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Abstract  
In the past decade, there has been an increasing demand from governments for 
high level protections for military vehicles against explosives. However, designing 
and validation of protection is a time consuming and expensive process, where 
previous experience plays an important role. Development time and weight are the 
driving factors, where the weight influences vehicle performance. Numerical 
simulations are used as a tool in the design process, in order to reduce 
development time and optimise the protection. The explosive load acting on a 
structure is sometimes described with analytical functions, with limitations to 
shape and type of the explosive, confinement conditions etc. An alternative way to 
describe the blast load is to use numerical simulations based on continuum 
mechanics. The blast load is determined by modelling the actual type and shape of 
the explosive in air or sand, where the explosive force transfers to the structure of 
interest. However, accuracy of the solution must be considered, were methods and 
models should be validated against reliable experimental data. Within this work, 
tests with explosive placed in air, sand or a steel pot has been performed. For all 
tests, the dynamic and residual deformation of steel plates was measured, while 
the impulse transfer was measured for some tests. This thesis focuses on 
continuum based numerical simulations for describing the blast load, with 
validation against data from the experiments. The main conclusion of this work is 
that numerical simulations of air blast loading in the near-field can be described 
with sufficient accuracy.  
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Thesis  
This thesis consists of the following papers;  
 

Paper A  

Zakrisson B., Wikman B., Johansson B., Tjernberg A., Lindström S., Numerical 
and experimental studies of blast loads on steel and aluminum plates, 
3rd European Survivability Workshop, Toulouse, 2006.  

Paper B  

Zakrisson B., Wikman B., Johansson B., Half scale experiments with rig for 
measuring structural deformation and impulse transfer from land mines, 
Proceedings of the 24th International Symposium on Ballistics, New Orleans, 
2008, Vol.1, pages 497-504. 

Paper C  

Zakrisson B., Wikman B., Häggblad H-Å., Numerical Simulations of Blast Loads 
and Structural Deformation from Near-Field Explosions in Air, To be submitted 
for publication.  
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1 Introduction  
Anti-vehicle land mines are designed to incapacitate or destroy vehicles, and are 
commonly used on roads to ambush convoys or prevent traffic. Within the past 
decade, the number of accidents and casualties caused by explosives in peace 
keeping operations and military conflicts has increased gradually. For example, 
between October 2003 through September 2006, 430 out of 592 fatalities in US 
army vehicles in Iraq are due to bombs [1]. In the Afghanistan conflict between 
2001 and 2009, about 50 % of the coalition casualties are due to explosions, 
although the number of incidents involving military vehicles is not distinguished 
[2]. This has formed an extensive focus on enhanced protection of the personnel in 
military vehicles. Designing, testing and validating a mine protection is a time 
consuming and expensive process, where previous experience plays an important 
role. Numerical simulations can be used as a tool in the design process, in order to 
reduce development time and optimise the protection. 
 

1.1 Background 
In the past, many experiments for determining blast load characteristics from 
detonating high explosives (HE) have been performed, e.g. see Kingery and 
Bulmash [3]. Blast load characteristics can be useful in order to get an estimate of 
what load to apply on a structure, when a simulation of blast response is to be 
performed with a numerical code. Analytical descriptions to the experimental data 
have also been implemented in numerical codes [4]. Much previous work involves 
spherical charges of TNT1 located in air, or charges in hemi-spherical shape 
placed on the ground. If other high explosives than TNT is of interest, a 
conversion between the two may be described with an equivalence factor to TNT. 
However, the TNT equivalences may vary with distance, maximum pressure, 
pressure duration, specific impulse etc [5]. Although the above methods may be of 
interest for approximate use in concept studies, they may be of less use in finite 
element (FE) verification/validation studies if the conditions for the study are 
different than the input data. For example, the explosive may have a different 
shape than spherical, placed in a confinement or in sand, or the load may act on 
structures with complex geometry.  
 
                                                 
1 Trinitrotoluene 
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With the use of software for numerical FE simulations, the blast load from an HE 
may be described in a continuum based approach. The actual shape of the charge 
is modelled and initiated, where the rapidly expanding gases transfers into sand 
and/or air and forms a shock wave, with subsequent loading and deformation of a 
target. 
 

1.2 Objective  
 The objective of this work is to numerically simulate blast loading with confident 
results. The numerical simulations are carried out using FE software, with 
validation against data from experimental work. 
 

2 Blast loading 
A high explosive is defined as a chemical explosive where the energy is released 
by a detonation. In a HE the detonation velocity is always higher than the speed of 
sound. The energy release results in a rapid increase in pressure and volume of the 
explosive gas, which forms a shock wave in the surrounding material [6]. 
 

2.1 Shock physics 
 

  
Figure 1. Moving shock wave in one dimension. 
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A shock wave is characterized by a wave with a distinct wave front, travelling 
through a medium in supersonic speed. The shock front is extremely thin, and is a 
function of the shock velocity. As an example, a shock front in air with shock 
velocity twice the speed of sound has a thickness of about 0.25 μm [6]. A shock 
front is therefore often approximated as a discontinuous change in flow properties. 
The nonlinear property of the shock makes the mathematical treatment 
complicated, and the rules of superposition and reflection as of acoustic waves 
does not apply. However, the conservation of mass, momentum and energy apply 
across a shock front. Consider a one dimensional cylinder piston, containing a 
fluid initially at equilibrium as shown in Figure 1 (based on [7]). The piston is 
pushing from one end with constant speed. With absence of dissipation, the 
specific volume, v, and the gas particle velocity, up, are changed instantaneously 
when the shock front arrives. By setting up a control volume around the moving 
fluid in Figure 1, the conservation laws of mass, momentum and energy can be 
derived, resulting in eqns (1)-(3), respectively [8].  The specific volume is defined 
as v=1/ρ, us is the shock velocity, up the particle velocity, p is pressure and e is the 
specific internal energy. The subscripts 0 and 1 in eqns 1-3 corresponds to 
undisturbed and shocked material ahead and behind the shock front, respectively. 
 

 ( )pss uuu −⋅=⋅ 10 ρρ  Eq. (1) 

 
 ps uupp ⋅⋅=− 001 ρ  Eq. (2) 
 

 ( ) ( )100101 2
1 vvppee −⋅+⋅=−  Eq. (3) 

 
The conservation equations over the shock front are commonly known as the 
Rankine-Hugoniot conservation equations. If it is assumed that the state of the 
undisturbed fluid is known, five unknown variables remain. An additional relation 
is needed in order to solve the system of equations, which is defined by the 
equation of state (EOS) specific to the material subjected to the shock. The EOS 
describes the material behaviour under compression (in any two of the five 
unknown quantities), and may be defined either by a physical law or as an 
empirical relation determined from experiments.  
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If we let the compressible media to be air, an appropriate EOS is the ideal gas law 
defined as 
 
 ep ⋅⋅−= ργ )1( , Eq. (4) 
 
where γ is the ratio between the specific heat at constant pressure and volume, 
respectively. Rewriting Eq. (4) for the energy term and inserting into Eq. (3), a 
relation between pressure and the specific volume is found. This curve is usually 
termed the Hugoniot, and defines all admissible shocked states for a material 
based on the material conditions ahead of the shock front. With known initial 
conditions, the Hugoniot for air may then be calculated, shown in Figure 2. From 
the conservation of mass and momentum, i.e. Eq. (1) and (2), the discrete jump in 
pressure and density across the shock front may be derived as  
 
 ( ) 2

0
2

0101 ρ⋅⋅−−=− suvvpp . (5) 
 
Eq. (5) is known as the Rayleigh line, and defines the shock jump condition as a 
straight line from the initial state to the shocked state in the Hugoniot as illustrated 
in Figure 2. Note that the inclination of the Rayleigh line is given by the square of 
the shock velocity and the initial density.  
 

 
Figure 2. Hugoniot of air along with the Rayleigh line from state 0 to 1. 
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2.2 Blast Scaling Laws 
The Hopkinson-Cranz scaling law, or cube-root scaling, is a common and useful 
way to describe blast wave properties.  Blast wave scaling applies when two 
explosive charges of similar geometry and type, but of different sizes, are 
detonated in the same atmosphere [9].  
 
In Table 1, relations to some important blast quantities are given in terms of the 
length scale factor λ. In Table 1, l represents length, ρ density, m mass, t is time, v 
velocity, a is acceleration, F force, P pressure, I impulse and is is the specific 
impulse. 
 
Table 1. Scale factors for important quantities with respect to length. 

 l ρ m t v a F P I is 
SI-Unit m kg/m3 Kg s m/s m/s2 kg·m/s2 kg/m·s2 kg·m/s kg/m·s 
Symbol L ML-3 M T LT-1 LT-2 MLT-2 MLT-2 MLT-1 ML-1T-1 
Factor λ const. λ3 λ const. λ-1 λ2 const. λ3 λ 
 
Consider a spherical charge in Figure 3, where a distance from the charge centre to 
a point of interest is R and the charge diameter is d. The explosive mass is denoted 
W, which is proportional to d3. The distance can then be scaled a factor λ 
according to  
 

 
3

1

3
2

1

2

1

2

W
W

d
d

R
R

===λ , Eq. (6) 

 
Where, according to Table 1, the same overpressure is achieved at the positions A 
and B in Figure 3. Eq. (6) may be rewritten to relate each position to the other 
according to  
 

 
3

2

2

3
1

1

W
R

W
R

= .  Eq. (7) 

 
This indicates that there is also a constant expression relating the stand-off, R, to 
its own weight, W, between point A and B in Figure 3.  
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Figure 3. Scaling of an explosive charge. 

 
This is known as the scaled distance, Z (in units m/kg1/3), for explosives, written 
in general form as  
 

 
3 W

RZ = . Eq. (8) 

 
Measured quantities from experiments such as pressure and specific impulse are 
usually given in terms of the scaled distance for a wide range, for example in 
Kingery and Bulmash [3]. Using Eq. (8), it is then possible to transform the 
relations to the charge weight and stand-off of interest. 
 

2.3 Load Transfer 
When a shock wave propagates in free air, a point in space experiences the 
incident pressure wave. If the shock wave interacts with a structure, the flow is 
reflected back to the denser, already shocked media. This phenomenon yields 
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higher normally reflected pressures than reflected acoustic waves [9]. Simulations 
performed in Paper C include structural deformation along with global impulse 
transfer. These simulations were based on experiments performed in half length 
scale. The explosive was placed in a steel pot, an optional testing method for light 
armoured military vehicles against land mines [10]. Using the scale factors 
defined in section 2.2, the full scale equivalent values can be estimated from the 
half scale results. In Table 2, the setup conditions along with the calculated 
quantities are given, where 0.5λnum and λnum represent the half- and full length 
scale factors in the numerical simulations, respectively2. The estimated full scale 
values correspond to λest., relating the half scale numerical results to full scale. 
Further, W is the explosive weight, R is the stand-off between the charge and the 
structure, M is the total mass of the structure subjected to the global impulse 
transfer and t is the thickness of the deformable plate. The evaluated quantities 
were the maximum dynamic plate deformation, δmax, along with the total 
transferred impulse to the structure, I. Both the numerical and estimated full scale 
results are in good relation to each other. 
 
Table 2. Half scale quantities from simulations in Paper C with its full scale equivalents. 

 Input  Results Scale 
factor  W(kg) R (m) M (kg) t (mm)  δmax (mm) I (Ns) 
0.5λnum  0.75 0.255 2120 8  120 2192 

λnum  6 0.51 16960 16  240 17654 
λest.

*  6 0.51 16960 16  240 17536 
*Estimated values from numerical half scale 
 
The full scale result in Table 2 can be related to a 17000 kg vehicle with a 16 mm 
thick floor plate of steel with 0.5 m ground clearance, subjected to a blast load 
from a 6 kg explosive. In Figure 4, a time sequence based on the numerical full 
scale simulation in Table 2 is shown. It takes only about 0.12 ms for the shock 
wave to reach the structure, and the maximum dynamic floor deformation is 
reached only about 2.6 ms later. This leads to an important aspect for the vehicle 
crew not to keep the feet directly on the floor, even though a mine blast protection 
kit would reduce the deformation. Close after the maximum dynamic deformation 
is reached, the blast load acting on the vehicle has reached zero. The global 

                                                 
2 Full scale numerical results are only presented in this thesis. 
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movement of the vehicle then reaches its maximum point after about 100 ms, and 
returns to the ground after another 100 ms. Note that the time line in Figure 4 is 
based on explosive placed in a steel pot. However, the response and arrival times 
would be different if the explosive is placed in sand instead of a steel pot. 
 

 
Figure 4. Sequence of events when an armoured military vehicle is exposed to a land mine. 

 

 
Figure 5. An explosive load F acts on a structure, which generates a plate response with maximum 
velocity v and displacement δ. Curves are normalized to each max value. Time axis is shared for 

both graphs. The explosive is (A) buried in sand (B) placed in a steel pot. 
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In Figure 5, load- and response curves are given for a steel structure subjected to 
load from an explosive (A) buried in sand and (B) placed in a steel pot. The total 
force F acts on the plate, which experiences the velocity v and deformation δ. The 
time axis is shared for both (A) and (B), where the initial time is the detonation 
time for the explosive. For easier comparison between the different quantities, 
each curve is normalized against its own maximum value, where the time for each 
maximum value is indicated with a vertical dashed line. The results regarding 
sand and steel pot are based on simulations presented in Paper B and C, 
respectively. It is seen that the time of arrival of the blast load appears much 
earlier when the explosive is placed in the steel pot compared to buried in sand.  
 

3 Experimental measurements 
When modelling highly nonlinear phenomena such as shock loading, it is of 
importance to validate the numerical results against confident experimental data. 
Redundant measurement methods may be a good way to validate experimental 
quantities. However, the transient course of event often poses limitations to the 
viable types of measurement methods. 
 

3.1 Dynamic deformation 
As mentioned in section 2.3, it is important to know how much an inner floor 
deforms from a blast, in order to set design criteria’s for where personnel and 
equipment can be positioned safely. The residual deformation resulting from 
elastic springback can commonly be measured in a controlled way after a test. 
However, the dynamic deformation is usually determined from high-speed video 
or other electronic measurements, resulting in tedious post-processing and signal 
analysis to assure measurement quality. Measurements using crushable elements 
can be used as a simple, non-expensive way to estimate the maximum dynamic 
deformation. 
 
In Paper A, an experiment with explosive placed in free air is presented, where a 
lead pipe is mounted below a deforming plate, see Figure 6 (A). Before the test, 
the distance from the lead pipe to the plate, δi, was measured. During the test, the 
moving plate deforms the lead pipe a length Δ, where the dynamic deformation of 
the plate then is quantified by δdyn=δi+Δ. However, it was experienced in the tests 
that the measured values of the maximum dynamic deformation were sensitive to 
the total compression Δ of the lead pipe. The trend showed an increasing value for 
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δdyn with increasing compression, Δ. It was argued in Paper A that this effect is 
due to the larger mass set in motion by a larger Δ. When the plate releases the 
contact with the lead pipe, the pipe continues to deform due to the inertia of the 
moving material. This may result in an overestimation of the actual plate 
deformation. 
 

 
Figure 6. Determination of maximum deformation using (A) a deformable  

lead pipe or (B) an aluminum honeycomb block. 

 

 
Figure 7. Max  dynamic- and residual deformation measured  

with lead pipe and aluminum honeycomb. 

 
The air blast experiment was repeated in Paper C, but with use of a crushable 
aluminum honeycomb block (see Figure 6B) instead of a lead pipe in order to 
determine the maximum dynamic deformation. A comparison between the two 
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experiments is shown in Figure 7, for both the max dynamic- and residual 
deformation. It is seen that the methods for determining the max dynamic 
deformation deviates almost 10 % between one another, while the residual 
deformation is almost identical. Hence, the measurement method using aluminum 
honeycomb indicates a more reliable result than using lead pipes.  
 

3.2 Impulse 
In section 2.3, the sequence of events for a military vehicle subjected to blast 
loading in a generalized 1D case is discussed. It is seen that the time duration of 
the impulsive loading is much shorter than the time to reach the maximum global 
movement of the vehicle. The vertical acceleration of the vehicle will be high, but 
with a short duration. It is therefore reasonable to assume that the maximum 
velocity in the upwards direction is reached instantaneously compared to the time 
to reach the maximum global movement, where the velocity is zero. The impulse 
acting on a body is defined as  
 
 ∫= dttFI )( , Eq. (9) 
 
where the force is integrated with respect to time. If the force instead is written 
F(t)=ma(t), where m is mass and the acceleration a=dv/dt, Eq. (9) can be written 
as a linear momentum as 
 
 vmI Δ= , Eq. (10) 
 
where Δv is the velocity change. Considering energy balance between the initial 
state and the maximum global movement, the maximum initial velocity may be 
calculated as 
 
 maxmax 2gZv = , Eq. (11) 
 
where g is the gravity constant and Zmax is the maximum global movement. The 
impulse in Eq. (10) is then, with zero velocity at the turning point, written as 
 
 max2gZmI = . Eq. (12) 
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This holds when the body moves in the upwards direction only, together with the 
assumption that the initial velocity equals the maximum velocity. 
 
In Paper B, the maximum global movement of a body was measured in 
experiments, and Eq. (12) was used in order to determine the impulse transfer to 
the system. In Paper C, the impulse transfer in numerical simulations was 
independently determined both from Eq. (9) and Eq. (12), with similar results. 
Hence, it is here acceptable to assume the maximum velocity according to 
Eq. (11). 
 

4 Modelling of Blast Loading 
An analytical description to describe the blast load was used in Paper A. The 
explosive mass of the HE used in the test was converted to a TNT equivalent 
charge weight. No concern was taken to the differences in explosive shape, which 
was cylindrical in the experiment while the TNT data was based on spherical 
shapes [3]. The result deviated to a large extent to the measured values, most 
likely due to the dissimilarity in charge shapes.  
 
This section presents the general numerical methods to describe the explosive load 
based on a continuum mechanics approach. The actual shape of the charge is 
modelled and initiated, where the rapidly expanding gases transfers into sand 
and/or air and forms a shock wave, with following loading and deformation of a 
structure. The material modelling is described in section 5. 
 

4.1 Shock 
A shock front is extremely thin, and therefore often approximated as a 
discontinuous change in flow properties. The shock front thickness is normally 
much thinner than a typical finite element length used in a problem of practical 
use, e.g. see section 2.1. Shock-fitting techniques have been used in the past, 
where the energy jump in the Rankine-Hugoniot equation (Eq. 3) was treated as an 
inner boundary condition [11]. Although this is a possible approach in one 
dimension, it would be complicated to implement in 3D, resulting in long 
computational times. In 1950, von Neumann and Richtmeyer [7] presented a 
method to add a viscous term q  to the pressure in both the energy and momentum 
equations. This artificial viscosity has the effect of smearing out the shock front 
over several element lengths, still satisfying the Rankine-Hugoniot relations. The 
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artificial viscosity is only active at the shock front, and transforms the actual 
discontinuity to a steep gradient, spread over a couple of elements [12].  
 

4.2 Reference frame 
A structure is generally easiest defined in a Lagrangian (material) reference frame, 
where the mesh follows the material movement. The drawback is when the 
element gets too distorted due to large deformations, resulting in reduced 
accuracy, smaller time steps and possible solution failure. Another approach is a 
total Eulerian (spatial) frame of reference, where the entire mesh is fixed and the 
material flows across the element boundaries. This is an appealing method for 
describing the rapidly expanding gas flow from detonating explosives, since no 
distortion of the mesh takes place. The drawback is accuracy, since many small 
elements have to be used in order to achieve sufficient accuracy on the expense of 
computation time. In this work, structural parts are described with a Lagrangian 
frame of reference, while an Eulerian reference frame is used to model the 
explosive load. 
 

4.3 Fluid-Structure Interaction 
The contact coupling between the gaseous materials in the Eulerian domain to the 
structures in the Lagrangian domain is defined with a fluid-structure interaction 
(FSI) algorithm. Within this thesis, both a constraint- and penalty based FSI 
method is used. The constraint-based formulation alters the velocities of the nodes 
of the Euler- and Lagrange elements implicitly and forces them to follow each 
other. The method attempts to conserve momentum, but not energy. The penalty-
based formulation conserves energy, and applies nodal forces explicitly by 
tracking the relative motion at a given point. [13]. 
 

4.4 Contact 
In this work, a penalty method is used for the contact definition between two 
Lagrangian parts, independent of the normal direction of the shell elements. Also, 
a friction model based on the Coulomb formulation is included in the contact 
algorithm [12]. 
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5 Material modelling 
The significant material models used in this work to describe blast loading in a 
continuum mechanics approach are briefly described. Gaseous materials such as 
the explosive and air must be modelled with appropriate models. Also, the model 
for the structural deformation must be able to describe the non-linear plastic 
deformation. 
 

5.1 High Explosive 
An inert (undetonated) explosive is ideally detonated if a pressure wave with 
shock velocity equal to the detonation velocity D travels through the material. The 
explosive can be divided into two Hugoniots; one for the inert HE, and one for the 
detonation products. This is visualized in Figure 8, relating pressure to specific 
volume. As described in section 2.1, a shock jump condition takes place along the 
Rayleigh line.  
 

 
Figure 8. Hugoniot for undetonated- and detonated explosive. 

 
The explosive is ideally detonated when the Rayleigh line for the inert Hugoniot is 
tangent to the Hugoniot of the detonation products, hence when the shock velocity 
equals D. The detonation point is termed the CJ-point (Chapman-Jouget), with 
detonation pressure, Pcj, and specific volume, vcj. Usually, Pcj and D are 
determined experimentally or with thermo-chemical simulations [14,15]. The 
relative volume at the CJ-point may be calculated from the Rayleigh line as 
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In a FE code, the elements defined as a high explosive initially contains the 
chemical energy, defined as an initial energy, to be released [16]. The energy in 
the element can be released in two ways, assuming ideal detonation. One way is to 
define a detonation point, and calculate the time the detonation wave D has 
reached the centre of each explosive element, i.e. a programmed burn model. The 
other way to define a detonation is in terms of compression, i.e. when the relative 
volume V reaches Vcj in Eq. (13). This method is commonly called beta burn. 
Also, a mixed detonation model which combines the programmed and beta burn  
may be used, which is the case in Paper C.  
 
Once the explosive element is detonated, the pressure release follows the equation 
of state. A common EOS used for high explosives is the three-term Jones-
Wilkins-Lee (JWL), defined as 
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where A, B, R1, R2 and ω are constants, V is the relative volume and E is the 
internal energy per unit reference volume. The constants are usually empirically 
determined with cylinder tests, in combination with numerical inverse modelling 
[15,17]. 
 

5.2 Air 
The air is modelled with an ideal gas form of equation of state, defined as 
 

   ( ) ,1
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Ep
ρ
ργ −=   Eq. (15) 
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where ρ is the current density and ρ0 the initial density and E is the internal energy 
per unit reference volume3. The ratio of specific heats at constant pressure and 
volume, respectively, is defined as γ=Cp/Cv, where γ=1.4 at small overpressures. 
At larger pressures and higher temperatures, the air starts to ionize and dissociate, 
and the property of the gas changes so the ratio of specific heats is no longer 
constant [18]. However, a constant ratio of specific heats is commonly assumed to 
be sufficiently accurate in blast loading calculations. 
 

5.3 Structure 
A common model used to describe materials subjected to large deformation, high 
strain rate and adiabatic temperature softening is the Johnson and Cook (JC) 
model [19]. The model is based on von Mises plasticity, where the yield stress is 
scaled depending on the state of equivalent plastic strain, strain rate and 
temperature. The JC model is given as 
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⎜
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εεεσ , Eq. (16) 

 

where A, B, n, C and m are material constants,  eq

.
ε  and 

.

0ε  are the equivalent 
plastic strain rate and reference strain rate, respectively. The homologous 
temperature T* is defined as T*=(T-Tr)/(Tm-Tr), where T is the current temperature, 
Tr the room- or initial temperature and Tm the material melting temperature. The 
temperature increment due to adiabatic heating is calculated as 
 

   ∫=Δ eq
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eqeq

C
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T
ε

ρ
εσ

χ
0

, Eq. (17) 

 
where ρ is the material density, Cp is the specific heat. The Taylor-Quinney 
coefficient, χ, represents the proportion of plastic work converted into heat, which 
is usually taken as a constant 0.9, even though χ may actually vary with plastic 
strain [20]. A modified JC model, shown in Eq. (18), is described by Børvik et al 
in [21], where the equivalent yield stress is defined as 

                                                 
3 Note that in Eq. (2) the internal energy was defined per unit mass, i.e. specific internal energy.  
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In Eq. (18), the strain rate term is modified compared to Eq. (16) in order to avoid 
unwanted effects if the equivalent plastic strain rate is lower than the reference 
value.  
The JC model in Eq. (16) was used in Paper A and B, while the modified JC 
model was used in Paper C.  
 

6 Summary of appended papers  
This chapter summarises the studies performed in the appended papers of the 
present thesis.  
 

6.1 Paper A  

In Paper A, the plastic deformation of metal plates subjected to blast loading in air 
was studied, both experimentally and numerically. The focus in the paper is on the 
numerical methods for describing the blast load. Three different numerical codes 
with different capabilities were used to simulate the plate response to compare 
with the test results. For one code, an analytical description for the blast load was 
applied directly on the steel structure. The two other codes used a continuum 
approach to describe the blast load, where the explosive was modelled and 
detonated, with subsequent interaction with the structure. The continuum 
simulations for the blast load were performed in 2D in one code and 3D for the 
other. A discrepancy in the experimental determination of the maximum dynamic 
deformation was suspected, which influenced the comparison to the numerical 
simulations. All together, only the 2D simulations showed reasonably acceptable 
results. 
 

6.2 Paper B  

The work made in Paper B was primarily experimental, together with introductory 
numerical simulations. A test rig subjected to blast from explosive buried in the 
ground is described, where momentum measurement is included in addition to 
structural deformation. Experiments with explosive placed in a steel pot or sand 
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were performed, where the effect of sand moisture content along with charge 
burial depths were studied. The measured trends show that the transferred impulse 
increases with the charge burial depth, while the plate deformation increases at 
first but then decreases. It was argued that this difference could be related to blast 
load localisation. Further, dependence of sand moisture content can be shown in 
the experimental results. The largest plate deformation was observed when the 
explosive was placed in a steel pot. Introductory numerical simulations in 3D 
underestimate the impulse and plate deformation compared to the sand 
experiments, but can still describe the measured trends rather correctly. 
 

6.3 Paper C  

Numerical simulations of air blast loading acting on deformable steel plates were 
carried out, together with comparison to experiments. The two types of air blast 
setups consisted of a cylindrical explosive placed either in free air (Paper A) or in 
a steel pot (Paper B). The experiment from Paper A was repeated with a more 
confident method to determine the dynamic deformation of the steel plate. A high 
localisation effect of the pressure build-up is shown in a numerical convergence 
study in 2D. Mapping results from a 2D domain to a 3D domain was showed to be 
an efficient way to increase the accuracy in the 3D models. All together, the paper 
shows that reasonable numerical results using reasonable model sizes can be 
achieved from near-field explosions in air. 
 

7 Discussion and conclusions  
Within this thesis, numerical simulations and corresponding experiments of blast 
loading are investigated. The loading from the explosive was transferred to a 
structure either directly through air or by prior compaction of sand. The effect of 
the blast depends on the shape of the explosive and the state of the explosive 
confinement. This makes it uncertain to use general analytical loading functions to 
describe the pressure wave in space and time in numerical models. Instead, an 
approach based on continuum mechanics to describe the blast load has been 
shown efficient, even though the choice of mesh size is critical. Also, the quality 
of the experimental data influences the outcome of a validation of numerical 
results. However, the main conclusion form this work is that numerical 
simulations can be described within 3.2-5.4 % regarding air blast loading in the 
near-field. 
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8 Suggestions for future work  
In the present study, the main focus has been on air blast loading, although some 
introductory numerical work was done with explosive buried in sand. Part of the 
future work will focus on the numerical treatment of explosive buried in sand 
related to Paper B. Also, possible experimental characterisation of the sand or use 
of available literature may be carried out. The main aim of the future work is 
however to investigate material damage and fracture due to air blast loading in the 
near-field, with use of numerical models. 
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ABSTRACT 
 
In this study results from blast mine protection studies, carried 
out jointly by BAE Systems Hägglunds AB and FOI, 
Swedish Defence Research Agency, are described. The aim was 
to numerically and experimentally investigate mechanical 
behavior of protective plates subjected to blast loading. 
Numerical simulations of these highly non-linear events were 
carried out using three numerical codes: MSC.Dytran, 
AUTODYN and ABAQUS/Explicit. In the first two codes the 
behavior of the explosive was modeled from first principles 
while an analytical description of the pressure field produced by 
the explosive was used in the ABAQUS code.  
A special test rig was designed and used for the experiments. 
Plates of steel and aluminum were tested and the transient and 
residual deformation was measured. 
The agreement between simulated and experimental results is 
good for the AUTODYN simulations but less good in the 
MSC.Dytran case. In the ABAQUS simulations, a different 
geometry of the explosive had to be used, making comparison 
with the experimental results difficult. 
 



Paper A 
 

Björn Zakrisson – Licentiate Thesis 
2 

INTRODUCTION 

The blast effect from landmines is a serious threat to vehicles used in military 
operations. Numerical codes for simulation of the highly non-linear physics 
involved are useful tools for studying blast effects and protection principles. 
Numerical simulations are used as a complement to experiments in order to better 
understand these processes. It is also a useful tool for parametric investigations 
that would be too expensive to carry out experimentally.  

 
Simulation codes are also used in development of vehicle structures and 
protection devices as a means to improve design and to reduce costs. Simulations 
of the structural response of vehicles subjected to blast loads can also be used to 
eliminate shortcomings in the design from a survivability point of view, i.e. the 
layout and attachment of equipment and seats. This enables modification in an 
early stage of the development process. 

 
Deprince and Richeux (2004) used numerical simulations in the development of 
vehicles and protection kits. In the simulations they used a pressure load 
calculated from empirical data, which they validated through blast experiments 
where the mine was placed in a steel confinement. The target consisted of simple 
plates instrumented for response measurements. Thereupon load was applied on a 
more complex vehicle structure, whereby the results from the simulations show 
good agreement with results from experiments.  

 
A similar method was used by Persson (2004). Here the pressure load was 
achieved by simulating the explosion and the blast effect on simple plate targets 
(the explosives placed in free air and sand respectively). Experiments with the 
same geometry as in the simulations were carried out and the results were 
compared. Discrepancies were found in the sand case but the simulated results 
were judged to be accurate enough to be used for more complex targets. A truck 
with a protection kit was modeled and simulations were used as a tool in the 
development of the kit. 
 
In earlier studies at the Swedish Defence Research Agency (FOI), comparisons of 
mine blast simulations were made with the numerical codes AUTODYN (Century 
Dynamics Inc., 2005), LS-DYNA (Livermore Software Technological Corp., 
1998) and GRALE2D1. The simulations were also compared to experiments. Both 
                                                 
1 In-house finite element software at FOI. 
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surface laid and buried mines were investigated. The result is that all three codes 
give about equally good agreement to the experiments. 
 
The aim of the present study is to experimentally and numerically investigate the 
response of simple plates exposed to blast loads from charges placed in free air. 
The numerical simulations were carried out using three different numerical codes: 
AUTODYN, MSC.Dytran (MSC.Software Corp., 2004) and ABAQUS/Explicit 
(ABAQUS Inc., 2004). The purpose was initially to compare the individual codes 
regarding results and simulation times but also to be able to simulate blast loads 
on more complex structures. As the features of the individual codes differ and 
thereby also the formulation of the models, neither the results nor the simulation 
times can be compared unambiguously. Instead the study concentrated on how to 
best utilize the features of the individual codes and to find out what can be done to 
improve the accuracy of the simulated results. The paper is based on a study 
carried out jointly by BAE Systems Hägglunds AB and FOI, Swedish Defence 
Research Agency during 2005. 
 

EXPERIMENTAL PROCEDURE 

Test rig 

The test rig was robustly designed to minimize deformation during the tests. It 
was prepared for test objects, i.e. metal plates, of the size 600 x 600 mm. The 
circular hole where the plate deformation was to occur had a diameter of 500 mm. 
The sharp edge of the hole was given a radius of 15 mm to make sure that the 
plate would not be damaged while sliding on the edge, but deform smoothly. In 
the centre of the bottom a pipe holder was fitted. This held lead pipes that were 
used for measuring the maximum dynamic deformation, see left picture in 
Figure 1. 
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Figure 1. To the left the test rig with a lead pipe mounted in its holder is shown. The 
picture to the right shows the explosive charge mounted on a wooden tripod placed 
above the plate centre. 
 
Test setup 

The test objects were placed simply supported on top of the rig. The plates 
were anchored in one of the corners via a wire to a block of concrete about 4 
meters away. The reason for this was to restrict the plate motion when it is thrown 
off the rig and to ensure that the plate would not damage the rig on its way down. 
The type of explosive used was the Swedish army’s plastic explosive 
Sprängdeg m/46 (consisting of 86% PETN and 14% mineral oil). The explosive 
charge was cylindrical in shape and placed 250 mm above the plate on a wooden 
tripod (Figure 1). The height to diameter ratio of the explosive was 1:3 for all 
charges and initiation was made by a NONEL fuse. In this report two materials 
have been tested, with the corresponding plate thickness and charge weights given 
in Table 1. As a reference the equivalent weight of TNT is also given in the table. 
The TNT-equivalence factor for the explosive considering the impulse intensity 
was measured to about 1.16 in a report by Elfving (1995).  

Table 1. Materials and charge weight. 

 Thickness 
[mm] 

Explosive [kg] TNT equivalent 
[kg] 

Weldox 700 E 8 0.750 0.870 
Al 7075 (T6512) 23 0.500 0.580 
 

                                                 
2 State T651 means solution heat-treated and then artificially aged. 
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Measurements 

The maximum dynamic deformation was measured by using a slender lead 
pipe placed centrally under the test object inside of the rig. As the explosive 
charge detonates, the plate is deformed into the rig, compressing the lead pipe. 
The accuracy of the measurement depends on how much of the lead pipe that is 
set in motion when the plate strikes the pipe. Too much mass in motion will cause 
the lead pipe deformation to continue after contact with the plate, thus 
overestimating the maximum dynamic plate deformation. In order to keep control 
of the measurement error the lead pipe should not be compressed more than 10 
mm. Since beforehand estimation of the maximum dynamic deformation is 
difficult, the length of the lead pipe was chosen a bit too long in the first test and 
then successively shortened in following tests of similar plates. The residual 
deformation of the plate was measured at the centre. 
 

NUMERICAL MODELS 

Material models 

The plastic explosive was modeled using the JWL equation of state (Lee et al., 
1968). The pressure p  is given by 
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where ρρ0=V  is the ratio between initial and current densities and e  is the 
specific internal energy per unit volume. A , B , 1R , 2R  and ω  are material 
parameters that have been calculated with the program CHEETAH v1.29, 
developed at the Lawrence Livermore National Laboratory (USA) (Fried, 1996). 
All parameters are given in Table 2, where D  is the detonation velocity and CJp  
is the CJ-pressure. It should be noted that parameters used in the CHEETAH 
calculation originate from a chemical composition of 84/16 between PETN and 
fuel oil and not from the actual composition of 86/14.  
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Table 2. Material properties of the plastic explosive. 

0ρ  
[kg/m3] 

D  [m/s] A  [GPa] B  [GPa] 1R  2R  ω  0e  
[GJ/m3] 

CJp  
[GPa] 

1500 6914 460 7.01 4.72 1.03 0.3 8.03 18.4 
 
The air was treated as an ideal gas with constant heat capacities vC , pC  and with 
the pressure given by 
 
 ( ) ,TCCp vp −= ρ  
 
where ρ  is the density and T  is the temperature of the air. The material 
parameters are given in Table 3, where 0ρ  and 0T  are the ambient air density and 
temperature. 

Table 3. Material properties of the air. 

vC  [KJ/Kg K] pC  [KJ/Kg K] 0ρ  [kg/m3] 0T  [K] 
0.714 1.0 1.29 300 

 
According to the Johnson-Cook (J-C) strength model the yield stress is given by 
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where ε is effective plastic strain, ε&  is effective plastic strain rate, T  is 
temperature, and 010 ,,,, ε&CnKK  and m  are material parameters. meltT  is the 
melting temperature and refT  is initial temperature. Material parameters are given 
in Table 4. The strain rate influence and temperature is not considered for Al7075. 
Parameters for Weldox 700E are from Dey et. al. (2002), while strength 
parameters for Al7075 are adjusted from the European standard EN 485-2 (1994) 
and match the exponential hardening exponent of Al7039, which can be found for 
the J-C strength model (Cook and Johnson, 1983). In other words, the material 
strength for Al7075 is described in the form of J-C with the assumption that the 
hardening curve is similar to Al7039. 
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Table 4. Material properties for the J-C strength model. 

 0K (MPa) 1K (MPa) n  C  m  0ε& (s-1) 
Weldox 700E 859 329 0.58 0.0253 1.07 1.0 
Al 7075 439 404 0.41 - - - 
 
Software used in the simulations 

AUTODYN is a 2D/3D finite difference code that can simulate the expansion 
of the explosive gases and the interaction between the fluid and the solid structure. 
The code has both Euler and Lagrange formulation. 
 
MSC.DYTRAN 2005 is a 2D/3D finite element code (FE-code). The code has 
roughly the same capabilities as AUTODYN, although only 3D models are 
possible when using Euler formulation. 
 
ABAQUS/Explicit V6.5-1 is a 2D/3D FE-code. Today this code cannot be used to 
simulate expansion of gas in Euler formulation. In this case, the blast load is 
instead applied as a spherical advancing wave on the plate. 
  
To simplify further reading, AUTODYN will be referred to as Autodyn, 
MSC.Dytran as Dytran and ABAQUS/Explicit as Abaqus. In Autodyn the 
computational domain is divided into cells whereas cells in Dytran and Abaqus 
are called elements. 
 
Simulation models 

Simulations in Autodyn are made with a cylindrical explosive in free air. The 
plates and explosives are modeled as mentioned in Table 1 and the test setup. The 
plate is supported with an almost rigid circular structure with the inner diameter 
500 mm. Contact friction between the plate and the rig is assumed to be 
negligible.  
 

                                                 
3 Estimated value; the strain rate dependency in Dey et. al. (2002) is defined in another way than in 
eq. (3). 
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Figure 2 shows the Autodyn 2D-
simulation model used. In this case 
the symmetry plane trough the 
explosive is utilized. The actual 
square plate on top of a circular hole 
is approximated with a circular plate 
so that axi-symmetric calculation can 
be used. The explosive and the air are 
modeled in Euler formulation and the 
plate and support are modeled in 
Lagrange formulation. An outflow 
condition for the gas has been 
defined at the right hand side of the 
model in Figure 2. In the simulations 
the mapping technique in Autodyn is 
utilized. An initial 2D simulation 

with the cell size 0.2 mm is made. When the blast wave is close to the plate, the 
results from the initial simulation is mapped to a coarser 2D-modell with the cell 
size 1 mm. The cell size in the plate is also 1 mm. In Olovsson et. al. (2005) a 
convergence study is made, where it is shown that it is important to use small 
Euler cells.  
 
The simulation model in Dytran is shown in Figure 3. In analogy with Autodyn, 
the air and explosive are modeled in Euler formulation whereas the plate and the 
rig are modeled in Lagrange 
formulation. Only 3D 
formulation of Euler elements 
is possible with Dytran. The 
fact that the computer 
memory is limited means that 
larger elements have to be 
used than in Autodyn. The 
size of the Euler elements 
varies with a factor 3 both 
vertically and horizontally, as 
shown in the right picture of 
Figure 3. The smallest 
element is located at the 
detonation point of the 

 

Figure 2. Simulation model in Autodyn. 

Explosive

Shell elements of plate and rig

Euler elements filled
with air and explosive

Enlarged view of the cell 
sizes near explosive  

Figure 3. Simulation model in Dytran. The 
element net of the plate and rig is identical in the 
simulations made with Abaqus as with Dytran. 
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explosive, with an element size 0.94 mm vertically and 5.47 mm horizontally. 
This corresponds to about 160 elements in each vertical line between the top of 
the model and the plate. An outflow condition for the gas is defined on the outer 
surfaces of the model. The Lagrange elements of the plate and the rig are shown 
to the left in Figure 3. The rig is assumed to be rigid, without contact friction 
between the plate and the rig. 
 
Euler formulation to simulate explosive gas is not possible in Abaqus. Instead an 
analytical time dependent pressure wave is distributed over the plate, using built-
in incident wave-formulation in the code. Measured reflected impulse intensity is 
from Kingery and Bulmash (1984). For 0.5 kg explosive it is 2330 Pas and for 
0.75 kg explosive it is 3306 Pas, with the equivalent weights of TNT given in 
Table 1. The rigid boundary condition for the rig, the contact friction and the 
Lagrange elements of the rig and plate are identical with those used in Dytran, see 
left picture of Figure 3.  
 
In the simulations the focus is on the maximum plate velocity and maximum and 
residual plate deformation, all evaluated at the centre. However, in the 
experiments, no plate velocity was measured. 
 

RESULTS AND DISCUSSION 

The scatter in the measured maximum dynamic deformation of the steel plate 
was acceptable. On the other hand, because of the brittle behavior of aluminum 
only one of the completed tests was good enough. The results from the numerical 
simulations and the experiments are shown in Table 5 and 6. Considerable 
variation between measured and computed quantities can be observed. However, 
when contemplating the results it should be emphasized that the measurement 
method with lead pipes is not exact due to the inertia effects of the moving 
material. Numerical simulations of the experiment have been carried out using 
different software and models. Considerable differences in the measured 
quantities can be observed, see Table 5 and 6. The divergence is given relative to 
the corresponding measured quantity. Generally, all codes tested predict too small 
dynamic deformation. Furthermore, all codes tend to give lower residual 
deformation compared to the experiment, except for the Autodyn model with 
aluminum. 
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Table 5. Dynamic deformation and plate velocities. 

Code Material 

Computed  max 
dynamic 

deformation 
[mm] 

Measured max 
dynamic 

deformation [mm] 

Relative 
divergence 

(%) 

Computed 
max plate 
velocity 

[m/s] 
Autodyn W 700E 64.5 72.8 -11 255 
Autodyn Al 7075 35.0 37.5 - 7 142 
Dytran W 700E 45.1 72.8 -38 138 
Dytran Al 7075 22.1 37.5 -41 70 
Abaqus W 700E 40.5 72.8 -44 82 
Abaqus Al 7075 18.0 37.5 -52 85 

Table 6. Residual Deformation. 

Code Material 
Computed  max 

residual deformation 
[mm] 

Measured max 
residual 

deformation [mm] 

Relative divergence 
(%) 

Autodyn W 700E 54.0 57.6 -6 
Autodyn Al 7075 18.0 5.7 216 
Dytran W 700E 33.6 57.6 -42 
Dytran Al 7075 3.0 5.7 -47 
Abaqus W 700E 26.2 57.6 -55 
Abaqus Al 7075 4.3 5.7 -25 
 
It must be emphasized that the results presented above correspond to three 
different computational models. The models in Autodyn and Dytran use a fluid-
structure interaction formulation between the gas and the plate to determine the 
pressure field produced by the explosive, while an analytical spherical incident 
wave description is used in the Abaqus model. The coupled fluid-structure 
problem must handle the pressure disturbance, moving away from the charge that 
“shocks up” and develops into a blast wave. This generally requires a fine element 
mesh describing the explosive and the air between the charge and the target (Euler 
mesh). Here the Autodyn model is created using a two dimensional axi-symmetric 
mesh with solid elements describing the plate, whereas the Dytran model is a 
complete three dimensional description using shell elements for the plate. Thus, 
the 2D-mesh used in this study has a higher spatial resolution compared to the 3D-
mesh. A frequently used method to compensate for underrating blast load effects 
is to upgrade the charge weight. After some calibration simulations a scale factor 
of 1.67 was determined for the Dytran models. The results from this modification 
can be seen in Table 7. 
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Table 7. Dytran computations with scaled charge. 

Material 

Computed  
max dynamic 
deformation 

[mm] 

Measured 
max dynamic 
deformation 

[mm] 

Computed 
max plate 

velocity [m/s] 

Computed  
max residual 
deformation 

[mm] 

Measured max 
residual 

deformation 
[mm] 

W 700E  73.7 72.8 227 61.2 57.6 
Al 7075 35.7 37.5 118 16.0 5.7 
 
Whether the need to scale the charge load depends on inability to properly model 
the explosion with the code or if it is a mesh density problem has not been further 
investigated. An equally fine Euler-mesh as for the Autodyn model could not be 
tested due to the limited memory in the computer used.  

 
The Abaqus models are computationally efficient, since no Euler mesh is 
employed. However the result from it depends crucially on the pressure-time input 
data and the form of the pressure curve acting on the plate (owing to the 
geometrical shape of the explosive). The results in Table 5 and 6 are based on data 
from spherical shaped explosives in free air given by Kingery and Bulmash 
(1984). This would have been sufficient if the charge had been spherical in the 
tests. However, according to Wenzel and Esparza (1974) the normally reflected 
impulse intensity can be up to 5 times higher for a cylindrical “pancake” charge 
than for a corresponding spherical charge. This makes it hard to estimate the 
actual pressure distribution (space and time) acting on the plate with a cylindrical 
charge. Adjusting of the impulse to get a better correlation with the measured 
deformation is difficult (use of a spherical wave for a cylindrical charge). 
 
The results from the modified models of Dytran together with the results from 
Autodyn show significantly higher values of the maximum residual deformation 
of the aluminum plate than the measured value. 
 
Generally, the Autodyn solution seems to give best agreement in comparison with 
experimental results when using nominal input data. Models using the other codes 
need adjusted or alternative input data to be quantitatively competitive. 
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CONCLUSIONS 

Success of calculations depends on several things. Statistical confidence from 
the measurements was good for Weldox 700E, whereas only one acceptable test 
was carried out with Al 7075. However, the measurement method of the 
maximum deformation needs to be improved since the method using lead pipes is 
uncertain and sensitive with respect to choice of initial length. Simulations 
regarding Al 7075 gives higher residual deformation than the measured value. 
Other conclusions regarding this work are the following: 
 

• Accurate simulations need accurate input data. If such data are not 
available then data must be carefully estimated from similar data. 

• Generally, the user must be aware of the approximations and levels of 
error involved. 

• When using Euler cells/elements in calculations, the size of the cells are of 
great importance in order to build up sufficient pressure. This can be 
detrimental when simulating in 3D due to computational memory 
limitations. 

• Calculations with big models (complete vehicles) will be computationally 
slow when using Euler formulation. However, this is the physically most 
correct method. 

• In concept studies where analysis time is critical a more approximate but 
computationally efficient method with pressure-time data may be used, 
also described by Deprince and Richeux (2004). 
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In order to investigate effects such as momentum transfer to vehicle structures 
associated with mine explosions a test rig has been developed. Experiments have been 
performed to study the influence of the moisture content of the sand along with the 
burial depth of the mine. 
The setup of the experiment allows the blast wave from the mine to interact with a 
steel plate mounted on a test module, which is allowed to deform and move upwards. 
Measurement of the test module jump is used to estimate the momentum transfer. The 
impulse together with the deformation of the steel plate determine the effects of the 
experimental setup parameters. 
The trend of the measurements show that the transferred impulse increases with the 
DOB, while the plate deformation increases at first but then decreases. Introductory 
numerical simulations underestimate the impulse and plate deformation, but can still 
describe the measured trends rather correctly. 

 
 
INTRODUCTION 

 
Verification tests of military vehicles’ ability to withstand anti tank (AT) mines 

normally incorporate details for how to perform the tests. Guidelines generally 
prescribe test conditions such as mine location, depth of burial (DOB) in the soil and 
soil type, density and moisture content. The mine can also be positioned in a steel 
pot. However, the measured vehicle response may vary a lot depending on the test 
conditions. 

The sensitivity to different soil parameters was numerically studied by Heider 
and Klomfass in [1]. It was found that the dominant parameter for the momentum 
transfer was the initial sand density, followed by the compaction curve.  

Bergeron et al made extensive testing with dry silica sand for different DOB, 
with a large set of results suitable to validate numerical simulations [2]. A similar 
experimental approach was used by Hlady in [3], where the energy transfer was 
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measured using a moving piston. The height of the piston movement determined the 
energy transfer. The tested variables included standoff, DOB and soil type, moisture 
and density. For example, conditions with wet soil and high density produced seven 
times the energy transfer compared to dry sand conditions. 

Neuberger et al have performed full and half scale experiments with the 
explosive placed at close-range in free air and in dry sand, respectively [4,5], with 
clamped circular target plates. Numerical simulations showed good agreement with 
experimental results. The study indicates that the problem with explosive charges 
buried in sand can successfully be scaled. 

Taylor et al presented a series of full scale tests with the explosive charge buried 
in nearly water saturated sand [6]. The impulse was measured with a structural 
mechanical device, which responds to the blast loading by measuring the vertical 
displacement of a thick target plate. Fourney et al conducted small scale tests of the 
same problem [7], which showed good agreement with the corresponding full scale 
experiments. 

In the current work, a test rig was built to investigate momentum transfer and 
structural plate deformation owing to blast from surrogate mines buried in sand or 
placed in a steel pot. Since both momentum and plate deformation is determined, 
global as well as local information is achieved from the experiments. The varying 
test parameters are soil density and moisture content, along with DOB. Another 
objective is to use the test results for validation of modeling and simulation methods. 
The experiments are performed in half scale. 

 
 

EXPERIMENT 

 
In a previous study by Zakrisson et al [8], a half scale rigid test rig made of steel 

was developed in order to examine the response of square plates (with the side 
600 mm) against cylindrical explosives located in air. The air blast rig with 
dimensions is shown in Figure 1, where the target plate is simply supported on the 
top plate and allowed to deform into the center. Some drawbacks with this 
experimental setup are for example, that the explosive position is limited to be in air, 
and that no momentum transfer is measured. 
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Figure 1. Air blast rig for half scale tests with square plates. 
 
Ground blast rig 

 
Within this work a test rig has been developed to allow explosive positioning in 

sand and include measurement of momentum transfer. This ground blast rig consists 
of four legs and a mobile wagon on top, with outer dimensions 3 x 2 x 2.7 m. The 
wagon runs on rails to simplify test preparations. Chains are attached to four bars 
that are mounted to vertical springs and dampers on the wagon. At the lower end of 
the chains a hanging test module is attached, see Figure 2. The spring-damper 
system reduces the stress in the chains as the test module bounces back. The test 
module can be lowered and raised through the attachment to the chains. The test 
module consists of ballast weights, the air blast rig mounted upside down, a target 
plate and a plate holder. The total weight of the test module is 2120 kg. 

The target steel plate consisted of Weldox 700 E with dimensions 600 x 600 x 
8 mm. The plate was held against the test module during the blast by a plate holder 
in steel. The essential dimension of the plate holder is shown to the left in Figure 2. 

The square sand boxes were made of wood with the side 950 mm while the 
height varied between 500 and 600 mm depending on DOB of the mine. The sand 
box size was determined after initial simulations so that boundary effects from the 
box are negligible. The cylindrical steel pot was made of SS-EN 101113-2 steel 
quality, with an outer diameter of 350 mm and height 150 mm. A countersunk hole 
with radius 87 mm and depth 66 mm was manufactured, with the bottom edge 
smoothed with a 25 mm radius. The mine was distanced 25 mm from the bottom of 
the steel pot with extruded polystyrene foam, which was considered to have 
negligible influence on the test. 

Bottom plate = 610 x 610 x 50 mm 

Cylindrical tube 
Inner diameter = 500 mm 
Outer diameter = 560 mm 
Height = 420 mm 

Top plate = 610 x 610 x 45 mm 
Inner diameter = 500 mm 

Inner edge fillet radius = 15 mm 
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The charge was 0.75 kg Swedish military plastic explosive m/46 with a density 
of 1500 kg/m3, consisting of 86% PETN and 14% fuel oil. The charge was formed to 
a cylindrical shape resulting in a diameter to height (D/H) ratio of 3. The TNT 
equivalence of m/46 for impulse intensity is 1.16 [8]. 

 

 
 

Figure 2. Plate holder and test module to the left, the complete experimental setup to the right. 
 

Measurements 

 
The transferred impulse was determined through the maximum displacement in 

the upward direction of the test module. Two independent methods were used to 
measure the maximum displacement. 

A linear resistive position sensor of type RLP 410B/10 was used to register the 
upward displacement of the test module as a function of time [9]. To indicate the 
time of detonation, an optical gauge was coupled to a thin optical fiber put in contact 
with the explosive. A transient recorder (Nicolet Odyssey XE) with a continuous 
sampling rate of 500 kHz was used to register the signals. The maximum position of 
the test module was then determined graphically. 

The second method to measure the rig jump was to let a small block of 
aluminum honeycomb be deformed during each test. The upper end of the 
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honeycomb block was attached to the fixed frame and the lower end was crushed 
against the ballast weights, see Figure 3.  

Independent of measurement method, the maximum velocity can be estimated 
from the maximum rig jump, maxz , under the assumption that the test module moves 
in the vertical direction only and that the initial velocity is the maximum velocity. 
Thus, the transferred impulse I  is approximated by 

 
,2 maxmax gzmmvI ≈=  (1) 

 
where m  is the mass of the test module and g  the gravity constant. 

The maximum dynamic plate deformation was determined by using small blocks 
of aluminum honeycomb in the same way as determining the test module jump. For 
each test a honeycomb block was mounted inside the air blast rig, see Figure 3. The 
plate deformation against the air blast rig leaves a circular mark on the plate, which 
was used as reference when the residual deformation was measured. The residual 
deformation measured along a diagonal of the square target plate deviates from that 
measured perpendicular to the side, thus a mean value of the two is presented. 

 
 

  
Figure 3. Measurement devices. A position sensor measures movement of the test module along 
with an aluminum honeycomb block. Honeycomb is also used to indicate maximum dynamic plate 
deformation. 
 

Plate 

Position sensor 
 

Honeycomb 
Ballast weights 

Air blast rig 

Plate 
holder 
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TABLE I. EXPERIMENTAL SETUP PARAMETERS 
Test Description DOB [mm] Stand-off 

[mm] 
Density 
[kg/m3] 

Moisture 
[%] 

1 Wet sand 0 246 1857 8.1 
2 Wet sand 0 246 1823 7.8 
3 Wet sand 50 246 1823 7.8 
4 Wet sand 50 246 1902 8.3 
5 Wet sand 50 246 1837 6.9 
6 Wet sand 150 235 1842 7.3 
7 Wet sand 150 235 1859 7.5 
8 Wet sand 150 235 1825 7.5 
9 Dry sand 50 246 1775 - 

10 Dry sand 50 246 1766 - 
11 Steel pot - 255 - - 
12 Steel pot - 255 - - 

 
 
Test parameters 

 
Different setup parameters are studied in the experiments. The setup of the 

experiment allows a box of sand or a steel pot to be placed underneath, with a stand-
off distance between the surface and the target plate. In a total number of 12 tests, 2 
were performed using a steel pot while 10 regarded explosion in sand. The effect of 
dry sand was tested in 2 nominally identical tests. Three different DOB were tested 
with wet sand. 

The three different DOB’s tested were 0, 50 and 150 mm, measured from the 
sand top surface to the mine top surface. The height of the sand box was 500 mm for 
DOB 0 and 50 mm, while the height was increased to 600 mm for DOB 150 mm. 
The stand-off to the target plate was nominally held at 250 mm and measured from 
the target plate to the surface of the sand, or in the case of the steel pot to the surface 
of the mine. Since the sand boxes varied in height, the test module had to be adjusted 
vertically to keep the nominal stand-off distance. The fixed size of the chain links 
lead to a slight difference in the stand-off between sand boxes of height 500 mm, 
600 mm and the steel pot. 

To prepare the sand boxes about 100 mm of sand was filled before it was 
watered and packed manually. The procedure was repeated until the box was filled 
completely. In the cases of dry sand, no water was added. A confined volume was 
used to take a sample of the sand just before the test in order to measure the density. 
The sand sample was weighed before and after it was dried to get an estimate of the 
moisture content. The setup parameters for all tests are given in Table I. 
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The grain density for the chosen sand is 2700 ± 30 kg/m3 with a particle 
distribution of 0-8 mm according to [10] (Note that even though concrete gravel was 
chosen, it is referred to as sand in the text). 

 
 

NUMERICAL MODEL 

 
Preliminary numerical simulations in wet sand of the three DOB tested have 

been carried out using the nonlinear finite element program LS-DYNA v971 [11]. In 
order to simulate the large expansion of gases (such as explosion in sand and air), an 
Euler description have been used. The structural plate deformation is described with 
a Lagrange description. A penalty based fluid-structure-interaction (FSI) has been 
used to couple the state variables from the gases in the Eulerian domain to the 
structural parts in the Lagrangian domain [11]. 

Owing to the symmetry of the experimental setup only one quarter of the 
experiment was modelled. The Eulerian domain of the model describes the sand, air 
and explosive, and is modelled with a cubic volume. The horizontal width and depth 
of the model is 0.35 m while the height of the sand and air is 0.6 m and 0.35 m 
respectively. In total, the Eulerian domain consists of 536000 hexagonal elements, 
where 336000 elements describe the air domain and 200000 elements describe the 
sand domain. The sand domain also contains the explosive. The smallest element 
length in the Eulerian domain in vertical and horizontal direction is 0.5 mm and 3.5 
mm respectively, at the sand/air interface. A bias-distribution of the increasing 
element size is used towards the boundaries.  

The Lagrange domain consists of the plate, rig and the plate holder, which are 
described with 1144, 360 and 22 quadrilateral shell elements respectively. The plate 
and plate holder are described with the Johnson-Cook model, with the values for 
Weldox 700 E as given in [8]. 

The explosive m/46 is modelled with the equation of state (EOS) by Jones-
Wilkins-Lee with parameters given in [8]. A material model with a Mohr-Coulomb 
yield surface and a Tresca limit has been used to describe the sand, together with an 
EOS that describes the relation between pressure and relative volume [11]. Initial 
density of the sand was set to 1835 kg/m3. Parameters for a sand with moisture 
content of 6.57 % from Laine and Sandvik has been used to describe the material 
[12]. 

As boundary condition the rig is locked in all degrees of freedom, as well as the 
edge nodes of the plate holder. Symmetry conditions are applied along the inner 
edges of the plate. Contact is defined between the plate and the rig, as well as the 
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plate and the plate holder, where the coefficient of friction is assumed to be zero. In 
the Eulerian domain, outflow is allowed on the outer and top surfaces, whereas 
outflow on the symmetry planes as well as the bottom surface of the sand is 
prevented. 

Since the rig is fixed in space, no test module jump is determined in the 
simulations in contrast to the experiment. Instead, the total FSI-force is stored, where 
the end value of the integrated curve over time represents the transferred impulse to 
the system. When the FSI-force returns close to zero it is assumed that the total 
impulse from the blast has been transferred. The presented numerical results 
regarding impulse are adjusted with respect to the symmetry conditions. 

 
TABLE II. EXPERIMENTAL AND NUMERICAL RESULTS. 

Test 
test

dynpz ,  
(mm) 

num
dynpz ,  

(mm) 

test
respz ,  

(mm) 

num
respz ,  

(mm) 

test
pstmz ,  

(mm) 

test
hctmz ,  

(mm) 

testI  
(kNs)1 

numI  
(kNs) 

1 93.8 85.5 45.2 43.1 1.97 
2 90.5 76.8 83.7 66.7 47.2 44.5 2.01 1.37 

3 100.7 90.7 58.3 56.4 2.25 
4 104.8 93.8 96.2 98.6 2.93 
5 102.0 

91.3 
90.8 

81.2 
80.1 83.5 2.69 

1.90 

6 72.7 60.3 86.3 91.2 2.80 
7 71.8 58.2 95.7 96.0 2.91 
8 72.3 

65.5 
60.1 

54.8 
88.0 88.1 2.79 

1.85 

9 92.1 81.8 58.8 57.0 2.26 
10 92.3 - 82.6 - 53.8 50.7 2.15 - 

11 124.5 108.6 60.3 59.6 2.30 
12 123.4 - 110.7 - 60.9 57.5 2.28 - 

1 Corrected values after published in proceedings. 
 
 
RESULTS 

 
A typical plate deformation from a test is shown to the left in Figure 2. In Table 

II the results from the experiments and the numerical simulations are presented. The 
letter z  represents a distance, superscripts test  and num  means results from tests 
and numerical simulations respectively. Subscripts p  and tm  indicate that the plate 
or the test module is considered. The extensions of the subscript dyn  means 
dynamic deformation, res  means residual deformation, ps  means linear position 
sensor, hc  means aluminum honeycomb. The impulse is denoted I . The impulse 
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from the tests is determined using Equation 1 with the mean value of test
pstmz ,  and 

test
hctmz , . 
According to Table II the two ways of measuring the test module jump deviates 

4.9 mm at most (test 6), but the mounting of the position sensor to the test module 
was found loosened after that test. Cracks were found along a weld of the plate 
holder after test 11, which led to rupture during test 12. The diameter and depth of 
the steel pot increased to 184 and 75 mm, respectively, after test 11 and after test 12 
the diameter increased to 187 mm. 

 
 

DISCUSSION AND CONCLUSION 

 
The trend from the experimental results show an increase in impulse with 

increasing DOB, while the maximum dynamic plate deformation increases between 
0 to 50 mm DOB and then decreases with 150 mm DOB. The increase in total 
impulse transfer with increasing DOB was also observed numerically by Heider and 
Klomfass in [1]. They showed that directly above the mine the specific impulse 
increases with reduced DOB. However, in the radial direction the specific impulse 
was found to decay faster with reduced DOB. This may explain the difference in the 
trend regarding the impulse and the plate deformation measurements, with respect to 
DOB.  

Further, the experimental results show a dependence of moisture content in the 
sand, both regarding plate deformation and transferred impulse. The largest plate 
deformation is measured for the steel pot. The measurement redundancy of the test 
module jump indicates that the methods are working equally well. 

With the methods used here it is hard to determine that the compaction and 
moisture of the sand is evenly distributed within the sand box. This may be most 
pronounced for the tests with DOB 50 mm, considering the deviation in measured 
impulse. Another uncertainty could be that the springs holding the chains and test 
module help the rig on its way up. However, initial tests and calculations indicated 
that this effect is negligible for the moderate/large test module jumps presented here. 

The numerical results underestimate the measured values, but can still describe 
the trend. The numerical models and methods used here need further investigation. 
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Abstract 
 
Numerical simulations of air blast loading in the near-field acting on deformable 
steel plates have been performed and compared to experiments. Two types of air 
blast setups have been used, cylindrical explosive placed either in free air or in a 
steel pot. A numerical finite element convergence study of the discretisation 
sensitivity for the gas dynamics has been performed, with use of mapping results 
from 2D to 3D in an Eulerian reference frame. The result from the convergence 
study served as a foundation for development of the simulation models. 
Considering both air blast setups, the numerical results under predicted the 
measured values with 3.2-5.4 %. An influence of the friction can be shown, both 
in experiments and the simulations, although other uncertainties are involved as 
well. All together, reasonable numerical results using reasonable model sizes can 
be achieved from near-field explosions in air. 
 

1. INTRODUCTION 

It is in the near field region a military vehicle is subjected to blast loading from of 
a buried land mine. Live land mine tests of military vehicles often follows the 
NATO standard [1], where the land mine may either be buried in sand or placed in 
a steel pot. Gel’fand et al [2] stated that if the characteristic dimension of the 
charge is taken to be r0, the extent of the near-field region Rn is in the range 0 < Rn 
< 20r0. For a spherical charge of 0.75 kg and density 1500 kg/m3 with radius r0, 
the near-field region extends to about 1 meter from the centre of explosive. In the 
near field, the detonation products expand rapidly, reaching very high pressures 
and temperatures. This makes it usually difficult to measure for example pressure 
history in this region. However, it has for example been done by Esparza [3]. The 
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geometry of the explosive is also of importance. Wenzel and Esparza [4] shows 
that a cylindrical Comp B explosive with diameter to thickness ratio of 3.25 can 
result in normally reflected specific impulses of up to 5 times that of a 
corresponding spherical shaped explosive with the same mass. This leads to even 
more difficulties when determining the load acting on a structure. Much work 
regarding blast load characteristics and analytical load curves acting on structures 
is based on TNT data [5,6], but the approach is usually limited to spherical or 
hemi-spherically shaped explosives located in air or on the ground, respectively. 
When the explosive is of cylindrical pancake shape and/or buried in the sand, 
conditions such as the burial depth, charge shape, soil density, moisture content, 
grain size etc. play part in the loading event.  
 
An appealing approach instead of using analytical load curves is to use a 
numerical hydrocode to calculate the build-up of the blast load. Air and the 
detonation products may be described with continuum mechanics in a gaseous 
domain, while the structure response is treated in a structural domain, with 
algorithms for fluid-structure interaction connecting the two domains. However, 
high demands rely on the user to validate the methods and parameters used to 
simulate the blast load and the structural response. Zukas and Scheffler [7] 
presented an example of an air blast loading problem performed independently by 
four different users using the same code, where each user’s result deviated 
considerably from each other. Therefore, it is of essence that a model describing a 
dynamic event such as mine blast is controlled against numerical convergence, in 
order to get an estimate of the numerical errors. Also, methods should if possible 
be validated against confident test results. 
 
Experiments and preliminary simulations regarding a detonating explosive in 
cylindrical shape acting on a deformable steel structure were carried out in half 
length scale in Zakrisson et al [8], while additional experimental data is presented 
here. This work will focus on the numerical calculations describing these blast 
events. 
 

2. EXPERIMENTS 

Air blast experiments have been performed in order to collect data for numerical 
validation. In one experimental setup the explosive was placed in free air, while 
another experiment regarded explosive placed in a steel pot. Common for both 
experiments is that a blast load acted on a deformable steel target plate with 
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thickness 8 mm and dimensions 600x600 mm. Weldox 700E was chosen as target 
plate, mainly due to the well characterised material parameters to be used in the 
numerical simulations [9]. The explosive type was plastic explosive m/46, 
consisting of 86% PETN and 14% fuel oil, with a density of 1500 kg/m3. The 
charge shape was cylindrical with diameter to thickness ratio of 3 and total weight 
0.75 kg. 
 

 
Figure 1. Experimental setup for the air blast. In a), the target plate is simply supported on top of 
the air blast rig with the distanced cylindrical  explosive. In b), the crush gauge is mounted inside 
the centre of the rig. 
 
 
2.1 Air blast 

In order to study the response of square plates against an explosive located in air, a 
stiff test rig in steel was developed, described in detail with dimensions in Zakrisson 
et al [8]. This air blast rig was used to perform tests on deformable target plates. The 
experimental setup is shown in Figure 1, where the target plate is simply supported on 
top of the rig and allowed to deform into the centre. The inner radius of the air blast 
rig is 250 mm, where the edge is smoothed with a 15 mm radius. The explosive 
charge was distanced with 250 mm stand-off from the target plate with a tripod of 
wood, see Figure 1a. A nonel fuse with a blasting cap was used to initiate the 
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explosive at the centre. In Figure 1b, a crushable test gauge consisting of an 
aluminum honeycomb block is shown inside the air blast rig. The crush gauge was 
vertically mounted at the centre, distanced from the bottom surface of the target plate. 
The crush gauge deforms when the deforming plate comes in contact, allowing the 
maximum dynamic displacement of the target plate, δmax, to be determined after the 
test. The inner edge of the air blast rig leaves a circular mark on the plate after the 
deformation, which was used as reference to determine the vertical residual 
deformation. Since a square plate deforms into a circular hole, different bending 
modes arise perpendicular to the sides and along the diagonal of the plate. The 
maximum residual deformation at the centre, δres, was manually measured from the 
circular edge mark both to the sides and along the diagonals, where an average value 
is presented. 
 
All together, 10 tests were performed; 5 tests with dry surface contact conditions 
between plate and rig, 5 tests with lubricated surfaces. The tests with lubricated 
surfaces were performed in order to get an estimate of the influence of friction, 
where the lubrication consisted of a S 75W-90 transmission oil with extreme 
pressure (EP) additive certified for API GL-5. The experimental results are shown 
in Table 1, together with corresponding average values with extended subscript 
ave. 
 
Table 1. Experimental results for the air blast experiments. 
Surface Test# δmax (mm) δmax,ave (mm) δres (mm) δres,ave (mm) 

1 63.9  56.2  
2 66.9  58.3  
3 66.3  58.5  
4 66.8  59.0  

Dry 

5 65.6 65.9 57.7 57.9 
6 66.4  59.0  
7 67.9  60.3  
8 67.1  60.5  
9 66.4  59.8  

Lubricated 

10 65.9 66.7 58.2 59.6 
 
 
2.2 Ground blast 

In an earlier work, a test rig to allow explosive positioning in sand or a steel pot 
was developed to include measurement of momentum transfer in addition to 
structural deformation. The experimental setup is shown in Figure 2 and is 
explained in more detail together with results for both steel pot and sand 
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experiments in Zakrisson et al [8]. However, only setup with steel pot is 
considered in this study. A test module is hanging in chains, free to move upwards 
from the blast. The test module consists of ballast weights, the air blast rig 
described in section 2.1 mounted upside down, a target plate and a plate holder. 
The total weight of the test module is 2120 kg. 
 

 
Figure 2. The ground blast rig to the right, with test module hanging in chains and steel pot placed 
underneath. To the left, the target plate is held in place with a plate holder, viewed from 
underneath. 
 
The target plate was held against the test module during the blast by a plate holder 
in steel, with the essential dimension shown to the left in Figure 2. Only dry 
contact surfaces were used in the experiments. The cylindrical steel pot was made 
with an outer diameter of 350 mm and height 150 mm, with a countersunk hole 
with radius 87 mm and depth 66 mm with the bottom edge smoothed with a 
25 mm radius. The cylindrical explosive was distanced 25 mm from the bottom of 
the steel pot with extruded polystyrene foam, which was considered to have 
negligible influence on the test. The stand-off distance from the top surface of the 
charge to the surface of the target plate was 255 mm. The maximum dynamic- and 
residual plate deformation, δmax and δres, were determined in the same way as 
described in section 2.1. Further, the vertical movement of the test module, Ztm 
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was measured. The vertical movement was determined both with a linear position 
sensor and a crush gauge, shown on top of the test module to the right in Figure 2, 
but here only an average value is given. By assuming vertical translation only, the 
total impulse transferred to the test module may be estimated from the vertical 
movement as 
 
 tmtm gZmI 2=   (1) 
 
where m is the total mass of the test module and g is the gravity constant. 
Two tests using steel pot were performed, where the experimental results from 
Zakrisson et al [8] along with the calculated impulse using Eq. (1) are given in 
Table 2. 
 
Table 2. Results for ground blast experiments with explosive placed in steel pot. 
 Target plate Test module 
Test δmax (mm) δres (mm) Ztm (mm) Itm (Ns) 
11 124.5 108.6 60.0 2300 
12 123.4 110.7 59.2 2285 
 
 

3. NUMERICAL METHODS 

The general numerical methods used in this work to describe the blast loading and 
structural deformation are described in this section. All numerical simulations in 
this work are performed using the explicit finite element (FE) hydrocode LS-
DYNA V971 R4.2.1 [10].  
 
3.1 Reference frame 

A structure is generally easiest defined in a Lagrangian reference frame where the 
mesh follows the material movement. The drawback is when the element gets too 
distorted due to large deformations. This could result in reduced accuracy, smaller 
time steps and possible solution failure. An alternative is the Arbitrary 
Lagrangian-Eulerian (ALE) method, where the boundary of the part still remains 
the Lagrangian reference. Within the part the mesh is controlled against distortion 
and does not necessary follow the material movement. The element nodes are 
moved in order to remain accuracy and stable solutions, and the material state 
variables are thus advected to the new, smoother mesh. Different advection 
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methods for the material transport may be used. One drawback with the ALE 
method is increased computational time. Another approach is the Eulerian 
reference, where the nodes are completely moved back to the original position 
after the material advection. An extension of the Eulerian approach is the Multi-
Material ALE (MMALE), where one single element may contain several different 
materials, with tracked material interfaces. This is an appealing method for 
describing the gas flow from detonating explosives, where the gradients are large. 
The drawback is accuracy, since many small elements have to be used in order to 
achieve sufficient accuracy on the expense of computation time. In this work, both 
a Lagrangian and an Eulerian domain are used. The Lagrangian domain consists 
of the structural materials while the Eulerian domain is modelled with MMALE 
elements and mainly used for gaseous materials such as air and explosive. 
 
3.2 Shock 

A shock front is extremely thin, and therefore often approximated as a 
discontinuous change in flow properties. The shock front thickness is normally 
much thinner than a typical finite element length used in a problem of practical 
use. Special treatment is used in numerical codes in order to solve the 
discontinuity and still keep conservation of mass, momentum and energy across 
the shock front, i.e. the Rankine-Hugoniot conservation relations for shock waves. 
In order to treat the shock numerically, artificial viscosity is used [11]. A viscous 
term is added to the pressure in both the energy and momentum equations to 
smear out the shock front over several elements. The artificial viscosity is only 
active at the shock front, and transforms the actual discontinuity to a steep 
gradient, spread over a couple of elements [12]. 
 
3.3 Contact 

The contact definition between two Lagrangian parts used in this work is based on 
a penalty method, independent of the normal direction of the shell elements. A 
friction model based on the Coulomb formulation is included in the contact 
algorithm [12]. 
The contact coupling between the gaseous materials in the Eulerian domain to the 
structures in the Lagrangian domain is defined with a fluid-structure interaction 
(FSI) algorithm. In this work, a constraint-based method is used. This FSI 
formulation alters the velocities of the nodes of the MMALE- and Lagrange 
elements implicitly and forces them to follow each other. The method attempts to 
conserve momentum, but not energy [13]. 
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3.4 Mapping from 2D to 3D 

The result when simulating explosive detonation in a hydrocode depends strongly 
on the chosen element size. With use of MMALE elements, results from a 2D 
simulation can be mapped through interpolation to a 3D model, which then uses 
the 2D results as initial condition [14]. This allows a fine mesh to be used for the 
initial 2D simulation and a coarser mesh for the subsequent 3D simulation, with 
increased accuracy than a corresponding single 3D solution. 
 
 

4 MATERIAL MODELS 

The models and parameters used to describe the structural and gaseous materials 
are presented in this section. The units used in the simulations are for the length, 
time and pressure given in cm, μs and Mbar. However, the material parameters are 
here given in more convenient units in the tables. 
 
4.1 Gaseous materials 

The explosive is modelled as a high explosive material with a Jones-Wilkins-Lee 
(JWL) form of equation of state. A combined programmed burn and beta burn 
model determines when an explosive element is detonated based on the initial 
density ρ0, detonation pressure Pcj and detonation velocity D [10]. The energy in 
an explosive element is then released, where the pressure is defined according to 
the three term JWL equation of state as 
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where A, B, R1, R2 and ω are constants, ρρ0=v  is the relative volume and E is 
the internal energy per unit reference volume. The constants are usually 
empirically determined with cylinder tests or a combination with thermo chemical 
simulations of the reaction products. The JWL equation of state for the plastic 
explosive m/46 used in the experiments in section 2 have been calibrated and 
validated using cylinder tests presented in a report by Helte et al [15]. The 
material- and JWL parameters for m/46 are given in Table 3. 
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Table 3. Material- and JWL-parameters for the plastic explosive m/46 [15]. 
ρ  D  CJP  A  B  1R  2R  ω  

0E  
kg/m3 m/s GPa GPa GPa - - - kJ/cm3 
1500 7680 21.15 759.9 12.56 5.1 1.5 0.29 7.05 
 
The air is modelled with an ideal gas form of equation of state, defined as  
 

( ) ,1
0

Ep
ρ
ργ −=   

 
where ρ is the current density and ρ0 the initial density while E is the internal 
energy per unit reference volume. Also, γ is defined as the ratio between the 
specific heat at constant pressure and volume, respectively, where γ=1.4 at small 
overpressures. At larger pressures and higher temperatures, the air starts to ionize 
and dissociate, and the property of the gas changes so the ratio of specific heats is 
no longer constant [16]. Albeit high overpressures will be reached, it is here 
assumed that γ=1.4 is sufficiently accurate. With initial density 1.169 kg/m3, the 
initial pressure is 1 bar which results in an initial internal energy E0 of 250 kJ/m3 

[17]. 
 
 
4.2 Structural materials 

A common model used to describe materials subjected to large deformation, high 
strain rate and adiabatic temperature softening is the Johnson and Cook (JC) 
model. The model is based on von Mises plasticity, where the yield stress is 
scaled depending on the state of equivalent plastic strain, strain rate and 
temperature. A modified JC model is described by Børvik et al in [18], where the 
equivalent yield stress is defined as 
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where A, B, n, C and m are material constants, eq

.
ε  and 

.

0ε  are the equivalent 
plastic- and reference strain rate, respectively. The homologous temperature, T*, is 
defined as T*=(T-Tr)/(Tm-Tr), where T is the current temperature, Tr the room- or 
initial temperature and Tm the material melting temperature. The temperature 
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increment due to adiabatic heating is a function of the equivalent plastic strain, 
equivalent yield stress, specific heat, density and the Taylor-Quinney coefficient 
which represent the proportion of plastic work converted into heat. 
In this work, the modified JC model is used for the steel plate Weldox 700E, 
which undergoes large plastic deformation. The material parameters for Weldox 
700E regarding the modified JC model is given by Dey et al in [9], shown in 
Table 4. 
 
Table 4. Weldox 700E material constants for the modified JC constitutive model [9]. 
Yield stress Strain hardening Strain rate Temperature softening 

A  (MPa) B  (MPa) n  (-) 
⋅

0ε (s-1) C  (-) rT  (K) mT  (K) m  (-) 

859 329 0.579 5 x 10-4 0.0115 293 1800 1.071 
Elastic constants Density Temperature related coefficients 

E (GPa) ν  (-) ρ  (kg/m3) pC (J/kg-
K) 

χ  (-) α (K-1) 

210 0.33 7850 452 0.9 1.2 x 10-5 
 
 

5 CONVERGENCE STUDY 

A numerical convergence study of the gas flow interacting with air and a rigid 
surface was performed in order to study effect of model discretization. The 
problem was isolated to only include the gas dynamics, by using successively 
smaller elements in the Eulerian domain. Initial 2D simulations were performed 
until the shock wave almost reached the boundary. The result was thereafter 
mapped to coarser 3D meshes, where the simulation continued. 
For the material transport in the MMALE elements, the 2nd order accurate van 
Leer method is used [12]. Also, an area weighted residual is used for the axi-
symmetric 2D elements. 
 
5.1 Uniform element size 

The domain size is chosen to represent the air blast experiment described in 
section 2.1, and shown in Figure 3 for both the 2D axi-symmetric and the 3D 
model, which is modelled in quarter symmetry. The explosive is m/46, 
represented by a total of 0.75 kg with a diameter to thickness ratio of 3 and 
material parameters according to Table 3. Only half of the explosive height is 
modelled, with use of symmetry. This gives a 250 mm stand-off distance between 
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the top surface of the explosive and the upper boundary, identical to the air blast 
experiment. Prevented outflow is defined as 0=∂∂ tui , where tui ∂∂  is the 
velocity in the direction i  normal to the boundary. 

 

 
Figure 3. Schematic picture of the initial 2D model at time 0 to the left, subsequent initial 3D 
model after mapping from 2D at time 56 μs to the right. The explosive material expansion is 
shown in blue colour, air in red colour. Note that y-direction in 2D equals z-direction in 3D. 

As shown in Figure 3, prevented outflow apply at all boundaries in the 2D model 
as well as the three symmetry planes for the 3D model, along with the rigid top 
boundary. For the 3D model, the outer lateral boundaries have free outflow. At the 
rigid top boundary, sampling points for the pressure are placed radially from the 
vertical symmetry axis r0=0 mm with 10 mm interval to r30=300 mm along the xz 
symmetry plane, shown in Figure 3. The 2D calculation continues to the 
simulation end time 562 =D

endt  μs, when a map file is written containing the field of 
the state variables representing the explosive and air. The 2D solution is then 
mapped into the 3D MMALE mesh as an initial condition. Since 562 =D

endt  μs for 
the initial 2D simulation, this becomes the start time in the 3D simulation. The 3D 
simulation end time is =D

endt3 600 μs, in order to include the complete positive 
overpressure phase for all sampling points, i.e. until ( ) 0

3 ptp D
endr < , where pr is the 

pressure at the radial sampling point r and p0 is the initial air pressure. The 
pressure time histories are then integrated with respect to time to get the reflected 
specific impulse, i, in units (Pas). The maximum reflected specific impulse at each 
sampling point r=r0 to r30 is then  
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By integrating ri  over the radius and the radial area (i.e. around the revolving 
axis), a curve for the total accumulated impulse in units (Ns) on a circular surface 
is constructed according to  

 .2
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0
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r

r
rtot ∫ ⋅⋅= π  (3) 

The total accumulated impulse, Itot, over a rigid circular area at radius r30=300 mm 
is thus the chosen quantity for the convergence evaluation. 
 
The recommended procedure for estimation of the discretization error given by 
Celic et al [19] is followed. This procedure is based on the Richardson 
extrapolation and determines the Grid Convergence Index (GCI). First, a 
representative mesh size h  is defined. In this study, only uniform meshes are 
used, both in 2D and 3D. The element side length is the chosen hn, where n=1,2,3 
and defined as h1<h2<h3. The three subsequently refined sets of meshes are 
simulated, where a key solution fn, in this case Itot,n, is determined for each 
individual solution n. The grid refinement ratios are r21=h2/h1 and r32=h3/h2. Since 
h3=2h2=4h1 in this study, the grid refinement ratio is constant, i.e. r=2. The order 
of convergence, p, with constant r is defined as  
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The extrapolated asymptotically exact solution according to Richardson 
extrapolation may then be written as 
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and the extrapolated relative error extε  is defined as 
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The fine grid GCI is defined as  
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where Fs is a safety factor multiplying the approximate relative error term aε . 
When three or more grids are used in the determination of the GCI, then Fs = 1.25. 
The safety factor is used to get a conservative estimate of the GCI, and should be 
thought of as representing a 95% confidence bound on the approximate relative 
error [20]. The GCI then provides an estimate of the amount of discretization error 
in the finest grid solution relative to the converged numerical solution. 
 
Three 2D meshes with element lengths 0.25 mm, 0.5 mm and 1.0 mm are termed 
Case 1, 2 and 3. The results for each 2D solution is mapped to three 3D meshes 
with h1=4 mm, h2=8 mm and h3=16 mm, where Itot for each solution is 
determined. The results along with the corresponding GCI is calculated and 
reported in Table 5, where the relative terms have been converted to percent. 
Case 2, with a 2D mesh of 0.5 mm and a 3D mesh with h1=4 mm show the lowest 
GCI of ±2.13 %.  
 
Table 5. GCI with total accumulated impulse over a cylindrical surface. 

Mesh size (mm) 
2D 3D Solutions (Ns) (-) (%) (%) (%) Case 
h h1 h2 h3 Itot,1 Itot,2 Itot,3 Itot,ext p εa εext GCI 

1 0.25 4 8 16 659 618 527 694 1.14 6.27 4.97 6.54 
2 0.5 4 8 16 653 628 547 664 1.69 3.82 1.68 2.13 
3 1.0 4 8 16 646 599 525 726 0.67 7.25 11.00 15.45 
 
The total impulse for Case 2 is shown in Figure 4a, plotted at each mesh size in 
terms of the 3D fine grid size h1. Also, the GCI error bar for the fine grid is shown 
along with the extrapolated exact solution Itot,ext at infinitesimal element length. 
The graph illustrates the convergence with smaller mesh size in the 3D domain. In 
Figure 4b, the reflected specific impulse i for Case 2 is plotted against the radius 
r, where a localisation effect with higher specific impulse is shown closer to the 
symmetry axis. Also, a single 3D solution with mesh size h1=4 mm without initial 
mapping from 2D is shown. This result indicates that the 3D solution is 
approximately equal to Case 2 with 8 mm mesh size in the 3D model, and 
illustrates the strength of mapping from a 2D model with higher resolution.  



Paper C 
 

Björn Zakrisson – Licentiate Thesis 
14 

 

 

Figure 4. Convergence results for Case 2, with 0.5 mm 2D mesh. In (a), the accumulated impulse, 
Itot, is shown for each mesh size normalized to the fine grid size, together with the GCI error bound 
for the fine grid solution and the extrapolated exact solution, hext. In (b), the reflected specific 
impulse, i, is plotted against the radial distance from the symmetry axis, together with a 3D 
solution for h1 without mapping from 2D.  
 

 
Figure 5. The reflected specific impulse, i, is plotted against the radial distance from the symmetry 
axis. Case 2 with uniform 3D element size of 4 mm is shown along with Case 2 but with an 
element bias distribution of 3. 
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5.2 Non-Uniform element size 

In an attempt to reduce the number of elements needed in a model, without 
reducing the accuracy of the solution, a simulation with non-uniform element size 
is performed. The initial 2D mesh had a uniform element side length 0.5 mm, i.e. 
identical with Case 2 used in section 5.1. The 3D domain size was identical as 
shown in Figure 3. However, the element distribution in the 3D model varied. In 
total, 40 hexagonal elements were used in all three directions, resulting in 64000 
elements. With Figure 3 in mind, the element side length was biased with 3, with 
smaller element lengths vertically towards the rigid top surface and laterally 
towards the symmetry axis. The reflected specific impulse distribution against the 
radial direction is shown in Figure 5, both for the 4 mm uniform 3D mesh together 
with the biased mesh. The specific impulse distribution is close to identical 
between the two models, but the non-uniform model has less than 10 times as 
many elements as the uniform model. Hence, the CPU time and the memory 
allocation to solve the problem may in this way be significantly reduced without 
reducing accuracy. 
 
 

6 FINITE ELEMENT MODELS 

The FE models describing the air- and ground blast experiments are presented in 
this section. For all numerical simulations, the explosive consists of the plastic 
explosive m/46, described with the JWL equation of state with parameters given 
in Table 3. The total weight of the explosive is 0.75 kg, cylindrical in shape with 
diameter to thickness ratio of 3. The target plate Weldox 700E is modelled with 
the modified JC model with parameters given in Table 4. Only fully integrated 
shell elements with 5 through thickness integration points have been used for 
structural calculations in 3D, where also thickness change due to membrane 
stretching is accounted for. 
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Figure 6. The numerical Air blast model in quarter symmetry, looking into the three symmetry 
planes of the gas domain. 
 
 
6.1 Air blast 

The FE model discretization of the gas domain is based on the methodology used 
in the convergence study, with mapping of results from 2D to 3D. The model 
from section 5.1 replicated the setup for the air and explosive along with the 
stand-off distance used in the air blast experiment. The map file can therefore be 
reused from the initial 2D gas dynamic simulation with 0.5 mm element side 
length. The initial 2D result is then mapped into a 3D gas domain shown in 
Figure 6, with dimensions given in Table 6.  
 
Table 6. Model details. 

Model size 
Part Material Element 

type 
Element side 
length (mm) 

Number of 
elements X-dir 

(mm) 
Y-dir 
(mm) 

Z-dir 
(mm) 

Target 
plate 

Weldox 700E Shell 5 3600 300 300 - 

Air blast 
rig 

Rigid Shell 2a 5684 300 300 - 

Gas 
domain 

Air, m/46 MMALE 4 901692 400 400 371 

aElement size at the radius. 
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The plate, rig and air are modelled in quarter symmetry, while the explosive is 
represented in 1/8 symmetry. Similar symmetry conditions for the 3D gas domain 
as used in the convergence study are used, where three symmetry planes has 
prevented outflow at the top of the model and the two planes along the centre axis 
of the explosive. Outflow is allowed on the outer lateral and bottom boundaries. 
In Table 6, the used material, element type and side length along with total 
number of elements is given, together with the model size for the target plate, air 
blast rig and the gas domain, respectively. The target steel plate consisted of shell 
elements with 8 mm thickness and located below the top boundary, at an initial 
250 mm stand-off measured from the bottom of the explosive to the top of the 
plate. The plate is simply supported on a rigid surface, representing the air blast 
rig, with contact definition between the two surfaces. All nodes were fully 
constrained for the rig. An FSI-algorithm couples the blast load to the target plate. 
The 3D simulation is stopped after 1000 μs calculation time, when the FSI-force 
approximately reaches zero. To save CPU time, the MMALE elements are then 
deleted from the calculation, which continues to the final calculation time 
tend=8000 μs, allowing the residual deformation of the plate to converge. In order 
to determine the maximum and residual deformation of the plate, the vertical 
displacement is stored for the plate middle node, δ0(t). To determine the reference 
for the residual deformation, vertical displacements of the plate nodes at the 
position for the rig inner boundary (r=265 mm) is stored, both on the diagonal, 
δrd(t) and towards the side of the plate, δrs(t). Similar reference points were used to 
determine the residual deformation in the air blast experiment. The maximum 
dynamic deformation of the plate is determined as δmax=max(δ0(t)), which occurs 
at time tmax. To determine the residual deformation, δres, a relative displacement 
for the nodes is determined by subtracting the average motion of the two nodes 
initially at the position of the rig inner boundary from the plate middle node 
motion, δrel(t)=δ0(t)-δr(t), where δr(t)=average(δrd(t),δrs(t)). This relative motion 
has to be determined since the plate bounces off the rig due to the elastic spring 
back. The residual deformation is then determined by averaging the displacement 
of the constructed relative displacement curve from the time of maximum 
deformation to the end time as δres=average(δrel) from tmax to tend. This approach is 
illustrated in Figure 7.  
 
Frictionless state is assumed. However, the influence of friction is tested with a 
constant friction coefficient of μ=0.1 and μ=0.2. 
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Figure 7. Method for determination of maximum and residual plate deformation. 
 
 
6.2 Ground blast 

The FE model discretization of the gas domain representing the ground blast 
experiment is based on the methodology with mapping presented in section 5. In 
contrast to the air blast experiment/simulation, where the explosive was placed in 
free air, the charge is here placed in a steel pot. The same stand-off distance as 
used in the experiment is used, i.e. 255 mm measured from the top surface of the 
explosive to the bottom surface of the plate. The use of the steel pot along with 
the fact that the structure for the ground blast is much larger than the air blast, 
lead to some differences in the modelling compared to the air blast. 
 
The initial 2D model of the ground blast is shown in Figure 8, which consists of 
2D axi-symmetric MMALE elements with air and explosive, with the boundary 
modelled to represent the steel pot. The rectangular model size above the 
explosive surface is 400x250 mm, while the inner shape representing the steel pot 
is identical as described for the ground blast experiment in section 2.2. The side 
length of the quadrilateral elements is uniform with 0.5 mm except the area of the 
smoothed bottom edge representing the steel pot, which has slightly smaller 
element length. The model consists of 422292 elements in total. Outflow is 
prevented on all boundaries. The simulation end time is 56 μs, when a mapping 
file to be used to initialize the 3D domain is written. 
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Figure 8. The 2D model of the ground blast with explosive placed in steel pot.  
 
 
The 3D model representing the ground blast experiment is shown in Figure 9, 
modelled in quarter symmetry. The Eulerian domain consists of the gaseous 
material such as air and explosive, but also the steel pot. The structural 
Lagrangian domain consists of the rigid ground blast rig, plate holder and the 
target plate. A summary of the specific details for each part is given in Table 7. In 
order to get a more accurate result for the impulse transfer, the deflection plates at 
the top of the test module was modelled, shown in two views with dimensions in 
Figure 10. For comparison to the experimental ground blast rig, see Figure 2. 
 
 
Table 7. Details for the 3D Model. 
Domain Part Material Element type Thickness 

(mm) 
Number of 
elements 

Target plate Weldox 
700E 

Shell 8 3600 

Plate holder Weldox 
700E 

Shell 15 152 

Lagrange 

Ground blast 
rig 

Rigid Shell 0.1 8428 

Air Air MMALE - 365904 
Explosive m/46 MMALE -  

Euler 

Steel pot Elastic steel MMALE - 4150a 
aShell elements representing the steel pot to initialize the MMALE elements. 
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Figure 9. The numerical model in quarter symmetry of the ground blast experiment in the 3D 
domain, viewed from underneath.  
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Figure 10. Dimensions in mm specific to the numerical model of the ground blast rig. 
 
The larger domain size for the ground blast model compared to the air blast model 
lead to limitations in the mesh distribution, since a uniform 4 mm element length 
used in the 3D air blast model here would result in about 9.5 million elements. 
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Instead, smaller element sizes closer to the symmetry axis and towards the target 
plate were used, with coarser elements to the boundaries, supported by the 
methodology in section 5.2. The Eulerian domain size and the mesh distribution in 
the XZ-view is given in Figure 11. The element length bias ratio across a distance 
is defined as B=Le,max/Le,min, where Le,max and Le,min is the largest and smallest 
element side length respectively. Outflow is prevented on the two symmetry 
planes and at the bottom surface, but allowed on the top and outward lateral 
boundaries. The Eulerian domain consists mainly of air and explosive, where the 
inner volume of the shell elements representing the steel pot shown in Figure 9 is 
only used to initialize the MMALE elements with elastic steel material. The 
number of elements to describe the steel pot is given in Table 7. The field of the 
state variables representing the gas from the 2D simulation is mapped into the 3D 
MMALE mesh as an initial condition, where the 2D simulation end time 56 μs is 
the start time in the 3D simulation. 
 

 
Figure 11. The XZ-view of the mesh distribution in the Eulerian domain is shown. Denser element 
distribution is located laterally towards the symmetry axis as well as vertically towards the 
position of the target plate. Bias B indicates the density ratio of the largest/smallest element length 
across a distance. 
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In the Lagrangian domain, the surface of the ground blast rig in contact with the 
steel plate is modelled with equal accuracy as for the air blast model, while larger 
elements were used elsewhere; see Figure 9. The model for the target steel plate is 
identical with the one used in the air blast simulations. The outer edges of the 
plate holder are connected to the rig, so the corner of the target steel plate is 
clamped against the rig, shown in Figure 9. No other load than the external blast 
load is applied on the plate holder in order to press the plate against the rig. The 
plate has a contact definition against both the rig and the plate holder, and will 
slide in between the two surfaces. An FSI-algorithm couples the blast load to the 
ground blast rig and the target plate. The ground blast rig is constrained in all 
directions except in the z-direction. A mass is applied on the rigid ground blast rig 
so the total mass of the test module is 530 kg, i.e. one quarter of the total test 
module weight 2120 kg used in the test. With a global gravity of 9.81 m/s2, the 
test module is then allowed to translate vertically from the blast load, and return 
down as effect of the gravity. The maximum vertical displacement of the test 
module, Ztm, is recorded in order to calculate the impulse transfer Itm according to 
Eq. (1). Also, the total impulse transferred to the Lagrange structure via the FSI, 
IFSI, is calculated by integration of the total FSI force over time. 
 
The 3D simulation is stopped after 1500 μs calculation time, which is when the 
FSI-force approximately reaches zero. The MMALE elements are then deleted 
from the calculation, which continues to the time 8000 μs, allowing the residual 
deformation of the plate to converge. To reduce computation time, the deformable 
steel plate is then switched to rigid, whereas the calculation continues to the end 
time 0.2 s in order to capture the maximum jump of the test module, Ztm.  
Regarding the plate deformation, the maximum dynamic deformation of the 
middle node, δmax, along with the residual deformation, δres, is determined in 
similar way as for the air blast simulations. The only difference is that the relative 
motion of the moving rig is subtracted. 
 
Frictionless state is assumed. However, the influence of friction was tested with a 
constant friction coefficient of μ=0.1 and μ=0.2. 
 
 

7 NUMERICAL RESULTS 

In this section, the numerical results representing the air blast and ground blast are 
presented, together with a comparison to the experiments. Primarily, frictionless 
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contact between the target plate and the rig is assumed. The influence of a static 
coefficient of friction is however tested with μ=0.1 and μ=0.2. 
 
7.1 Air blast 

The simulation cases with results regarding the plate deformations for the air blast 
simulations are shown in Table 8. The numerical simulations show a friction 
dependence regarding max- and residual deformation of 1.4 % and 2.0 %, 
respectively, when μ=0.2 is related to frictionless state.  
 
Table 8. Simulation case description with results. 

Peak plate deformation Case Description δmax (mm) δres (mm) 
1 0=μ  62.3 56.1 
2 1.0=μ  61.8 55.5 
3 2.0=μ  61.4 55.0 

 
 

 
Figure 12. Numerical results for frictionless contact condition relative to the experimental results 
with dry surface, given with confidence bounds from the experiment. 
 
 
A relative comparison between the numerical simulation with frictionless contact 
and the experiment with dry surface condition is shown in Figure 12. For the 
comparison, the average values from the experiments together with confidence 
bounds are used. The numerically determined quantities show a general 
underestimation of 3.2-5.4 % compared to the experimental averaged quantities. 
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Figure 13. Residual deformation along the radius measured in Test 3 with dry surface condition 
and the numerical simulation with frictionless contact, determined both in (a) the perpendicular 
and (b) diagonal direction of the plate.  
 
 
In Figure 13, the profile for the residual deformation versus radius for the 
experimental Test 3 along with numerical simulation with frictionless contact are 
presented, determined both to the side (a) and in the diagonal direction (b). A 
slight deviation in profile shape is shown. Figure 14 show the corresponding 
residual deformation modes viewed both in profile and from inside the rig. 
 
 

 
Figure 14. The residual deformation of the target plate is viewed both in profile and from inside 
the rig. The plate from Test 3 is shown to the left, the simulation with frictionless contact to the 
right (at the simulation end time). Note that the quarter symmetry model of the plate has been 
reflected for better visual comparison. 
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7.2 Ground blast 

The same simulation cases as used for the air blast is used here, where the results 
for the three simulation cases are shown in Table 9 regarding the plate 
deformations along with the transferred impulse. The values for Itm are calculated 
according to Eq. (1) in section 2.2, while IFSI is calculated by integration of the 
FSI-curve. The presented value for IFSI has been multiplied by 4 due to the quarter 
symmetry in the numerical model. 
 
Table 9. Simulation case description with results. 

Peak plate deformation Test Module Case Description δmax (mm) δres (mm) Itm (Ns) IFSI (Ns) 
1 0=μ  119.7 103.9 2192 2206 
2 1.0=μ  115.9 102.0 2196 2210 
3 2.0=μ  112.5 100.3 2200 2213 

 
 
The numerical simulations show a friction dependence regarding max- and 
residual deformation of 6 % and 3.5 %, respectively, when μ=0.2 is related to the 
frictionless state. The corresponding relative difference regarding the test module 
impulse is about -0.3 %. 
 

 
Figure 15. Numerical results for frictionless contact condition relative to the experimental results, 
given with confidence bounds from the experiment. 
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Figure 15 shows the ratio between the numerical results and the experimental 
average results with confidence bounds from the experiments. The numerical 
results underestimate the experimentally determined average values with 3.5-
5.2 %. The two forms of determining the transferred impulse are in close 
agreement with each other, but underestimate the experimental impulse with 
about 3.8-4.4 %.  
 

 
Figure 16. The residual deformation of the target plate is viewed from inside the rig. The plate 
from Test 12 is shown to the left and the numerical simulation with frictionless contact to the right 
(at the simulation end time). Note that the quarter symmetry model of the plate has been reflected 
for better visual comparison. 
 
In Figure 16, the deformation mode viewed from inside the rig is shown both for 
the experimental Test 12 and the simulation with frictionless contact. The 
deformation modes at the sides shown from the test can be recaptured in the 
simulation. 
 
 

8. DISCUSSION AND CONCLUSION 

Numerical simulations of air blast with comparison to two types of experiments 
have been carried out; air blast with explosive placed in free air and ground blast 
with explosive placed in a steel pot. Structural deformation of steel plates were 
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measured, both the maximum dynamic- and residual deformation. For the ground 
blast, also the transferred impulse was determined.  
 
The numerical results underestimated the experimental values in general with a 
bound of 3.2-5.4 %, for the two presented air blast setups. The underestimation is 
most likely a result of many combining factors. For example, while ideal 
symmetry is assumed in the numerical models, some deviation in the field tests 
regarding the vertical alignment between plate and charge centre along with the 
charge initiation point exist. Another uncertainty may be the gas dynamic 
mapping from a fine 2D mesh to a coarser 3D mesh. Even though the mapping 
used here is shown to be an efficient way of capture the blast localisation in a 3D 
model, some dispersion may still take place with the larger grid.  
 
The friction for the steel/steel contact in the experiments is unknown, and is most 
likely not constant nor zero. The free air blast experiments were performed both 
with dry (untreated) and lubricated surface conditions for the plate contact, in an 
attempt to reduce the friction. The effect of a lubricated surface resulted in an 
averaged increased deformation with 1.2-2.9 %, compared to tests with a dry 
surface. In the simulations, two cases of constant coefficient of friction were used. 
For the numerical simulations of the ground blast, the friction coefficient showed 
a larger influence on the plate deformation than for the air blast. This effect may 
be attributed to the plate being clamped against the rig with a plate holder, along 
with the larger deformations compared to the air blast. The relative sliding 
velocity between the contact surfaces is higher for the ground blast than the air 
blast, which may have a decreasing effect on the friction coefficient for dry metal/ 
metal friction surfaces [21]. The influence of friction is small regarding the 
impulse transfer.  
 
The material parameters regarding Weldox 700E for the modified JC model is a 
result of extensive material testing and has been used and validated in numerous 
exterior ballistic simulations, for example by Dey et al in [9]. The material 
parameters for the target plate are thus likely to give an accurate response. The 
parameters for the explosive m/46 has not been widely validated, but the 
parameters are an empirical fit that covers the relative volumes of gas expansion 
experienced in this work, i.e. the parameters are not likely to be a large 
contributor to the error in the near-field.  
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All together, with use of initial fine grid model in 2D and mapping to a coarse 3D 
model with biased element distribution, reasonable numerical results and model 
sizes can be achieved from near-field explosions in air. 

9. ACKNOWLEDGEMENTS 

The authors are truly grateful to the Swedish Defence Research Agency, FOI, for 
the cooperation with BAE Systems Hägglunds AB, which resulted in the 
development of the air- and ground blast rig, along with the following 
experimental work. 
 
 

REFERENCES 

 
[1] AEP-55 Procedures for evaluating the protection level of logistic and light 

armored vehicles., Vol. 2, 1st ed., NATO, 2006. 
[2] B. Gel'fand, I. Voskoboinikov, S. Khomik, Recording the position of a blast-

wave front in air, Combustion, Explosion, and Shock Waves. 40 (2004) 734-
736. 

[3] E.D. Esparza, Blast measurements and equivalency for spherical charges at 
small scaled distances, International Journal of Impact Engineering. 4 (1986) 
23-40. 

[4] A. Wenzel, E.D. Esparza, Pressure and impulse measurements close to 
explosions in air and in earth, ISA Transactions. (1974) 212-225. 

[5] C.N. Kingery, G. Bulmash, Airblast Parameters from TNT Spherical Air Burst 
and Hemispherical Surface Burst, ARBRL-TR-02555, U.S. Army Ballistic 
Research Laboratory, Aberdeen Proving Ground, MD, 1984. 

[6] G. Randers-Pehrson, K. Bannister, Airblast Loading Model for DYNA2D and 
DYNA3D, ARL-TR-1310, Army Research Laboratory, 1997. 

[7] J.A. Zukas, D.R. Scheffler, Practical aspects of numerical simulations of 
dynamic events: effects of meshing, International Journal of Impact 
Engineering. 24 (2000) 925-945. 

[8] B. Zakrisson, B. Wikman, B. Johansson, Half scale experiments with rig for 
measuring structural deformation and impulse transfer from land mines, in: 
24th International Symposium on Ballistics, DEStech Publications, Inc, 
2008: pp. 497-504. 



Paper C 
 

Björn Zakrisson – Licentiate Thesis 
29 

[9] S. Dey, T. Børvik, O. Hopperstad, M. Langseth, On the influence of fracture 
criterion in projectile impact of steel plates, Computational Materials 
Science. 38 (2006) 176-191. 

[10] J.O. Hallquist, LS-DYNA Keyword user's manual, 971st ed., Livermore 
Software Technology Corporation, 2007. 

[11] J.A. Zukas, Introduction to Hydrocodes, 1st ed., Elsevier Science, 2004. 
[12] J.O. Hallquist, LS-DYNA Theory manual, Livermore Software Technology 

Corporation, 2006. 
[13] M.S. Chafi, G. Karami, M. Ziejewski, Numerical analysis of blast-induced 

wave propagation using FSI and ALE multi-material formulations, 
International Journal of Impact Engineering. 36 (2009) 1269-1275. 

[14] N. Aquelet, M. Souli, 2D to 3D ALE Mappping, 10th International LS-
DYNA Users Conference. (2008). 

[15] A. Helte, J. Lundgren, H. Örnhed, M. Norrefeldt, Evaluation of performance 
of m/46 (in Swedish), FOI-R--2051--SE, Swedish Defence Research 
Agency, 2006. 

[16] W.E. Baker, J.J. Kulesz, P.S. Westine, P.A. Cox, J.S. Wilbeck, A manual for 
the prediction of blast and fragment loading on structures, Southwest 
Research Inst. San Antonio TX USA, 1981. 

[17] R.E. Sonntag, C. Borgnakke, G.J. Van Wylen, Fundamentals of 
thermodynamics, 6th ed., New York, Wiley, cop., 2003. 

[18] T. Børvik, O. Hopperstad, T. Berstad, M. Langseth, A computational model 
of viscoplasticity and ductile damage for impact and penetration, European 
Journal of Mechanics. A, Solids. 20 (2001) 685-712. 

[19] I.B. Celik, U. Ghia, P.J. Roache, C.J. Freitas, Procedure for estimation and 
reporting of uncertainty due to discretization in CFD applications, Trans. 
ASME J. Fluids Eng. 130 (2008) 0708001. 

[20] L.E. Schwer, Is your mesh refined enough? Estimating discretization error 
using GCI, in: LS-DYNA Forum, Bamberg, Germany, 2008. 

[21] S.C. Lim, M.F. Ashby, J.H. Brunton, The effects of sliding conditions on the 
dry friction of metals, Acta Metallurgica. 37 (1989) 767-772. 

 
 
 








