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1. Introduction

Explosives buried in the ground such as mines or
Improvised Explosive Devices (IED) present a particular
threat to Light Armoured Vehicles (LAV). Compared with
heavier armoured vehicles, such as tanks, light armoured
vehicles are particularly vulnerable to this form of attack.
Providing LAVs with add-on armour is not always a good
solution because of their limited carrying capacity. To keep
up with the required level of protection, extensive research
is carried out on the use of composite and metallic materi-
als, as well as their configuration within the structure, to
produce the most effective energy absorbing shield possi-
ble for a given vehicle [1].

The studies on deformable energy-absorbing ele-
ments were presented, inter alia, in references [2-5] report-
ing the findings of analyses of the effects brought about by
detonated charges in model energy absorbing systems
fabricated of metal 3D structures. The tests were small-
scale experiments, with laboratory samples using small
energy equivalents. The above-cited references indicate
that the purpose of the 3D structures placed between two
metal plates is to convert the energy of explosion into the
energy of deformation of the 3D structures. It is, however,
correct for low detonation energies, and applicable where a
low-weight shield is required.

The shape of the protective shield has a signifi-
cant effect on the dissipation of the detonation energy of
blowing charges. At present, V-shaped hulls are widely
used in wheeled armoured personnel carriers. As shown,
e.g., in ref. [1], the shape has a significant effect on the
dissipation of the detonation wave arising in front of the
vehicle. This chassis shape is usually used in LAVS due to
their high clearance. Because of their specific construc-
tion, low clearance, and drivetrain design, caterpillar vehi-
cles have limited capability of using V-shaped deflectors.
In addition, the vehicles have a higher resistance to kinetic
ammunition and are heavier while their ground unit pres-
sure is minimised [6]. Therefore, weight added to the vehi-
cle has a smaller effect on vehicle mobility. This allows
shields to be used, fabricated of heavier and more rigid
composite materials, but with sufficient plastic and elastic
deformability, making use of structures of composite mate-
rials placed between the bottom of the vehicle hull and the
crew compartment. A review of the literature indicates that
vehicles with properly designed, heavier energy absorbing
shields fabricated of appropriately selected materials are
more resistant to higher exposure levels. This follows from
the fact that they reduce the impact forces acting on the
basic hull of the vehicle, and thereby directly influence
crew injury rates.

Irrespective of the military aspects, the research
covers energy absorbing shields that can be used in civilian
industries where gas detonation hazards occur, often com-
bined with the outburst of solids, e.g. in mining operations
where deposits are accompanied by methane, in drilling
platforms or for the protection of government buildings
against terrorist attacks [7, 8].

2. Objective of the study

The objective of the study is to find optimal de-
sign solutions to protect the vehicle’s lower hull in order to
reduce the energy pulse of the shock wave penetrating into
the vehicle interior down to the acceptable parameter val-
ues as provided by the NATO AEP-55 vol. 2 document
[9]. It is assumed that the principal components of the
protection systems include an appropriately shaped vehicle
bottom with incorporated elements absorbing the energy of
the propagating shock wave resulting from charge detona-
tion.

The results of the tests presented below refer to
recorded deformations of models of a planar module of the
spatial vehicle bottom structure with a surface area of 1
m2, fitted with an 830x830x80 mm absorber. The tests
involved absorbers with different absorbabilities of the
shock wave energy. It was assumed for testing purposes
that the energy released in detonation of 1.5 kg TNT was
constant throughout the tests.

3. Testing methods and materials

Upon reaching a barrier, the shock wave deforms
it. If the barrier material has elastic- plastic properties, the
deformation is a sum of elastic and plastic deformations.
As the shock wave decays, only plastic deformations re-
main in the barrier material. Most literature reports assume
that the amount of the deformation is the measure of ab-
sorption of the shock wave energy by the barrier material.
This view is an over-simplification, because a part of the
energy is consumed in elastic deformation. In order to
learn which part of the shock wave energy is consumed in
elastic and which in plastic deformation, a measurement
method described in the US TOP 2-1-007 procedure [10],
referred to as the comb gage method, was used for tests.

Essentially, the testing attempted to obtain infor-
mation on the absorbability of the shock wave energy by
the absorbers tested using a measurable parameter. For that
purpose, it was decided to use the method described above.
The method is an indirect measurement method, i.e., the
measurement of the total deformation of the barrier follows
from the comb gage deformation. As the method assumes
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that deformable lightweight elements of low elasticity
modulus are used, comb gages with easily deformable rods
of suitable geometry and length were fabricated of thin
aluminium sheet (Fig. 1, ¢). The comb gages were placed
over the tested samples so that the longest rod touched the
surface of the element subject to deformation (Fig. 2, a).
This allowed for a “post factum” analysis of the total de-
formation brought about by the shock wave in the upper
element of the system. The actual result of the test is the
difference between the measured heights [in mm] of the
maximum deformation recorded on the comb gage in the
form of deformed rods for the reference system (with no
absorber) and the system with absorber. The difference is
the measure of the shock wave energy absorbed by the
tested absorber.

Measurement methods for dynamic distortions of
structures are known. They include the following methods:
acceleration sensors, laser beams, fibre Bragg grating, etc.
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It was recognised, however, that for the assumed aim of
the research, the comb-straining method, which is de-
scribed in document TOP 2-1-007, is the easiest, although
not very accurate, but is characterised by minimum data
loss.

The test was conducted on blasting grounds with
the use of a research station (Fig. 1, a, b), which allows for
putting the tested systems over an explosive charge and
fixing measuring instruments. The testing station was a
2800x4200x2200 mm steel frame of about 3500 kg in
weight, placed over a steel detonation plate with a hole for
the blowing charge (Fig. 1, b). The use of the detonation
plate with a hole ensured that the experiments were repro-
ducible when charges of the same weight were used. Steel
detonation plates with a hole are used in experiments per-
formed in accordance with the NATO standard presented
in the AEP-55 vol. 2 document, in order to guide all the
energy of the detonated charge.

Fig. 1 Testing station for testing the resistance of barriers to detonation wave: a - concept, b - constructed testing station
with the detonation plate base, ¢ - deformable comb gage recording the amount of the barrier deformation

The tested system consisted of two 1000x1000
mm elements fabricated of Armox 500T armour plates
with the following respective thicknesses: 6 mm for the
lower plate on the charge side and 8 mm for the upper
plate. About 80 mm thick 830x830 mm absorbers were
placed between these elements. In the reference system,
there was air between the plates. The tested systems were
placed in a holder (Fig. 1, b).

4. Methodology and research material of numerical
models

The research assumes the following research
methodology. Phase 1 is the construction of a numerical
model based on measurements, used materials, and as-
sumed construction of the test model. Phase 2 is the test
model simulation for the value of a 1.5 kg TNT charge
generated by the explosive charge. Phase 3 is the compari-
son of the obtained results for numerical model verifica-
tion. This procedure allows for obtaining a numerical mod-
el which may be used for correct interpretation of straining
and strength processes occurring in the tested model due to
impulsing effects. The assumed methodology is proper,
since it allows for searching for absorber’s material and
design solutions with optimal rigidity and attenuation of
impact wave energy caused by the detonation of the explo-
sive charge, particularly for systems with complex material
and design structure, which are characterised by strength
parameters which are difficult to describe in a numerical
model. The programme of tests to verify the numerical

model was established in testing grounds conditions
(Fig. 1).

The research conducted at the Institute of Indus-
trial Organic Chemistry allowed for verification of numeri-
cal models of the entire phenomenon with the considera-
tion of a reference barrier.

Numerical research utilised a geometric model,
which is a reflection of the actual system consisting in a
layered structure of 6 mm and 8 mm ARMOX 500T ar-
mour steel plates. The analyses and computer simulations
assumed the use of a 1.5 kg explosive charges. The model
was created in Euler’s environment, where the propagation
of shock wave after an explosion is observed. The numeri-
cal models of steel plates, along with the ballast and dis-
tance, were created in Lagrange’s environment.

The analysis of the explosive charge detonation
products’ pressure impact on the structure utilises a meth-
od which consists in a description of the movement of
gases over Euler’s space and its Fluid-Structure Interaction
(FSI).

Preservation of the total energy of the system in
Euler's environment possible to use a scheme based on the
Van Leer advection method.

The coupling between the finite elements La-
grange and Euler environments was achieved thanks to the
program LS-DYNA.

The numerical model of air area corresponded to
the 800x1600x1600 mm dimensions. The finite element
dimension to 10 mm was assumed. Two million finite
elements were achieved. Dimensions of the explosive in
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accordance with the experiment were adopted (cylinder
with a diameter of 150 mm and height 50 mm). The explo-
sive was placed in a model steel plate corresponds to the
dimensions the blasting plate according to the AEP-55 [9].

The boundary conditions of numerical models of
the stand was adopted in accordance with the experiment
tests. To reduce the number of finite elements were mod-
eled only a part of the frame located above the explosives
and then it was loaded with the additional weight of 3.5
tonnes.

Numerical models of the absorbers and reference
system placed between the I-beam with a large width of
the flange (120 HEM) and thus receive all the degrees of
freedom of the two opposite sides of the panel.

Strength parameters and material parameters for
Armox armour steel and for the explosive charge are pre-
sented in Table 1 and 2. For absorbers, due to their com-
plex structure and used materials with variable rheology, it
was assumed, for simplicity reasons, that it is the volume
between armour steel plates filled with elastomer with
properties similar to hard polyurethane.

Table 1
Strength parameters of Armox 500T armour steel

Material p, kg/m? A, MPa B, MPa C n m Tr, K Tm, K

Af)i)rg?rx 7850 1470 702 0,00549 0,199 0,81 293 1800
Table 2

Material parameters for the TNT explosive material
Explosive po, glem® A, GPa B, GPa pcy, GPa R1, R2, Eo, GPa D, m/s ,
TNT 1,63 371,2 3,231 21,0 4,15 0,95 7,0 6930 0,3

The strength parameters of Armox 500T armour
steel were described by the Johnson-Cook,s model (1). The
model is an empirical and the most popular equation which
describes the strength of materials in terms of strain, strain-
ing speed, and temperature.

o(e,eT)=
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where A is yield strength for reference parameters; Tgr
temperature and (o) “ straining speed; B, n is strain harden-
ing ratio; C is dynamic hardening ratio; T — melting point.

The explosive charge detonation process utilises
the equation of state EOS JWL (2):
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where p is pressure; p is density; E is detonation energy; A,
B, R1, Ry, w are explosive charge parameters.

During the calculation the following were deter-
mined: the shift of nodes, strain of individual elements, etc.
In order to distinguish the points of the upper and lower
plate this study will use the respective indices U and L.

The scope of numerical tests included the impact
of the explosive charge on the protective panel for the
following variants:

a) base panel without an absorber,
b) base panel with Al absorber,

c) base panel with A3 absorber,

d) base panel with A2/A4 absorber.

All calculation variants utilise identical mass and
location of the charge. The tested absorbers were made

from the same materials, but their inner designs are differ-
ent.

The strength parameters of the absorber compo-
nents were adopted from the material database available in
the LS-DYNA program. Material composition of numeri-
cal models corresponded to materials such as glass compo-
sites, carbon composites, polyurethane, and aramid compo-
sites.

5. Experimental results

The tests of energy absorbability were carried out
for three material and structural solutions. The absorbers
were marked Al, A2, A2/A4.

The shock wave was generated by explosion of a
1.5 kg TNT blowing charge under the tested system with
energy absorber, located 450 mm above the charge. The
value simulated the distance of the vehicle bottom from the
ground.

The maximum and minimum deformations of the
comb gage were measured, and the measured values were
subsequently referred to the total length of the maximum
section of the non-deformed comb gage. Example appear-
ance of the comb gage before and after the test is shown in
Figs. 2,aand b.

Each experiment was followed by measurements
of the permanent plastic deformations in the tested system
components fabricated of upper and lower armoured
plates.

The measurement results are presented in Table 3
and Figs. 3 and 4. The tests showed that the shock wave
energy produced by the detonation of 1.5 kg TNT resulted
in the maximum deformation of the measurement section
(rod) of the comb gage for the reference energy absorbing
barrier (P1). The recorded amount of deformation
(101.3 mm) proves that high energy was transferred to the
comb gage (Fig. 3, a) in the first phase of deformation of
the 8 mm thick upper armour plate.

This resulted from the fact that the 6 mm thick
lower plate, strained by the explosive force, transferred
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momentum to the 8 mm thick upper plate when they
touched. Since that moment, both plates were being
strained.

The maximum strain was the total of elastic and
plastic strain of the plates material. When the shock wave
faded, the plates retained only plastic strain.

Reference system (without absorber) registered
(on the comb) a maximum strain of 101.3 mm (Fig. 3 ,a),
and when the process ended, the measured strain amounted
to 22 mm — plastic strain (Table 3).

In systems (shields) with A1, A3, and A2/A4 ab-
sorbers, the measured maximum strain of measured seg-
ments amount to 79.1 mm, 86.9 mm, and 82.3 mm respec-
tively. The lowest strain value was achieved by the Al
absorber (Fig. 3, b). As compared to the strain achieved for
the reference shield (Fig. 3, a), a 22% decrease of the total
strain was achieved. Similar values were achieved for the
A3 and A2/A4 absorbers (Fig. 3, c and d; Table 3).

a b
Fig. 2 Example appearance of the comb gage before (a)
and after the test (b)

Table 3
Compilation of experimental and numerical results
Charge Total deformation of the system, Dt, mm Permanent deformation, Dp, mm
weight, Absorber Experiment Simulation Experiment Simulation
m, kg Plate 8 mm Plate 8 mm Plate 8 mm | Plate 6 mm | Plate 8 mm | Plate 6 mm

15 Without absorber 101.3 90 22 80. 29 87
15 Al 79.1 75.5 9 0 7 0
15 A3 86.9 86.1 173 0 11 0
15 A2/A4 82.3 76.8 15 0 9 0

Fig. 3 Comb gages after tests: a - with no absorber, b - with absorber Al, ¢ - with absorber A3, and d - with absorber
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Fig. 4 Experimental and numerical deformation results: a - total, and b - permanent deformations of the energy absorbing
reference barriers and barriers with absorbers A1, A3, A2/A4

However, plastic strain of the 8 mm sheet for the
ALl absorber, which amounted to 9 mm, is more important.
This result, as compared to the plastic strain of the refer-
ence divider (22 mm), lead to the achievement of a 60%
decrease in deformation (Fig. 4, b).

The use of absorbers A3 and A2/A4 resulted in a
deformation of the upper plate by 17.3 and 15 mm, respec-

tively. In addition, it was observed that the 6 mm thick
plate, in combination with each absorber, did not work
within the plasticity range of the material, and consequent-
ly no plate deformation took plate (Fig. 4, b).



6. Numerical tests of shock wave influence on the pro-
tective panel

Base panel.

Tests conducted on the base panel (Fig. 5) showed
that after 0.2 ms, the lower plate hits the upper plate. Due
to the energy transfer the upper plate begins to deform.
Within ca. 2.5 ms, the plate is bended to the maximum
extent. The middle part of the lower plate moves upwards
by ca. 162 mm, and for the upper plate — 90 mm (Fig. 5 -
b). Once the pressure wave fades, the panel plates vibrate
freely.

Permanent deformations of the lower plate
amounted to 87 mm, and for the upper plate- 29 mm.
Therefore, the deformations are larger than those observed
in experimental tests.

Panel with Al absorber.

The implementation of an absorber element had a
significant influence on the course of deformation of ar-
mour plates (Fig. 6). In the initial stage, the element bends
and absorbs energy. Due to a low level of suppression the
energy is then transferred to the upper plate. However, in
contrast to the base panel, this occurs on a significantly
larger surface. The plate bends evenly and no local em-
bossing occurs on the sheet. Once the extortion ends, the
plates and their filling vibrate freely, until the movement
stops completely. The main transfer of explosion energy is
realised through the absorber element.

The maximum vertical transfer of the upper plate
amounted to 75.5 mm, and for the lower plate — 69.1 mm.
No permanent deformations were noted on the lower plate.
The upper plate bended slightly alongside edges — perma-
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nent bend amounted to 7 mm. The middle part of the plate
remained flat.

Panel with A3 absorber.

For the panel with the A3 absorber a similar reac-
tion of the structure was observed. In this variant’s first
stage the layer with bushings is being pressed (Fig. 7 - a).
After ca. 0.8 ms, it becomes relaxed and transfers the ener-
gy to the upper plate. Similar to as in the previous case, the
absorber divides the acting forces onto a significantly larg-
er surface as compared to the base panel.

Maximum vertical shift (Fig. 7, b) of the upper
plate amounted to 86.1 mm, and for the lower plate — 50.9
mm. No permanent deformations were noted for the lower
plate. Similarly, to as in the previous variant, the upper
plate was bent alongside edges, and the permanent bend of
the middle of the plate amounted to 11 mm. Just as for the
Al absorber, a significant part of the plate remained unde-
formed.

Panel with A2/A4 absorber.

The process of deformation of armour plates and
layers of the A2/A4 absorber is similar to the process in
variant Al (Fig. 8, a). The slight difference consists in the
fact, that initially only the lower layer of polyurethane is
deformed, and then the energy is transferred through the
carbon fibre plates to the upper layer of polyurethane.
However, the process of upper armour plate deformation is
identical in principal.Fig. 8, b shows the course of vertical
shifts of the armour plates. Maximum bend of the upper
plate amounted to 76.8 mm, and for the lower plate — 70.2
mm. Permanent deformation of the upper plate reached the
value of 9 mm, and for the lower plate, as in the previous
cases, no permanent deformations were observed.
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Fig. 5 Deformation of base panel — a; central point bend on the lower and upper plate — b
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Fig. 6 Deformation of the panel with Al absorber — a; central point bend on the lower and upper plate — b
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Fig. 8 Deformation of the panel with A2/A4 absorber — a; central point bend on the lower and upper plate — b

The difference in the vibration frequency of the
upper plate and lower compared absorbers Al and A2/A4
to the A3 absorber, was associated with the different de-
sign of the absorber itself. More rigid construction of the
absorber caused an increase in the frequency of vibration
of the top plate. The authors have linked it with the excita-
tion system to the formation of harmonic vibration. In the
case of a lower density (absorber A3), this phenomenon
was not observed.

The result of testing of energy-intensive shields’
numerical models with absorbers and reference models
showed a high degree of conformity with the experiment
conducted on the research station (Fig. 4). The conformity
of simulation results for the reference barrier, and with Al,
A3, and A2/A4 absorbers, as regards the total deformation,
reached 88.8%, 95.4%, 99.1%, and 93.3% respectively. In
the case of permanent deformation (Fig. 4, b) for the upper
sheet (8 mm) the obtained conformity was at the level of
75.9%, 77.8%, 63.8%, and 60.0% respectively. For the
lower sheet (6 mm) conformity at the level of 92.5%,
100%, 100%, and 100% was obtained.

These results show that the numerical model was
properly validated and may be used in future research with
the use of this type of materials.

7. Processes occurring in shield models generated by
explosion — discussion on the obtained test results

The research shows that the energy of the shock
wave caused by the detonation of 1.5 kg TNT caused max-
imum deformation of the measured segment of the comb
(rod) for the reference energy-intensive divider (without
absorbers). The registered value of deformation amounting

to 101.3 mm indicates that high energy was transferred to
the comb (Fig. 3, a) through the 8 mm steel armour plate
which was deformed in the first stage (Table 3). This re-
sulted from the fact, that the 6 mm thick lower steel plate,
strained by the explosive force, transferred momentum to
the upper plate when they touched. Before the plates
touched, the lower plate had deformed by 80 mm (con-
struction distance of the shield model). Since that moment,
both plates were being strained. The upper plate cannot
shift, because it is fixed on the edge, but it may still de-
form. The process of deformation is terminated when the
energy is fully dissipated. The maximum strain is the total
of elastic and plastic strain of the plates’ material. When
the plate’s shock wave fades, elastic deformation fades as
well. Both plates retained only plastic deformation. The
value of deformation for the upper plate amounted to 22
mm (Table 3). The process of energy dissipation in shield
models with elastomer absorbers takes a different course,
due to higher rigidity of the shield and the construction and
properties of absorber’s materials. Similarly, to the refer-
ence shield two parallel energy dissipation processes may
be distinguished. The first is related to the material system
momentum rule, and the latter to deformation of individual
components of the shield model. Material system is under-
stood as the construction and material of the shield. A
subsequent mechanism of flow and gradual dissipation of
energy may be observed in the tested models with absorb-
ers. First, the energy from the explosive charge is trans-
ferred to the lower steel plate, causing its movement and
deformation. Then, the lower plate’s momentum is trans-
ferred onto the absorber structure, which deforms internal-
ly and is stressed. The momentum of the system consisting
of the deformed lower plate with the deformed absorber is



transferred onto the upper plate, causing its elastic and
plastic deformation. As in the reference model, the upper
plate cannot shift, as it is fixed on the edges. When the
flow process of energy from the detonation of the explo-
sive charge stops, a secondary process occurs. The energy,
which is stored in the elastically deformed elements of the
shield, flows in the opposite direction. This fact is docu-
mented by plastic deformation measurements for the upper
plate and virtually no deformation of the lower plate in
shield models with absorbers (Table 3). The smallest regis-
tered deformation of the upper plate occurred for the ab-
sorber marked with the Al symbol (Fig. 3, b, Table 3).
Due to the rapid pace of processes it is difficult to estimate
the exact level of energy absorbed by the absorber. In order
to determine which of the tested absorber solutions is the
most beneficial, an indirect method was assumed, i.e. the
difference between the value of deformation of the upper
steel plate of the reference shield and the deformation
value of this plate for the shield with absorber. The value
of the difference is the measure of the energy suppressed
by the absorber. Fig. 9 shows the value of the calculated
differences for the tested absorbers.

In conclusion, the energy from the explosive ma-
terial was consumed by the movement of the lower plate
and its elastic deformation, the total shift of the temporari-
ly touching masses of the absorber and the lower plate, the
elastic deformation of the absorber’s material, and the
deformation of the upper plate.

120
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Fig. 9 Comparison of obtained plastic deformation values
in upper shield plates with various absorbers in rela-
tion to the reference shield; green denotes the value
of deformation suppressed by the absorber

Total deformation of the8 mm
plate [mm]

7. Conclusions

Based on the tests described above, it has been
shown that:

1. It is possible to estimate the energy absorbed by
the energy absorber in the form of linear dimension as the
difference between the maximum deformation of the sys-
tem with no absorber and the system with the absorber
under assessment.

2. The tests performed show that the energy of the
shock wave acting on a spatial system of plates (reference
barrier) is absorbed by elastic and plastic deformations of
the lower and upper plates, resulting in a large total defor-
mation of the system.

3. The use of deformable absorbers in a spatial sys-
tem resulted in the upper plate deformation reduction by
22%.

4. The use of absorbers fabricated of elastic-plastic
materials should significantly improve the safety of the

crew inside the vehicle by preventing penetration of the
energy released by charge detonations under the vehicle.

5. The result of testing of energy-intensive barrier
models with absorbers and the reference barrier showed a
high degree of conformity with the experiment conducted
on the research station.

6. Conformity of simulation results for the reference
barrier, and with absorbers as in the case of the total de-
formation, reached up to 99%.

7. Permanent deformation for the upper sheet
reached conformity level at 77%. The conformity for the
lower sheet reached as much as 100%.
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L. Starczewski, M. Gmitrzuk, D. Danielewicz,
K. Szczesniak, R. Nyc

STUDY OF THE SHOCK WAVE EFFECT ON THE
DEFORMATION OF THE VEHICLE BOTTOM USING
DEFORMABLE ENERGY ABSORBERS

Summary

The paper reports a study on the effect of a shock
wave generated during the detonation of 1.5 kg TNT on the
deformation of a multi-layered energy absorber. The ex-
periments were carried out using a custom- designed test-
ing station. The detonation of the charge was performed

801

using a steel plate with a blind hole in accordance with the
requirements of the NATO (North Atlantic Treaty Organi-
zation) AEP -55 (Allied Engineering Publication) volume
2 document. In the tests, the total and plastic deformations
of the plate modelling the basic armour of the lower part of
the vehicle in configurations without and with a shock
wave absorbing element (energy absorber) were measured.
The comb gage method reported by the US Army Devel-
opmental Test Command was used in measurements of the
total deformation of the model. The study has shown that
an appropriate design of the energy absorber and the use of
suitable materials in its fabrication allow the total defor-
mation to be reduced. Moreover, in this article numerical
simulations of the deformation phenomenon of the multi-
layered energy absorbers were shown. Numerical simula-
tions have shown high numerical model compliance com-
pared to the experimental studies. In the studies were
achieved about 99 percent numerical with the real model
correlation.

Keywords: Shock wave, blast energy absorbers, defor-
mation, detonation, numerical simulation.
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