fragmentation simulation results at different time instants.
Table 10. Fragment-field parameters.

Fragment | U | | contr | Conter | Comter |y | Averse
Fragment
13 192 2,59E+06 | -43,57 -55,92 21,34 | 3,30E+05 793
17 798 2,05E+06 10,60 45,75 35,30 | 2,61E+05 1.290
18 844 1,99E+06 45,13 46,19 -15,08 | 2,54E+05 1.365
20 176 1,82E+06 | -48,67 10,91 -46,53 | 2,32E+05 1.260
708 7 1,64E+05 8,57 -4,15 -73,25 | 2,10E+04 1.528
709 9 1,64E+05 | -69,99 -35,55 -18,20 | 2,10E+04 1.377

Based on the fragment-field parameters obtained from Table 10, the average fragment velocity
is determined to be approximately v = 1383 m/s. The analytical method is then used to evaluate
the fragmentation damage performance of the warhead.

m, =3g - Fragment mass; k,, =0,005m>/kg®” - Fragment shape coefficient (for steel
fragments) [2]; V, =v,, =1383m /s - Initial fragment velocity; Coefticient of frontal air resistance

C. =O,855.(1+5—0) =0,908, since v, >550m/s; p=1,293kg/m’ - Air density; x
v

m

.- Distance

from the explosion center to the target; £, . - Minimum specific lethal energy required to defeat

the target. For a conventional target, with £, . =13,2.10°J / m*[2], Equation (8) is satisfied when

.min
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x,, <18,11m. Therefore, the lethal radius of the warhead is: R, =18,11 m

3.2.2. Shaped-charge penetration effect

The simulation results allow the variation in the axial velocity of the jet to be determined. For
a shaped charge jet with a large axial velocity gradient, the jet elongation capability increases. This
is a factor that enhances penetration capability. However, if the jet has a large axial velocity
gradient while its diameter is small, jet breakup may occur. This, in turn, reduces the penetration
depth of the shaped charge (Figure 4).
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Figure 4. Axial velocity distribution of the jet at 53,2 us.
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a. Penetration process into the steel plate at 45,2 s,
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b. Penetration process into the steel plate at 93,6 us;

8000 i

c. Penetration process into the steel plate at 137,5 us;
8000 ‘

d. Penetration process into the steel plate at 225 yis.
Figure 5. Penetration process into the steel plate.
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The simulation results are shown in Figure 5. The formed shaped charge jet reaches a
maximum velocity of nearly 9816 m/s and penetrates a 480-mm-thick steel plate after 225 ps.
This damage performance is sufficient to defeat targets such as lightly armoured vehicles and
infantry fighting vehicles.

4. CONCLUSIONS

This paper develops a numerical model to evaluate the simultaneous lethality (shaped charge
penetration and fragmentation) of a 120-mm multi-purpose warhead utilized for short-range
coastal defense missiles. By closely integrating analytical theoretical calculations with highly non-
linear dynamic simulations in the ANSYS Autodyn environment, the study has achieved several
key results as follows:

Regarding the fragmentation field formation mechanism: The fracture process of the
STEEL4340 alloy casing under the loading of detonation waves from the A-IX-I high explosive
was successfully simulated. The resulting fragment field achieved an average velocity of
approximately V, = 1383 m/s. The effective lethal radius against personnel was determined to be
R, =18,11m, ensuring optimal fragment density and energy to suppress wide-area, thin-skinned

targets, such as landing craft air cushions (LCACs) and high-speed boats.

Regarding the shaped charge jet penetration effect: The formation process of the shaped charge
jet reached a peak velocity of approximately =~ 9816 m/s, demonstrating the capability to penetrate
an Armox 440T steel target plate with a thickness of 480 mm. This lethal performance is fully
sufficient to defeat heavily armored targets, such as enemy main battle tanks or amphibious
armored vehicles.

The reliability of the numerical simulation method was validated by benchmarking against
experimental data of the SSKOM rocket warhead, with the resulting error not exceeding 15%.
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TOM TAT

Nghién ctru, danh gia uy lyc cia diu no da tac dung c& 120mm
bang phuong phap mo6 phong

Bai bdo trinh bay phwong phdp nghién ciu va danh gia uy luc ciia dau né da tic dung
cé 120mm thong qua su két hop gitka tinh todn gidi tich va mé phéng sé trén méi truong
ANSYS Autodyn 2D/3D. Nghién cuu tdp trung phdn tich qua trinh hinh thanh dong xuyén
l6m va ddc tinh phan tan manh vang thong qua viéc wng dung phuwong trinh trang thai JWL
cho thuée né manh va mé hinh bén Johnson-Cook két hop véi Shock EOS cho cdc thanh
phan kim loai dé danh gia hiéu qud tong hop uy luc xuyén 16m va phdn manh trong ciing
mét cdu triic ddu né, tir do dir bdo kha nang tiéu diét cdc logi myc tiéu da dang trén chién
truong. Két qua nghién ciru dong vai tro quan trong trong viéc 16i wu héa cdc tham sé thiét
ké ma con gép phan vao viéc ndng cao hiéu qua danh gid uy lyc cac hé thong dan dwoc thé
hé méi, gitip giam thiéu ding ké chi phi va thoi gian thir nghiém thuec té.

Tir khoa: Diu nd da tac dung; Dong xuyén 16m; N6 phan méanh; M6 hinh Johnson-Cook.
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