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Experimental and numerical study of influence of incidence angle

of shock wave created by explosive charge on the steel plate
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Abstract. This paper presents experimental and numerical studies on influence of an incidence angle of the shock wave on a steel plate. The

problem of interaction between the wave front and a barrier is important from the point of view of protection the crew of armored vehicles.

One way of remedying the harmful effects of impacts of the shock wave is the reflection wave of the barrier set at an angle to the face of

the wave. The article presents the numerical and experimental approach to the subject. The numerical part presents four models in which

the plate was set at angles 0◦, 15◦, 30◦, 45◦. In each case, the plate was loaded by a wave formed after the explosion 2 kg of TNT. In the

experimental part the results are presented from an experiment in which the wave was formed from 2 kg TNT detonation at a distance of

0.4 m in parallel to the steel plate.
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1. Introduction

Numerical and experimental studies of structures loaded by a

shock wave (pressure impulse) are burdened with many ex-

perimental, numerical and analytical errors. A phenomenon

of impact of a pressure impulse into a flat barrier has been

described quite extensively. In the case of an impact of a

shock wave into a plate positioned at a certain angle, there

are known only a few analytical works [1, 2].

The blast impact into flat plates was widely reported with

satisfactory results in numerical and experimental approaches

[3–5].

In a place where the front of the blast wave is not perpen-

dicular to a barrier, small number studies have been published

in open literature [6–8].

In the case of a numerical analysis, there are a few ap-

proaches to a dynamic phenomenon. The first approach is

related to vibration of the structure [9, 10]. Modern science

considers the approach to a numerical analysis of both implic-

it and explicit type. These approaches are associated with the

duration of an impulse and with the frequency of vibrations of

an object [11, 12]. When the impulse duration is shorter than

the period of natural vibrations of the object, the problem is

solved by an explicit method.

The main problem in a numerical analysis is an appropri-

ate choice of material properties and load parameters. In the

case where load parameters are considered, analytical meth-

ods are often used [13]. These methods are based on many

complex formulas and experiments [14, 15].Additionally, an-

alytical methods are consistent when a pressure wave hit into

a flat barrier usually oriented perpendicularly in front of the

charge. It is advisable to verify numerical investigations with

experimental studies [16]. To a large extent, numerical meth-

ods are burdened with a considerable error in the case of

an impact into a susceptible barrier oriented at a certain an-

gle or with a very complex shape. The purpose of the paper

is to present the results of numerical research performed by

the author in light of other studies on the effects of a place-

ment angle of the plate on the dynamic response of the plate.

Methods for estimating the shock wave are widely presented

in world literature. Therefore, in this article, the author omits

a description of the above mentioned phenomenon. An exten-

sive theoretical description of the phenomenon of the pressure

impulse interaction onto a barrier is caused by an intention

to clarify the mechanisms acting during a shock wave im-

pact on all sorts of barriers. The article discusses wider the

phenomena of the impulse pressure reflection.

1.1. Basic characteristics of the shock wave coming from

the explosion. The impact of explosion on the structure de-

pends on the characteristics of the pressure impulse of a shock

wave that is generated by the detonation of an explosive [17].

Figure 1 shows the ideal course of pressure in time for a place

located at a certain distance from the center of the explosion.

It is interesting that in some distance from the epicenter

of the explosion, there occurs a sudden increase in pressure

of value p+ – maximum pressure value at the wave front.

This value increases p0 – pressure value for an undisturbed

medium. A supplementary parameter characterizing the pos-

itive phase of pressure is its duration time τ+.

In addition, a passage of the shock wave is followed by

the negative phase of pressure (vacuum), p – also called a

vacuum. It is described by the time τ−. Complementary pa-

rameters of the pressure impulse is ta – time of arrival of the

shock wave front.
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Fig. 1. Course of ideal pressure during detonation after Ref. 17

In the early phase of the shock wave formation, a wave

moves together with the products of explosion (detonation) at

a very high speed. As the wave front propagates, the pres-

sure and the velocity decrease as a result of spreading of the

surface wave over greater and greater volume of the medium

in which the wave propagates. For a sufficiently long distance

from the center of explosion, the interaction between the wave

and detonation products ceases completely [13]. Depending

on the parameters of a wave, the speed of the pressure im-

pulse can be both the lower and higher value than the speed

of a sound.

1.2. The impact of the shock wave on a barrier – a re-

bound effect. So far, many articles about estimation of the

pressure impulse have been published. These studies were

mainly based on the assumption that explosion was consid-

ered mostly as a point phenomenon. The publications rarely

relate to the issues of reflection, particularly multiple reflec-

tion.

The following types of reflections can be distinguished:

• Normal reflection;

• Reflection at an angle;

• Mach reflection.

Normal reflection. One of the simplest cases of reflection

from a rigid barrier is reflection at an angle of 90 degrees.

Such a case is shown in Fig. 2. The pressure on the surface

of the wall is normally determined as a “reflection” overpres-

sure, and marked with the symbol Pr. For very weak pressure

waves, Ps ≪ P0, the increase of the pressure impulse is twice

the increase, Pr = 2Ps. For higher values of pressure, the

value of reflected pressure is significantly greater. The upper

limit is often reported in the literature P0 = Pr ∗ 8Ps. This

limit applies to the air treated as an ideal gas, even at high

pressures.

Fig. 2. Diagram of regular perpendicular reflection from the rigid

barrier after Ref. 17

Another phenomenon of reflection is so-called oblique re-

flection from a rigid flat barrier.

Oblique reflection. Another case of the wave reflection

is an oblique reflection from the barrier. This case is shown

and presented in Fig. 3. The shock wave moves in the undis-

turbed medium (Region 1) at the speed U . The wave front

and the barrier makes an angle αI . Behind the front of the

shock wave (Region 2) there occur prevailing condition areas

after passing a plane wave through the undisturbed medium.

After making a contact with the barrier, a flow behind the

wave turned, because the normal component to the wall must

be zero and the wave is reflected from the wall at an angle

αR, not always equal to αI . Symbols in Region 3 correspond

to the reflected wave.

Fig. 3. Regular oblique reflection from a rigid wall after Ref. 17

Such a type of reflection can lead to the amplification

of the pressure impulse [2, 13]. The shock wave is reflected

while falling on the barrier. During the reflection, there may

occur amplification of a pressure impulse of reflected wave

Pr, which can be a multiple of pressure of the incident wave

Ps [18]. The relationship of the amplification factor of Cr

pressure values depending on an angle α1 is shown in Fig. 4.

Fig. 4. Relationship of pressure impulse amplification (Cr ratio) de-

pending on an angle of incidence α1 after Ref. 18
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The pressure of the reflected wave Pr, as resulted from

Fig. 4, reaches the maximum value for an angle of incidence

of 0◦. The angle equals to 40◦. For such an angle, the pressure

of the reflected impulse decreases.

For the analytical determination of a pressure change of a

shock wave in contact with a barrier, a number of simplifica-

tions and assumptions is taken:

1. A barrier is not deformable and static.

2. The barrier is positioned perpendicularly to the direction

of wave propagation.

3. An explosion occurs immediately in a highly rarefied medi-

um (in the air, not liquid).

4. Dimensions of the barrier are endless and they prevent the

barrier from the wave flow.

5. The pressure transmitted by a wave is a sum of two com-

ponents: static and dynamic.

At the moment of contact of a shock wave with the barrier,

a new wave (reflected wave) spreading throughout in the op-

posite direction of the incident wave (free wave) is originated.

The reflected wave spreads in the already disturbed medium

(directions of movement of gas particles are in accordance

with the direction of the incident wave), hence the pressure

on the forehead of the reflected wave is greater than that of

the incident wave. A formula for the maximum pressure of

the reflected wave is shown below [19]:

∆p2 = 2∆p1 +
6∆p2

1

∆p1 + 7p0

, (1)

where ∆p1 – overpressure of free wave, ∆p2 – overpressure

of reflected wave, p0 – air pressure.

Equation (1) shows that when the pressure wave is ∆p1 ≫
p0 is:

p2

p1

= 8 (2)

on the forehead of the reflected pressure even it is eight times

stronger. In the case of very weak waves, when ∆p1 < p0

from 1
p2

p1

= 2 (3)

that is, at the reflection of waves of small intensities, over

pressure on the forehead of the reflected wave is doubled,

which corresponds to the phenomenon of the acoustic wave

reflection.

1.3. Analytical method for determining a pressure impulse

acting on the barrier. The determination of the total load

with an impulse pressure derived from explosion of an el-

ement of the construction requires the determination of the

total impulse generated by the blast of the load. The task is

reduced to the integration of a unit load impulse on the surface

affected by the explosion load [1]:

J =

idF∫

F

, (4)

where i – unit impulse, F – area of barrier.

Computational scheme for a spherical load located over

the circular plate is presented in Fig. 5. Based on the litera-

ture, it was found that a total impulse generated by explosion,

in this case [1], is equal to:

J = π · A0 · C · sin2 α0, (5)

where J – is the total impulse of force expressed in newton-

seconds, A0 – is a constant characterizing the explosive (for

TNT it is 387–410 m/s), C – is the mass of the load in kilo-

grams.

Fig. 5. Scheme for determining impulse acting on the circular disc

after Ref. 1

Other cases are considered in a similar manner. There is

a formula taking into account the maximum cross-section of

the barrier as well as its shape. The form of this formula is

as follows:

J = kf · S · i0, (6)

where S – is the maximum cross-sectional area to the gas

flow direction, kf – is the ratio of transverse shape of the

barrier kf = 1 – for a plate arranged perpendicularly to the

flow, kf =
1

2
– for a plate located diagonally across the flow,

and for the sphere, kf =
2

3
– for a barrier in the form of a

cylinder, i0 – is a unit impulse of the flow.

Fig. 6. Scheme of unit impulse impact on a barrier in the form of a

plate set obliquely

The preliminary analysis of the expression (6) shows that

the barriers in the form of spheres and plates (beams in the
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shape of the letter “V”) receive twice as less load than a plate

located flatwise (of course, for the same conditions: the mass

of explosive and the distance of the maximum cross section).

This phenomenon is used in the design of structures exposed

to mines and improvised explosive devices (IEDs) effects.

2. Objects of research

During the dynamic tests, the validation experiment and four

numerical tests were performed. The comparison of the vari-

ants of tested objects are presented in Table 1.

Table 1

Comparison of analyzed cases

Test Load

Load
distance

from the base
plate

Inclination
angle

of plate

Type
of research

1

2 kg 0.4 m

0◦
The numerical /

experimental

2 15◦ The numerical

3 30◦ The numerical

4 45◦ The numerical

All experimental studies were carried out during the im-

plementation of the research work managed by the author

himself [20]. The test ground consisted of a frame and a steel

plate with thickness of 5 mm. The elements of the test ground

were made of steel S235JR2 (according to the European stan-

dard EN 10025:1990).

An exemplary test result is shown in Fig. 7. In addition,

a series of material research on the Hopkinson rod was con-

ducted to determine dynamic properties of the material. Tests

for steel S235JR2 were carried out at the Department of Me-

chanics and Applied Computer Studies, MUT.

Fig. 7. The plot of the stress-strain relationship obtained from the

tensile test for plate material S235JR2 (according to the European

standard EN 10025:1990)

Based on the analysis of the test results, the following

material parameters were adopted for the numerical model:

Young’s modulus E = 215 GPa;

Yield strength Re = 320 MPa;

Tangent modulus H = 700 MPa;

Tensile strength Rm = 430 MPa.

Poisson ratio ν = 0.31.

The test plate was welded to the frame, what provided

avoiding of deformation of the plate on the edges. Besides

strong bending, there also appeared the state of tension.

The frame of the base stand was made of steel profiles,

the steel S235JR2 of a square shape with dimensions of 120

× 120 mm and wall thickness of 5 mm (Fig. 8). The profiles

were adequately cut and welded at the corners.

Fig. 8. The scheme of the test plate

The entire test plate had dimensions of 0.76× 0.76 m. An

open test zone had dimensions of 0.5× 0.5 m (after excluding

the test frame). The open test zone can be deformed freely.

The test-plates (Fig. 8) were loaded by a pressure wave

(impulse) coming from detonations of an equivalent of 2 kg

of TNT. The load was placed centrally above the plate at the

distance of 0.4 m from the top surface of the plate.

3. The results of experimental studies

3.1. The experimental results for test 1. A general view

of the test ground for test 1 is shown in Fig. 9. In the stud-

ies, an additional steel plate was used as a non-deformable

base leveling a land effect on a permanent deformation of the

test plate. Additional studies have shown superfluity of the

abovementioned plate – there was no difference in the final

deformation of the tested systems.

Fig. 9. The view of the experimental zone before putting in the det-

onator – Test 1

The test ground was loaded by a pressure wave coming

from detonation of C4 explosive with a mass equivalent of

2 kg of TNT. The charge was placed at the distance of 0.4 m

above the test plate.
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As a result of the experiment, the permanent deformation

of the test plate was obtained. A deformation size was initial-

ly measured using a straight edge and a caliper. A deformed

base plate is illustrated in Fig. 10. Figure 10a presents a pho-

tograph of the test plate after the experimental study and 10.b

shows a map of the permanent deformation obtained using a

3D scanner. As a result of measurements with a scanner, it

was found that the permanent deformation of the plate was

0.3264 mm. This value was measured at the symmetry center

of the plate, at the site of the largest deformation.

a)

b)

Fig. 10. Experimental zone after the experiment – Test 1: a) system

after explosion, b) deformation map obtained by measuring with a

3D scanner

Due to problems with the symmetry of the load as well

as the difficulty in adjusting the load (measurement errors), a

deformation map of the test plate is asymmetrical. However,

those differences are not glaring.

4. Numerical reaserch

4.1. Formulation of the physical model. The analysis of

the impact of a pressure impulse on the structure was carried

out with the use of a finite element method (FEM) with the

explicit scheme of integration of equations of motion imple-

mented in the MSC DYTRAN [11]. In those algorithms, the

equilibrium equation of a discrete model (1.7) is solved by di-

rect integration of time. These equations occur in a conjugate

form, what results in a high numerical cost of their solutions

and a high demand for memory in calculations.

The basic equation in an explicit approach, excluding

damping due to short duration of the phenomenon, is as fol-

lows:

[M ] {ẍ}n = {F}n − {Fint}n , (7)

where [M ] – mass matrix, {F} – matrix of external forces,

{Fint} – matrix of internal forces, n – step.

Assuming that the mass matrix occurs in a diagonal form,

the equations of motion can be solved by the explicit Euler

method. In this case, nodal acceleration vector {ẍ} can be

determined from formula [8]:

{ẍ}n = [M ]−1 ({F}n − {Fint})n . (8)

In Eq. (8), damping can also be taken into account, howev-

er, also just as a diagonal matrix. An additional advantage of

this approach is uncoupling of differential equations of mo-

tion, which enables their separate solution.

Velocity {ẋ}n+1/2
and displacement {x}n+1

vectors in

subsequent time steps are obtained by integrating over time

with the use of a central finite difference method [6]:

{ẋ}n+1/2
= {ẋ}n−1/2

+ {x}n ∆tn,

{x}n+1
= {x}n + {ẋ}n+1/2

∆tn+1/2.
(9)

Unfortunately, this method is conditionally stable. In or-

der to ensure the stability, the length of the integration step

should be reduced:

∆T ≤ 2/ωmax, (10)

where ωmax is first the highest frequency of free not-damped

vibration of a discrete model. It means that the time step must

be shorter than the time of the wave propagation through the

smallest element in the calculation model. As a consequence,

the more accurate the model (small elements) is, the integra-

tion step is shorter and computation time is longer. At the

same time simultaneously the problem of the length selection

vanishes.

Mechanical issues solved by computer modeling and sim-

ulations require adoption of an adequate description of be-

havior of the used materials. This description must take into

account their specific characteristics, such as physical state,

plasticity, brittleness, hardness.

4.2. Description of the numerical model. Numerical analy-

sis was carried out for the structure which was loaded by a

pressure wave generated by explosion of an explosive charge,

which was placed centrally above the tested object (according

to Table 1).

The pressure wave caused by detonation (approximately

simulated detonation in point) was spreading in an area of

a cube shape with assigned appropriate boundary conditions.

The theoretical solution of propagation of strong discontinu-

ity, with a spherical shape, initiated from a point source exists

in the form of analytical equation of similarity formulated by

Taylor. After transformation it can be written as (11):

p(r) = 0.155E0r
−3, (11)

where E0 – initial internal energy, r – current radius of the

sphere.

Bull. Pol. Ac.: Tech. 62(1) 2014 155



W. Barnat

This allows for the computer simulation of a shock wave

propagation process by assigning appropriate initial condi-

tions (density, energy, pressure) to some selected elements of

the Euler domain and solution laws of conservation of mass,

momentum and energy. Typical values for the explosive sub-

stances are: density – 1600 kg/m3, and specific internal energy

– 4.2 MJ/kg. The space, in which the shock wave was spread-

ing, was modelled using Euler type elements Hex 8 charac-

terized by the ideal gas properties of γ = 1.4 and density

corresponding to the density of atmospheric air at standard

conditions (ρ = 1.2829 kg/m3). An Euler cell size was se-

lected on the basis of the numerical experiment described in

author’s previous works [21]. Since the calculations took into

account the changes caused by deformation of the structure

the structure was modelled using Lagrange elements of Shell

Quad 4 type. Those elements have been given the following

mechanical properties: E = 2.15 · 109 MPa, ν = 0.31. To de-

scribe behaviour of the steel, a bilinear model of elastoplastic

material DYMAT 24 was used. The maximum strain failure

criterion was adopted.

The development of a model of the structure was preced-

ed by additional laboratory tests of mechanical properties of

a steel armour. Laboratory research was carried out at the

Department of Mechanics and Applied Computer Science,

Military University of Technology.

A general view of the numerical model of the tested struc-

ture is shown in Fig. 11.

Fig. 11. Numerical model of the tested structure: 1 – an explosive,

2 – Eulerian domain, 3 – tested structure

4.3. The results of numerical analysis. The numerical mod-

el was loaded in the same way as in the experiment. According

to the objective of publication, calculations were carried out

for the explosive with the mass equivalent of 2 kg of TNT. The

charge was placed at a distance of 0.4 m above the test plate

for different angles of the plate arrangement. As a result of nu-

merical analyses, there were obtained, among others, pressure

maps and displacements charts, accelerations and speeds for

characteristic points on the structure, especially for the center

of the test plate. Additionally, there were studied the values

of the strain energy and the hourglass energy (responsible for

numerical errors).

The numerical analysis was based on the cube shaped, but

suitably dense, The Euler element grid. The influence of the

grid shape on the pressure on the forehead of the shock wave

is relatively small [22]. The size of the Euler cell is important

for reading pressure charts that gives pressure values for a

particular Euler cell.

Numerical results for the test I.

Figure 12a shows distribution of the pressure acting on

the test structure for the time t = 4.484 · 10−5 s.

Figure 12b illustrates distribution of the pressure acting

on the test structure for the time t = 1.043 · 10−4 s, when a

wave front reaches the tested structure.

Four areas of high pressure are located in the area where

an explosive charge was placed. Those areas were the result

of discretization of the model and do not affect the physics

of phenomenon. One of the ways to avoid the occurrence of

such phenomena is the proper formation of the Euler grid.

Figure 12c presents the amplification of the pressure im-

pulse by reflection of the pressure wave from the barrier (for

the time 1.6018 · 10−4 s).

Figure 12d demonstrates the final deformation of the plate,

there can be also observed a decrease of pressure in the Euleri-

an domain. In case of further analysis, the pressure in the

Eulerian domain should be equalized to the initial atmospher-

ic pressure.

Comparison of pressure values of the reflected wave for

different angles of position of the plate is shown in Fig. 13.

The shortest time of arrival of the pressure for the tested

cases were recorded, as predicted, for the plate placed at an

angle of 45◦.

Comparing the results of the numerical analysis, the most

reliable are the charts. In the case of reading out the individ-

ual physical values from the plots, there is a possibility of a

wrong approximation of the results.

The charts obtained for each test from the numerical analy-

sis are very interesting. In the case of a permanent displace-

ment, the largest displacement of the central node was noted

for Test 4 while the smallest one for Test 1 (Fig. 14). These

values are imposed by the distance between the load and the

plane of the plate.

A comparison of the obtained results is shown in Table 2.

In addition, this table presents the comparison between the

results obtained in the experimental tests and the numerical

analysis.

156 Bull. Pol. Ac.: Tech. 62(1) 2014



Experimental and numerical study of influence of incidence angle of shock wave created...

a) b)

c) d)

Fig. 12. Way of propagation of the pressure wave (interacting on the test plate) at different moments of time: a) 4.484·10
−5 s, b) 1.043·10

−4 s,

c) 1.6018 · 10
−4 s, d) 2.0 · 10

−3 s
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a) b)

c) d)

Fig. 13. Pressure maps, for the moment of reflection for different angles of position of the plate: a) 0◦ – 0.0001043 s, b) 15◦ – 6.9651

10−5 s, c) 30◦ – 6.9651 10−5 s, d) 45◦ – 5.3185 10−5 s
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Fig. 14. Plots for central node displacement for individual tests

Table 2

Comparison of displacement for each test

Test
Numerical results

– maximal displacement [m]
Numerical results

– permanent displacement [m]

1 0.0413 0.0367

2 0.0469 0.0443

3 0.0523 0.0490

4 0.0560 0.0530

Figure 15 shows additionally the influence of the angle of

the plate position on the permanent displacement of the cen-

tral node. The interesting fact is that the largest displacement

is observed for case 4 (an angle of 45◦). It is worth noting that

this value is rather illusory because it may seem to be that,

from the mechanics of fluids, the greater the angle is, the most

advantageous the flow around a plate should be. However, it

is worth noting that the plate situated at the largest angle is

the closest to the epicenter of the explosion. Therefore, taking

into account formula 15, the pressure acting on the barrier is

inversely proportional to the distance from the source of the

explosion.

Fig. 15. Influence of changing the angle of the position of the test

plate-on permanent displacement of the central node

The values of permanent displacements of the central node

are similar to the results for accelerations, velocities and en-

ergies. The charts of the abovementioned values are shown in

Figs. 16–18.

The maximum value of acceleration, as shown in Fig. 16,

for a point in the plane of symmetry was approximately

106 m/s2 for test 1. This value is so high (plainly not physi-

cal) as it is read out for a single node(located in the axis of

symmetry).

Fig. 16. The chart of acceleration for the node located on the upper

wall of the object (in the plains of symmetry)

Fig. 17. Speed of the node located on the upper wall of the object

(the plane of symmetry)

Fig. 18. Deformation energy for each test

Similarly as in the case of acceleration, the highest val-

ue of speed was recorded for test 4 – approximately 120 m/s

(Fig. 17).

The highest value of the strain and the hourglass energy

was read out for 4 test. The comparison of all extra physical

quantities is shown in Table 3.

Table 3

Comparison of displacement for each test

Test
Speed
[m/s]

Acceleration
[m/s2]

Strain
energy

[J]

Hourglass
energy

[J]

1 77.069 944730 13068 0.70363

2 80.050 1005300 22430 2.61330

3 95.684 1021000 46793 10.79300

4 120.940 1244100 114510 15.84500
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Fig. 19. Influence of changing the angle of the arrangement of the

test plate on strain energies
Fig. 20. Hourglass energy for each test

Fig. 21. Map of displacements: a) test 1, b) test 2, c) test 3, d) test 4
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Fig. 22. Maps of plastic deformations a) test 1, b) test 2, c) test 3, d) test 4

Similarly as for a permanent displacement of the cen-

tral node of the plates, strain energy values are comparable.

The highest value of strain energy was recorded for test 4,

Fig. 19.

Similarly as in the case of the graphs, additional physical

quantities obtained from numerical analysis such as maps of:

displacement, strain and equivalent tensile stress are shown

in Figs. 21–23. All the maps were characterized by symme-

try (which proves the correctness of modeling of the prob-

lem).

The values of permanent displacements were described

previously. An interesting strain of the test plate is presented

in Fig. 21. As in the case of displacements, the maximum

values of the permanent deformation for each test are equal

to: 3.67 10−2 m, 4.43 10−1 m, 5.57 10−1 m and 7.8 10−2 m,

respectively (the highest for test 4).

The maximum values for permanent strains for each test

are equal to: 5.45 10−2, 4.72 10−2, 7.76 10−2 and 2.14 10−1,

respectively (the highest are for Test 4). Maps of plastic de-

formations are shown in Fig. 22.

The maximum values for von Mises stresses for each test

are equal to: 983 MPa, 592 MPa, 1060 MPa and 101 Mpa,

respectively (the highest are for Tests 3 and 4). Von Mises

stresses for the test plate are shown in Fig. 23. They point

to the correct physical values previously obtained for the test

plates. Such high values for von Mises stresses for steel are

caused by the dynamic hardening of material and inertial ef-

fects, like hydrostatic compression of a medium.
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Fig. 23. Von Mises stress: a) test 1, b) test 2, c) test 3, d) test 4

5. Conclusions

The paper presents the results of the experimental studies

and the numerical analysis of the influence of angle of the

test plate position on its permanent deformation. In numerical

analysis there was applied ALE coupling of Eulerian domain

(describing the air) and Lagrangian domain (describing struc-

tures). In numerical analysis, the gas was characterized by air

parameters. All kinds of material data have been selected on

the basis of experimental studies and available literature. The

plates were described using a piecewise linear plastic material

model with dynamic strengthening.

During the tests of the test plate response for a various

size of charges, an innovative test stand was used. The aim

of the study was to validate numerical models taking into

account the aspect of constitutive equations describing the

material model and the selection of a model of explosion and

a medium in which the pressure impulse spreads.

It is worth noting that one of the constants characterizing

the system was the plate thickness and the distance of the

charge of 2 kg of TNT from the bottom edge of the plate.

Examining an influence of an angle of the plate position

on the dynamic responses of the system results in the possible

use of these tests to evaluate, among others, the response of

deflectors mounted on vehicles, exposed to explosion, at the

side of the located charge.

The aforementioned case can be applied to determine an

optimal angle of the deflector in the aspect of a side explosion

in respect to a military vehicle.
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Additionally, numerical studies can be used to validate

numerical models in the context of the explosive and a con-

stitutive model describing the barrier.

This issue is quite important from the point of view of the

military vehicle’s crew protection.
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