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The paper presents the results of a research on armor plates behavior subjected to shock waves 
generated by a TNT blast on the soil surface. The main objective was to propose passive solutions to 
mitigate the effects of the explosions by means of perforated plates made by composite materials. 
Simulations using ANSYS AUTODYN and explicit dynamics procedures were performed on several 
models, with different material configuration, in order to find an optimal distribution and a good 
protection against the shock wave effects. The second aspect that was taken into account was the 
weight of the models, in order to decrease the mass of the armor plates. Simulation results were 
checked and appropriate solutions were found. 
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1. INTRODUCTION  

Over the past years, both the violence and the terrorist attacks have been on the rise. There is a wide 
variety of protective defense systems available but, faced with the complexity of the equipment and of the 
materials it is a tough job for scientists to find counter threats solutions and appropriate protection systems. 
Statistical data [1], obtained in the context of the modern war, provide information which represents a strong 
motivation for scientists towards reducing the vulnerability of the society to bomb attacks.  

Military armed vehicle with increased mobility, great protection capacity and minimum weight, 
represent the main concern of the researchers in the domain of the protection of the vehicle hull by the shock 
waves effects and interaction.  

Recommendations regarding the soft condensed materials for blast mitigation using a simplified 
approach are found in published papers [2], but this analysis is confined to some abnormal effects and 
suggestions are done for future research in this area. The development of a blast simulation environment, 
intended to be used, was also tested on Biomimetic Tendon-Reinforced models [3]. A multinomial 
regression statistical model was developed [4] for structural modifications and a number of alterations were 
performed in order to explore these effects. This study used clinical data to detail the effects of configuration 
changes on vehicle occupant survival, and as such, can be used for future blast mitigation measures. 
Although recent results were published and discussed [5, 6, 7], they refer only to theoretical and reduced 
models, or provide solutions for a specific case. We applied a simulation driven method to find the 
appropriate configuration for passive mitigation systems based on layered composites. The study was 
performed on real scale models, using a commercial solver and aiming a reasonable computational time.   

2. ATTENUATION OF THE EXPLOSION EFFECTS  

The use of Improvised Explosive Devices (IED) as means for destruction has grown-up the interest in 
improving the resistance of the military structures against blast effects [8]. Active measures are those which 
need to be deployed in response to a blast event.  
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After the stimulus action (e.g. mine detonation, IED explosion) the active system must first detect the 
threat, than activate the appropriate mitigation system. Consequently, the mitigation system must have the 
capacity to be activated in a very short time after the stimulus attack (e.g. milliseconds). That is why passive 
mitigation systems are widely used. They are embedded within the structure and do not require a trigger 
mechanisms for activation. For most blast scenarios, such systems are usually preferred as they do not rely 
upon the detection and deployment mechanisms, but are always activated [9]. Most of the concepts for the 
blast mitigation are based on the increase of energy dissipation capabilities of the structure, by using metal 
foams, or foam-like materials, such as honeycombs and polymers. Fig. 1 shows some examples of cellular 
materials used for blast mitigation [10]. 

3. THEORETICAL APROACH REGARDING THE DYNAMIC LOADS OF THE BLAST 

3.1. Material models 

To model the behavior of composite materials subjected to high speed deformation different elastic-
plastic models are available in explicit dynamics solvers. Because the shock effects are the most important, 
the use of a non-linear equation of state is recommended. One model for KEVLAR-EPOXY was proposed in 
[11], based on experiments and this model is already included in AUTODYN [12]. Significant hardening 
was observed. In this case it is necessary to have the stress-strain data obtained from the experiments, so that 
the plasticity parameters can be calculated. Since the tension tests are usually performed to ultimate failure, 
this experimental data will also indicate whether or not softening is significant. The equation of state specific 
to Kevlar-epoxy, using orthotropic parameters Cij is [11]: 
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where P is the average stress or pressure, Cij are the stiffness matrix coefficients, vε  – the volumetric strain 
and d

ijε  – the deviator strain components. In this study the Kevlar equation of state (1) was modeled using the 
orthotropic parameters whose values are shown in Table 1. 
 When using orthotropic materials, the elastic-plastic behavior of the material is modeled by different 
material laws. Therefore, IRON-ARMCO (Table 1) and Al5083H116 were described by the Johnson-Cook 
material model, which is a strain-rate and adiabatic, temperature dependent plasticity model. This is suitable 
for problems were the strain rates vary over a large range, and the temperature changes due to plastic 
dissipation, causing material softening. The behavior of the materials under sever dynamic load vary from 
large plastic deformations up to rupture.  
 The SOIL is composed of porous particles, among which the most common are the silica particles. 
The soil properties depend on the degree of compaction, the presence of minerals, and of the moisture. This 
material was chosen from ANSYS AUTODYN material library, with the default characteristics. The 
equation of state for sand used in the present work is based on a linear pressure-density relation. The piece-
wise linear equation of state is implemented within AUTODYN using up to ten pairs of values for density-
pressure parameters. The strength model for sand is based on an isotropic, perfectly plastic, rate independent 

     
a) open cell foam b) closed cell foam c) multilayer lattice truss d) prismatic corrugated core 

Fig. 1 – Examples of cellular materials used for blast mitigation [10]. 
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yield-surface approximation. The yield stress is assumed to depend explicitly only on the pressure and not on 
the density of the porous material, following the material properties described in [13].   
 The AIR was described as ideal gas, with regular characteristics and the blast was defined by the JWL 
equation of state model for explosive detonation with TNT. Al5083H116 and IRON-ARMCO were used for the 
mitigation plate layers, chosen with their default values from AUTODYN library.  

Table 1 

Material Data 

KEVLAR/EPOXY 
Equation of states : Orthotropic 
Sub-Equation of States : Polynomial 
Stiffness Matrix 
C11 (kPa) 3.425E+06 
C22 (kPa) 1.35E+07 
C33 (kPa) 1.35E+07 
C12 (kPa) 1.14E+06 
C23 (kPa) 1.2E+06 
C31 (kPa) 1.14E+06 
Shear modulus (kPa) 1E+06 
Material axes X-Y-Z-Space 
Reference density (g/cm3) 1.58 
Young modulus 11 (kPa) 2.392E+05 
Young modulus 22 (kPa) 6.311E+06 
Young modulus 33 (kPa) 6.311E+06 
Poisons ratio 12 0.115 
Poisons ratio 23 0.216 
Poisons ratio 31 3.034 

Failure : Material Stress/Strain  
Tensile failure Stress 11 (kPa) 5.00E+04 
Maximum Shear Stress 12 (kPa) 1.00E+05 
Tensile Failure Strain 11 0.01 
Tensile Failure Strain 22 0.08 
Tensile Failure Strain 33 0.08 
Post Failure Response Orthotropic 
Fail 11 & 11 Only 
Fail 22 &22 Only 
Fail 33 & 33 Only 
Fail 12 & 12 and 11 Only 
Fail 23 & 23 and 11 Only 
Fail 31 & 31 and 11 Only 

Residual shear Stiff. Frac. 0.20 

IRON-ARMCO 
Equation of States : Linear 
Reference density (g/cm3) 7.83 
Bulk modulus (kPa) 1.64E+07 
Reference temperature (K) 300 
Specific heat capacity (J/kgK) 451.99 
Strength : Johnson-Cook 
Shear modulus (kPa) 8E+07 

Yield Stress (kPa) 1.75E+05 
Hardening constant (kPa) 3.8E+05 
Hardening exponent 0.32 
Strain rate constant 0.06 
Thermal softening exponent 0.55 
Melting temperature (K) 1811 
Failure model : None 

3.2. General aspects regarding the shock wave-structure interaction 

When an explosive charge detonates, an incident shock wave propagates into the surrounding 
environment, which is initially at rest. After the passage of the shock wave, the physical properties of the air 
(pressure, temperature, density and velocity of the material particles) are compressed and a discontinuity of 
the thermodynamic quantities arises. The pressure profile of a shock wave in respect with the time (Fig. 2) is 
characterized by its incident peak overpressure ∆P+, the maximum drop value ∆P-, the time of the arrival ta, 
the positive and negative phase durations, t+ and t- and its positive and negative pulses I+ and I- [14]. 

 

 
Fig. 2 – Temporal pressure profile of the shock wave [15]. 
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Generally, the pressure profile of a shock wave is characterized by the Friedlander function as: 
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where α is a dimensional parameter depending on the shock wave intensity.   
The Jones-Wilkins-Lee (JWL) equation of state model for explosive detonation is given by [16]: 
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where A, B, C, R1, R2 and ω are constants calibrated experimentally, V is the product volume relative to the 
initial explosive volume, E is the energy per unit volume, and P is the pressure. Values for the constants are 
found in the literature [17]. 

3.3. Basic formulation of explicit dynamics 

The basic equation solved by an explicit dynamic analysis express the conservation of mass, 
momentum and energy in Lagrange coordinates. These, together with a material model and a set of initial 
and boundary conditions, define the complete solution of the problem.  

For Lagrange formulations, the mesh moves and distorts with the material. The density at any time can 
be determined from the current volume of the zone V0 and its initial mass ( )0 0Vρ  

0 0Vm
V V

ρ
ρ = = . (4)

Energy conservation is written as: 
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ρ . (5)

For each time step, these equations are solved explicitly for each element in the model, based on input 
values at the end of the previous time step. The explicit dynamics solver uses a central difference time 
integration scheme – Leapfrog method. The advantages of using this method for time integration are: 
equations can be solved directly (explicitly), no convergence checks are needed since the equations are 
uncoupled and no inversion of the stiffness matrix is required [9]. 

4. CASE STUDIES 

In the absence of the similarity laws, which might have simplified the model, the numerical simulation 
of the armor plates behavior subjected to the dynamic action of the shock waves started with a study on an 
initial test model (M1). This model was built taking into account the geometry and the working conditions of 
a military vehicle skeleton. The plate dimensions, the explosive load conditions and the location of the 
dynamic load, which produces the plate deformation and fracture were chosen using information taken from 
the literature [16, 18]. The model was checked and tested in order to assure realistic simulation results.  

The protection of the vehicle to the action of the shock waves generated by the explosion is highly 
dependent on the position of the explosive charge to the machine. From this point of view, the worst case has 
been studied, placing 5 kg of TNT on the soil surface in the center of the plate. 

The behavior of an armor plate, called the witness plate was then studied when placing a perforated 
plate in front of it, at a distance of 200 mm (model M2). As such, the research was focused on how the 
perforated plate retrieves the dynamic shock waves and dissipates the energy transmitted by the blast.  

In order to analyze the behavior of the multilayer perforated plate, two other models were processed 
and compared (M3 and M4).  

4.1. Configuration models  

At the beginning a 2D axisymmetric model of the TNT explosion with only soil and air and with a very 
fine mesh was performed. The initial model (M1) uses the results of the 2D axisymmetric model as an initial 
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input for air and soil in a 3D model. M1 contains a part filled with AIR (Euler Ideal Gas) and a structural 
one, IRON-ARMCO – Lagrange type, which represents the witness plate (Fig. 3). The Euler part was filled 
with soil (SAND) and with TNT in the soil region, where the Improvised Explosion Device (IED) was 
placed. The symmetry of the model was defined around the X axis, the blue axis in Fig. 3, where the model 
is plotted rotated with 90 degrees clockwise. Fig. 4 shows the geometry and the material assignment for the 
model M2, comprising the witness plate and a perforated plate.  

 The models M3 and M4 were developed with the same 3D configuration, but with a different 
distribution of the material layers for the perforated plate. Model M3 has a steel perforated plate with a 
thickness of 6.5 mm and model M4 has two additional layers of aluminum and steel, having a thickness of 
11.3 mm both. This aimed to modify the material from which the shield plate is made while maintaining the 
mass constant. Both M2 and M4 models contain layered structures.

 Fig. 5 shows the multilayered perforated plate (M2) through-out different preparation stages, when 
AUTODYN options were activated in order to take into account the thickness of the plates. The model 
preparation of the two plates was performed using a shell technique, which allows a very fine mesh. The 
element size was less than 1 mm. The true thickness of the plates is shown in Fig. 5 b. Then, an artificial 
thickness was assigned (Fig. 5 c), where the solver calculates precisely the interaction between the shock 
wave and the structure, including the passing of the shock wave through the holes of the perforated plates. 
The TNT explosion was simulated by setting the Boundary conditions. The interaction of the shock wave 
with the plate was coupled by the Euler-Lagrange Interaction, while the interaction between the two plates 

  

 
Fig. 3 – Initial 2D model (M1). Fig. 4 – Layered model M2. 

   
a) shell model b) real thickness of the plates c) artificial thickness of the plates 

Fig. 5 – Model of the plates. 

        
a                                                                b 

Fig. 6 – Boundary conditions.  
 

Fig. 7 – FEM model. 
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was described by Lagrange-Lagrange Interaction. The Flow Out boundary condition (Fig. 6 a) allows the 
material to pass outside the Euler domain. These conditions were set at a distance of 700 mm from the area  
of interest. The margins of both the witness and the perforated plate were fixed (Fig. 6 b), preventing the 
deformation or the movement of the material in that region. The external environment has been modeled by a 
cube of air.  
 The FEM model (Fig. 7) comprises more than 2⋅106 elements. In order to reduce the computational 
time and taking into account the symmetry of the model, only half of the entire structure was calculated. A 
standard mesh sensitivity analysis was carried out to ensure a proper fine mesh. 

4.2. Blast mitigation through numerical simulations 

Simulation is widely used in technical sciences, because it helps finding a suitable solution without 
accessing the optimization procedures, especially when analyzing complex models that involve large 
computational time. Therefore all the models were subjected to the action of the shock waves generated by 
the same detonation of the explosive charge and from one model to another the mitigation effect of the 
explosion was followed.  

Figure 8 shows the pressure variation of the shock wave during time, recorded by a gauge placed in the 
vicinity of the explosion. The mesh inside and around the charge was fine enough to assure a similar pressure 
profile of the explosion with the theoretical one. This proved that the mesh was properly tuned with the 
peculiarity of the problem. 

First the behavior of the witness plate and the explosion effects were analyzed without a protective 
plate. Figure 9 shows the evolution of the internal energy during time in this case.  

The deformation map of the witness plate, with a maximum displacement of 100 mm along the Z axis 
in the central aria of the model are plotted in Fig. 10.  

The quality and the accuracy of the simulation were further confirmed when comparing the 
experiments with the simulation results (Fig. 11). The maximum value of the displacements measured during 
the experiments is around 45 mm (Fig. 11 a), while the computed one was 46.6 mm (Fig. 11 b) for one of the 
simulation attempts. 

 

                                              
Fig. 8 – Pressure profile of the simulated shockwave. 

Fig. 9 – Internal energy during time M1. 

       
 

Fig. 10 – Displacements of the witness plate M1. 
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a) displacements obtained during experiments b) simulation results 

Fig. 11 – Experiments vs. simulation results. 

Theoretical reasons [19] and preliminary practical remarks determined us to focus the research on the 
following aspects: the strain development and the fracture phenomena, the energy dissipation of the shock 
wave and the analysis of the loading that arise due to the overpressure in the shock wave.  
 The displacement map of the protection plate for the three studied models is shown in Fig. 12. The 
common denominator of all the studied models was the weight of the plates. Taking into account the real 
conditions in which a passive mitigation system works, the preservation of the total weight or even the 
possibility to decrease the weight was pursued. The resulting steel protective plate (M2) was found to be 
even thinner than for the other models (M3 and M4). The behavior of this last configuration is also presented 
in Fig. 12.c, together with the previous 2 models. 

a) model M2 b) model M3 c) model M4 

Fig. 12 – Displacements of the perforated plate. 

The internal energy plots of the explosive (Fig. 13 and Fig. 14) show the dissipation of the energy after 
the interaction with the perforated plate for model M2 and M4, proving that the time while the explosion 
interacts with the plate structure was significantly reduced as the result of introducing the perforated plate, 
from an initial value of 0.5 ms (M1) to 0.25 ms (M2). Because the structure of the perforated plate of model 
M3 collapsed (Fig. 12 b) no further processing of the results for this model was performed. 

The maximum values of the displacements of the armor plate are shown in Fig. 14. The simulations 
proved that introducing a perforated plate, improves the behavior of the mitigation model both by the 
protective qualities of the material, as well as by a gainful effect of the plate pattern.  

 



8 Passive mitigation solutions using explicit dynamics simulation  269

                              
a) 3D plot of the internal energy  b) internal energy during time  

Fig. 13 – Internal energy plot of the explosion – model M2 and M4. 

 
Fig. 14 – Maximum displacements of the models. 

5. CONCLUSION 

The objective of the paper was to present a simulation driven method to find the appropriate material 
configuration for a passive blast mitigation system, using a commercial solver and a reasonable 
computational time.   

The effects of the shock wave on four real-scale models, having different material configuration for the 
perforated plates have been studied by means of explicit dynamic simulations. The four models were named 
as: M1 – initial model, M2- multilayered perforated plate, M3 – perforated plate made by steel and M4 – two 
layered perforated plate. Comparing all the studied cases, conclusions regarding the best layout of the 
passive mitigation system have been drawn. All the simulations were performed on real scale models, 
tailored to a military vehicle skeleton. 

The use of perforated protective plates proved to be a good solution to mitigate the effects of the shock 
waves caused by a blast. Using composite materials, the requirement of an optimal total weight can be 
fulfilled, as well as an increase in the energy dissipation.  

The explicit dynamic simulation led to the following concluding remarks:  
• The numerical simulation of the phenomenon of the interaction between the shock waves generated 

by the detonation of explosive charges and the structure of the metal plates is a complex procedure that 
requires computing time and high hardware capabilities.   

• The lack of the similarity laws led to the idea of creating different models. Comparing their behavior, 
practical solutions to mitigate the effect of the explosion were found.  

• The quality and the accuracy of the finite element model was validated by means of experiments (Fig. 11). 
• After analyzing the results of the theoretical models and numerical simulations, the multilayer 

composite plate was found as a good solution to mitigate the effects of the explosion. In this case the amount 
of energy transferred to the base plate was significantly decreased (Fig. 13), and the deformation of the base 
plate was reduced to the half (Fig. 14). 

• The explicit dynamics study was performed on real scale models, apart other studies found in recent 
literature. This allowed a precise comparison with the experimental data. 
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• The fixed distance of 200 mm between the perforated plate and the witness plate was imposed by the 
ground clearance of the vehicle. Since the geometrical constraints of the vehicle in the vertical plane were 
taken into account, it is assumed that the model is accurate and does not need to be optimized from this point 
of view.  

• The dynamic simulation for the last model (M4) provided similar results with the model M2 (Fig. 13) 
until the simulation was stopped, at 1 ms. In order to take into account the formation of the soil secondary 
fragments and to study the model behavior subjected to the shock waves after the appearance of large plastic 
strains further explicit dynamics simulations, mathematical developments and analytical calculations are still 
required.           

6. FUTURE WORK 

In order to take into account the formation of the soil secondary fragments and to study the model 
behavior loaded by the shock waves after the appearance of large plastic strains further explicit dynamics 
simulations will be performed.  

The action of the shock waves generated at the detonation of the explosive charges depends on the 
external environment conditions and the characteristics of the explosive material. Including real engineering 
data for the TNT and more precise soil characteristics may improve the simulation capabilities. Therefore, 
further simulations can provide important results from this point of view, as well.  

The geometry of the protective plate has a great influence on the mitigation effects of the explosions. In 
the same time, the position of the protective plate, according to the position of the witness plate, and on the 
location of the IED's are also important factors that determine the behavior of the base plate and may be 
studied in an optimization parameterized study in the future.  

The study encourage the use of computer simulation for conceiving passive mitigation solutions in 
order to avoid expensive, dangerous and time consuming experiments. 
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