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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, the 
design 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 successively improve 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 soil, where the explosive force transfers to the 
structure of interest. However, accuracy of the solution must be considered, where 
methods and models should be validated against experimental data. Within this 
work, tests with explosive placed in air, soil or a steel pot have been performed, 
where the blast load acts on steel target plates resulting in large deformations up 
to fracture. For the non-fractured target plates, the maximum dynamic and 
residual deformations of steel plates were measured, while the impulse transfer 
was measured in some tests. This thesis focuses on continuum based numerical 
simulations for describing the blast load, with validation against data from the 
experiments. The numerical and experimental results regarding structural 
deformation of blast loaded steel plates correlates relatively well against each 
other. Further, simulations regarding fracture of blast loaded steel plates show 
conservative results compared to experimental observations. However, more work 
needs to be undertaken regarding numerical methods to predict fracture on blast 
loaded structures. The main conclusion of this work is that numerical simulations 
of blast loading on steel plates, leading to large deformations up to fracture, can 
be described with sufficient accuracy for design purposes.  
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1 Introduction  
At the moment, the need for protection against explosive threats is constantly 
increasing for armoured vehicles in military operations. In the current operational 
theatres of Iraq and Afghanistan, anti-vehicle (AV) land mines and Improvised 
Explosive Devices (IEDs) pose the greatest threat to Coalition and local security 
forces [1]. A common technique to decrease the effect of an AV mine is to 
increase the ground clearance. Further, V-shaped hull geometries have been 
proven to significantly decrease the transferred force from explosive loading 
compared to a hull with a flat bottom [1]. Both of the above concepts lead 
however to a higher vehicle. From an occupant’s perspective, a larger vehicle 
increases its visibility, making it more vulnerable to ambush. In a logistic 
perspective, a larger vehicle becomes more difficult to transport to and from an 
operational theatre by boat or aircraft. Although proven efficient for wheeled 
vehicles, increased height and V-shaped hull bottoms are in practise not equally 
applicable to tracked vehicles. Protection does not only include the ability to 
withstand the threat with passive protection such as for example applique armour, 
but also includes mobility in order to avoid suspected areas in the terrain. A 
combining factor in this competition is weight, where increased passive protection 
leads to increased weight and consequently decreased mobility and payload 
capacity, and vice versa. If protection is to be increased on an already existing 
vehicle, the legacy from the earlier development usually restricts the available 
options for design due to conflicts with other subsystems and requirements. 
Hence, designing, testing and validation of mine protection is a time consuming 
and expensive process, where previous experience plays a significant role. In 
order to increase the protection and to reduce development time, numerical 
simulations are an important tool in the design process today. An example of 
explosive threats that an armoured personnel carrier may be subjected to are 
shown in Figure 1, where an explosive charge is positioned in air (IED) or buried 
in the ground (AV land mine). One of the challenges in engineering design of 
protection against blast loading is to determine the loads as correctly as possible. 
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Figure 1. Illustration of an armoured personnel carrier subjected to common explosive threats. 

Shock loading from explosive detonation is likely to propagate either directly in air or preceeded 
by soil compaction. 

 

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 [2]. Blast load characteristics can be useful in order to get an estimate of 
what load to apply to a structure, when a simulation of blast response is to be 
performed with a numerical code. Much previous work involves spherical charges 
of Trinitrotoluene (TNT) located in air, or charges in hemi-spherical shape placed 
on the ground. If high explosives other than TNT are of interest, a conversion 
between the two may be described with an equivalence factor to TNT. However, 
the TNT equivalences may vary with respect to distance, maximum pressure, 
pressure duration, specific impulse etc. [3]. The above methods may be of interest 
for approximate use in concept studies. They may however be of limited use in 
finite element (FE) validation studies if the conditions for the study are different 
compared to the conditions for the input data. For example, the explosive may 
have a different shape than spherical, where the geometry of an AV land mine is 
likely to be cylindrical. Wenzel and Esparza [4] showed for instance that a 
cylindrical charge can result in reflected specific impulses of up to 5 times that of 
a corresponding spherical charge with the same mass. The explosive can also be 
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confined or buried in soil, or the load may act on structures with complex 
geometry, e.g. see Figure 1. 
 
With the use of software for numerical FE simulations, the blast load from an HE 
may be described using a continuum based approach. The actual shape of the 
charge is modelled and initiated, where the rapidly expanding gases transfer into 
soil and/or air and form a shock wave, with subsequent loading and deformation 
of a structure. The continuum based approach, also called fully coupled approach, 
is today the primary choice when the blast load is not known a priori, or if 
complicated charge shapes or target geometries are used.  
 

 
Figure 2. Three different levels of test setups; T1, T2 and T3, successively increasing in detail. 

 
A common procedure when developing and evaluating mine blast protection is to 
successively increase the detail in test objects, see Figure 2. The first stage, T1, 
usually includes simply supported or clamped targets. The targets usually consist 
of different protection panels, to be evaluated against a specified blast load. The 
second stage, T2, consists of a simplified part of the actual vehicle, where ballast 
weights are added to approach a realistic total vehicle weight. The T2 tests are 
usually performed to get a preview of how a protection package concept works on 
a simplified version of the actual vehicle. The final stage, T3, could be used as an 
actual verification test, with the protection package fitted to the almost completely 
equipped vehicle. Crash test dummies are often used to represent vehicle 
occupants, instrumented to measure the biomechanical response which is 
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compared against specified threshold levels. Numerical simulations are an 
important complement to all of the above tests, where the T1 tests are very 
suitable for validation of numerical models. For the T2 and T3 tests, simulations 
are used to reduce risk in projects and to evaluate protection performance. Many 
simulations can be done at a limited cost in comparison to the cost associated with 
a full scale experiment.  
 
A detonating explosive with following structural deformation of a structure is a 
highly nonlinear and transient event. This sets high demands on the numerical 
software along with the modelling approaches. In order to gain confidence in the 
approach, the numerical models are preferably kept as simple as possible to 
reduce uncertainties. This thesis focuses on investigating the blast load and plate 
response regarding the T1 level. This is primarily done numerically using a 
continuum mechanics approach to describe the blast load, where numerical results 
are compared to corresponding experimental results. If the blast load can be 
simulated with confidence in the T1 level, the hypothesis is that the blast load is 
likely to be accurately described in the T2 and T3 levels as well. 
 

1.2 Objective and scope 
The ultimate objective of this thesis is to increase the numerical modelling 
knowledge and confidence to accurately predict structural response due to blast 
loading. The blast loading scenarios are here realistic in the sense of possible 
explosive threats to military vehicles found in operational theatre. 
 
The scope includes methodologies by using commercially available FE software 
to numerically simulate similar blast loading scenarios as illustrated in Figure 1. 
Experiments and corresponding numerical simulations including steel plates 
subjected to blast loads are presented. The explosive is positioned and detonated 
either in air or soil, resulting in large plate deformations up to material fracture. 
Further, material characterisations are carried out and included in numerical 
models. 
 
The steel material Weldox 700E, produced by Swedish Steel AB (SSAB), has 
been used in all experiments and simulations. Note that this material is primarily 
chosen due to the large extent of available material data for use in numerical 
simulations [5,6]. Hence, the material or the material thicknesses presented within 



Björn Zakrisson 
Doctoral Thesis 

Numerical simulations of blast loaded steel plates for improved vehicle protection 
 5

this thesis are not directly linked to any of the products of BAE Systems 
Hägglunds AB. 
 

1.3 Outline 
The thesis consists of a summary part, followed by appended papers. Due to the 
wide scope of the work, the summary part is disposed to comprehensively tie the 
appended papers together, focusing on the blast loading event. The summary 
provides a background and an introduction to the problem. Different setups of 
blast experiments used are presented. Structural effects of blast loading based on 
theory and numerical simulations based on appended papers are followed. 
Further, numerical methods for blast loading are briefly reviewed, and short 
descriptions of the material models used in the appended papers are presented. 
The thesis continues with a summary of the appended papers and their relation to 
the thesis. The thesis ends with short sections of discussion and conclusions, 
suggestions for future work, and finally the appended papers. 
 

2 Experimental procedures for blast loading 
When modelling highly nonlinear phenomena such as shock loading, it is of 
importance to validate the numerical results against experimental data. The 
transient events often pose limitations to the viable types of measurement 
methods. Two critical events experienced during the blast loading process are the 
local deformation and the global rigid body movement. It is important to know 
how much the inner floor of a vehicle deforms in order to find design criteria for 
where personnel and equipment can be positioned safely. If the local deformation 
is within acceptable limits, the rigid body movement may still cause injury to the 
vehicle occupants. 
 

2.1 Measurements 
The residual deformation resulting from elastic springback can commonly be 
measured in a controlled way after a test. If the transient deformation of a plate is 
measured, high-speed video or other electronic equipment is needed. Time 
consuming signal analysis and post-processing are needed to assure measurement 
quality. Further, expensive equipment is subjected to great risk due to the hostile 
blast environment. As an alternative, crushable elements can be used as a simple 
and inexpensive way to determine the maximum dynamic deformation. The 
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distance from the structure to the top of the gauge is measured prior to the test, 
where the max dynamic deformation of the plate can then be determined after the 
test by measuring the compressed distance of the crush gauge. One downside with 
crush gauges is that only a point measurement is determined, without knowing the 
actual time of the max deformation.  
 
A ballistic pendulum is a common way to measure the imparted impulse on a 
structure. The ballistic pendulum may be used in a horizontal or vertical position 
to measure the linear or angular momentum, respectively (e.g. see [7–10]). A 
vehicle subjected to a detonating land mine centrally positioned under the belly 
can be assumed to experience a vertical linear momentum. The impulse acting on 
a body is defined as  
 
 dttFI )( , Eq. (1) 
 
where the force, F, is integrated with respect to time, t. Here, Newton’s second 
law of motion can be used, F(t)=ma(t), where m and a correspond to mass and 
acceleration, respectively. If the acceleration is replaced by the time derivative of 
the velocity, a(t)=dv/dt, the impulse in Eq. (1) can be rewritten in terms of the 
linear momentum as  
 
 vmI , Eq. (2) 
 
where v is the velocity change. Considering energy balance between the initial 
position and the maximum global movement of the object, Zmax, and assuming 
movement in the vertical direction only, the impulse may then be approximated as 
 
 maxmax 2gZmmvI , Eq. (3) 
 
where g is the gravity constant. 
 

2.2 Test rigs 
If experimental tests are to be used for numerical validation purposes, it is 
essential that the experimental setup is kept simple. Hence, the T1-test shown in 
Figure 2 is suitable for validations of numerical models. Three test rigs have been 
developed within this thesis; an air blast rig, a ground blast rig, and an air blast rig 
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for material fracture, see Figure 3. In all experiments performed with the three test 
rigs, the target plate consisted of Weldox 700E, with the plastic explosive m/46 
used as charge. Small blocks of thin-walled aluminium honeycomb have been 
used as crush gauges to measure the max dynamic deformation in all three rigs. 
The crush gauge is mounted inside the corresponding test rig prior to the 
experiment as can be seen in the top picture in Figure 3. The air and ground blast 
rigs were developed in half length scale compared to a generic vehicle and 
explosive threat. The air blast rig is presented in Paper II, designed for simply 
supported target plates where the explosive is positioned in air distanced from the 
plate. The ground blast rig uses the air blast rig mounted upside down to a ballast 
weight, forming a test module hanging in chains. The experiments using the 
ground blast rig are presented in Paper I. The square target plate is clamped at the 
corners to the air blast rig using a plate holder, see the middle picture in Figure 3. 
The explosive is positioned underneath the test module, either in a steel pot or in 
soil with various initial conditions. These two alternatives of explosive 
positioning are suggested by NATO for evaluating protection of armoured 
vehicles [11]. In addition to the structural deformations of the target plate, the 
rigid body movement was measured by determining Zmax of the test module using 
a crush gauge, with impulse transfer determined according to Eq. (3). The air blast 
rig for material fracture tests is presented in Paper IV. Clamped circular target 
plates were subjected to blast loading, where the stand-off distance was varied 
until material fracture was observed. The explosive was positioned using water 
cut blocks of polystyrene. This simplifies the test procedure on the test range, and 
increases accuracy both regarding stand-off distance, central aligning and the 
formation of the explosive shape. 
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Figure 3. Experimental rigs developed and used in this thesis. The top picture shows an air blast 

rig for simply supported plates. The middle picture shows a ground blast rig for explosive 
positioning in ground. The bottom picture shows a rig developed to blast load plates to fracture. 
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3 Blast loading 
A high explosive is defined as a chemical explosive where the energy is released 
by a detonation. 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 [12]. 
 

3.1 Shock physics 
 

  
Figure 4. Shock wave in one dimension (based on [13]). The specific volume, v, and particle 

velocity, up, are changed instantaneously when the shock arrives. 

 
A shock wave is characterised by a wave with a distinct wave front, travelling 
through a medium at supersonic speed compared to the undisturbed media. 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 m [12]. 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 of acoustic waves do not apply. However, the conservation of mass, 
momentum and energy applies across a shock front. Consider a one dimensional 
cylinder piston as shown in Figure 4, containing a fluid initially at equilibrium. 
The piston suddenly pushes from one end with constant speed. With absence of 
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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 4, the conservation laws of mass, momentum 
and energy can be derived, resulting in Eqs (4-6), respectively [14].  The specific 
volume is defined as v=1/ , 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 Eqs (4-6) 
correspond to undisturbed and shocked material ahead and behind the shock front, 
respectively. 
 

 pss uuu 10  Eq. (4) 

 
 ps uupp 001  Eq. (5) 
 

 100101 2
1 vvppee  Eq. (6) 

 
The conservation equations over the shock front are commonly known as the 
Rankine-Hugoniot conservation equations. If 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 [15].  
 
For air, an appropriate EoS is the perfect gas law defined as 
 
 ep )1( 0 , Eq. (7) 
 
where 0 is the ratio between the specific heat at constant pressure and volume, 
respectively. Rewriting Eq. (7) for the energy term and inserting it into Eq. (6), 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 5. From 
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the conservation of mass and momentum, i.e. Eq. (4) and (5), the discrete jump in 
pressure and density across the shock front is derived as  
 
 2

0
2

0101 suvvpp . Eq. (8) 
 
Equation (8) 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 5. Note that the inclination of the Rayleigh line is given by 
the square of the shock velocity and the initial density.  
 

 
Figure 5. Hugoniot of air along with the Rayleigh line from state 0 to 1. 

 

3.2 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 air atmosphere [16].  
 
In Table 1, relations to some important blast quantities are given in terms of the 
length scale factor . In Table 1, l represents length,  density, m mass, t is time, v 
velocity, a is acceleration, F force, p pressure, I impulse and is is the specific 
impulse. 
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Table 1. Scale factors for relevant blast quantities with respect to length. 

 l ρ m t v a F P I is 

SI-Unit m kg/m
3
 Kg s m/s m/s

2
 kg·m/s

2
 kg/m·s

2
  kg·m/s kg/m·s 

Symbol L ML
-3

 M T LT
-1

 LT
-2

 MLT
-2

 MLT
-2

 MLT
-1

 ML
-1

T
-1

 

Factor λ const. λ
3
 λ const. λ

-1
 λ

2
 const. λ

3
 λ 

 

Consider a spherical charge in Figure 6, where the 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 d
3
. The distance can then be scaled by the 

factor λ according to  
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where, according to Table 1, the same overpressure is achieved at positions A and 

B in Figure 6. Equation (9) may be rewritten to relate each position to the other 

according to  
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= .  Eq. (10) 

 

This indicates that there is also a constant expression relating the stand-off, R, to 

the corresponding weight, W, between point A and B in Figure 6. The expression 

in Eq. (10) is known as the scaled distance for explosives, Z, written in general 

form as  

 

 
3 W

R
Z = . Eq. (11) 

 

Measured quantities from experiments such as pressure and specific impulse are 

usually given in terms of the scaled distance for a wide range, e.g. see [2,12]. With 

use of Eq. (11), it is possible to transform tabulated relations to the charge weight 

and stand-off of interest. 
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Figure 6. Scaling of an explosive charge (based on [16]). 

 

3.3 Blast effects 
Numerical simulations performed in Paper III include structural deformation 
along with global impulse transfer. These simulations were based on experiments 
performed in half length scale presented in Paper I. A cylindrically shaped 
explosive with a total weight of 0.75 kg was placed in moistened soil at 50 mm 
depth of burial (DoB). The stand-off distance, R, between the soil surface and the 
target plate was about 250 mm. By using the scale factors defined in Section 3.2, 
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 for 
half- and full length scale, respectively. Furthermore, M is the total mass of the 
structure subjected to the global impulse transfer and t is the initial thickness of 
the deformable plate. The evaluated quantities are the maximum dynamic plate 
deformation, max, along with the total transferred impulse to the structure, I.  
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Table 2. Half scale quantities from simulation in Paper III with its full scale equivalents. 

Explosive 
positioning 

Scale 
factor 

Input Results 
DoB 
(mm) 

W(kg) R (m) 
 

M (kg) t 
(mm) 

max 
(mm) 

I (Ns) 

Soil Half 50 0.75 0.246 2120 8 97 2363 
Fulla 100 6 0.492 16960 16 194 18904 

aEstimated 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 buried in soil at a depth of 100 mm. This should however 
only be viewed as an approximate comparison, since a complete vehicle is more 
detailed and complex compared to the test rig used in Paper 1. In Figure 7, a time 
sequence based on the full scale scenario in Table 2 is shown. It takes only about 
0.6 ms for the shock wave to reach the structure, and the maximum dynamic floor 
deformation is reached after 3 ms. Even though the maximum dynamic 
deformation is reached, the blast load acting on the vehicle may continue for a 
couple of milliseconds. The global movement of the vehicle reaches its maximum 
point after 114 ms, and returns to the ground 228 ms after the detonation. The 
large time difference between the local deformation and global movement 
illustrates the highly impulsive load transfer due to the HE detonation.  
 
 
 

 
Figure 7. Sequence of events when an armoured personnel carrier is exposed to a land mine, 

corresponding to full scale equivalents from Table 2 and Paper III. 
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Based on the above, the following potential risks to occupant safety can be 
deduced: 

 Local deformation of a structure may impact vehicle crew and equipment 
at a high velocity. 

 Potential rupture of the hull material would occur at a very early stage 
before the load transfer has finished. Fragments and toxic high pressure 
explosive gas are thus likely to cause severe injuries to personnel. 

 Vehicle occupants and equipment need to be sufficiently restrained due to 
the global movement. 

 

 
Figure 8. A steel structure is subjected to a load from an explosive positioned either in a steel pot 
or buried in soil at three different depths of burials (DoB). The left and right axes correspond to 
the total explosive load, Ftot, and the maximum plate deformation, max, respectively, where each 
maximum value is given. The impulse transfer, I, is represented by the area under the Ftot-curve, 

with each maximum value shown inside the graphs. Based on Paper II and III. 
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The blast loading effect is further illustrated in Figure 8, where the explosive is 
initiated at time 0. A steel structure is subjected to a load from an explosive 
positioned either in a steel pot or buried in soil at three different depths of burials. 
The explosive size and stand-off distance between the structure and the explosive 
or soil surface is equal in all cases. The total blast force Ftot acts on a plate, which 
experiences the maximum deformation max. The impulse, I, is determined by 
Eq. (3). The results in Figure 8 regarding steel pot and soil are based on numerical 
simulations presented in Paper II and III, respectively, corresponding to half 
length scale. The two alternatives of explosive positioning in steel pot or soil are 
suggested by NATO for evaluating protection of armoured vehicles [11]. The 
DoB for the explosive is 100 mm in [11], which corresponds to 50 mm in Figure 8 
since half length scale is used. Even though the soil density in Paper II is lower 
than the NATO recommendations, a larger impulse is shown for DoB 50 mm 
compared to the steel pot case. The corresponding comparison regarding max 
shows larger plate deformation when the explosive is positioned in the steel pot. 
Thus, if local deformation or impulse transfer such as global vehicle movement is 
of interest to investigate, the choice of the explosive positioning between the two 
suggested alternatives will lead to deviating results. Furthermore, the impulse 
transfer and the duration of the blast load are successively increased with 
increasing depth of burial in the soil, whereas the corresponding maximum force 
is decreasing. Similar load curves are shown when the explosive is flush-buried 
(DoB 0 mm) or positioned in a steel pot. However, the reflection of the blast 
inside the steel pot contributes to the large difference between the two cases 
regarding the plate deformation. 
 

4 Numerical methods for blast loading 
Several commercial numerical codes are available today to solve blast loading 
problems. Explicit time integration is normally used when large nonlinear 
deformations or extreme loading conditions with highly transient events are 
investigated. In this thesis, the explicit FE code LS-DYNA has been used in all 
simulations [17]. Different approaches to describe the blast load are available, and 
the aim of this chapter is to briefly present an overview of some different 
modelling options. The present chapter starts however to describe how shock 
waves are commonly treated in numerical codes, followed by alternatives for 
reference frames used to describe material movement.  
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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 3.1. Shock-fitting techniques have been used in the past, 
where the energy jump in the Rankine-Hugoniot equation (Eq. 6) was treated as 
an inner boundary condition [15]. 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 [13] presented a 
method to add a viscous term 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 
artificial viscosity is only active at the shock front, and transforms the actual 
discontinuity to a steep gradient, spread over a couple of elements [17].  
 

4.2 Reference frame 
A structure is generally most easily 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, which usually result in 
reduced accuracy, smaller time steps and possible solution failure. An alternative 
to the Lagrangian frame of reference is the Eulerian (spatial), where the mesh is 
fixed over a time step and the material is allowed to flow across the element 
boundaries. This is a suitable method for describing the rapidly expanding gas 
flow from detonating explosives, since no distortion of the mesh takes place. One 
drawback is accuracy, since many small elements have to be used in order to 
achieve sufficient accuracy at the expense of computation time. Further, since the 
Eulerian domain is fixed in space the domain size needs to be large enough to 
include the regions where material is anticipated to flow. One Eulerian element 
may include more than one material, where the material interfaces are tracked 
[15]. In this work, structural parts are described with a Lagrangian frame of 
reference while an Eulerian reference frame is used to model the gaseous 
explosive load. 
 

4.3 Empirical load function 
If the transient blast load is known, it can be applied directly on predefined 
Lagrangian elements. A common empirical load function is Conwep, which is 



Björn Zakrisson 
Doctoral Thesis 

Numerical simulations of blast loaded steel plates for improved vehicle protection 
 18

based on the extensive collection of blast data presented by Kingery and Bulmash 
[2], based on spherical or hemi-spherical shapes of TNT detonated in air. The 
Conwep load function has been implemented in LS-DYNA [18], and is evaluated 
in Paper II compared to experimental results using a cylindrically shaped 
explosive detonated in air. The numerical result deviated to a large extent 
compared to the measured values, most likely due to the dissimilarity in charge 
shapes between the experiment and blast loading data. To overcome the limitation 
of charge shape geometry as used in the Conwep load function, the approach used 
by Chung Kim Yuen et al. [19,20]  may be followed. The procedure involves 
experiments with clamped steel plates subjected to uniform or localised blast 
loading, where the impulse is measured using a ballistic pendulum. In the 
corresponding numerical simulations, the measured impulse can be used to form 
the load directly applied on the Lagrangian elements describing the steel plate. 
 
The primary advantage of using empirical load functions is short calculation 
times, since the blast load is predefined. Hence, it is the natural choice if the 
investigated problem has equal or similar loading conditions as the conditions that 
formed the empirical load function. Empirical models are however only valid for 
the conditions used to form the data. One disadvantage is the limited data for load 
functions available associated to realistic blast loading conditions that a military 
vehicle may be subjected to. For example, the explosive may have a different 
shape than spherical, placed in a confinement or in soil, or the load may act on 
structures with complex geometry.  
 

4.4 Calculated blast load 
If the blast load is not known a priori, the blast load can instead be calculated 
using continuum mechanics, if the initial conditions and material data are known. 
The actual shape of the charge is modelled and initiated, where the rapidly 
expanding gases transfer into soil and/or air and form a shock wave, with 
subsequent loading and deformation of a structure. Due to the large deformations 
associated with the explosive gas expansion, an Eulerian domain is used for the 
materials describing the blast load, i.e. explosive, soil and air. The structure, e.g. 
the hull of an armoured vehicle, is simulated in a Lagrangian domain. An 
algorithm for fluid-structure interaction (FSI) is needed to couple the load 
between the two domains. A well-established algorithm is the penalty approach, 
where the relative displacements between the coupled Lagrangian nodes and the  
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fluid are tracked. When a fluid particle penetrates the Lagrangian segment, a 
coupled penalty force is defined to be proportional to the penetrated distance [21]. 
This is the main approach used in this thesis to determine the blast load, applied in 
Paper I-III and V.  The major benefit of this fully coupled blast analysis is the 
possibility to predict the blast load using a continuum mechanics approach, with 
subsequent interaction to a complicated (vehicle) structure. Some disadvantages 
with the coupled approach involve calculation time and accuracy, since very small 
elements are needed in the Eulerian domain. An approach used in Paper II, III and 
V can reduce some of the accuracy issues. The blast load is then simulated using a 
2D axisymmetric Eulerian model with high mesh density, run until symmetry 
conditions are almost violated. A file including the state variables of the domain is 
stored at the end time. The map file is used to fill (initialise) a subsequent 
Eulerian domain in 2D or 3D with a coarser element distribution compared to the 
initial 2D model. Mapping is suitable to use when a land mine is detonated for 
instance underneath a vehicle belly, but not underneath a track or wheel since the 
axial symmetry is violated directly at the ground surface. An example of the 
mapping procedure from Paper III is shown in Figure 9. The results of the 
appended papers prove the mapping to be an efficient way to improve the 

 
Figure 9. Procedure with mapping of results between two Eulerian domains of different size and 

mesh resolution. A 2D model to the left at time t0 is simulated to time t1, where the map file is 
created. The map file is then used to fill the 3D domain at time t1. Based on Paper III. 
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accuracy. Further, the calculation time may be reduced by adding biased mesh 
distributions in the subsequent domain, with smaller element sizes towards the 
large flow gradients in the domain. The method of mapping is not new; it has been 
used for several years in the commercial code ANSYS Autodyn, but has recently 
been implemented in LS-DYNA. 
 
Recent advances in blast loading calculations include the discrete-particle 
(corpuscular) approach as described by Olovsson et al. [22,23] (not investigated 
further in this work). The blast materials (air, soil and explosive) are then 
modelled in a Lagrangian sense and work with discrete, rigid, spherical particles 
that transfer forces between each other through contact and collisions. The 
method is appealing for a number of reasons. For instance, no FSI is needed since 
the blast load interacts with the structure in a Lagrange-Lagrange contact. The 
discrete particle method for blast loading is at present under development in LS-
DYNA, and today commercially available in the IMPETUS Afea finite element 
solver. 
 

5 Material models 
The material models used in this work for modelling the blast loading and the 
subsequent structural response are briefly described.  
 

5.1 Air 
Air has been modelled using a perfect gas form of EoS, defined as 
 

   ,1
0

0 Ep   Eq. (12) 

 
where  is the current density and 0 the initial density and E is the internal energy 
per unit reference volume1. The ratio of specific heats at constant pressure and 
volume, respectively, is defined as =Cp/Cv, where =1.4 at small overpressures.  
 

                                                 
1 Note that in Eq. (7) the internal energy was defined per unit mass, i.e. specific internal energy.  
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5.2 High Explosive 
An inert (undetonated) explosive is ideally detonated if a pressure wave with a 
shock velocity equal to the detonation velocity D travels through the material. The 
explosive can in theory be divided into two Hugoniots; one for the inert HE, and 
one for the detonation products. This is visualised in Figure 10, relating pressure 
to specific volume. As described in Section 3.1, a shock jump condition takes 
place along the Rayleigh line.  
 

 
Figure 10. 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 in Eq. (8) equals D. The detonation point is termed the CJ-point (after 
David Chapman and Emile Jouguet), with detonation pressure, pCJ, and specific 
volume, vCJ. Usually, pCJ and D are determined experimentally or with thermo-
chemical simulations [24,25]. The relative volume at the CJ-point may be 
calculated from the Rayleigh line as 
 

 .1 2
00 D
pV CJCJ

CJ  Eq. (13) 

 
In a FE code, the high explosive elements initially contain the chemical energy, 
defined as an initial energy, to be released [26]. The energy in the element can be 
released in two ways, assuming ideal detonation. One method is the programmed 
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burn. The energy is released at the detonation time of each individual HE element, 
determined by the detonation velocity D and a pre-defined detonation point. The 
second way to define a detonation is in terms of compression, i.e. when the 
relative volume V reaches VCJ according to Eq. (13). This method is commonly 
called beta burn. Also, a mixed detonation model which combines the 
programmed and beta burn may be used.  
 
Once the explosive element is detonated, the pressure release follows the 
explosive’s EoS. A commonly used EoS for high explosives is the three-term 
Jones-Wilkins-Lee (JWL) [27], defined as 
 

 ,11 21

21 V
Ee

VR
Be

VR
Ap VRVR  Eq. (14) 

 
where A, B, R1, R2 and  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 
[25,27]. 
 

5.3 Soil 
Soil is a granular material, with pressure dependent strength similar to rock and 
concrete [28]. However, unconfined soil has very low strength. Soil can be 
considered to consist of mainly three materials; solid grains, air and water. The 
grains are of different sizes, commonly sieved to achieve a specific distribution in 
grain size. When soil is under load, it undergoes a change in both shape and 
compressibility. The volume decreases due to changes in the grain arrangements. 
Microscopic interlocking with frictional forces between the contacting particles 
lead to bending of flat grains and rolling of rounded particles. If the load is 
increased further, the grains eventually become crushed [29]. Since both the 
deviatoric (shear) and volumetric (compaction) behaviour of soil is pressure 
dependent, a so called cap model is often used as a constitutive model. A cap 
model consists of two yield surfaces; a shear failure surface which provides 
shearing flow, and a strain-hardening cap which provides yield under pressure. A 
simple cap surface is used in this thesis. The shear behaviour is described by a 
combined Drucker-Prager and von Mises yield criterion, while a flat cap is used 
to describe the volumetric plastic response. The cap model used in Paper III is 
illustrated in Figure 11. More advanced cap models exist, and have for instance 
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been used in simulations of metal powder pressing to high pressure with a highly 
non-linear behaviour, e.g. see [30,31]. In Paper III, a three-phase soil model 
including air, water and solid grains was used to estimate the strain hardening cap 
(right picture in Figure 11) of soil with different water contents. 
 

 
Figure 11. The constitutive material model for soil is shown in a) to the left. The function f1 is the 

deviatoric failure envelope, and the volumetric function f2 corresponds to the pressure  
dependent strain hardening cap illustrated in b) to the right in terms of density (Paper III). 

 

5.4 Structure 
A commonly used model to describe structural materials subjected to large 
deformation, high strain rate and adiabatic temperature softening is the Johnson 
and Cook (JC) model [32]. 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. [33], where 
the yield stress complemented with Voce hardening [34] is defined  as 
 



Björn Zakrisson 

Doctoral Thesis 

Numerical simulations of blast loaded steel plates for improved vehicle protection 

 24

 

where A, B, n, Q, R, C and m are material constants, εeq is the equivalent plastic 

strain, eq

•

ε  and 
•

0ε  is the current and reference strain rate, respectively. The first 

part of Eq. (15) corresponds to the plastic hardening function under quasi-static 

and isothermal conditions. The second and third parts scale the yield stress 

depending on current strain rate and temperature, 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’s melting 

temperature. The temperature increment due to adiabatic heating is calculated as 

 

   
p
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εσ
χ=∆ , Eq. (16) 

 

where σeq is the von Mises equivalent stress, ρ is the material density and 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 [35]. One advantage of the model in 

Eq. (15) is the independent scaling nature of the strain rate and temperature on the 

hardening that allows for calibration of the constants C and m irrespective of each 

other. On the other hand, this leads to an inability to include coupled effects of 

temperature and strain rate on the hardening. The modified JC model in Eq. (15) 

has been used to describe the structural target plate behaviour in all appended 

papers where applicable. The JC hardening was used in all papers except in Paper 

V, where the Voce hardening together with the parameter A was used instead. 

 

Damage evolution during plastic straining associated to the modified JC material 

model is accumulated with the equivalent plastic strain increment as  
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f

eqd
D , Eq. (17) 

 
where the element is removed when the accumulated damage D of an element 
reaches unity [33]. The model for the fracture strain, f, has a similar scaling 
nature as Eq. (15), and is given as  
 

 *
50321 11exp

4

TDDDD
D

eqf , Eq. (18) 

 
where D1-5 are material constants, and  is the stress triaxiality ratio given by the 
mean stress divided by the von Mises equivalent stress. The material constants 
D1-D3 in Eq. (18) are calibrated to fit the fracture strain at different stress 
triaxiality ratios under quasi-static and isothermal conditions. The constants D4 
and D5 independently correspond to the material fracture strain depending on 
strain rate and temperature, respectively. The fracture model associated with the 
modified JC model has been used in Paper V in combination with a cut-off strain 
limit. 
 

6 Summary of appended papers  
The main features of the appended papers are given in Table 3, followed by a 
short summary of each paper. 
 

Table 3. Main features of the appended papers. 

Paper Blast 
experiments 

Numerical 
simulations 

Explosive 
positioning Material 

characterisation 
Material 
fracture Air Soil 

I ×  × ×   
II  × ×    
III  ×  × ×  
IV ×  ×   × 
V  × ×  × × 
VI  × ×    
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6.1 Paper I 
This paper concerns primarily experimental work, complemented with 
introductory numerical simulations. A test rig subjected to blast from explosive 
positioned in the ground is described. The momentum transfer of the test rig was 
measured in addition to structural deformation. Experiments with explosive 
placed in a steel pot or sandy gravel (soil) were performed. The effects of soil 
moisture content along with three charge burial depths were studied. The 
measured trends show an increased impulse transfer with increased burial depth. 
The plate deformation increased from flush-buried explosive to the intermediate 
depth of burial, but then decreased. It was argued that this effect could be related 
to blast load localisation. Further, the dependence on soil 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 soil 
experiments, but can still describe the measured trends reasonably well. 
Relation to thesis: 
The paper gathers necessary experimental results for comparison to numerical 
simulations presented in Paper II and Paper III. Further, the experimental results 
highlight differences between two common methods to test the ability of a 
military vehicle to withstand blast load, with explosive positioning in soil or a 
steel pot.  
 

6.2 Paper II  
Numerical simulations of air blast loading acting on deformable steel plates were 
carried out, together with comparison to experiments. Two types of air blast 
experiments consisted of a cylindrical explosive placed either in free air (Paper II) 
or in a steel pot (Paper I). The blast load was primarily described in an Eulerian 
reference frame. A high localisation effect of the pressure build-up was shown in 
a numerical convergence study. Mapping results from a 2D domain to a 3D 
domain were shown to be an efficient way to increase the accuracy of the 3D 
models. The overall numerical predictions regarding the impulse transfer and the 
structural deformations resulted in an underprediction compared to the 
experimental results of about 2 % and 11 %, respectively. Further, an empirical 
blast model based on spherical and hemi-spherical explosive shapes was tested as 
an alternative to the Eulerian model. The results using the empirical model 
deviated largely compared to the experiments and the Eulerian model, but was 
considered useful in concept studies due to the short calculation times. The paper 
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shows that reasonable numerical results using reasonable model sizes with the 
Eulerian model can be achieved from near-field explosions in air. 
Relation to thesis: 
The blast load simulations of air blast experiments illustrate the ability and 
accuracy to numerically predict the explosive loading in the near-field.  
 

6.3 Paper III 
This paper is focused on numerical modelling of buried explosives using an 
Eulerian reference frame. Paper III can be seen as the numerical continuation of 
Paper I, where experiments with explosive positioned in wet or dry soil were 
reported. A material characterisation of slightly moistened samples of the soil 
material sandy gravel was performed, both regarding volumetric and deviatoric 
behaviour. An analytical approach including the three phases of the soil (air, 
water and solid grains) was used to create volumetric input data at various degrees 
of saturation based on the characterisation. The three-phase model was used in 
numerical simulations of the experiments presented in Paper I with explosive 
positioning in wet soil, while the actual characterisation was used to represent the 
dry soil. The best correlation between numerical and experimental results of both 
structural deformation and impulse transfer was shown for the dry soil, with a 
maximum deviation of about 6 %. For the three-phase model of the wet soil 
experiments, the structural deformations showed better correlation to the 
experiments than the impulse transfer. A dependence on the initial soil conditions 
was shown. Even though some deviations exist, the simulations showed in general 
acceptable agreement with the experimental results. 
Paper relation to the thesis: 
The paper completes the numerical simulations of the blast experiments presented 
in Paper I, by reporting simulation results of explosive positioning in soil of 
different levels of water saturation. 
 

6.4 Paper IV 
Experiments of clamped circular steel plates blast loaded to fracture by lowering 
the stand-off distance to the charge are presented in this work. Three types of 
target plate geometries were tested, where two were perforated at the centre with 
circular holes of different diameters, and one plate was kept solid. The 
experimental setup was designed with special focus on simplifying for numerical 
modelling in Paper V, with emphasis on boundary conditions. The friction 
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condition of the rig support surface was observed to influence both the fracture 
location on the target plate and the stand-off distance at fracture. For non-
fractured target plates, structural deformations were reported. Further, the stand-
off distance at fracture was more than twice as high for the perforated target plate 
with the largest hole diameter compared to the solid target plate. 
Paper relation to the thesis: 
The experimental procedure was performed for comparisons to numerical 
simulations in Paper V. The outcome motivated modelling choices for Paper V. 
Further, this paper illustrates the vulnerability of non-homogenous target plate 
geometries to withstand blast effects compared to homogenous target plates. 
 

6.5 Paper V 
Numerical simulations of experiments reported in Paper IV regarding clamped 
circular steel plates blast loaded to fracture are presented. The plastic hardening of 
the steel material was characterised via an inverse modelling approach. The 
localised fracture strain was characterised in plane stress between pure shear and 
plane strain stress state using optical field measurements. On the basis of the 
determined fracture strains, a two-surface fracture model was used in fully 
coupled blast simulations of the experiments. The overall predicted mid-point 
deformations lie within 7.5 % of the measured values. The onset of fracture was 
conservatively predicted at the lower stand-off distances; hence the modelling 
approach is suggested for use in design purposes. 
Paper relation to the thesis: 
The paper shows that structural deformations and prediction of fracture of a 
complex blast loading problem can be calculated with good accuracy compared to 
experiments.  
 

6.6 Paper VI 
In this technical note paper, the normal reflection of a shock wave in air was 
investigated numerically, with air treated as a perfect and real gas, respectively. 
The reflection coefficient is defined as the ratio between the reflected shock 
overpressure and the incident shock overpressure, usually plotted against the 
incident shock overpressure. Treating air as a perfect gas with a constant ratio of 
specific heats as 0=1.4, the reflection coefficient approached an asymptote of 8 at 
large incident shock overpressures. Even though the real gas effect of air is well-
known, it is often neglected in present studies. In this paper, a pressure dependent 
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function was used in the perfect gas equation of state, fitted to the real gas 
Hugoniot of air at corresponding shock pressures. Hence, a real gas characteristic 
of air was used to investigate the normal shock reflection, using both Matlab and a 
user-defined subroutine implemented in LS-DYNA, independently. A maximum 
shock reflection coefficient of 8 was determined using the perfect gas approach, 
while the real gas approach showed a maximum shock reflection coefficient of 14. 
Paper relation to the thesis: 
The paper is only of minor importance to the thesis. However, it illustrated that a 
real gas approach for air is justified to more correctly predict the maximum shock 
pressure and reflection coefficient in the near field.  
 

7 Discussion and conclusions  
The main objective of this thesis has been to increase the numerical modelling 
knowledge and confidence to accurately predict structural response due to 
complex blast loading in the near field. The numerical results have been compared 
with corresponding experiments. An initiated explosive forms a shock wave into 
the surrounding materials. If the charge is detonated in ground, the shock wave in 
air is followed by soil ejecta being pushed by the rapid expansion of the explosive 
gases. When a steel structure deforms due to the blast load, effects such as strain 
rate hardening and adiabatic thermal softening due to the transient event need to 
be included. All of these highly nonlinear events set high demands on the 
numerical software along with the modelling approaches. The blast loading 
scenarios in this thesis are realistic in the sense of possible explosive threats 
military vehicles can be exposed to in the current operational theatre. 
 
An approach based on continuum mechanics to describe the blast load has been 
shown efficient, even though the choice of mesh size is critical. All together, the 
numerical results generally underestimate the corresponding experiments. The 
quality of experimental data also influences the outcome of a validation of 
numerical results. However, the comparisons between numerical and experimental 
results are in general in good agreement, both regarding high resolution 2D 
models and 3D models in lower resolution. Hence, the modelling approaches used 
in this work can be considered as within acceptable limits.  Regarding fracture 
modelling, a dependence of stress triaxiality on the fracture strain is shown 
adequate in the investigated cases. It is shown that the fracture limit of blast 
loaded steel plates can be modelled in a realistic and conservative way, thus 
suitable for design purposes. 
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8 Suggestions for future work  
Both experimental and numerical future work can be suggested. The air blast rig 
for material fracture tests is suitable for continued experimental testing of realistic 
fracture initiators associated to a real vehicle. For instance, welded steel plates or 
notches are of interest to investigate. This could contribute to valuable knowledge 
to in-service protection performance. 
 
The main suggestion for future work is however to extend the work presented in 
Paper V to include shell elements to represent the target plate, i.e. to simulate the 
problem in 3D instead of using 2D axisymmetry. Recent research has coupled the 
element length scale to both the post necking hardening of the steel material and 
the fracture strain, e.g. see [36]. Hence, the length scale associated with 3D 
models using coarser mesh sizes could be adapted to the measured local strains at 
a small length scale. This would couple the outcome of this thesis to a more 
realistic modelling approach when simulating larger 3D structures, such as full 
scale vehicles. 
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a b s t r a c t

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 plate deformations with 9.4e11.1%. Regarding the impulse transfer, the corre-
sponding under prediction was only 1.0e1.6%. An influence of the friction can be shown, both in
experiments and the simulations, although other uncertainties are involved as well. A simplified blast
model based on empirical blast loading data representing spherical and hemispherical explosive shapes
has been tested as an alternative to the Eulerian model. The result for the simplified blast model deviates
largely compared to the experiments and the Eulerian model. The CPU time for the simplified blast
model is however considerably shorter, and may still be useful in time consuming concept studies.
All together, reasonable numerical results using reasonable model sizes can be achieved from near-

field explosions in air.
� 2011 Elsevier Ltd. All rights reserved.

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 m from the explosive centre. In the near-field, the deto-
nation 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]. Much work regarding blast load
characteristics is based on TNT data. Kingery and Bulmash [4]

presented a collection of TNT data for spherical and hemi-
spherical explosive shapes placed in air or on ground, covering
a wide range of charge sizes and stand-off distances. Conwep is an
implementation of the empirical blast models presented by Kingery
and Bulmash, which is also implemented in the commercial
hydrocode LS-DYNA based onwork done by Rahnders-Pehrson and
Bannister [5,6]. This makes it possible to simulate blast loads acting
on structures representing spherical and hemispherical explosive
shapes of TNT with reasonable computational effort. The Conwep
loading model has for instance been used by Neuberger et al. [7],
with satisfactory results regarding maximum plate deformations.
However, the geometry of the explosive is of importance. Wenzel
and Esparza [8] 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. Limited data is available to
create empirical load functions with explosive shapes deviating
from spherical. Further, if the explosive is confined in any way the
determination of the load acting on a structurewould be evenmore
difficult and less generalized.

Nurick et al. [9,10] used an approach where the transferred
impulse was directly measured in the experiments. From the
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impulse, the pressure could be calculated knowing the affected area
and assuming the time duration of the pressure wave. The impulse
load could thus be applied directly on the affected area of the
structure in the calculations.

When the setup of the problem makes it unsuitable to use
empirical load functions, an appealing approach may be 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. An algorithm for the fluidestructure
interaction is then used to connect the two domains. This has been
done for example by Chafi et al. and Neuberger et al. [11,12]. Kar-
agiozova et al. [13] made use of a combination between simulating
the blast load and using an empirical load curve. In an initial 2D
analysis, the blast load from a cylindrical charge was calculated in
a gaseous domain storing the pressure history in space and time.
The numerical result was then used to create an empirical relation
of the pressure profile to be used onto the structure.

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 [14] 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
amodel describing a dynamic event such asmine 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 deto-
nating explosive in cylindrical shape acting on a deformable steel
structure were carried out in half length scale in Zakrisson et al.
[15], while additional experimental data is presented here. Explo-
sive placement in both free air and in a steel pot is considered.
When mine blast tests of military vehicles is performed according
to the NATO standard [1], explosive placement in a steel pot is
suggested as an alternative instead of explosive placement in the
ground. This work will focus on the numerical calculations

describing these blast events, which includes a convergence study
of the gaseous blast load calculations along with comparison to
experimental data. As an alternative to the more advanced gaseous
blast load description, the simpler empirical blast load description
Conwep is tested and compared, both against results and CPU time.

2. Experiments

Blast experiments in air have been performed in order to collect
data for numerical validation. In one experimental setup the
explosive was placed in free air (air blast), while another experi-
ment regarded explosive placed in a steel pot located on the ground
(ground blast). Common for both experiments is that a blast load
acted on a deformable steel target plate with thickness 8 mm and
dimensions 600 � 600 mm. Weldox 700E was chosen as target
plate, mainly due to available material characterisation from the
literature to be used in the numerical simulations [16]. The explo-
sive type was plastic explosive m/46 (commercially known as NSP
71), 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, with initiation in the
centre.

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. [15]. This air
blast rig was used to perform tests on deformable target plates. The
experimental setup is shown in Fig. 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 Fig. 1a. A nonel fuse with a blasting cap was
used to initiate the explosive at the centre. In Fig.1b,a crushable test
gauge consisting of an aluminium honeycomb block is shown

Fig. 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.

B. Zakrisson et al. / International Journal of Impact Engineering 38 (2011) 597e612598



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, dmax, to be determined after the test. The inner edge of
the air blast rig leaves a circular mark on the plate after the
deformation, see Fig. 2, 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 diagonals of the plate. The residual deformation
was measured vertically from the circular edge mark to the plate
centre at the marker points shown in Fig. 2, both to the sides,
drs, and along the diagonals, drd. The average value of all measured
drs and drd then represent the final residual deformation at the
centre, dres.

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 an 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.

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 [15]. One
aim of the experiments was to replicate conditions of the NATO
standard [1], where an explosive located in a steel pot is suggested
as an alternative test method instead of positioning in sand. The
experiments were performed in half length scale compared to the
standard. The experimental setup is shown in Fig. 3 and is
explained in more detail in Zakrisson et al. [15], together with
results from a total of 10 tests with sand and 2 tests with steel pot.
However, the only setup considered in the present study is the steel
pot. 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.

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 Fig. 3. 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 influ-
ence 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, dmax and dres,
were determined in the same way as described in Section 2.1.
Further, the maximum vertical displacement of the test module,
Ztm, was determined both using a crush gauge and a linear position
sensor, shown on top of the test module to the right in Fig. 3. The
crush gauge only gives the maximum position of the test module
translation. The position sensor however, registers the vertical
movement of the test module in time. The two methods in deter-
mining Ztm result in a deviation of the transferred impulse of 0.6%
and 2.8% for the two tests using the steel pot. However, the overall
experience considering all 12 tests (both sand and steel pot) was
that the two measurement methods were working equally well
[15]. Thus, the results of the test module jump for both methods is
given in Zakrisson et al. [15], while here only an average value is
presented. By assuming vertical translation only and that the initial
velocity equals themaximumvelocity, the total impulse transferred
to the test module may be estimated from the maximum vertical
movement as

Itm ¼ m
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2gZtm

p
(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 experi-
mental results from Zakrisson et al. [15] along with the calculated
impulse using Eq. (1) are given in Table 2.

3. Numerical methods

The general numerical methods used in this work to describe
the blast loading and structural deformation are described in this
section. The explicit finite element (FE) hydrocode LS-DYNA V971
R4.2.1 [6] was used for the calculations. All numerical simulations
in this work were performed on a Linux SMP cluster with 8 Gb of
available memory. Only one core was used on a 2.8 GHz dual core
AMD Opteron 2220 processor, with double precision.

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

Table 1
Experimental results for the air blast experiments.

Surface Test# dmax (mm) dmax,ave (mm) dres (mm) dres,ave (mm)

Dry 1 63.9 56.2
2 66.9 58.3
3 66.3 58.5
4 66.8 59.0
5 65.6 65.9 57.7 57.9

Lubricated 6 66.4 59.0
7 67.9 60.3
8 67.1 60.5
9 66.4 59.8

10 65.9 66.7 58.2 59.6

Fig. 2. Deformed target plate viewed from below, showing the points for determining
the residual deformation.
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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 necessarily follow the
material movement. The element nodes are moved in order to
remain accuracy and stable solutions, and the material state vari-
ables are thus advected to the new, smoother mesh. Different
advection methods for the material transport may be used.
Generally when advection is used, both momentum and kinetic
energy is not conserved at the same time. Commonly, momentum
and internal energy is conserved but not kinetic energy. The
consequence is usually that the kinetic energy decreases in time,
hence also the total energy [6,17]. Another drawback with the ALE
methodmay be increased computational time due to the advection.
Depending on the problem however, advection when using ALE
may not be needed every time step which reduces the computa-
tional effort. Another approach is the Eulerian reference, where the
nodes are completely moved back to the original position in the
advection step. 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. However, much of the
computational cost in a hydrocode is associated with the treatment
of elements containing more than one material [17]. Also, many
small elements must be used to achieve sufficient accuracy in order
to minimise the advection error, on the expense of computation

time [18]. In the main part of this work, both a Lagrangian and an
Eulerian domain are used, together with a coupling algorithm to
connect the two domains. The Lagrangian domain consists of the
structural materials while the Eulerian domain is modelled with
MMALE elements andmainly used for gaseous materials such as air
and explosive.

3.2. Shock

A shock front is extremely thin, and therefore often approxi-
mated 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 treat-
ment 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 RankineeHugoniot conservation relations
for shock waves. In order to treat the shock numerically, artificial
viscosity is used [19]. 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 [20].

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 [20].

The contact coupling between the gaseous materials in the
Eulerian domain to the structures in the Lagrangian domain is
defined with a fluidestructure interaction (FSI) algorithm. In this
work, a penalty based method is used. The method conserves
energy and applies nodal forces explicitly by tracking the relative
motion of a given point [11]. When a fluid particle penetrates
a Lagrangian element, a penalty force is applied to both the fluid

Table 2
Results for ground blast experiments with explosive placed in steel pot.

Target plate Test module

Test dmax (mm) dres (mm) Ztm (mm) Itm (Ns)

11 124.5 108.6 60.0 2300
12 123.4 110.7 59.2 2285

Fig. 3. The ground blast rig to the right, with test module hanging in chains and steel pot placed underneath. To the left, the test module is viewed from underneath, where the
target plate is held in place with a plate holder.
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particle and the Lagrange node to prevent penetration. The penalty
factor may be defined as a user defined curve representing penalty
pressure against penetrated distance [6].

3.4. Mapping from 2D to 3D

The technique of mapping results from 2D to 3D in an Eulerian
domain has been available in the hydrocode Autodyn for several
years [21,22], and recently implemented in LS-DYNA (V971 R4)
[6,23]. The purpose of using mapping is to save computational time
and increase the accuracy since the resolution in 2D may be much
higher than a corresponding 3D model due to computational
limitations. The work flow when using mapping is to perform an
axisymmetric simulation in 2D until the velocity field is close to the
boundary, where the symmetry conditionwould be violated. At the
last cycle, a binary map file is written, containing the state variables
of the 2D Eulerian domain. The map file is then used to fill the 3D
Eulerian domain as initial condition, where the calculation
continues. Mapping may also be used from 2D to 2D. Aquelet and
Souli illustrates the mapping technique of LS-DYNA in [23], with
identical element size in 2D and 3D. The benefit is then to save
computational time by reusing the map file if identical initial
calculations are to be used in several simulation cases. The sensi-
tivity of using mapping with LS-DYNA from an initial 2D model
with fine element resolution to a subsequent 2D model with
coarser element resolution was investigated by Lapoujade et al. in
[24]. It was concluded that compared to the initial model the peak
pressure becomes smeared out and drops about 10% with element
size ratio of 10 between the subsequent and initial element size,
respectively. The specific impulse however remains relatively
constant until element size ratio of 20.

However, a fine mesh for the initial 2D simulation and a coarser
mesh for the subsequent 3D simulation will still result in increased
accuracy compared to a corresponding single 3D solution with
coarse mesh.

3.5. Empirical blast load function

The empirical blast loading function CONWEP, based on TNT
data from Kingery and Bulmash [4], was implemented in LS-DYNA
based on work by Randers-Pehrson and Bannister [5,6]. This
enables an opportunity to simulate blast loading on a Lagrangian
structure without having to simulate the blast load in an Eulerian
domain. The blast load corresponds to either free air detonation of
a spherical charge or surface detonation of a hemispherical charge
of TNT. The load acts on a set of predefined segments, i.e. a surface
of solid elements or shell elements. The pressure p that acts on
a segment account for angle of incidence of the pressure wave, q, is
determined according to

p ¼ pi$
�
1þ cosq� 2cos2q

�
þ pr$cos2q; (2)

where pi is the incident pressure and pr the reflected pressure [5].
However, no shadowing, confinement or tunnel effects are
included in the blast loading model.

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, ms
andMbar. However, thematerial parameters are here given inmore
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 r0,
detonation pressure PCJ and detonation velocity D [6]. The pro-
grammed burn model defines at what time an explosive element is
detonated based on a given detonation point and the detonation
velocity. The beta burn model allows an explosive element to be
detonated due to compression, i.e. when the pressure in an
explosive element reaches PCJ. When the criteria for detonation of
an explosive element is achieved based on either the programmed-
or beta burn model, the energy is then released with the pressure
defined according to the three term JWL equation of state as

p ¼ A$
�
1� u

R1$v

�
eð�R1$vÞ þ B$

�
1� u

R2$v

�
eð�R2$vÞ þ u$E

v
; (3)

where A, B, R1, R2 and u are material constants, n ¼ r0/r is the
relative volume and E is the internal energy per unit reference
volume. The constants are usually empirically determined with
cylinder tests or in 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. [25]. The material- and JWL-parameters for m/46 are
given in Table 3.

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

p ¼ ðg� 1Þ r
r0
E; (4)

where r is the current density and r0 the initial density while E is
the internal energy per unit reference volume. Also, g is defined as
the ratio between the specific heat at constant pressure and
volume, respectively, where g ¼ 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 [26]. Albeit high overpressures
will be reached in the near-field, it is here assumed that g ¼ 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 [27].

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 [28], where the
equivalent yield stress is defined as

seq ¼
�
Aþ Beneq

��
1þ

�
_eeq=_e0

��C�
1� T*

m
�
; (5)

where A, B, n, C and m are material constants, _eeq and _e0 are the
equivalent plastic- and reference strain rate, respectively. The

Table 3
Material- and JWL-parameters for the plastic explosive m/46 [25].

r (kg/m3) D (m/s) Pcj (GPa) A (GPa) B (GPa) R1 (e) R2 (e) u (e) E0 (kJ/cm3)

1500 7680 21.15 759.9 12.56 5.1 1.5 0.29 7.05
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homologous temperature, T*, is defined as T* ¼ (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 a function of the
equivalent plastic strain increment, equivalent stress, specific heat,
density and the Taylor-Quinney coefficient which represents 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 Børvik et al. in [16], shown in Table 4. The strain
rate parameters _e0 and C has been adjusted to this work to better
correlate the model response with the experimental strain rate
experiments presented in [16]. The strain rate dependence for
Weldox 700E was evaluated at 3% plastic strain, and is shown in
Fig. 4 together with the Johnson-Cook model response with the
modified material parameters from Table 4. The reference strain
rate _e0 is set to 1 s

�1, while thematerial constant C is determined by
letting the model response pass through the last experimental
value. The temperature dependence was not tested experimentally
but estimated by letting material constant m be equal to 1, which
appears to be a reasonable assumption for steels [16].

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 [20]. Also, an area weighted
formulation is used for the axisymmetric 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 Fig. 5 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 the top surface of the explosive and the upper boundary,
identical to the air blast experiment. Prevented outflow is defined
as vui=vt ¼ 0 , where vui=vt is the velocity in the direction i normal
to the boundary. As shown in Fig. 5, 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 ¼ 0 mmwith 10 mm interval to
r300 ¼ 300 mm along the xz symmetry plane, shown in Fig. 5. The
2D calculation runs to the simulation end time t2Dend ¼ 56 ms, 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 t2Dend ¼ 56 ms
for the initial 2D simulation, this becomes the start time in the 3D
simulation. The 3D simulation end time is t3Dend ¼ 600 ms, in order to
include the complete positive overpressure phase for all sampling
points, i.e. until prðt3DendÞ < p0, 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 ¼ r0 to r300 is then

ir ¼ max

0
B@

Zt3Dend
t0

prdt

1
CA (6)

By integrating ir 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

Itot ¼ 2p$
Zr300
r0

ir$rdr (7)

The total accumulated impulse, Itot, over a rigid circular area at
radius r300 ¼ 300 mm is thus the chosen quantity for the conver-
gence evaluation.

The recommended procedure for estimation of the discretiza-
tion error given by Celik et al. [29] is followed. This procedure is
based on the Richardson extrapolation and determines the Grid
Convergence Index (GCI). First, a representative mesh size h is

Table 4
Weldox 700E material constants for the modified JC constitutive model [16].

Yield stress Strain
hardening

Strain rate Temperature softening

A (MPa) B (MPa) n (�) _e0 (s�1) C (�) Tr (K) Tm (K) m (�)
819 308 0.64 1a 0.0221a 293 1800 1

Elastic constants Density Temperature related coefficients

E (GPa) n (�) r (kg/m3) Cp (J/kg-K) c (�) a (K�1)

210 0.33 7850 452 0.9 1.2 � 10�5

a Modified values compared to reference.

Fig. 4. Equivalent stress at different various strain rates, evaluated at 3% plastic strain.
Experimental values from reference [16] is shown together with the response of the
modified JC model with adjusted strain rate parameters.
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defined. In this section, only uniform meshes are used, both in 2D
and 3D. The element side length is the chosen hn, where n ¼ 1,2,3
and defined as h1 < h2 < h3. The three subsequently coarsened sets
of meshes are simulated, where a key solution fn, in this case Itot,n
from Eq. (7), is determined for each individual solution n. The grid
refinement ratios are r21 ¼ h2/h1 and r32 ¼ h3/h2. Since
h3 ¼ 2h2 ¼ 4h1 in this study, the grid refinement ratio is constant,
i.e. r ¼ 2. The order of convergence, p, with constant r is defined as

p ¼

			ln�			f3�f2f2�f1

			�			
lnðrÞ (8)

The extrapolated asymptotically exact solution according to
Richardson extrapolation may then be written as

fext ¼ f1 þ
ðf1 � f2Þ
ðrp � 1Þ (9)

The approximate relative error ea for the two finest grid solu-
tions is defined as

ea ¼
				f1 � f2

f1

				 (10)

and the extrapolated relative error eext is defined as

eext ¼
				fext � f1

fext

				 (11)

The fine grid GCI is defined as

GCI ¼ Fs$ea
ðrp � 1Þ; (12)

where Fs is a safety factor multiplying the approximate relative
error term ea. When three or more grids are used in the

determination of the GCI, then Fs ¼ 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 [30]. 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 ¼ 4 mm, h2 ¼ 8 mm and
h3 ¼ 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 show the lowest GCI of �2.13%.

The total impulse for Case 2 is shown in Fig. 6a, plotted at each
mesh size in terms of the 3D fine grid size h1 ¼ 4 mm. 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 impulse convergence with smaller mesh size in the
3D domain. In Fig. 6b, 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 solutionwithmesh size h1¼4mmwithout initial mapping from
2D is shown. This result indicates that the 3D solution is approxi-
mately 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.

5.2. Non-uniform element size

In an attempt to reduce the number of elements needed in the
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 0.5mm, i.e. identical with Case 2

Fig. 5. Schematic picture of the initial 2D model at time 0 to the left, subsequent 3D model after mapping from 2D at time 56 ms to the right. The explosive material expansion is
shown in dark colour. Note that y-direction in 2D equals z-direction in 3D.

Table 5
GCI with total accumulated impulse over a cylindrical surface.

Case Mesh size (mm) Solutions (Ns) (�) (%) (%) (%)

2D 3D

h1 h2 h3 Itot,1 Itot,2 Itot,3 Itot,ext p ea eext 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
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used in Section 5.1. The 3D domain size was identical as shown in
Fig. 5. However, the element distribution in the 3D model varied. In
total, 40 hexagonal elements were used in all three directions,
resulting in 64,000 elements. With Fig. 5 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 Fig. 7, 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 total number of
elements is about 10 times less for the non-uniform model
compared to 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 of experimental tests

The FE models describing the air- and ground blast experiments
are presented in this section.

Two variants of describing the blast load are used. The blast load
is either simulated in an Eulerian gas domain with fluidestructure

interaction to the Lagrangian structure, or an empirical blast load
function is used and applied on the affected Lagrangian surfaces.
This section describes the Eulerian blast load model in detail, while
the empirical blast load function (Conwep) is described in Section
3.5. The model of the structural Lagrangian parts is identical irre-
spective of the blast load used. For all numerical simulations, 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. Regarding the blast
load calculations using an Eulerian domain, 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. When the Conwep blast load function is used, either
spherical air burst or hemispherical surface burst of TNT may be
used. In this work, the air burst is used for the air blast simulations,
while the hemispherical surface burst is used for the ground blast
simulations. The TNT equivalence for m/46 regarding the specific
impulse was determined to 1.16 by Elfving in [31], which gives that
0.75 kg of m/46 is represented by 0.87 kg TNT when Conwep is
used. No direct conversion factor between the difference in
explosive shape, i.e. spherical compared to cylindrical, have been
found in the literature, hence this effect is not accounted for. The
point of detonation for the Conwep simulations is chosen so the
stand-off measured from the surface of the explosive to the target
plate is identical compared to the Eulerian blast load calculations
using a cylindrical charge of m/46.

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, with a total of 432,259 elements. The initial 2D
result is then mapped into a 3D gas domain shown in Fig. 8, with
dimensions given in Table 6. Note that when the Conwep blast load
is used, the Eulerian domain in Table 6 is omitted.

The plate, rig and air are modelled in quarter symmetry, while
the explosive is represented in 1/8 symmetry. As shown in Fig. 8,
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Fig. 6. Convergence results for Case 2, with 0.5 mm 2D mesh. In (a), the accumulated impulse, Itot, is shown for each mesh size in terms of 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 single 3D solution for h1 ¼ 4 mm without mapping from 2D.
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respectively.
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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
are given, together with the model size for the target plate, air blast
rig and the gas domain, respectively. The Eulerian domain size and
the mesh distribution in the XZ-view is given in Fig. 9. The element
length bias ratio across a distance is defined as B ¼ Le,max/Le,min,
where Le,max and Le,min is the largest and smallest element side
length 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 ms
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 ¼ 8000 ms, 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
platemiddle node, d0(t). To determine the reference for the residual
deformation, vertical displacements of the plate nodes at the
position for the rig inner boundary (r ¼ 265 mm) is stored, both on
the diagonal, drd(t), and towards the side of the plate, drs(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 dmax ¼ max(d0(t)), which occurs at time
tmax. To determine the residual deformation, dres, 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, drel(t) ¼ d0(t)�
dr(t), where dr(t) ¼ average(drd(t),drs(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 displace-
ment curve from the time of maximum deformation to the end
time as dres ¼ average(drel) from tmax to tend. This approach is illus-
trated in Fig. 10.

Frictionless contact state is assumed. However, the influence of
friction is tested with a constant friction coefficient of m ¼ 0.1 and
m ¼ 0.2.

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

Fig. 8. The numerical Air blast model in quarter symmetry viewed from above, looking
into the three symmetry planes of the Eulerian domain.

Table 6
Model details for the air blast.

Part Material Element
type

Element side
length (mm)

Number of
elements

Model size

X-dir
(mm)

Y-dir
(mm)

Z-dir
(mm)

Target plate Weldox 700E Shell 5 3600 300 300 e

Air blast rig Rigid Shell 2a 5684 300 300 e

Euler domainb Air, m/46 MMALE 3.7c 96,000 400 400 370

a Element size at the radius.
b Omitted for Conwep blast load.
c Minimum element size.

Fig. 9. 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 ratio of the largest/
smallest element length across a distance.
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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 Fig. 11,
which consists of 2D axisymmetric MMALE elements with air and
explosive, with the boundary modelled to represent the steel pot.
The rectangular model size above the explosive surface is
400 � 250 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 422,292 elements in total. Outflow is prevented on all
boundaries for the 2D model. The simulation end time is 56 ms,
when a mapping file to be used to initialize the 3D domain is
written.

The 3D model representing the ground blast experiment is
shown in Fig. 12, 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.
Note that when the Conwep blast load is used, the Eulerian domain

in Table 7 is omitted. 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 Fig. 13. For
comparison to the experimental ground blast rig, see Fig. 3.

Regarding the 3D Eulerian mesh for the ground blast model,
smaller element sizes were used closer to the symmetry axis and
towards the target plate, with coarser elements to the boundaries.
This methodology is supported by Section 5.2, and is also used for
the air blast model. The Eulerian domain size and the mesh
distribution in the XZ-view is given in Fig. 14. The element length
bias ratio across a distance is defined as B ¼ Le,max/Le,min, where
Le,max and Le,min is the largest and smallest element side length
respectively. For the 3D model, 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 Fig. 12 is only used to
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Fig. 10. Method for determination of maximum and residual plate deformation.

Fig. 11. The 2D model of the ground blast with explosive placed in steel pot.
Fig. 12. The numerical model in quarter symmetry of the ground blast experiment in
the 3D domain, viewed from underneath.
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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 ms is the start time
in the 3D simulation.

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 else-
where; see Fig. 12. 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 Fig. 12. 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 impulse transferred to the Lagrange
structures via the FSI, IFSI, is calculated by integration of the total
vertical FSI-force over time.

The 3D simulation is stopped after 1500 ms 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 ms, 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 0.25 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, dmax, along with the residual
deformation, dres, 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.

Table 7
Details for the ground blast 3D Model.

Domain Part Material Element
type

Thickness
(mm)

Number of
elements

Lagrange Target plate Weldox 700E Shell 8 3600
Plate holder Weldox 700E Shell 15 152
Ground blast rig Rigid Shell 0.1 8428

Eulera Air Air MMALE e 365,904
Explosive m/46 MMALE e

Steel pot Elastic steel MMALE e 4150b

a Omitted for Conwep blast load.
b Shell elements representing the steel pot to initialize the MMALE elements.

Fig. 13. Dimensions in mm specific to the numerical model of the ground blast rig.

Fig. 14. 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 ratio of the largest/
smallest element length across a distance.
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Frictionless contact state is assumed. However, the influence of
frictionwas tested with a constant friction coefficient of m¼ 0.1 and
m ¼ 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 contact between the target
plate and the rig is assumed. The influence of a static coefficient of
friction is however tested with m ¼ 0.1 and m ¼ 0.2. Also,
a comparison between two ways of describing the blast load with
considerably different complexity is included.

7.1. Air blast

This section presents the numerical results for the air blast,
where the blast load has been calculated in an Eulerian domain. 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 1.5%, respectively, when m ¼ 0.2 is
related to frictionless state.

A relative comparison between the numerical simulation with
frictionless contact and the experiment with dry surface condition
is shown in Fig. 15. For the comparison, the average values from the
experiments together with confidence bounds are used. The
numerically determined quantities show a general underestima-
tion of 10.5e11.1% compared to the experimental averaged
quantities.

In Fig. 16, the profile for the residual deformation along radius
for the experimental Test 3 together with numerical simulation
with frictionless contact is presented, determined both to the side
(a) and in the diagonal direction (b). A deviation in profile shape is
shown. Fig.17 show the corresponding residual deformationmodes
viewed both in profile and from inside the rig.

7.2. Ground blast

Identical simulation cases as used for the air blast are also used
for the ground blast. The results for the three simulation cases
regarding the plate deformations along with the transferred
impulse are shown in Table 9. The values for Itm are calculated
according to Eq. (1) in Section 2.2, while IFSI is calculated by inte-
gration of the FSI-force. The effect of the quarter symmetry in the
numerical model is accounted for in the presented value for IFSI.

The numerical simulations show a friction dependence
regarding max- and residual deformation of 5.7% and 3.5%,
respectively, when m ¼ 0.2 is related to the frictionless state. The
corresponding relative difference regarding the test module
impulse is close to zero.

The ratio between the numerical results and the experimental
average results is shown in Fig. 18, with confidence bounds from
the experiments. All together, the numerical results underestimate
the experimentally determined average values with 1.0e9.9%. The

maximum and residual deformation underestimates the experi-
mental values with 9.4e9.9%, respectively. The two forms of
determining the transferred impulse are in close agreement with
each other, and underestimate the experimental impulse only with
about 1.0e1.6%.

In Fig. 19, 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.

In Section 2.2 it was mentioned that the maximum vertical
movement of the test module (Ztm) was determined both with
a linear position sensor (resolved in time) and a crush gauge, shown
in Fig. 3. The vertical movement of the test module for Test 12
measured with the position sensor is shown in time in Fig. 20,
together with the corresponding numerical simulation with fric-
tionless contact. Time 0 s indicates the time of detonation. The
measured signal of the position sensor between 3 and 36 ms had
been corrupted by noise, hence this interval is here replaced with
a dashed linear line.

7.3. Blast model comparison

In this section, a comparison between the two methods of
describing the blast load takes place. The result from the Eulerian
calculations has already been presented in Section 7.1 And 7.2,
while the numerical results when using the empirical blast loading
function Conwep is presented here. The Conwep loading function is
based on TNTcharges of spherical air burst or hemispherical surface
burst, where the explosive m/46 with mass 0.75 kg here is repre-
sented by 0.87 kg of TNT.

The air blast simulations using Conwep are simulated with
spherical air burst. In Table 10, the result from the air blast simu-
lations is given, both for the Euler- and Conwep simulations,
together with the experimental results from Section 2.1 with dry
surface conditions. In the simulations, a frictionless contact
condition was used. The maximum dynamic- and residual defor-
mation of the plate is investigated, along with the maximum plate
velocity and the total CPU time for the numerical simulations. No
maximum plate velocity was determined in the experiments, but
the numerical simulations can still be compared to each other. The
CPU time for the 2D Euler simulation used to create the initial map
file to fill the 3D domain is also included in Table 10.

In Table 10, it is shown that the Conwep simulation using 0.87 kg
TNT greatly underestimates the plate deformation, compared to

Table 8
Air blast simulation case descriptions with results.

Description Max plate deformation

dmax (mm) dres (mm)

m ¼ 0 58.6 51.8
m ¼ 0.1 58.2 51.4
m ¼ 0.2 57.8 51.0
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Fig. 15. Numerical results regarding air blast with frictionless contact condition rela-
tive to the experimental results with dry surface, given with confidence bounds from
the experiment.
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both the experiment and the Euler simulation. Also, the maximum
plate velocity is close to 3 times lower than the corresponding Euler
simulation. The Conwep TNT weight was increased to 3.1 kg in
order to achieve similar maximum dynamic plate deformation as
the Euler simulation. Even though the maximum deformation is
equal, the residual deformation is larger for the Conwep 3.1 kg
simulation compared to the Euler simulation. The ratio between
the maximum dynamic- and residual plate deformation is very
close to the experimental value for the Euler simulation, while the
Conwep 3.1 kg simulation result in a somewhat smaller ratio. Also,
the maximum plate velocity deviates about 31% for the Conwep
3.1 kg simulation compared to the Euler simulation. Regarding the
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Fig. 16. Residual deformation along the radius for the air blast 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.

Fig. 17. The residual deformation of the air blast 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.

Table 9
Ground blast simulation case descriptions with results.

Description Max plate deformation Test module

dmax (mm) dres (mm) Itm (Ns) IFSI (Ns)

m ¼ 0 112.3 98.8 2256 2269
m ¼ 0.1 108.8 96.9 2257 2270
m ¼ 0.2 105.9 95.3 2258 2270
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Fig. 18. Numerical results regarding ground blast with frictionless contact condition
relative to the experimental results, given with confidence bounds from the
experiments.
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CPU time, the Conwep calculations result in considerably shorter
CPU-times compared to the Euler calculations.When adding the 2D
and 3D Euler CPU-times, they run 33e40 times longer than the
Conwep calculations. However, the Euler 2D simulation does only
have to be run once in order to create the map file, which may then
be reused if more than one 3D calculation is to be performed.

Regarding the ground blast simulations, the Conwep blast loads
are simulated with hemispherical surface burst. In addition to the
quantities compared for the air blast, the transferred impulse based
on the maximum test module jump is included for the ground blast
comparison given in Table 11, along with the experimentally
determined values from Section 2.2.

Similar to the air blast comparison, the Conwep simulation
regarding ground blast using 0.87 kg TNT greatly underestimates
the plate deformation, compared to both the experiment and the
Euler simulation. In general, similar deviation between the results
is experienced for the ground blast comparison as for the air blast
comparison. The hemispherical charge when using Conwep was
increased to 3.9 kg TNT in order to correlate the maximum
dynamic plate deformation to the Euler calculation. The residual
deformation then resulted in a smaller value compared to the
Euler calculation, in contrast to the increased Conwep charge for

the air blast comparison. The maximum plate velocity is smaller
for the Conwep 3.9 kg simulation than the Euler simulation, but
the deviation is not as large as the corresponding air blast
comparison. The ratio between the maximum dynamic- and
residual plate deformation is very close to the experimental value
for the Euler simulation, while the Conwep 3.9 kg simulation
results in a slightly larger ratio. The transferred impulse deviates
between 42 and 81% for the two Conwep simulations compared to
the Euler simulation. The Euler simulation for the transferred
impulse is however in very good agreement with the experiment.
When adding the 2D and 3D Euler CPU-times, they run 44e49
times longer than the Conwep calculations.

8. Discussion and conclusion

Numerical simulations with comparison to two types of blast
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 measured, both the
maximum dynamic- and residual deformation. For the ground
blast, also the transferred impulse was determined. The primary
aim with this work has been to investigate the sensitivity and
accuracy of simulating the blast load using an Eulerian domain.
Further, a comparison between using an empirical blast loading
function and the more complex Eulerian calculations to describe
the blast load has also been made, both regarding structural
deformation as well as CPU time.

The numerical results regarding the plate deformations under-
estimated the experimental values with a bound of 9.4e11.1%, for
the two presented blast setups. Regarding the impulse transfer for

Fig. 19. The residual deformation of the ground blast target plate 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.
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Fig. 20. The global movement of the test module resolved in time for Test 12 and the
numerical simulation with frictionless contact. Each curve maximum point is indicated
with a diamond symbol.

Table 10
Blast load comparison for airblast.

Description Max plate deformation Plate vel. CPU-time (s)

dmax (mm) dres (mm) dmax/dres (�) vmax (m/s)

Experiment 65.9 57.9 1.138 e e

Euler 2D e e e e 15,637
Euler 3D 58.6 51.8 1.131 217 14,679
Conwep 0.87 kg 27.0 8.4 3.214 73 751
Conwep 3.1 kg 58.6 54.0 1.085 149 922
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the ground blast, the numerical underestimation compared to the
test results is only between 1.0 and 1.6%. The underestimation is
most likely a result of many combining factors. Although a conver-
gence study is carried out within this work, the largest error
contributor is probably the numerical simulations regarding the gas
dynamics. Experimental uncertainties are also present. 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. Also, the friction for the steel/steel contact in
the experiments is unknown, and is most likely not constant nor
zero. An influence of friction is observed regarding the plate
deformation in the air blast experiments. The numerical simula-
tions show that the influence of friction is small regarding the
impulse transfer, but has a larger influence on the plate deforma-
tion. Considering the influence of friction, the reported underesti-
mation of the plate deformation is likely to be a few percent higher
if an accurate friction model is included. The material parameters
regarding Weldox 700E for the modified JC model is based on
material testing by Børvik et al. [16]. A modification of the strain
rate parameters to better match the strain rate testing from the
reference has been done to this work. The initial yield limit of
Weldox 700E differs between 785 MPa, 819 MPa and 859 MPa
between three references where the material has been charac-
terised [16,32,33]. Since there appears to be quite a difference in
initial yield strength between different batches of the same mate-
rial quality, the material parameters of the target plate could still be
a minor contribution to the numerical underestimation. The
parameters for the explosive m/46 has not been widely validated,
but the parameters are an empirical fit to cylinder tests that covers
the relative volumes of gas expansion experienced in this work.
However, nomaterial parameter validation to explosions of m/46 in
air has been performed in this study, and may thus also be a small
contributor to the error.

The two methods of describing the blast load resulted in
completely different results. In general, equal explosive weight
result in much smaller deformation for the Conwep calculations
than the corresponding Euler calculations. Themost obvious reason
for the deviation is the difference in explosive shape, since the
actual cylindrical shape used in the experiments is simulated in the
Euler calculations, while Conwep is based on spherical e or
hemispherical explosive shapes. Further, the explosive confine-
ment is tremendously different between the two models regarding
the ground blast. In the Euler calculations, the explosive was
positioned in a steel pot, while the blast load in the Conwep model
was based on a hemispherical explosive shape placed on the
ground. If the explosive size in the Conwep models is increased to
reach the same maximum dynamic plate deformations as in the
Euler calculations, the residual plate deformation, maximum plate
velocity and transferred impulse still deviate from the

corresponding Euler simulation. The largest deviation (between 40
and 80%) is seen regarding the impulse transfer. Also, the ratio
between the maximum dynamic- and residual plate deformation is
close to identical for the Euler simulations and the experiments,
while the Conwep models show a larger deviation. This may indi-
cate that the actual shape of the gas dynamics in the Euler calcu-
lations is rather well represented, assuming that the material data
for the target plate is accurate. The CPU time for the Euler calcu-
lations exceeds the Conwep calculations by a factor of 40e50 times.
If one can accept the limitations of the Conwep model, it may thus
be a time effective approach to use in a concept study. However, for
more accurate description of the blast load, the Euler model would
be the obvious choice.

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.
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��������� A detonating explosive interacting with a deformable structure is a highly transient and non-linear event. In field
blast trials of military vehicles, a standard procedure is often followed in order to reduce the uncertainties and
increase the quality of the test. If the explosive is buried in the ground, the state of the soil must meet specific
demands. In the present work, laboratory experiments have been performed to characterize the behaviour of a
soil material. Soil may be considered a three-phase medium, consisting of solid grains, water and air. Variations
between the amounts of these phases affect the mechanical properties of the soil. The experimental outcome
has formed input data to represent the soil behaviour included in a three-phase elastic-plastic cap model. This
unified constitutive model for soil has been used for numerical simulations representing field blast trials, where the
explosive load is interacting with a deformable structure. The blast trials included explosive buried at different
depths in wet or dry sand. A dependence of the soil initial conditions can be shown, both in the past field trials
along with the numerical simulations. Even though some deviations exist, the simulations showed in general
acceptable agreement with the experimental results.

	
������ Soil • Explosion • Numerical simulation • Material characterization • Three-phase model
© Versita sp. z o.o.

1. Introduction

Soil characteristics are of interest in a number of differ-

ent fields, covering both quasi-static and dynamic loading.

Quasi-static soil properties are for instance of interest in

dam engineering and construction, while dynamic soil char-

acteristics are of concern regarding earth quake physics

and defensive protection against land mine explosions.

Soil materials consist of many single grains of different

size and shape, forming a skeleton where the voids are

∗E-mail: bjorn.zakrisson@baesystems.se

filled with water and air. Soil can thus be considered as

a three-phase medium, consisting mainly of solid grains

with portions of water and air. When a small amount or

no water at all is included in the soil, the sample may

be considered dry. If no air is included in the soil, the

sample is on the other hand said to be fully saturated.

When the soil is under loading, it undergoes a change in

shape and compressibility. The volume decreases due to

changes in grain arrangements. Microscopic interlocking

with frictional forces between the contacting particles lead

to bending of flat grains and rolling of rounded particles. If

the load is further increased, the grains eventually become

crushed [1]. In quasi-static applications, the water is often

assumed to be incompressible. If the soil is compacted at
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Table 1. Soil definition with respect to particle size [4].

Particle description Gravel Sand Silt Clay

Particle size

(mm)

BSCSa 60–2 2–0.06 0.06–0.002 < 0.002

ASTMb > 4.75 4.75–0.075 0.075–0.005 0.001–0.005

USCSc 75–4.75 4.75–0.075 < 0.075 < 0.075

aBritish Soil Classification System
bAmerican Society for Testing and Materials
cUnified Soil Classification System

a slow rate, the air and portions of water are squeezed

out of the soil skeleton. This assumption is however not

valid under shock loading, where water and air can un-

dergo severe volumetric compression. In a highly dynamic

compaction such as an underground explosion, the air and

water does not have time to escape and may be considered

as trapped in the soil [2].

In the NATO standard [3], recommendations for testing

conditions of field blast trials with explosive positioned in

the ground are given. The soil shall be saturated with water

prior to testing, with the total wet density of the soil 2200±

100 kg/m3. The soil type in the ground shall be sandy

gravel, with 100% passing a 40 mm sieve and maximum 10%

passing a 0.08 mm sieve. According to Table 1, definitions

for gravel, sand, silt and clay based on particle size are

given based on three different classification systems [4].

Based on this, the soil type “sandy gravel” may contain a

particle size between 0–40 mm, with maximum 10% of the

grains smaller than 0.08 mm.

Similar to rock and concrete, the strength of a soil is

pressure dependent [5]. However, in contrast to rock and

concrete, soil has very low strength without some kind of

confinement. The soil material response depends on several

parameters, such as for example grain size distribution,

grain density, in situ density and degree of saturation. It

is common to use a triaxial apparatus for characterization

of soil and other granular materials. A cylindrical sample

is placed into a pressurized chamber, where the stress can

be individually set in the radial and axial direction. It is

thus possible to obtain both the yield function and the

volumetric compaction curve with this test. This method

has been used for example in a derivation of mechanical

properties for sand with 6.57% moisture content by Laine

and Sandvik [6], where a triaxial apparatus was used up

to 60 MPa confining pressure. Above 60 MPa, the data

representing the compaction curve was estimated by a 5th

order polynomial function. The material data provided

by Laine and Sandvik is very often used in the industry

and defence applications involving land mine simulation

due to its simplicity [7], but have also been used in civil

applications such as road side safety [8]. It is difficult

to reach high hydrostatic pressures with triaxial testing

devices, but magnitudes up to 1 GPa have been reached for

example by Gabet et al. in [9]. However, a triaxial press

capable of such high pressures becomes very large and

expensive. At the present, a common experimental method

to reach higher pressure for constructing a compaction

curve (i.e. shock Hugoniot) is the plate impact experiment,

performed at high strain rates. This has been done for

both dry and water saturated quartz sand by Chapman

et al. in [10]. Bragov et al. [11] evaluated data using both

a modified Kolsky bar and plate impact experiments to

obtain material parameters for dry quartz sand covering a

wide range of strain rates. Using the Kolsky bar, pressures

close to 280 MPa was reached, and close to 1.8 GPa for

the plate impact. No significant strain rate dependence

could be found between the two experimental methods,

indicating that a quasi-static characterization would be

valid.

It is of interest to have one generic model which includes

all the important parameters affecting the soil response.

Grujicic et al. [7] used an analytical and computational

approach, where a three-phase model was constructed in

order to estimate sand response under blast loading at

different degree of saturations. An extension to include

differences in grain size has also been done in [12]. Regard-

ing material data for larger particle sizes corresponding to

gravel or sandy gravel, not much data is available in the

literature. Lekarp et al. provided deviatoric yield function

data for sandy gravel in [1] which also has been used by

Wu and Thomson in [8], but no volumetric compression data

has been found.

In this work a relatively simple experimental technique

is used to characterize a sandy gravel material used in

blast trials. A three-phase model is developed to achieve

a unified model for different degrees of saturation based

on the characterized soil material. The blast trials where

explosives are buried in soil with different water content

are simulated and compared to the experimental local and

global structural results.

2. Field blast trials
In an earlier work by Zakrisson et al. [13], blast trials

with the explosive placed in sandy gravel at three different
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Figure 1. Blast trial. At left, complete experimental setup. At upper right, explosive gas cloud, at lower right, test
module with deformed target plate and plate holder.

burial depths were performed. The explosive charge was

0.75 kg Swedish military plastic explosive m/46 (commer-

cially known as NSP71) 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 experimental setup is shown in

Figure 1, where a ground blast rig with the sides 3 × 2 m

and total height 2.7 m includes a hanging test module.

The test module consists of a square target plate of steel

quality Weldox 700E with dimension 600 × 600 × 8 mm,

held in place at the corners with a plate holder. The inner

diagonal length of the plate holder is 627 mm, shown to the

right in Figure 1. The target plate is able to deform into

a tube with inner radius 250 mm, where the tube edge is

rounded to a 15 mm radius allowing a smooth deformation

of the target plate. The maximum dynamic target plate

deformation was measured with a deformable crush gauge

made of a small block of thin walled aluminium honeycomb

mounted inside the tube of the test module. The initial

distance from the target plate to the crush gauge added to

the distance the crush gauge has deformed is used to deter-

mine the maximum dynamic deformation, δmax , of the target

plate. Further, the residual target plate deformation, δres,

was determined at the plate centre. The test module also

includes ballast weights, giving a total test module weight

of m = 2120 kg. The maximum test module jump, Ztm, was

then determined by using a deformable crush gauge in

combination with a linear position sensor. The potential

energy of the system as the mass moves up is mgZtm,

where m is the test module mass and g = 9.81 m/s2 is

the gravity constant. The initial kinetic energy of the test

module is mv2/2, where v is the initial velocity. Equating

the kinetic and potential energy gives the maximum velo-

city vmax , assuming that the initial velocity is the maximum

velocity. Thus, defining the momentum transfer of the test

module as Itm = mvmax , we find Equation (1) as

Itm = m
√

2gZtm (1)

Ten tests with explosive placed in sandy gravel were done.

The sandy gravel used in the tests is commercially dis-

tributed as concrete gravel, with solid grain density of

2700 ± 30 kg/m3 and a particle size ranging between 0-

8 mm. Three different depth of burial (DOB) were tested,

0, 50 and 150 mm, measured from the sand top surface

to the mine top surface. For all three DOB, the soil was

watered and compacted manually. Prior to the tests, a

sample using a confined volume of 1.218 dm3 was taken

from the top of the soil box to determine the initial in situ

density, moisture content and degree of saturation. Also,

two tests at DOB 50 mm were performed without watering

the soil, and may thus be considered as dry. The square

soil 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 height of the soil 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, measured from the target

plate to the surface of the soil. Since the boxes varied in

height, the test module had to be adjusted vertically in

the hanging chains to keep the nominal stand-off distance,
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B. Zakrisson, H.-Å. Häggblad, P. Jonsén

Table 2. Initial conditions for the soil along with test results [13].

DOB 0 mm 50 mm 150 mm 50 mm

State Wet Wet Wet Dry

Density ρ (kg/m3) 1840±17
17 1854±48

31 1842±17
17 1771±5

5

Rel. Vol. solid grains αs0 (%) 63.8±0.5
0.5 64.5±1.3

1.1 64.2±0.5
0.7 –

Rel. Vol. water αw0 (%) 13.6±0.4
0.4 13.2±1.4

1.3 12.8±0.2
0.3 –

Rel. Vol. air αa0 (%) 22.6±0.9
0.9 22.3±1.4

2.7 23.0±0.6
0.8 –

Moisture w (%) 8.0±0.2
0.1 7.7±0.6

0.8 7.4±0.1
0.1 –

Saturation S (%) 37.6±1.5
1.5 37.3±5.4

3.9 35.6±1.2
0.7 –

Max plate deformation δmax (mm) 92.2±1.6
1.7 102.5±2.3

1.8 72.3±0.4
0.5 92.2±0.1

0.1

Residual plate deformation δres (mm) 84.6±0.9
0.9 91.8±2.0

1.1 59.5±0.8
1.3 82.2±0.4

0.4

Momentum transfer Itm (Ns) 1990±20
20 2623±307

373 2833±77
43 2205±55

55

even though a slight variation still was experienced. The

charges buried at 0 and 50 mm depth had a stand-off of

246 mm, while 150 mm DOB had a 235 mm stand-off. The

complete description of all ten tests is given by Zakrisson

et al. in [13]. The average experimental results with devia-

tions are given in Table 2 along with the initial states of

the soil such as the relative volume α for the three phases,

moisture content w and the water saturation, S. Further

information about the test procedure can also be found in

[13, 14].

3. Modelling
The general material models used in this work to describe

the blast loading and structural deformation are described

in this section. The soil material, gaseous material such as

explosive and air, and the structural material, are treated

in separate subsections. The explicit solver of the finite

element (FE) software LS-DYNA V971 R5.1.1 [15] was

used for the numerical simulations.

3.1. Soil material
A non-linear elastic plastic constitutive model adopted for

describing the soil is used, where isotropic behaviour is

assumed. The model is independent of strain rate. In the

elastic part of the constitutive model the bulk modulus, K ,

is assumed dependent on the density, while the Poisson’s

ratio, ν, is assumed constant. The relation between the

isotropic elastic constants in the material model is given as

G =
3K (1 − 2ν)

2(1 + ν)
(2)

where G is the shear modulus [16]. Since the Poisson’s

ratio constant and the bulk modulus is varying, also the

shear modulus will vary. Thus, the resulting elastic sound

speed, c, in the unbounded material will also vary since

c =

√
K

ρ
(3)

One essential feature of a constitutive model for compact-

ing soil is that it has to be able to yield with pressure.

Cap models have that feature. Cap models consists of two

different yield surfaces, a shear failure surface (f1), provid-

ing dominantly shearing flow and a strain-hardening cap

yield surface (f2) that provides yield in pressure. There

are different types of cap models where the yield functions

are written in slightly different forms, a model often used is

for example Drucker-Prager cap model. More complex cap

models used for powder pressing to high pressure with a

highly non-linear behaviour could be found in [17] and [18].

In this work a simple cap model is used consisting of a

combined Drucker-Prager (Equation 4a) and von Mises

yield criterion (Equation 4b) for the deviatoric behaviour

together with a flat cap (Equation 5) for the volumetric

response describing the plastic behaviour.

f1(I1, J2) = q − (MP + C ) = 0 for q < σy (4a)

f1(I1, J2) = q − σy = 0 for q = σy (4b)

f2(I1, X ) = P − X = 0 (5)

where von Mises effective stress q and isostatic pressure

P the is defined as

q =
√

3J2 (6)

P = −
I1
3

(7)
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Figure 2. The constitutive soil model, f1 is the failure envelope and
f2 is the moving strain hardening cap. The cap position X ,
the von Mises yield stress σy, the internal friction angle θ
and the cohesion C is shown.

In the equations above I1 is the first stress invariant, J2 is

the second deviatoric stress invariant, X is the cap position

at the isostatic pressure, σy the yield stress, C the shear

cohesion and M is defined as M = tan(θ), where θ is the

internal friction angle, see Figure 2.

A function is used that controls how the cap yield surface

moves in the stress space, here defined independent of the

effective stress q with a flat pressure dependent cap. In

this work the cap position is given by its relation between

the plastic volumetric strain, density and the mixture of air

(αa), water (αw ) and solid grains (αs) as

εpv = εpv (X, ρ) (8)

and

ρ = ρ(ρ0, αa, αw, αs) (9)

The material parameters in the plasticity model described

above are in many cases dependent of the density and

the water content in the soil. To consider this a three-

phase model is used in this work. The soil is divided into

three phases, solid grains, water and air with the volumes

denoted Vs, Vw and Va, respectively, see Figure 3. In an

explosive process, it may be assumed that the air and water

does not have time to escape, i.e. all three phases exist

during the entire compaction. The total volume is thus the

sum of the volume of each of the three individual phases.

The procedure used here has previously been adapted by

Wang et al., Fišerová, Grujicic et al. and An to mention a

few [2, 4, 7, 19].

The definitions of volumes of a three-phase soil sample is

shown in Figure 3, where the initial relative volume, α , for

each phase is defined as

Vi0
V0

= αi0 (10)

Figure 3. Definition of initial volumes of a soil sample.

where i = a,w, s represents air, water and solid grains,

respectively. The initial saturation, S, is determined as

S = Vw0/Vp0 (11)

If the degree of saturation is 1 (i.e. 100%), the soil is fully

saturated and only consisting of solid grains and water.

The moisture content is denoted w and determined as

w = mw/ms (12)

where mw is the mass of water in the soil sample and ms

is the mass of the solid grains [4].

The initial relative volume for each phase is defined ac-

cording to Equation (10) and can be written as

V0

V0

=
Va0 + Vw0 + Vs0

V0

= αa0 + αw0 + αs0 (13)

Analogously, the current relative volume is given as

Vi
V0

= αi (14)

and the total current relative volume with conservation of

mass becomes

ρ0

ρ
=

V

V0

=
Va + Vw + Vs

V0

= αa + αw + αs (15)

Equation (15) shows that the current density of the soil

sample can be described by the sum of the relative volumes

of each individual phase. The assumption is that all three

phases experience the same pressure at the same time, but

���
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each phase may experience different individual densities

due to different compressibility defined by its equations

of state. Assuming adiabatic conditions, the equation of

state for air can be expressed as

P = P0

(
Va0

Va

)γ

(16)

where P0 is the atmospheric pressure and γ = 1.4 is

the ratio of the specific heats at constant pressure and

volume, respectively. Equation (16) can be rewritten using

and Equations (10) and (14) and applying conservation of

mass to

P = P0

(
ρa
ρa0

)γ

= P0

(
αa0

αa

)γ

(17)

Rearranging for the current relative volume gives

αa = αa0

(
P

P0

)−1/γ

(18)

The equation of state for the water, based on the adiabatic

Tait equation [20], is here defined as

P = P0 +
ρw0C

2
w0

kw

[(
ρw
ρw0

)kw

− 1

]

(19)

where the sound speed for water is Cw0 = 1415 m/s, the

exponent kw = 3 and initial density ρw0 = 1000 kg/m3,

see [4]. Using Equations (10) and (14) and rearranging

Equation (19) analogously as for the air, we have

αw = αw0

(
P − P0

ρw0C
2
w0

kw + 1

)−1/kw

(20)

Using Equation (15) and rearranging, the expression for

the current density gives

ρ =
ρ0

αa + αw + αs
(21)

where αa and αw is calculated using Equation (18) and

Equation (20) for a given pressure. If a relation for the

current relative volume for the solid grains, αs, is known,

Equation (21) will be complete and Equation (8) describing

the cap position can be derived.

3.2. Explosive material and air
The explosive is modelled as a high explosive material

with a Jones-Wilkins-Lee (JWL) form of equation of state

[21]. A combined programmed burn and beta burn model

determines when an explosive element is detonated based

on the initial density ρexp0, detonation pressure PCJ and

detonation velocity D, see [15]. When the criteria for

detonation of an explosive element is achieved, the energy

is released with the pressure defined according to the three

term JWL equation of state as

P = A

(

1 −
ω

R1 · v

)

e(−R1v )

+ B

(

1 −
ω

R2 · v

)

e(−R2v ) +
ωEexp

v

(22)

where A,B, R1, R2 and ω are material constants, v =

ρexp0/ρexp is the relative volume and Eexp is the internal en-

ergy per unit reference volume. The JWL equation of state

for the explosive m/46 used in the blast trials have been

calibrated and validated using cylinder tests presented

in a report by Helte et al. [22], and is used in previous

applied work by Zakrisson et al. [14]. The material- and

JWL parameters for m/46 are given in Table 3.

Table 3. Material- and JWL-parameters for the explosive m/46 [22].

ρe0 D PCJ A B R1 R2 ω Eexp0

kg/m3 m/s GPa GPa GPa – – – GJ/m3

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 equation where

the pressure is defined as

P = (γ − 1)
ρair
ρair0

Eair (23)

where ρair is the current density and ρair0 the initial density

while Eair is the internal energy per unit reference volume.

Also, γ = 1.4 is defined as the ratio between the specific

heat at constant pressure and volume, respectively. The

initial density 1.169 kg/m3 at the pressure 0.1 MPa results

in an initial internal energy Eair0 of 250 kJ/m3 [23].

3.3. Structural material
A common model used to describe materials subjected to

large deformation, high strain rate and adiabatic tempera-

ture 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
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Table 4. Weldox 700E material constants for the modified JC constitutive model [25].

Yield stress Strain hardening Strain rate hardening Temperature softening

A (MPa) B (MPa) n (–) ε̇0(s−1) c (–) Tr (K) Tm (K) m (–)

819 308 0.64 1.00a 0.0221a 293 1800 1

Elastic constants Density Thermal material properties

E (GPa) ν (–) ρ (kg/m3) Cp (J/kg-K) χ (–) α (K−1)

210 0.33 7850 452 0.9 1.2 × 10−5

aModified values compared to reference [25], see [14].

is described by Børvik et al. in [24], where the equivalent

yield stress is defined as

σeq = (A + Bεneq)
(
1 + [ε̇eq/ε̇0]

)c
(1 − T∗m) (24)

where A,B, n, c and m are material constants, ε̇eq and

ε̇0 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 tem-

perature, Tr the room- or initial temperature and Tm the

material melting temperature. In this work, the modified

JC model is used for the steel plate Weldox 700E, which

undergoes large plastic deformation. The material param-

eters used for Weldox 700E regarding the modified JC

model is given by Børvik et al. in [25], shown in Table 4.

The strain rate parameters ε̇0 and c has been adjusted

and used in a previous work [14], in order to better corre-

late the model response with the experimental strain rate

experiments presented in [25]. The temperature increment

due to adiabatic heating is a function of the equivalent

plastic strain increment, equivalent stress, specific heat,

Cp, density and the Taylor-Quinney coefficient, χ , which

represents the proportion of plastic work converted into

heat. The thermal expansion coefficient is defined by α .

4. Material characterization of
sandy gravel
The soil material used in this work is sandy gravel, with a

theoretical maximum density (TMD) of the solid grains of

ρTMD,s = 2670 kg/m3 and grain size distribution accord-

ing to Table 5. The material is categorized as 0–8 mm

“Concrete gravel”. Three types of experiments are done,

with the experimental setups shown in Figure 4. First,

confined compression is done in order to determine the

volumetric response, so a compaction curve with pressure

versus density can be created. Secondly, the cylindrical

samples created in the confined compression tests are used

in uniaxial compression tests (UCT) or Brazilian disc (BD)

tests in order to create a deviatoric yield function.

Table 5. Grain size distribution for the sandy gravel material.

Sieve size (mm) 0.063 0.125 0.25 0.5 1 2 4 8 16

% passing 2 5 11 24 48 71 90 97 100

4.1. Volumetric behaviour
The test setup for the confined compression is shown in

Figure 4a, together with the definition of coordinate system.

Two-sided compaction is performed with a Dartec 250 kN

press. Time, force and displacement data is stored with

100 Hz sampling rate, where the rise time to the maximum

force tested is approximately 100 seconds. The die has

an inner diameter of 25 mm, where the granular sample is

filled. Grains larger than 5 mm were removed in order to

keep the sample diameter about 5 times larger than the

maximum grain size in the specimen [1]. The soil sample

was moistened to an average moisture content of 0.9%.

The die walls were treated with Zink stearate to reduce

the friction during the compaction. A state of uniaxial

strain is assumed, i.e. strain in the axial direction only

where the radial strain is assumed to be negligible during

the compaction. Hooke’s law can be written in tensor

notation as

σij = 3K
1

(1 + ν)

(
νεkkδij + (1 − 2ν)εij

)
(25)

with σ11 = σ22 = σr and σ33 = σz according to the coordi-

nate system shown in Figure 4a. For an isotropic material,

i.e. ij = ji, the relation between the elastic constants

G, K and ν is given by Equation (2). The bulk modulus,

assuming small strains, is defined as

K = −
P

εv
(26)

where P is pressure (mean stress) defined positive in

compression and εv is the volumetric strain [16]. In uniaxial

strain, Equation (26) becomes

K = −
P

εz
(27)
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Figure 4. Test setups for the soil material characterization. In a) the confined compression is shown and in b) the uniaxial
compression is shown; c) shows the Brazilian disc test.

Evaluating Equation (25) for σz using the assumption of

uniaxial strain yields

σz = 3K
(1 − ν)

(1 + ν)
εz (28)

By inserting Equation (27) in Equation (28), rearranged

for the isostatic pressure, we have

P = −σz
(1 + ν)

3(1 − ν)
(29)

where σz may be estimated from the surface pressure

of the punch, knowing the press force and punch area.

Since Equation (29) is only valid during elastic loading-

unloading, it is only the maximum value on the pressure-

density curve and the following elastic unloading that is

represented, i.e. not the non-linear compaction path. The

measured maximum values are shown in Figure 5a, repre-

senting press forces 50 kN, 140 kN and 240 kN, resulting

in a maximum isostatic pressure of about 270 MPa.

Reported values in the literature regarding Poisson’s ratio

for sandy gravel is between 0.15–0.35 [8], where ν = 0.25

is chosen for this evaluation. Further, ν is here assumed

to be constant, i.e. not dependent on density or water

content.

Even though Equation (29) is only valid for the elastic

loading-unloading, it is used during the non-linear com-

paction for all measured press force points to evaluate the

test with the highest density up to a pressure of 270 MPa.

The curve, named “Function” in Figure 5a, is close to

the measured points at all evaluated pressures, and here

used as a reasonable assumption also for the compaction

curve outside the measured points. A 5th order polynomial

function is constructed and used until the full compaction

is reached, given in Figure 5a with coefficients. The full

compaction is assumed linear from the theoretical maximum

density of the individual grains, using the bulk stiffness of

Westerly granite with 21501 GPa/(g/cm3) [26] (also used

in [6]). The bulk modulus is defined by linear interpolation

with respect to volumetric strain from the initial loading

path of the soil at the initial pressure 0.1 MPa and density

1592 kg/m3 to the fully compacted bulk modulus at TMD.

The complete input data for the virgin material (sandy

gravel with 0.9% average moisture content) shown in Fig-

ure 5b is given in Table 6, together with the corresponding

density.

It is reasonable to assume that the theoretical maximum

density for the three-phase medium should reduce if a

greater content of water exist in the medium, since the

density for water is lower than the solid grains. The

density of air is low in comparison to water and solid grains

and is therefore neglected. A function for the theoretical

maximum density of the three-phase medium depending

on the moisture content is introduced as

ρTMD = w · ρw0 + (1 − w) · ρTMD,s (30)

Thus, if no water is included in the medium then ρTMD =

ρTMD,s, otherwise ρTMD is reduced. The bulk stiffness of

Westerly granite representing the fully compacted material

is assumed identical for all states, but the start value for

ρTMD at P = 0.1 MPa is shifted to the TMD according to

Equation (30).
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(a)

(b)

Figure 5. Sandy gravel with 0.9% average moisture content. In
a) pressure versus density, measurement data is shown
together with a polynomial function (based on the mea-
sured compaction) and fully compacted line. In b) the
corresponding tabular data.

Table 6. Tabular data for sandy gravel with 0.9% average moisture
content.

Point ρ (kg/m3) ε
p
v (–) P (MPa) K (MPa) Fs (–)

1 1592 0 0.1 4.3 1.0000

2 1733 −0.0848629 0.5 7685.1 1.3047

3 1874 −0.1630841 4.3 15366.0 1.3645

4 2015 −0.2356281 13.0 23046.7 1.2884

5 2156 −0.3032636 31.5 30727.6 1.2109

6 2297 −0.3666128 81.2 38408.4 1.1401

7 2438 −0.4261869 208.0 46089.3 1.0764

8 2579 −0.4824106 492.6 53770.1 1.0196

9 2720 −0.5356408 1075.1 61444.0 0.9691

The initial relative volumes for the sample used to cre-

ate the input data given in Table 6 is αa0 = 0.392,

αw0 = 0.017, αs0 = 0.591. If all three phases is as-

sumed to exist during the compaction, a relation for αs
corresponding to the isostatic pressure P can be derived

using the polynomial function given in Figure 5a together

with Equation (18), (20) and (21). This is further gener-

alized to the function Fs(P), given as the ratio between

αs and αs0. Tabulated data of Fs is shown in Table 6.

Fs is further assumed to be as valid representation for

the solid grains as the corresponding ratios for air and

water given in Section 3.1, and completes the three-phase

system. For any given pressure and desired values for

the initial relative volumes representing the three phases,

the current relative volumes αa and αw are determined by

Equation (18) and (20). The current relative volume for

solid particles, αs, is determined by interpolation between

pressures using the above relation Fs(P). That is,

αs = αs0Fs(P) (31)

From Equation (21) the total density of the three-phase

system completes the density-pressure relation for the

three-phase soil,

ρ = ρ0/

[

αa0

(
P

P0

)−1/γ

+ αw0

(
P − P0

ρw0C
2
w0

kw

)−1/kw

+ αs0Fs(P)

] (32)

Using the relation between density and plastic volumetric

strain,

εpv = ln

(
ρ0

ρ

)

(33)

Equation (8) which describes the hardening of the soil

depending on the cap position X finally becomes

εpv = ln

[

αa0

(
X

P0

)−1/γ

+ αw0

(
X − P0

ρw0C
2
w0

kw

)−1/kw

+ αs0Fs(X )

] (34)

The three-phase approach can now be used in an attempt to

create the input data corresponding to all the different soil

conditions with actual initial relative volumes representing

the field blast trials, given in Table 2.
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4.2. Deviatoric behaviour
The yield strength in shear is characterized by means of

using two different experimental methods; uniaxial com-

pression test (UCT) and Brazilian disc test (BD), (also

known as diametral compression). For the UCT, a cylin-

drical sample is manufactured. A height to diameter ratio

of two is considered to be sufficient to eliminate the end

effects on the strength measurements [1, 5]. There exists

a significant difference in the present study compared to

unconfined compaction of concrete and rock, since the lat-

ter samples are “casted” or taken from a drilled core and

not compacted in a closed die, as in the present case. The

height to diameter ratio of two was initially tested in the

setup, but the wall friction between the sample and die

walls was deemed too high, even though Zink stearate

was used to reduce the friction. Further, a specimen with

height to diameter ratio of two showed a more signifi-

cant tendency to form surface cracks during the ejection

phase. Both effects will influence the unconfined compres-

sive strength. For that reason, a height to diameter ratio of

about one was chosen, even though the strength is likely

to be somewhat overestimated.

The previously compacted and ejected cylindrical sample

using confined compression is placed on a rigid support,

without lateral confinement in the radial direction. The

Dartec press pushes in the vertical direction. Equation (6)

gives the definition of the von Mises effective stress, which

in uniaxial stress state becomes

q = |σz| (35)

The isostatic pressure in uniaxial stress becomes

P = −
σz
3

(36)

The vertical stress σz is, in the same way as for the con-

fined compression test, estimated as the surface pressure

defined by the press force and the sample top surface

area. When the sample is compressed, the deviatoric stress

will increase according to Equation (35), and successively

expand radially since no confinement exists. When the

failure stress is reached, the ability for the sample to carry

strength is successively reduced. The maximum value is

thus defined as the failure strength at pressure defined

by Equation (36). The samples evaluated with UCT cor-

respond to the measurements in Figure 5a, where the

residual (unloaded) density is determined after the ejec-

tion phase. This gives an individual point on the yield

function for all UCT, related to its density.

The second test performed to form the deviatoric yield

function is the Brazilian disc test, where the specimen is

Figure 6. The Brazilian disc test using distributed load [27, 28].

Figure 7. Yield function for sandy gravel. Measurements with
Brazilian Disc (BD) and Unconfined Compression Test
(UCT) are shown, where the yield function represents the
Drucker-Prager line with 0.9% average moisture content
and ρ = 2234 kg/m3.

assumed to experience a biaxial stress state. The experi-

mental setup for a Brazilian disc test is shown in Figure 4c,

and consists of a frame with two parallel compressive tools

and a load cell mounted into a Dartec 100 kN press.

The displacement is measured with a LVDT-displacement

transducer, mounted between the compressive tools with

an accuracy of ±0.1% linearity. The load cell measures

forces up to 5 kN with an accuracy of ±0.5 N. A thin

disc is compressed diametrically, where a thickness over

diameter ratio t/D ≤ 0.25 ensures plane stress condition

[27, 28]. This introduces a tensile force in the positive and
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(a) (b)

(c) (d)

Figure 8. Experimental investigation on the yield function friction angle (θ) and cohesion (C ). a) and b) shows density (ρ) dependence for dry
samples, c) and d) shows moisture (w) dependence for wet and dry samples.

negative x-direction according to Figure 6. The method

has evolved from applying a single point load to instead

applying a pressure over a segment. The distributed load

decrease the risk of introducing fracture near the load

contact but has almost no influence within the body, and is

valid for angles up to 2β = 22.90°. The angles used in the

experimental setup shown in Figure 4c is 2β = 14°with

the arc radius 12.7 mm [28]. The equations relating the

stress at the centre of the specimen, where the tensile

failure is expected, are

σx (0, 0) =
2p

π

(
sin(2β) − β

)
(37)

σy(0, 0) = −
2p

π

(
sin(2β) + β

)
(38)

τx,y(0, 0) = 0 (39)

where p is the surface pressure. Substituting the surface

pressure by the press force given by F = pβDt, and

the other stresses zero due to plane stress condition, the

deviatoric stress and the isostatic pressure is determined

according to Equations (6) and (7). The yield strength

for both the UCT and BD tests are shown in Figure 7

for sandy gravel with 0.9% average moisture content. By

connecting results from UCT and BD with same density a

deviatoric yield function can be constructed.

There was a large scatter in the measured densities be-

tween the BD and UCT results, but at 2234 ± 4 kg/m3,

points were connected. Despite the large scatter in mea-

sured densities, further deviatoric yield curves were gen-

erated from the measured data in order to investigate

the trend of the density effect of the yield function. In

Figure 8a and 8b, the internal friction angle, θ, and the
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Figure 9. Soil material. Yield function f1 defining shear stress failure
versus pressure, σy = 226 MPa, θ = 70.4°, C = 0.2 MPa.

cohesion, C , is plotted against density, respectively. It is

shown that the friction angle does not change significantly

with the density, and the cohesion is only slightly affected

by density. Further, limited BD and UCT experiments

with moistened samples were carried out to investigate

the influence of water content on the yield function. In

Figure 8c and 8d, the influence of water content in the

sandy gravel is examined in the range of 0–10% moisture.

The results in Figure 8c show no significant change of the

friction angle, while the result in Figure 8d show a small

decrease of the cohesion for increased moisture content.

Since the deviatoric and volumetric response of the yield

model used in the simulations and presented in Section 3.1

is decoupled, the deviatoric yield function is independent

of density. One yield function for a general density is also

sufficient based on the results in Figure 8a and 8b. The

relation between shear strength and pressure is close to

linear for soft soils loaded up to 500 MPa, see [11]. In

this work, the deviatoric yield function shown in Figure 7

(Equation 4a) is extrapolated up to the unconfined strength

of Pike’s Peak granite at 226 MPa, see [26], where a von

Mises cut-off (Equation 4b) is used in analogy with pre-

vious work by Laine and Sandvik [6]. The complete yield

function f1 given by Equation 4 and used in all simulations

in this work is shown in Figure 9. Further, a tensile cut-off

of 1 mPa is used, which is reasonable since soils with

larger grain size are generally considerable cohesion less,

see [12] and Figure 8b and 8d.

4.3. Comparison to literature

In Figure 10, literature data are shown together with data

obtained in the present work. Regarding the volumetric

data of pressure versus density shown in Figure 10a, both

dry and fully saturated quartz sand (see [10]) is shown

(a)

(b)

Figure 10. Literature data compared with present work. In a) volu-
metric compression, b) deviatoric yield function. Unrefer-
enced curves correspond to the present work.

together with sand with moisture content 6.57% (see [6])

and the sandy gravel with 0.9% moisture content. Also,

a fully saturated sandy gravel curve is shown, derived

using the three-phase approach. The quartz sand data

show that fully saturated state stiffens and reach its fully

compacted state earlier than the dry state. A similar trend

can be seen regarding the sandy gravel. The sand and
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Figure 11. To the left, the material contours in the 2D model are
shown prior to detonation. In the middle, at the time
when the shock wave reaches the upper boundary of
the 2D model. To the right, the 3D model is shown after
mapping from the last 2D state.

sandy gravel is more porous compared to quartz sand,

which may be explained due to the difference in the grain

size and its distribution, see Table 1. In Figure 10b, the

deviatoric yield function derived in the present work has

steeper inclination compared to both yield functions from

the literature [1, 6]. The literature data was derived using

a triaxial apparatus. The “sand & gravel” data was derived

with the primary aim to characterize the development of

cumulative permanent axial strain with the number of load

applications for different tests [1]. A number of 80 000

cycles was performed. How the multiple cyclic loading

affects the yield function compared to a single cycle test

is not reported.

5. Numerical simulations
In this section, the numerical models to simulate the field

blast trials are described. In order to simulate the large

expansion of gases (such as explosion in soil and air), an

Euler description have been used. The structural plate de-

formation is described with a Lagrange description, where

frictionless contact is defined between the surrounding

structures. A penalty based fluid-structure-interaction

(FSI) is used to couple the state variables from the materi-

als in the Eulerian domain to the structural parts in the

Lagrangian domain [29]. All models and simulations are

representing the geometry of the test rig used in the field

blast trials. The experimental geometry is represented

in 3D, which is modelled using quarter symmetry, see

Figure 11. The gas dynamics of the blast process can

however be considered as axisymmetric until the shock

wave reaches the structure. The gas expansion is there-

fore simulated in a 2D axisymmetric Eulerian model until

Figure 12. The XZ-view of the mesh distribution in the Eulerian do-
main is shown, with a total of 174 000 elements. Denser
element distribution is located laterally towards the sym-
metry axis as well as vertically towards the position
of the target plate. Bias B indicates the ratio of the
largest/smallest element length across a distance.

the symmetry condition is about to be violated. A map

file of the state variables is written from the last state of

the 2D simulation. The map file is used to initialise, or

“fill”, the 3D Eulerian domain with the last state of the

2D simulation, where the sequence is shown in Figure 11

from left to right. In this way, a denser Euler mesh can be

used in the initial 2D simulation with high resolution of

the shock wave build-up, while a coarser Eulerian mesh

is used in the 3D domain to save computer (CPU) time

without significantly reducing the accuracy. This approach

has recently been used by Zakrisson et al. in [14].

5.1. Finite element models
The FE models of both the initial 2D Eulerian model

and the 3D Eulerian and Lagrangian model are shown in

Figure 11 with the explosive buried at 50 mm depth. The

2D model regarding DOB 0 and 50 mm has dimensions

500 × 750 mm while DOB 150 mm has dimensions 500 ×

850 mm. A uniform quadrilateral element size of 0.5 mm

is used for the 2D models, leading to a total of 1 492 000

and 1 700 000 elements respectively. In [14], a uniform

2D mesh size of 0.5 mm was found necessary in order

to preserve the accuracy for a free air detonation using

identical stand-off, charge size and geometry as in the
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Table 7. Definition of simulation cases.

Case DOB

(mm)

Moisture

w (%)

Saturation

S (%)

Initial density

ρ0 (kg/m3)

Soil state

1 0 7.7 36.8 1845 Wet

2 50 7.7 36.8 1845 Wet

3 150 7.7 36.8 1845 Wet

4 50 0.9 4.1 1771 Dry

5 50 8.3 42.7 1902 Wet

6 50 7.8 33.4 1823 Wet

present case. Thus, identical mesh size is used here for

detonation in soil as well.

Regarding the 3D Eulerian mesh, smaller element sizes

were used closer to the axis of revolution and towards the

target plate, with coarser elements towards the boundaries.

The same Eulerian domain is used irrespectively of DOB,

and consists of 174 000 solid hexagonal elements in total.

The size and mesh distribution in the XZ-view is given in

Figure 12, where the sign # is followed by the number of

elements along a distance. 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. For the 3D model, 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 of air, soil and explosive.

The Lagrangian domain consists of the test module, includ-

ing the target plate and plate holder, and is identical to the

model used in [14]. The Lagrangian parts consist of 12 180

elements in total, where the target plate is represented by

3 600 elements. 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.

5.2. Simulation cases
In the present work, material data for dry soil is obtained

which combined with a theoretical three-phase model al-

lows to create material data corresponding to different

water saturation levels of the soil. This methodology has

been used to create material data to represent the soil

conditions of the field blast trials presented in Section 2.

The simulation cases are presented in Table 7. Case 1–3

are based on the average input data from all wet tests

presented in Table 2, while Case 4 is based on average

data from the dry tests. Case 5 and Case 6 represent the

high and low variation of the initial density and saturation

of the wet tests at DOB 50 mm, since there was a large

scatter in both the soil state and the measured response.

The simulation cases are representing the condition of the

test with the stand-off distance from the surface of the

Figure 13. Cap position (X) and bulk modulus (K) as function of
density for the different simulation cases.

sand to the target plate as stated in Section 2. Tabulated

data for the simulation models are provided in Table 8.

Corresponding functions are shown in Figure 13.

The mapping from 2D to 3D is used in all simulations,

and since all simulations in this work has different initial

conditions, an initial 2D simulation has to be performed

for every simulation case. The actual time when the shock

wave reaches the boundary in the 2D model deviates due

to the different soil states and burial depths, but is about

0.06, 0.3 and 0.65 ms with the increasing DOB tested. In

3D, the simulation continues to 2 ms for DOB 0 mm, 4 ms

for DOB 50 mm and 8 ms for DOB 150 mm. At those times,

the FSI force is close to zero and the Eulerian domain

is deleted since the blast acting on the structure has
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Table 8. Tabulated input data for soil, corresponding to the simulation cases.

Case 1–3 Case 4 Case 5 Case 6

# ρ (kg/m3) X (MPa) K (MPa) ρ (kg/m3) X (MPa) K (MPa) ρ (kg/m3) X (MPa) K (MPa) ρ (kg/m3) X (MPa) K (MPa)

1 1845 0.1 321 1771.0 0.1 6047 1902 0.1 566 1823 0.1 270

2 1939 16 7624 1771.4 1.5 6047 1988 25 7855 1920 14 7551

3 2034 33 14927 1907 5.8 13961 2074 50 15144 2017 29 14831

4 2128 71 22230 2042 15 21875 2160 100 22432 2113 63 22112

5 2222 147 29534 2178 36 29789 2245 190 29721 2210 134 29392

6 2317 279 36837 2313 91 37703 2331 333 37010 2307 263 36673

7 2411 489 44140 2449 222 45616 2417 543 44298 2404 472 43953

8 2505 795 51443 2584 510 53530 2503 836 51587 2501 787 51233

9 2600 1230 58256 2720 1075 61444 2589 1236 58018 2597 1242 58099

10 2822 6020 58256 3000 7095 61444 2811 6020 58018 2810 5805 58099

past. The calculation is thereafter restarted to allow the

residual deformation of the plate to converge, and continues

until 12 ms for DOB 0 and 50 mm, and 16 ms for DOB

150 mm. The maximum plate deformation, δmax , is stored

in the calculation, while the residual plate deformation,

δres, is determined with the inner edge of the rigid rig as

reference. From the time of the maximum plate deformation

to the simulation end time, a mean value is calculated

which represents the residual plate deformation in the

calculations. The impulse is determined by integrating

the total vertical FSI force over time, IFSI , where the end

value represents the transferred impulse to the quarter

symmetry model. The presented values in comparison to

the experiments are thus multiplied by four. This is an

identical approach as previously used in [14].

6. Results
The descriptions of the achieved results are divided into a

comparison with experiments and a more general descrip-

tion of the simulation results.

6.1. Comparison with experiments
The results from all simulation cases are shown in Ta-

ble 9. A visualisation of the experimental and numerical

deformed target plate mounted on the test module is shown

in Figure 14. In Figure 15, a relative comparison is shown

between the numerical results for Case 1–6 and the exper-

imental results presented in Table 2, regarding maximum

plate deformation, residual plate deformation and impulse

transfer. Case 1–4 is compared to the average experimen-

tal results, and also include an error bar representing the

experimental scatter. Case 5 and Case 6 is compared to

the corresponding individual experiments with the upper

and lower density and saturation variations, and contains

therefore no error bar.

Table 9. Numerical results, where δmax is the max dynamic
plate deformation, δres the residual plate deforma-
tion and IFSI the impulse transfer.

Case DOB (mm) δmax (mm) δres (mm) IFSI (Ns)

1 0 82.4 75.8 1642

2 50 97.0 89.5 2363

3 150 75.5 67.2 2461

4 50 86.4 80.8 2290

5 50 103.4 95.1 2621

6 50 92.1 85.7 2399

The numerical results both under- and over predict the

experimental results. Regarding the max plate deforma-

tion, Case 1 and Case 2 under predict the experimental

result with 10.6% and 5.4%, respectively, while Case 3

over predicts with 4.4%. A similar trend is shown for the

residual plate deformation for Case 1–3. Regarding the

impulse transfer, Case 1–3 all under predicts the experi-

mental results with 10–17.5%. Note that for Case 2 the

experimental variation for the impulse is quite large, where

the top limit of the error bar actually over predicts the ex-

perimental average. The dry soil condition, Case 4, shows

best agreement of all cases to the experimental results

with total deviation in results between 1.7–6.3%. By using

the three-phase model, it is possible to tune the input

data to the specific initial state of the sand at the test.

Case 5 uses the upper and Case 6 the lower variations of

density and relative volumes of the corresponding test at

50 mm depth of burial. The numerical comparison to the

corresponding individual experimental result is shown in

Figure 15, but includes no experimental variation since the

numerical value is compared to a single experiment. Both

maximum and residual plate deformation is close to the

corresponding experimental result, Case 5 within 1.3–1.4%

and Case 6 within 5.5–8.5%. The impulse is however under

predicted with about 10.5% for Case 5, while Case 6 over

predicts with 6.6%.
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Figure 14. Experimental (left) and numerical (right) visualisation of the deformed target plate mounted on the test module.
The numerical view has been reflected from quarter- to full symmetry and shell elements are visualized with actual
thickness for comparison.

Figure 15. Numerical results for Case 1–6 relative to the experi-
mental results regarding max plate deformation, residual
plate deformation and impulse. Case 1–4 are given with
confidence bounds from the experiments.

6.2. Influence of burial depth

The simulation results of Case 1–3 are investigated further

in this Section. The cases correspond to identical soil

conditions, but with different depth of burial. The material

contours in the initial 2D simulation for each case are

shown in Figure 16, both prior to explosive detonation

and at the 2D end time. At the 2D end time, the shock

wave has almost reached the upper boundary (at stand-off

250 mm) and the map file for each case to be used in the

3D simulation is written. It is clear that the arrival time

of the shock wave increases with increasing DOB. This is

also shown in Figure 17, where the FSI force and maximum

displacement of the plate normalised to its maximum value

Figure 16. Explosion behaviour at different burial depths (DOB).
Upper picture shows the explosive (red), soil (brown)
and air (blue) prior to detonation. Lower picture shows
the material expansion at the time when the shock wave
reaches the top boundary at 250 mm from the ground
surface.

for each DOB is illustrated against time. The FSI force

increases almost immediately when the shock wave reaches

the target plate. The time difference between the peak

force and the max plate deformation decreases for DOB

150 mm compared to 0 mm and 50 mm. In all cases, the

blast force continues to load the target plate a while after

the max plate deformation is reached. Hence, if only plate

deformation is of interest to study, the Eulerian domain

may be deactivated earlier in order to reduce CPU-time.

Further, the shock loading is more abrupt the closer to the
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Figure 17. Force from the Fluid Structure Interaction (FSI) and max-
imum displacement of the target plate, δmax , normalised
to its maximum value for each burial depth (DOB) is illus-
trated against time.

Figure 18. Module jump, Ztm, at different depths of burial (DOB)
plotted against time. Solid blue line represents experi-
ment, dashed red line represents numerical simulation.
Diamonds indicate max Ztm.

surface the mine is buried. At DOB 0 mm, the mine is flush

buried, hence no soil covers the mine and the shock wave

only travels in air. The shock loading is therefore more

immediate for DOB 0 mm than DOB 50 mm and 150 mm.

In the experiments, the vertical jump of the test module, Ztm,

was measured in time with a linear position sensor, and is

shown for each DOB in Figure 18, both for a representative

test and the corresponding numerical simulation. The

numerical trend is similar to the experimental trend, where

the height of the module jump and the return time is

increasing with DOB.

Both the max dynamic plate deformation and impulse trans-

fer against DOB are shown in Figure 19 for the experiments

and numerical simulations. The plate deformation is in-

Figure 19. Numerical and experimental trends of burial depth (DOB).
Diamonds corresponds to the max dynamic plate defor-
mation on the left axis, circles corresponds to the trans-
ferred impulse on the right axis. Symbols filled with black
corresponds to experiment, white to numerical simulation.

creasing from 0 to 50 mm DOB, but then decreases at

DOB 150 mm. According to Equation (1), the impulse

transfer is proportional to the square root of the vertical

module jump. Therefore, the impulse transfer shows similar

trend as Ztm shown in Figure 18, with increasing impulse

with increasing DOB.

7. Discussion and conclusion
Blast experiments have been investigated in an earlier

work, with explosive located in moistened sandy gravel at

three different burial depths, where also dry soil has been

tested at one burial depth. In the wet soil experiments, the

average moisture content was 7.7%. One purpose with the

experiments was to collect data to be used for validation

of numerical modelling of the blast process. The measured

response was max dynamic plate deformation, residual

plate deformation and impulse transfer.

Most volumetric characteristics of soil-like material in the

literature are based on very fine-grained sand (e.g. see for

example [4, 6, 10, 11]). Not much data with coarser grained

soil may be found in the literature. Since the application

in this work is blast loading, where the soil is greatly com-

pacted, a characterization to as high pressure as possible

is preferable. In this work, material characterization of

sandy gravel at low moisture content has been presented.

Outside the data range, reasonable extrapolation to the

theoretical maximum compression is made. Even though

a relatively simple approach of characterization has been

used, the derived data compares reasonably well with other

data reported in the literature. A cap plasticity model in
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combination with a three-phase description representing

the soil has been used in order to analytically construct

material parameters depending on the relative volumes

of solid grains, air and water, i.e. different degrees of

water saturation. It is assumed that the air and water does

not have time to escape from the soil during the highly

dynamic compaction by the explosion. This unified consti-

tutive model for soil has been used as input for numerical

simulations of explosions in soil with different character-

istics where a comparison against the experimental blast

results has been made.

The numerical results deviate from the experimental re-

sults with 1.3% as least and 17.5% as most. The largest

deviations are shown regarding the impulse transfer. The

density and water content measurements in the experi-

ments were performed manually using a confined volume.

Hence, there exist an unknown experimental uncertainty

regarding the state and uniformity of the soil. There is

also a large scatter regarding the initial conditions and the

experimental results, primarily at 50 mm depth of burial in

wet soil. Numerical input data based on the three-phase

model made it possible to evaluate the individual extremes

of the test, which was found more successful than based

on averaged initial conditions. The large underestimation

of the impulse between the numerical simulations and the

experiments for wet soil can however to some extent be

attributed to uncertain initial conditions. Further, the over-

all best comparison between experiment and simulation is

shown for dry soil with a maximum deviation of 6.3%. The

dry soil case also includes least uncertainty both regarding

the initial soil conditions in the blast trials along with the

numerical input data for the soil.

Several uncertainties exist, both in the numerical simu-

lations as well as in the experiments. The procedure for

simulating the blast load with improved accuracy in the 3D

domain was investigated in [14] and adopted in this work.

However, the blast load is still likely to be underestimated

to some extent, primarily due to numerical reasons. The

dry state of the soil material has been characterized in this

work, where data outside the measured range is unknown

and therefore extrapolation is used. Further, a theoretic

model to include different degrees of water and air in

the soil is adopted. These assumptions have only been

validated in the simulations corresponding to the blast

experiments presented in this work. The blast experiments

show a scatter in the results. Ideal symmetry and uni-

formly distributed initial conditions of the soil is assumed

in the simulations. The outcome of the blast experiments is

however likely to be sensitive to the degree of compaction

and saturation and symmetric alignment.

The numerical and experimental trends in structural re-

sponse against the burial depths of the explosive coincide.

A larger impulse transfer with a greater burial depth is

shown. Further, the plate deformation increases from a

flush buried explosive to a burial depth of 50 mm, with a

following decrease in plate deformation at 150 mm burial

depth. The trend regarding plate deformation, together

with simulation images of the material expansion profile,

indicates that there exists a DOB-dependent localisation

effect of the blast load towards the revolution axis of the

cylindrical explosive.

The most important contribution to the literature of this

work is the presented methodology with a unified constitu-

tive model for soil mixtures coupled to a simple approach

of characterization. It is concluded that the presented cap

plasticity model combined with a three-phase description

of the soil show both qualitatively and quantitatively good

results for varying burial depth of the explosive. Further

validation of the three-phase model should if possible be

investigated at a greater variation of saturations.
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Abstract 

Experiments of clamped circular steel plates blast loaded to fracture by lowering 
the stand-off distance to the explosive charge are presented. Three types of plates 
are tested, where two are perforated with circular holes in different diameter at the 
centre, and one plate is kept solid. The experimental setup is designed with special 
focus on simplifying for future numerical modelling, with emphasis on boundary 
conditions. A dependence of the friction condition of the rig support surface is 
observed to influence both the fracture location on the plate and the stand-off 
distance at fracture. For non-fractured target plates, structural deformations are 
reported. Further, the stand-off distance to fracture is more than twice as high for 
the perforated target plate with the largest hole diameter compared to the solid 
target plate. 
 

1. Introduction 
The defence industry is consistently in need of increasing and improving the 
protection for components and personnel against various threats, for instance 
explosive blast loading. Numerical simulations are today a great aid in product 
development. There is however always need of reliable, representative and cost 
effective experiments in order to validate numerical models, but also to compare 
different materials against each other. Experimental observations on blast loaded 
thin steel plates have been extensively reported in the literature. Nurick and 
Martin [1,2] compiled reviews about a large amount of theoretical and 
experimental work. Further, they modified a dimensionless damage number from 
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the literature in order to compare tests of different materials, dimensions and 
loading conditions. This modified damage number was first developed to include 
either circular or quadrangular plates under uniform impulsive loading. Several 
different tests have subsequently been performed in order to investigate the 
inelastic impulsive response of steel plates up to fracture under various loading 
conditions, both under uniform and localised loading. Usually, the impulse 
transfer and plate mid-point deflections due to the explosive load are measured. 
For instance, Teeling-Smith and Nurick investigated the deformation and tearing 
of clamped thin circular plates subjected to uniform impulsive loading [3]. The 
uniform load was formed by detonating a sheet explosive positioned on a 
polystyrene pad on the plate surface. They found that the steel plates fractures at 
the support at sufficiently high impulsive loading. Nurick et al. [4] further 
investigated the effect of boundary conditions of the support edge with uniformly 
blast loaded clamped circular plates. The edge conditions of the support were; 
sharp edge, radii 1.5 mm and 3.2 mm. Observations on the material thinning at the 
support showed a distinct indentation for the sharp edge, while a smooth necking 
similar to a uniaxial tensile bar test was shown for the rounded edges. Fracture 
occurs at the support irrespective of edge condition, but the impulse required for 
fracture increases linearly as the boundary radius increases. Hence, a more relaxed 
support results in less abrupt deformation at the edge. Nurick and Radford [5] 
further reported experimental observations from localised impulsive loading on 
clamped circular plates up to fracture, using a clamp with a sharp edge. The 
localised load was formed by detonating cylindrical explosive charges of different 
sizes centrally positioned on top of a polystyrene pad on top of the plate. The plate 
deformation due to uniform impulsive loading is reported as a global dome, 
whereas localised central impulsive loading resulted in an inner dome at the centre 
superimposed on the global dome. The position of the change in curvature 
between the inner and global dome was termed inflection point. The localised 
loading showed material thinning at both the boundary and the central area. At 
sufficiently high impulses, tearing occurred predominantly at the central area 
forming a cap-shaped disc fragment. The inflection diameter does however not 
necessarily coincide with plate thinning and subsequent tearing. 
 
The experimental procedures mentioned above appear to be a reliable and 
effective way of studying the impulsive response of plates under controlled 
conditions. In standard procedures for protection level evaluations of armoured 
vehicles, the prescribed load conditions usually involve cylindrical charges 
detonated in air or buried in the ground [6]. The stand-off distance between the 
explosive charge and the target is, for military vehicles, usually naturally 
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determined by the ground clearance. Even though the explosive and test condition 
is well defined, the actual load acting on the structure is likely to be less defined. 
One of the challenges currently lies in predicting both the blast load along with 
the structural deformation under the above mentioned complex conditions using 
numerical simulation tools. 
 
In this paper, field experiments of cylindrically shaped explosives detonated in air 
acting on clamped target plates in steel are presented. The explosive is detonated 
in air, where the charge stand-off distance to the target plate is lowered until the 
material limit is observed. The material limit of the target plate is here termed 
fracture, in the sense of the capacity to further carry load. The desire is to prevent 
fracture at the support, hence local impulsive loading is endeavoured. The inner 
edge of the rig support is therefore designed with a large radius based on 
observations by Nurick et al. [4,5]. Results regarding simply supported steel plates 
subjected to air blast loading are presented by Zakrisson et al. in [7]. A friction 
dependence on the support based on measured mid-point deflections are reported, 
where oil coated boundary (lubricated) showed slightly larger deflections 
compared to an untreated (dry) boundary. The effects of using dry and oil coated 
conditions at the rig support is tested and reported also in the present work. Three 
types of target plate geometries are tested; two geometries are perforated with a 
central circular hole in different diameters of up to 2.5 times the plate thickness, 
while one geometry is kept unperforated (solid). Rakvåg et al. [8] reported that 
few papers related to blast loaded plates with perforated holes are available. The 
main purpose of the perforated plates is however to ensure fracture initiation at 
the plate centre, along with providing a fracture condition in a different stress state 
(uniaxial) compared to a solid target plate. Further, the experiment is designed and 
performed to motivate rotational symmetry, frictionless contact and fixed edge 
boundary condition of the steel plate in numerical modelling.  
 

2. Experimental procedure 
All experiments in this work are performed using 0.375 kg of the plastic explosive 
m/46, commercially known as NSP71, with density =1500 kg/m3. The diameter 
to height ratio of all the cylindrically shaped explosive charges is 3. 

2.1 Fracture blast rig 
An experimental rig developed for the purpose of blast testing up to the fracture 
limit of a clamped target plate is shown in Figure 1. The rig is circular in shape, 
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where the parts consists of a bottom plate, tube, stop pin plate, top plate, plate 
holder and a target plate clamped between the top plate and the plate holder. 
These parts are shown in Figure 1 and further described in Table 1, where h is the 
nominal height or thickness, Øo and Øi is outer and inner diameter, respectively. A 
total of 6 symmetrically positioned rig mounting screws (MC6S 12.9 DIN 912 
M16x220) are inserted in the bottom plate, through the tube and the stop pin plate 
into the threaded top plate, see Figure 1. The target plate is positioned on top of 
the top plate, with a plate holder clamping the plate against the top plate with 12 
mounting screws (M6S 10.9 DIN 931 M16x120). The screws are applied with a 
moment of 275 Nm using a torque wrench. All part surfaces in contact with other 
parts (except the target plate) were machined by flat-face milling in order to get 
smooth contact surfaces. 

 
Figure 1. Cross sections of the fracture blast rig used in the experiments to clamp a target 
plate. Names of main parts of the rig are given in the boxes to the left. 
 
In an attempt to mimic a fixed boundary condition along the edge of the plate to 
motivate assumptions in future numerical simulations, stop pins are used. A total 
of 24 circular holes were cut along the edge of the target plate in order to apply 
pins to prevent radial plate motion at the edge. The stop pins are mounted through 
the plate holder, target plate and the stop pin plate, see Figure 1. If radial sliding 
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of the plate occurs, the stop pins will be in contact with the outer edge of the top 
plate. Elongated holes were cut in the target plate where the mounting screws are 
applied, in order to prevent influence from the screws if radial sliding of the plate 
occurs within the clamp connection. Hence, radial sliding without interference of 
screws may also be tested if no stop pins at all are used. The stop pins consisted in 
this work of M16 screws in 10.9 quality. 
 
Table 1. Details of the fracture blast rig. Parts are visualised in Figure 1. 

Part 
Height 

(thickness) 
Diameter (mm) 

Material Misc. Outer Inner 
h (mm) Øo Øi 

Bottom plate 50 320 - S890QL - 
Tube 200 320 200 S355J2plusN - 
Stop pin plate 20 525 200 Weldox 900E - 

Top plate 50 450 200 S890QL Fillet 
r=40mm 

Plate holder 20 525 280 Weldox 900E Champfer 
10x45� 

Target plate 4 550 Sa, 3, 10 Weldox 700E See Figure 2 
a Solid target plate 
 

2.2 Target plates 
The steel material Weldox 700E with a nominal thickness of 4 mm was chosen as 
target plate in all tests. For more information about the steel material, see Dey et 
al. [9].Three different types were tested; solid plate (S) and two types of centrally 
perforated plates with circular hole in diameter of either 3 mm (Ø3) or 10 mm 
(Ø10), respectively. The dimensions of the target plates are identical for all plates 
except for the central hole, see Figure 2. The target plates were cut using laser. 
The rolling direction in the manufacturing process is noticed by a small dimple 
along the radial direction. All the target plates went through sand blasting, in 
order to smoothen the surface. 
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Figure 2. Dimensions of the target plate, with nominal thickness 4 mm. Here, a centrally 
positioned hole of 10 mm in diameter is shown. 

 
 

2.3 Explosive charge positioning 
In repeated tests, it is of essence to maintain as equal conditions in the setup as 
possible to limit uncertainties associated with the procedure. In order to reduce 
effects of non-ideally explosive shape and positioning and to simplify the 
procedure to vary the stand-off distance (SoD), blocks shaped by water cutting of 
extruded polystyrene is used in this work as shown in Figure 3. A 20 mm thick 
circular base with inner diameter equal to the inner diameter of the plate holder is 
positioned on top of the plate holder. From the base, block distances of 20 mm or 
50 mm are mounted on wooden sticks up to the chosen stand-off distance. Three 
symmetrically positioned vertical pillars of distances are formed from the base, 
see Figure 3. For SoD larger than 200 mm, an extra base section is used also at the 
middle height in order to stabilize the pillars. The explosive holder is cut with a 
central hole with diameter of 98.5 mm, with a thin section of cardboard glued to 
the bottom. In the central hole of the explosive holder, 0.375 kg of the plastic 
explosive is formed to a cylinder resulting in a diameter to height ratio of 3.  
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Further, inside the explosive holder on top of the explosive, a blast cap holder is 
placed to better control explosive initiation at the centre of the explosive. The 
explosive holder is positioned on top of the three pillars of distances.  The base is 
finally centrally aligned by ensuring that the base inner perimeter follows the 
inner perimeter of the plate holder, see right picture in Figure 3. 
 

2.4 Measurements of structural deformation 
Prior to the experiments, individual plate thickness of all steel plates were 
measured at four positions using a micrometer. Further, the diameter of the 
centrally positioned hole was measured when Ø3 or Ø10 target plates were used. 
The SoD from the plate surface to the bottom of the explosive holder was 
measured at three positions using a measuring tape. The explosive holder was 
then adjusted in height until equal stand-off at all three positions was achieved. 
Both nominal (endeavoured) and measured (actual) plate thickness, plate hole 
diameter and SoD are reported for each test. 
 
For designated tests, the maximum dynamic deformation, max, of the plate mid-
point was determined using a crush gauge (CG) consisting of a block of thin-
walled aluminium honeycomb. This method has been used in previous work, see 
e.g. [7,10], and is a reliable and simple method to use in field trials without the 
need of electricity or signal processing. In Figure 4, a CG block is shown 
positioned inside the rig at the centre. The crush gauge deforms due to  

Figure 3. Explosive positioning using water cut blocks of extruded polystyrene to the left, 
central aligning against the inner edge of plate holder to the right. 
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impingement of the target plate, see upper left of Figure 4, from which max is 
determined after the test. In Figure 5, the force-compression of two CG blocks are 
shown, measured during quasi-static tests using a Dartec 250 kN press. One block 
was kept in its original condition, while one block was slightly pre-crushed. The 
crush force required to initiate buckling of the CG is significantly reduced for the 
pre-crushed block as shown in Figure 5. After the initial crush force is reached, 
the following crush force is constant at about 4 kN for both samples during a 
compression of at least 50 mm. A preliminary numerical simulation of the blast 
experiment indicates that a steel target plate with max 63 mm absorbs a total 
energy of about 44 kJ. From Figure 5, a CG compression of 25 mm yields an 
absorbed energy of about 100 J, which may thus be considered negligible 
compared to the total energy absorbed by the steel plate. The residual 
deformation, res, is measured after the test by determining the distance from the 
initial top surface of the plate to the maximum deflection of the plate bulge. The 
residual deformation was determined for all tests where fracture was not observed. 
On a selected test, the residual profile was measured using a coordinate measuring 
machine (CMM) of type Wenzel RAF 2020. The target plate was still clamped 
between the top plate and the plate holder but detached from the tube and bottom 

Figure 4. Determination of the initial 
distance to the crush gauge. A 
deformed crush gauge after a test is 
shown to the upper left. 
 

Figure 5. Force-displacement compression test of 
thin-walled aluminium honeycomb (crush gauge). 
Initial crush gauge height is 100 mm, diameter 55 
mm. The solid and dashed line corresponds to 
original and slightly pre-crushed gauges, 
respectively. 
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plate. A spherical zirconium touch probe with diameter of 4 mm was used in the 
coordinate measurements, where the probe centre position was measured to an 
accuracy of ±0.05-0.10 mm. The profile was determined with measured 
coordinates on the top and bottom plate surface at every 10 mm in the radial 
direction from the rotation axis of the circular target plate. A spline curve was 
created with use of a computer aided design software in order to get a smooth 
continuous surface, based on the measured points but modified to include the 
radius of the probe. The residual thickness of the material could then be estimated, 
determined from the measured point of the top surface (facing the explosive load) 
to the nearest position on the spline curve representing the bottom surface. A few 
target plates, including the plate used for the above mentioned residual profile 
measurements, was cut in half in order to visualise the deformation profile. 
Further, the residual material thickness was determined using a micrometer at 
equal positions as the residual profile measurements. 
 

2.5 Experimental plan 
Two types of surface conditions on the top plate fillet radius are tested in this 
work, untreated (dry) and lubricated. The lubricated surface condition is tested in 
an attempt to reduce the contact friction. The 40 mm radius of the rig support, see 
Figure 1, was coated with S 75W-90 transmission oil with extreme pressure (EP) 
additive certified for API GL-5. The clamping interface between the rig top plate 
and the plate holder was not lubricated, since high friction is wanted in this area 
(to restrict radial sliding). This procedure of reducing friction at the rig support 
compared to dry conditions has previously been reported in [7], where simply 
supported steel plates were blast loaded by a cylindrical explosive in air.  
 
In this work, a total of 26 tests are reported. The experiments with the pre-test 
measurement conditions are given in Table 2, where Ø indicates the hole diameter 
of the perforated target plates. The solid plate is labelled S. The initial thickness t0 
is the average of four measurements around the edge of the plate. Test 6 and 7 are 
performed with dry surface conditions at the rig radius, while the other 24 tests 
have lubricated conditions at the rig radius surface. The stand-off distance is given 
both by a nominal value based on the height of the explosive distances and the 
plate holder, together with an actual measured value. 
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Table 2. Experimental details with pre-test measurements. Nominal plate thickness is 4 mm 
for all tests. 

Test 

Plate hole diameter Number 
of stop 
pins 

Initial 
plate 
thickness 
t0 (mm) 

Stand-off distance 
Ø (mm) SoD (mm) 

Nominal Measured Nominal Measured 

1 S - 24 4.02 210 212.5 
2 S - 12 3.96 140 142 
3 S - 12 4.04 140 144 
4 S - 0 4.03 140 142 
5 S - 24 3.97 140 142 
6a S - 0 3.92 140 - 
7a S - 12 4.04 140 142 
8 S - 12 4.02 110 110 
9 S - 12 3.99 110 111 
10 S - 12 3.86 110 - 
11 S - 12 4.02 110 - 
12 S - 12 4.01 90 90 
13 S - 12 3.88 90 - 
14 3 3.09 12 4.07 280 285 
15 3 3.10 12 4.12 180 183 
16 3 3.10 12 3.99 180 182 
17 3 3.10 12 4.03 180 182 
18 3 3.09 12 4.06 160 162.5 
19 3 3.15 12 4.03 160 162 
20 3 3.12 12 3.97 160 162 
21 10 10.15 12 4.07 290 293 
22 10 10.12 12 4.05 290 294 
23 10 10.15 12 4.07 280 282 
24 10 10.12 12 4.04 270 274 
25 10 10.18 12 4.05 270 274 
26 10 10.10 12 4.05 270 274 
a Dry surface condition 
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3 Results 
The presentation of the results is divided in subsections. The results of the solid 
target plates and centrally perforated target plates are treated separately, followed 
by a comparison of solid and perforated target plates and effects of boundary 
conditions. A through-thickness crack is here chosen as the assessment of 
fracture. Hence, a visible crack must be visible on both sides of the target plate in 
order to be judged as fractured. 

3.1 Solid target plates 
The results for the solid target plates are presented in Table 3 for each test. Test 6 
and 7 were carried out with dry surface conditions on the rig radius, while the rig 
radius for all other tests was lubricated. The table gives the stand-off distance, 
number of stop pins, the residual and dynamic deformation of the plate mid-point, 
along with the deformations normalised to the initial individual plate thickness, 
/t0, based on thicknesses from Table 2. A larger scatter is shown regarding the 

displacement measurements at SoD 140 mm compared to SoD 110 mm. Table 3 
shows that the fracture limit for a solid plate is somewhere between SoD 90-110 
mm, since both tests at SoD 90 mm fractured along with one test out of four at 
stand-off 110 mm. The cross sections of the residual plate deformation are shown 
in Figure 6 for selected tests. A successively increasing localisation of the 
deformation with increasing SoD is shown. Test 11 with SoD 110 mm shows an 
Table 3. Results of solid target plates. 

Test SoD 
(mm) 

Number of 
stop pins 

Deformation Deformation to initial 
plate thickness Fracture 

res (mm) max (mm) res/t0 (-) max/t0 (-) 
1 212.5 24 41.7 - 10.4 - No 
2 142 12 66.7 70.6 16.8 17.8 No 
3 144 12 61.7 64.1 15.3 15.9 No 
4 142 0 69.3 70.8 17.2 17.6 No 
5 142 24 63.8 67.4 16.1 17.0 No 
6a 140 0 - - - - Yes 
7a 142 12 - - - - Yes 
8 110 12 76.5 - 19.0 - No 
9 111 12 75.5 - 18.9 - No 
10 110 12 - - - - Yes 
11 110 12 77.8 80.0 19.4 19.9 No 
12 90 12 - - - - Yes 
13 90 12 - - - - Yes 
a Dry surface condition 
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inflection point about 40 mm from the central axis. Nurick and Radford [5] 
reported a similar deformation curvature, with an inner dome superimposed on a 
global dome under localised impulsive loading. Test 12 resulted in fracture by 
central capping followed by petalling as shown in Figure 6. This fracture mode 
was observed for all fractured tests with lubricated surface condition. The two 
tests performed with dry surface conditions, Test 6 and 7, both fractured at SoD 
140 mm with fracture locus at the rig support. The results regarding dry surface 
conditions are treated further in Section 3.4, where effects of boundary conditions 
are investigated more thoroughly. 

 
Figure 6. Cross sections of selected tests, showing the target plate deformation at different 
stand-off distance (SoD) and the mid-point residual deformation, res. A ruler with scale in 
mm is positioned at the top, with symmetry axis of the plates at the 150mm position. The 
radial distance from the symmetry axis is denoted rx. The fractured central cap for Test 12 
is shown at the bottom. 

#12 SoD 90 mm 
Central cap 
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Space coordinates of the target plate from Test 5 was measured using the CMM, 
with the target plate still mounted to the rig. The measured coordinates covers -
140  rx  +140, with 10mm steps of rx, which is defined as the perpendicular 
distance from the symmetry axis as illustrated in Figure 6. The inner diameter of 
the rig top plate prevents measurements of the bottom plate face at positions rx > 
90 mm due to space needed by the CMM. Based on the measured coordinates, a 
residual plate profile is created, shown in Figure 7 a). Note that the residual 
deformation determined with the CMM is 63.2 mm, while the manually measured 
value in Table 3 is 63.8 mm. Based on the created profile, the residual thickness 
can be determined. The positions at rx on the top face were chosen as the starting 
point, while the smallest distance across the plate thickness determines the 

 
Figure 7. Measurements for Test 5. In a),  the deformed profile measured using a coordinate 
measuring machine (CMM), with residual mid-point deformation res. In b), relative 
residual thickness, t/t0, along rx, measured manually (Manual) with micrometer and 
determined from the CMM measurements. 
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residual thickness. This is illustrated as lines across the thickness in Figure 7 a). A 
similar procedure was used to manually measure the residual thickness from cross 
sections of target plates for selected tests. The residual thicknesses using both 
procedures are given in Table 4. The relative residual thickness is defined as the 
ratio between the final thickness, t, given in Table 4 and the initial thickness, t0, 
given in Table 2. The material thinning for Test 5 is shown in Figure 7 b), both 
measured manually and using results from the CMM. Similar trend is observed 
between the curves, but the match is not exact. Further, the manually measured 
relative thickness is shown in Figure 8 for Test 2 and Test 5 at SoD 140 mm and 
Test 9 and Test 11 at SoD 110 mm. Note that Test 9 was only measured along one 
radial direction. The comparison at stand-off 110 mm is very similar, while a 
larger deviation is seen between the two tests at the 140 mm stand-off. This is 
however in accordance with the deviations between the tests regarding the 
measured residual deformations given in Table 3. Furthermore, local material 
thinning is shown at the position of the rig radius (rx = 105-115 mm) for all 
measurements in Table 3, also visible in Figure 8.  
 
Table 4. Residual thickness, t, for selected tests from positions rx = 0 mm at the centre  
towards the edges at rx = ±140 mm. 

rx 
(mm) 

Test 2 Test 5 Test 5a Test 7b Test 9 Test 11 
t (mm) t (mm) t (mm) t (mm) t (mm) t (mm) 

rx +rx rx +rx rx +rx rx +rx rx rx +rx 
0 3.00 3.09 3.11 3.05 2.84 2.85 
10 3.03 3.04 3.09 3.12 3.13 3.13 3.03 3.11 2.84 2.9 2.88 
20 3.04 3.02 3.12 3.11 3.12 3.15 3.08 3.12 2.84 2.88 2.85 
30 3.02 2.97 3.05 3.07 3.10 3.07 3.05 3.02 2.72 2.75 2.60 
40 2.95 2.95 3.01 3.05 3.11 3.04 2.99 2.97 2.62 2.58 2.50 
50 2.97 2.98 3.02 3.07 3.10 3.07 2.99 3.05 2.64 2.59 2.58 
60 3.02 3.02 3.08 3.11 3.14 3.12 3.13 3.13 2.68 2.65 2.68 
70 3.09 3.09 3.14 3.19 3.16 3.19 3.18 3.14 2.88 2.87 2.86 
80 3.22 3.16 3.21 3.26 3.22 3.27 3.27 3.26 3.05 3.07 3.06 
90 3.32 3.27 3.31 3.38 3.36 3.39 3.46 3.31 3.21 3.24 3.22 
100 3.59 3.51 3.46 3.63   3.15 3.41 3.51 3.49 3.55 
105 3.51 3.56 3.47 3.59   Frac. 3.64 3.57 3.62 3.26 
110 3.38 3.43 3.56 3.47   3.09 3.35 3.30 3.42 3.41 
115 3.62 3.52 3.35 3.64   3.56 3.06 3.52 3.37 3.65 
120 3.73 3.64 3.51 3.72   3.8 3.67 3.70 3.66 3.69 
130 3.76 3.72 3.70 3.78   3.86 3.83 3.76 3.79 3.75 
140 3.87 3.82 3.70 3.90   3.92 3.83 - 3.81 3.84 
aMeasured with coordinate measuring machine.  
bDry surface conditions. 
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Figure 8. Relative residual material thickness, t/t0, measured manually along the radius rx for 
selected tests at stand-off distances (SoD) 110 mm and 140 mm. 
 

3.2 Centrally perforated target plates 
The results for the perforated target plates with hole diameters 3 mm and 10 mm 
are presented in Table 5 for each test. The table gives the stand-off distance, the 
hole diameter, the residual deformation and the normalised residual deformation. 

 
Figure 9. Two typical fracture modes for Ø=3mm, Test 19 and Test 20. 
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Only residual mid-point deflection was measured for the perforated target plates. 
The results for the Ø3 plates were consistent, with three tests without fracture at 
SoD 180 mm, and three tests with fracture at SoD 160 mm. The fracture modes 
for Test 19 and 20 are shown in Figure 9. For the Ø10 plates, the area at the hole 
is shown in Figure 10 for Tests 21-26. Visible cracks are observed for Test 21-23. 
However, the tests are not considered to have fractured since the cracks are only 
fully visible on one side of the target plate. Test 24-26 are all considered fractured 
since through-thickness cracks are observed. Test 24 and 25 both show distinct 
cracks as illustrated in Figure 10. Test 26 is more ambiguous to have fractured, 
but three smaller cracks all are visible on both the top and bottom surface of the 
target plate. In Table 5, it is shown that the Ø3 and Ø10 plates both show similar  
residual deformation at SoD 280 mm, even though the Ø10 plates are very close 
to fracture while the Ø3 plate is far from fracture. 
 
 

 
 
 
 

Table 5. Results of centrally perforated target plates with diameter Ø, stand-off distance r, 
residual displacement res and normalised against the individual plate thickness, t. 

Test SoD (mm) Plate hole diameter 
Ø (mm) 

Deformation Deformation to initial 
plate thickness Fracture 

res (mm) res/t0 (-) 
14     285             3.09 43.6 10.7       No 
15     183             3.10 51.4 12.5       No 
16     182             3.10 52.5 13.2       No 
17     182             3.10 51.8 12.9       No 
18     162.5             3.09 - -       Yes 
19     162             3.15 - -       Yes 
20     162             3.12 - -       Yes 
21     293             10.15 45.9 11.3       No 
22     294             10.12 45.3 11.2       No 
23     282             10.15 44.3 10.9       No 
24     274             10.12 - -       Yes 
25     274             10.18 - -       Yes 
26     274             10.10 - -       Yes 
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Figure 10. Perforated target plates with central hole of 10 mm initial diameter, blast loaded 
at various stand-off distances (SoD). Arrows indicate cracks on Test 21-23, but are not 
considered fractured since the cracks are not visible on both sides of the plate. Test 24-26 are 
fractured, where arrows indicate small cracks for Test 26, but still visible on both sides.  
 

3.3 Comparison of solid and perforated plates 
The residual and maximum dynamic deformations normalised to the individual 
initial plate thickness are shown in Figure 11 for all tests where fracture was not 
observed. Trend lines are drawn for both the residual and dynamic deformations 
for the solid plates, and the residual deformation for the Ø3 plates. The difference 
between the maximum and residual deformation for the solid plates is less than 
one plate thickness. The residual deformation trend lines for the solid plate 
extends through the measured group of residual deformation belonging to the Ø3 
plates. Further, the trend line for the Ø3 plates extends through the measured 
group belonging to the Ø10 plates.  
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In Figure 12, the stand-off distance at fracture is given as function of the target 
plate hole diameter, with a confidence bound up to the closest stand-off distance 
where a plate without fracture was observed. Even though the solid target does not 
include a hole, it is included in the figure by assuming a diameter of 0 mm. 
 

 
Figure 12. Fracture limits in form of stand-off distance (SoD) against hole diameter at plate 
centre. Note that the solid target plate is given a diameter of 0 mm. Upper confidence bound 
corresponds to closest SoD where a plate without fracture was observed. 

Figure 11. Residual ( res) and max dynamic ( max) deformation normalised against plate 
thickness (t0) is plotted with trend lines against stand-off distance (SoD) for the three 
different types of target plates; Solid (S), with central hole of 3 mm (Ø3) and 10 mm (Ø10) 
in diameter. 
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3.4 Effects of boundary conditions 
Cross sections of the residual deformation profiles for Test 5 and Test 7 are shown 
in Figure 13, where the differences between two tests at equal stand-off distance 
but different surface conditions are illustrated. Compared to the fracture mode of 
capping and petalling observed using lubricated rig surface in Figure 6, the 
fracture locus has moved to the rig support using dry surface conditions. A more 
enhanced material thinning can be observed at the rig radius support for Test 7 
compared to Test 5. The relative residual thickness for the two tests is shown in 
Figure 14 based on Table 4, which clearly illustrates the difference in thinning at 
the rig support at rx 100-120 mm. The fact that the dry surface condition results in 
fracture at SoD 140 mm while the test with the lubricated surface fractures at SoD 
90-110 mm further illustrates the importance of the surface condition. No fracture 
limit testing was performed with dry surface conditions, so the corresponding 
fracture limit under the current loading condition is presently unknown. 

Figure 13. Cross sections of two tests at equal stand-off distance, but different surface 
conditions at the rig radius. 
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Figure 14. Relative residual thickness in Test 5 and Test 7, at equal stand-off distance but 
different surface condition at the rig support. 
 
 
For the first test in Table 2, all 24 radial stop pins was used. The idea of this is to 
mimic a fixed boundary condition along the edge of the plate. However, during 
the dismounting of the target plate after the first test, the stop pins were jammed 
and it took a considerable time to dismount the plate. Thereafter, only 12 stop pins 
was used in the majority of the following tests. However, the effect of 0, 12 and 
24 stop pins at equal stand-off distance can be evaluated by comparing Test 4, 2 
and 5, respectively. The maximum dynamic- and residual displacements of the 
plate normalised to each individual plate thickness is given in Table 3 for the three 
tests. The difference between the normalised max dynamic and residual 
deformation for 0 pins, 12 pins and 24 pins are 0.3, 0.9 and 0.9, respectively. 
Hence, the elastic springback of the plate is equal when 12 and 24 pins are used, 
but noticeably less when no stop pins at all are used. It can be further deduced 
from Table 3 that the deformation is smaller when all 24 pins are used compared 
to if 12 or 0 pins are used. 
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Table 6. Material stretching of stop pin holes in the radial direction of the target plate. 

Test Stand-off distance 
SoD (mm) 

Number of 
stop pins 

Stop pin holes 
With pin Without pin 
dp (mm) dnp (mm) 

   4 142          0 - 15.0
17.043.16  

   2 142 12 48.0
26.037.17  05.0

03.008.16  
   5 142 24 16.0

17.055.16  - 
   7 142 12 09.0

19.068.16  03.0
05.007.16  

11 110 12 21.0
40.056.17  04.0

03.008.16  
12              90 12 17.0

09.053.16  05.0
06.008.16  

 
The holes for the stop pins were stretched in the radial direction during the 
deformation, even for Test 4 without the use of stop pins. In Figure 15, a typical 
deformation is illustrated of the stop pin holes from a test where 12 stop pins were 
used. The stretching of the holes in the radial direction is labelled dnp where no 
pins are used and dp where pins are used, with the measurements assembled for 
selected tests in Table 6. Recall that the nominal diameter from the plate 
manufacturing is 16.1 mm according to Figure 2. Similar stretching behaviour is 
observed if no pins at all (Test 4) or 24 pins (Test 5) are used. Further, when only 
12 pins are used, no significant stretching is observed at the holes where no pins 
were used. When comparing Test 2 and Test 11, the stretching at the pin holes 
increases with increasing blast load 
(lower SoD). Test 7 and 12 are 
exceptions since both tests 
experienced fracture (see Figure 6 
and Figure 13). These two latter 
observations are supported by 
similar analysis by Teeling-Smith 
and Nurick [3], where increased 
hole stretching was observed with 
increasing impulse load, and the 
opposite when complete tearing 
occurred. No measurements were 
performed in the tangential direction 
of the pin holes. 
 

Figure 15.  Elongated holes where radial stop 
pin is used, dp, and where stop pin not is used, 
dnp. The ruler shows scale in mm. 
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4. Discussion and conclusion 
A series of field experiments have been performed to determine the fracture limit 
of clamped steel plates of Weldox 700E subjected to air blast loading. A total 
mass of 0.375 kg of the plastic explosive m/46 has been used to produce the blast 
load, using a disc shape with diameter to height ratio of 3. The stand-off distance 
between the target plate and the explosive was successively lowered until fracture 
was observed. The tested stand-off distances in this work varies between 90-290 
mm. Both solid target plates and perforated plates with centrally positioned 
circular holes of 3 mm and 10 mm diameter has been evaluated. When no fracture 
was observed in the target plate, the mid-point displacement was measured.  
 
For the tests where fracture was not observed, a greater scatter in the measured 
mid-point deformation values could be seen at SoD 140 mm compared to SoD 
110 mm. One reason for the scatter may be that the number of stop pins used 
deviates between the tests. Also, a small variation in the measured SoD at 
nominally 140 mm is shown, where the test with the measured smallest 
deformation was performed at the largest stand-off distance. Further, one test out 
of four fractured at SoD 110 mm. The test that fractured had the smallest initial 
thickness of the four tests, which is likely to be the cause of premature fracture 
(compared to the other three tests). Hence, it is clear that the target plates are close 
to fracture at SoD 110 mm. 
 
The target plates were mounted on a test rig, with a smooth radius of ten times the 
target plate thickness. The purpose of the large support radius was to avoid target 
plate fracture at the support. It is however shown that untreated (dry) surface at 
the support initiates fracture at the support. With lubricated rig support surface, 
the fracture locus moves to the centre of the plate, together with a lowered stand-
off limit for fracture compared to dry surface conditions. The majority of the tests 
were thus performed using lubricated surface, and the dry surface is only 
presented as comparison. The boundary conditions were further investigated by 
using stop pins outside the clamped plate surface, at a stand-off where fracture did 
not occur. The idea of using stop pins was to mimic a fixed boundary condition, in 
order to justify this assumption to upcoming numerical simulations. When all or 
half of the stop pins were used, equal elastic springback of the target plate was 
shown, while a deviation in the comparison was shown when no stop pins at all 
was used. Further, the deformation when using all stop pins is slightly smaller 
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compared to half the number or no stop pins at all. Hence, it seems reasonable to 
assume fixed plate edge boundary condition for the tests performed with half of 
the stop pins, but the deformation is likely to be slightly smaller compared to an 
ideally fixed plate edge. 
 
The criteria for a fractured plate were chosen as cracks visible on both sides of the 
plate, i.e. through-thickness cracks. The fracture limit stand-off for the solid target 
plates was determined to be between 90-110 mm, since all tests at 90 mm 
fractured and one of four tests at 110 mm. All fractured solid target plates 
experienced fracture in an area close to the plate centre when the rig support was 
lubricated. For target plates with a hole diameter of 3 mm, the fracture limit was 
found to be between 160-180mm. All tests at 160 mm fractured, but none of the 
tests at 180 mm. With a central hole of 10 mm in diameter, a stand-off larger than 
270 mm is needed in order to avoid fracture. At stand-off distances 280-290 mm, 
small cracks are visible on one surface, but through-thickness cracks could not be 
determined. It is however obvious that the target plates are close to fracture. 
 
All concluded, the experiments are possible to use for validation purposes of 
numerical simulations. Since the rig support was coated with oil, an assumption of 
frictionless contact could be justified together with a fixed boundary of the plate 
when stop pins were used. Further, the design of the experiment allows use of 
rotational symmetry. 
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Abstract 
Numerical simulations of experiments on clamped circular steel plates blast 
loaded to fracture are presented. The stand-off distance between the explosive and 
the plate was successively lowered until fracture was observed. Two tested target 
plate geometries was perforated with a central circular hole diameter of 3 mm and 
10 mm, respectively. One type of target plate geometry was kept unperforated. 
The local fracture strain is characterised in plane stress between pure shear and 
plane strain stress state using optical field measurements on tensile test specimens. 
The plastic hardening of the steel material is estimated via an inverse modelling 
approach. On the basis of the determined fracture strains, a two-surface fracture 
model was developed and used in fully coupled blast simulations of the 
experiments. The over-all predicted mid-point deformations are within 7.5 % of 
the measured values. The onset of fracture was conservatively predicted at the 
lower stand-off distances; hence the modelling approach is suggested for use in 
design purposes. 
 

1. Introduction 
The need of protection against explosive threats is currently increasing for 
armoured vehicles in military operations. Protection does not only include ability 
to withstand the threat with passive protection such as applique armour, but also 
includes mobility in order to avoid suspected areas in the terrain. A combining 
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factor in this competition is weight, where passive protection leads to increased 
weight and consequently decreased mobility and payload capacity, and vice versa. 
The use of numerical simulations of blast loaded structures to fracture leads to a 
greater understanding of the material capability to withstand the load. Reliable 
numerical models can thus be used as a tool to further enhance the passive 
protection without significantly increasing the weight. 

Numerical predictions of fracture in steel materials have been extensively 
reported in the literature for penetrating projectiles (e.g. see [1–3]). Corresponding 
numerical predictions of fracture due to blast damage appear not to be as covered 
in the literature. Chung Kim Yuen et al. [4,5] performed experiments on 
quadrangular stiffened mild steel plates subjected to uniform and localised blast 
loading to fracture, where the impulse was measured. In the corresponding 
numerical simulations, the measured impulse formed the load directly applied on 
the steel plate. It was found that an inclusion of both strain rate and temperature 
effects to the constitutive relation correlated better with experimental results 
compared to inclusion of strain rate effects alone. Further, an assumed 
temperature limit used as a fracture criterion showed similar results compared to 
experimental observations. Lee and Wierzbicki used an analytical approach to 
determine the impulse load used in numerical simulations of thin cylindrical steel 
plates loaded to fracture [6,7]. They analysed the onset of fracture and subsequent 
petalling formation of the steel plate. Balden and Nurick [8] made use of a 
coupled fluid-structure analysis where the blast load was simulated from 
detonation to interaction with a deformable steel plate. The maximum pressure 
envelope on the steel plate was used to form the shape and distribution of the blast 
load. The measured impulse transfer formed the load, which was directly applied 
on the steel plate in the numerical simulations. An assumed temperature limit and 
equivalent plastic strain was independently used as fracture criteria, with 
encouraging results. 

If the impulse load is not known a priori, a fully coupled fluid-structure 
interaction (FSI) analysis of simulating the actual blast load in an Eulerian domain 
from detonation to interaction with the target plate in a Lagrangian domain can be 
used. Hence, if complicated charge shapes or target geometries are used or if the 
impulse and its distribution attributed to plate deformation is difficult to 
determine, a fully coupled analysis may be a more advantageous approach 
compared to empirical relations [9]. However, the demand on the modelling 
increases since the numerical method becomes more complex along with the fact 
that simulated blast loads are known to be highly dependent on mesh size. If 
deformations of experimentally blast loaded structures are used as validation of 
the modelling method, the deformed material also needs to be modelled with 
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confidence, especially if fracture is of interest to study. In ballistic impact, the 
localisation of material fracture is usually determined by the point of impact. Blast 
loads on a structure involve less localised deformation compared to ballistic 
impact; hence the localisation for fracture onset is less predefined compared to 
ballistic impact. In order to capture these localisation effects, the validity of a 
material’s constitutive relation is of great importance [6]. 

A fracture model extensively used in numerical simulations is the Johnson-
Cook (JC) model [10], which is an extension of work by Hancock and Mackenzie 
[11]. The main part of the JC model predicts a decreasing fracture strain with 
increasing stress triaxiality. Recent work has however shown that the stress 
triaxiality alone is insufficient to fully describe ductile fracture, where a 
dependence on the third deviatoric stress invariant in form of the Lode parameter 
is proposed in addition to the triaxial stress [12–15]. Wierzbicki et al. [12] pointed 
out that there exists a direct relation between the Lode parameter and the stress 
triaxiality in the state of plane stress. Hence, this indicates that a fracture strain 
relation to the stress triaxiality may be sufficient in order to describe the fracture 
locus in plane stress. 

In this study, experimental results of steel target plates blast loaded to fracture 
are briefly presented. The experiments are used as reference to corresponding 
numerical simulations, where a fully coupled approach to calculate the blast load 
is used. The localised fracture strain of the target plate material is experimentally 
characterised by tensile tests and optical field measurements in different stress 
triaxiality ratios in a plane stress state. The measured fracture locus is then 
included in a fracture model for blast simulations of the experiments.  
 

2 Air blast experiment 
Blast experiments in air have been performed which can be used for numerical 
validation. The necessary details for the present study are given here, while a 
more detailed description of the tests and results is given in a separate paper [16]. 
The explosive was placed in free air, and the blast load acted on a clamped target 
plate with nominal thickness of 4 mm. The deformable target plate consisted of 
the steel Weldox 700E, produced by Swedish Steel AB (SSAB). The explosive 
type was plastic explosive m/46 (commercially known as NSP 71), consisting of 
86% PETN and 14% fuel oil, with a density of 1500 kg/m3. The charge was 
cylindrical with diameter to height ratio of 3 and total weight of 0.375 kg initiated 
at the centre. The experimental setup is shown in Figure 1. The explosive position 
and stand-off distance (SoD) to the plate was controlled using blocks of extruded  
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polystyrene shaped by water cutting, shown to the bottom left in Figure 1. The 
procedure used here was found reliable and easy to use in the field trials. The SoD 
was successively lowered between the tests to find the fracture limit due to blast 
loading of the target plate. The rig is circular in shape, consisting of a bottom 
plate, tube, stop pin plate, top plate, plate holder and a target plate clamped 
between the top plate and the plate holder. The target plate is positioned on top of 
the top plate, with the plate holder clamping the plate against the top plate. In 
order to mimic a fixed boundary condition along the edge of the plate, stop pins 
are used. A total of 24 circular round holes were cut along the edge of the target 
plate in order to apply pins to prevent radial plate motion at the edge. The stop 
pins are mounted through the plate holder, target plate and the stop pin plate, see 
Figure 1. If radial sliding of the plate occurs, the stop pins come in contact with 
the outer edge of the top plate. The surface of the 40 mm radius on the rig top 
plate was coated with oil in all experiments presented in this paper. The purpose is 
to reduce friction effects at the contact between the target plate and the top plate. 
Three different types of target plate geometries were tested; two geometries 
perforated with a centrally positioned circular hole of diameter 3 mm or 10 mm, 

 
Figure 1. Cross section views of the air blast rig with dimensions in mm, together with 
explosive positioning using cut blocks of extruded polystyrene. 
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respectively, and one geometry kept unperforated (solid). The dimensions of the 
target plates are identical for all plates except for the central hole. A summary of  
the experimental results is given in Table 1. The table is arranged with increasing 
SoD, where the three first rows corresponds to solid target plate, followed by the 
perforated plates where Ø3 and Ø10 corresponds to hole diameters 3 and 10 mm, 
respectively. Further, the SoD is given in the table, together with the initial target 
plate thickness t0 and maximum dynamic and residual mid-point displacement are 
labelled as max and res, respectively, normalised against t0. The table also shows 
the number of tested and fractured target plates. The fracture modes are illustrated 
in Figure 2. The solid target plate fractures close to the centre, creating a cap 
fragment. The perforated target plates fractures with a crack initiated at the central 
hole, expanding in the radial direction. 
 
 
 

 

Table 1. Results from blast testing to fracture. 

Target plate hole 
diameter Stand-off distance Initial plate 

thickness 

Displacement 
normalised to 

thickness Tests Fract. 
tests Ø (mm) SoD (mm) Res. Max 

Nom. Meas. Nom. Meas. t0 (mm) res/t0 max/t0 
- - 90  0.0

0.090.0  0.06
0.063.95  - - 2  2  

- - 110  0.8
0.3110.3  0.05

0.113.97  0.3
0.219.1  0.0

0.019.9  4  1 

- - 140  0.2
0.20.142 0.05

0.073.99  0.9
1.116.3  0.8

1.217.1  4  0  

3  0.03
0.033.12  160  0.3

0.2162.2  0.04
0.054.02  - - 3  3  

3  0.00
0.003.10  180  0.7

0,3182.3  0.07
0.064.05  0.3

0.412.8  - 3  0  

10  0.05
0.0310.13  270  0.0

0.0274.0  0.00
0.014.05  - - 3  3  

10  0.02
0.0210.14  290  0.5

0.5293.5  0.01
0.014.06  0.1

0.111.2  - 2  0  
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In the majority of the tests, 12 stop pins was used, since the stop pins jammed 

when all 24 stop pins was used which significantly complicated the demounting of 
the target plate. When all 24 stop pins was used, slightly smaller maximum 
dynamic and residual deformation was observed compared to when 12 stop pins 
was used. The trend between the maximum dynamic and residual deformation 
was the same. When no stop pins at all was used, the difference between the 
maximum dynamic and residual deformation was very small due to the absent 
radial constraint. Hence, if 24 stop pins are considered a fixed boundary 
condition, the use of 12 stop pins demonstrates the rigid behaviour but with 
slightly larger deformations. It is therefore reasonable to assume a fixed boundary 
condition in numerical simulations. 
 

3 Material models 
The different material models for the explosive gas, air and the steel plate required 
to simulate the air blast experiments are presented in this section. 
 

3.1 Gaseous materials 
The explosive is modelled as a high explosive material with a Jones-Wilkins-Lee 
(JWL) form of equation of state [17]. A combined programmed burn and beta 
burn model determines when an explosive element is detonated based on the 
initial density 0, detonation pressure pCJ and detonation velocity DCJ [18]. The 
programmed burn model defines at what time an explosive element is detonated 
based on a given detonation point and the detonation velocity. The beta burn 
model allows an explosive element to be detonated due to compression, i.e. when 

 
Figure 2. Fracture patterns for solid (S) and centrally perforated target plates with 
diameter Ø3 mm and Ø10 mm, at 90, 162 and 274 mm stand-off distances (SoD) 
respectively. 
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the pressure in an explosive element reaches PCJ. When the criteria for detonation 
of an explosive element are reached based on either the programmed or beta burn 
model, the energy is released with the pressure defined according to the three term 
JWL equation of state as 
 

 ,11 21

21 v
Ee

vR
Be

vR
Ap vRvR  (1) 

 
where A, B, R1, R2 and  are material constants, 0v  is the relative volume 
and E is the internal energy per unit reference volume. The constants are usually 
empirically determined with cylinder tests or in 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. [19]. The 
material- and JWL parameters for m/46 are given in Table 2. 
 
Table 2. Material- and JWL-parameters for the plastic explosive m/46 [19]. 

 D CJ CJp  A  B  1R  2R   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   (2) 

 
where  is the current density and 0 the initial density while E is the internal 
energy per unit reference volume. Also,  is defined as the ratio between the 
specific heat at constant pressure and volume, respectively, where =1.4 at small 
overpressures are assumed to be valid even at high overpressures in this work. 
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 [20]. 
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3.2 Steel material 
A common model used to describe materials subjected to large deformation, high 
strain rate and adiabatic temperature softening is the Johnson and Cook model 
[21]. 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 
equivalent plastic strain increment is defined as 
 

 p
ij

p
ijeq ddd

3
2 . (3) 

 
From now on in this work, the equivalent plastic strain is simply referred to as 
strain if not otherwise stated. A modified JC model is described by Børvik et al. in 
[22], where the yield stress complemented with Voce hardening [18] is defined as 
 

 

   (4) 
 

 

where A, B, n, Q, R, C and m are material constants, eq  and 0  are the current 
and reference strain rate, respectively. The first part of Eq. (4) corresponds to the 
plastic hardening function under quasi-static and isothermal conditions. The 
second and third part scales the yield stress depending on current strain rate and 
temperature, respectively. The part within the summation sign of the hardening 
function part in Eq. (4) is termed Voce hardening. 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 a function of the strain 
increment, the von Mises equivalent stress, specific heat, density and the Taylor-
Quinney coefficient, , which represents the proportion of plastic work converted 
into heat [18]. One advantage of the model in Eq. (4) is the independent scaling 
nature of the strain rate and temperature on the hardening that allows for 
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calibration of the constants C and m irrespective of each other. On the other hand, 
this leads to an inability of including potentially coupled effects of temperature 
and strain rate on the hardening.  

In this work, the modified JC model is used to represent the target plate steel 
material Weldox 700E, which undergoes large plastic deformation up to fracture. 
Previously published material parameters for Weldox 700E regarding the 
modified JC model without Voce hardening is given by Børvik et al. in [23], 
shown in Table 3. The material parameters have been used in simulation of blast 

loading [9,24], but the strain rate parameters 0  and C were adjusted in [9] to 
better correlate the model response with the strain rate experiments presented in 
[23]. 
 
Table 3. Weldox 700E material constants for the modified JC constitutive model [23]. 
Yield 
stress 

 Strain hardening  Strain rate  Temperature softening 

A (MPa)  B (MPa) n (-)  
0 (s-1) C  (-)  

rT (K) mT (K) m  (-) 

819  308 0.64  1a 0.0221a  293 1800 1 
Elastic constants  Density  Temperature related coefficients    
E (GPa)  (-)   (kg/m3)  pC (J/kg-K)  (-) (K-1)    

210 0.33  7850  452 0.9 1.2 x 10-

5 
   

a Values from reference [9]. 
 
Damage evolution during plastic straining associated to the material model is 
accumulating with the strain increment, d eq, as 
 

 
f

eqd
D , (5) 

 
where the element is removed  when the accumulated damage D of an element 
reaches unity [18,22]. No coupling of the damage to the yield stress is used in this 
work. The model for the fracture strain, f, has a similar scaling nature as Eq. (4), 
and is given as  
 

 *
50321 11exp

4

TDDDD
D

eqf , (6) 
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where D1-5 are material constants and  is the stress triaxial ratio given as 
 

 
eq

m , (7) 

 
in which eq is the von Mises equivalent stress and m is the mean stress. 

The material constants D1-D3 in Eq. (6) are calibrated to fit the fracture strain 
at different stress triaxiality ratios under quasi-static and isothermal conditions. 
The constants D4 and D5 independently correspond to the material fracture strain 
depending on strain rate and temperature, respectively.  
 

4 Steel material characterisation 
The steel material Weldox 700E, used as target plate in the air blast experiment 
presented in Section 2, is characterised. The main purpose of the characterisation 
is to determine the fracture strain at various stress states, but also to verify the 
available plasticity parameters in Table 3. The fracture in this work corresponds to 
ductile fracture. Characterisation of Weldox 700E regarding fracture can be found 
in the literature, see e.g. Dey et al. [25], where tensile tests with axisymmetric 
(round) specimens were used. The axisymmetric geometry of the tensile tests 
results however in a three-axial stress state in the specimen. The dependence of 
stress triaxiality on the fracture strain is not necessarily the same for a plane stress 
state as for axisymmetric tensile test specimens. Therefore, the fracture strain in 
plane stress for Weldox 700E is characterised.  
 

4.1 Test specimens 
Five geometries of tensile test specimens are used here; Straight, Shear, Uniaxial, 
LTU and Plane strain, all shown in Figure 3. The geometries are chosen in order 
to provide different stress triaxialities during deformation. The Straight specimen 
is however primarily chosen to validate existing material parameters for the 
plastic hardening from Table 3. A large radius is applied on the middle section, in 
order to assure necking takes place at the specimen centre. The shear specimen 
has for instance previously been used by Gruben et al. [14], and is designed to 
obtain predominant shear deformation under plane stress conditions and to avoid 
plastic instability. The uniaxial geometry has a hole in the centre, where it is 
known that the triaxial stress state becomes close to uniaxial at the edge of the 
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hole transverse the loading direction [12]. The hole has a 10 mm diameter, equal 
to one of the types of holes used for the perforated target plates in the air blast 
experiments. The LTU geometry is named after Luleå University of Technology, 
and is presented in [26]. The LTU geometry was developed with primary aim to 
have strain localisation and fracture in the centre of the specimen surface, to avoid 
influence of edge effects from manufacturing. The plane strain specimen is 
designed to have a uniform strain field across the specimen width.  

 
The tensile test specimens were cut from target plates prepared for blast testing. 
This ensures that the characterised material is of the same batch and nominal 
quality as used for the air blast experiments. As shown in Figure 2, the starting 
point for fracture was observed on the perimeter of the laser cut circular hole for 
the perforated target plates, while fracture was observed far from any machined 
edge for the solid target plates. In order to investigate possible effect of the cutting 
method on the fracture strain, tensile specimens using both laser and water cutting 
were created. Further, any influence of material anisotropy on the fracture strain 

Figure 3. Geometry of the five tensile test specimens. From left to right: Straight, Shear, 
Uniaxial, LTU and Plane strain. Dimensions are given in mm. 
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was investigated by comparing tests from laser cut specimens both along and 
transverse the rolling direction. 
 

4.2 Digital Speckle Photography 
In the tensile test of the Straight geometry, the strain is only uniform up to the 
point when maximum load is achieved. Thereafter, plastic instability and strain 
localisation will occur, and necking across the width of the specimen starts. It is 
difficult on a theoretical basis to determine the strain localisation across the width 
and the actual strain at fracture. In order to overcome these problems, digital 
speckle photography (DSP) is used in this work [26–28]. DSP is an optical 
method to measure free field movements of an object. The technique involves use 
of a high resolution camera to successively capture digital images of the object 
during the deformation, where a random pattern (speckle) is applied to the object 
prior to the test. Using a software designed for the purpose, each image is divided 
into sub-images of desired size, usually in the order of pixels. By using cross 
correlation between two digital sub-images, one prior and one after deformation, 
the position of a sub-image based on the movement of the speckle pattern can be 
determined. By combining all sub-images, the strain field of the specimen can be 
visualised. The fracture strain can then be determined by successively 
photographing the specimen from unloaded state to fracture. The measurement 
method is thus very suitable to determine high, local strains independent of the 
stress state. Applications where the DSP is used stretches for instance from 2D 
measurements of tensile tests as mentioned above to full 3D deformation fields of 
plates subjected to blast loading [29]. In this work, the commercially available 
system ARAMIS has been used [30].  
 

4.3 Tensile tests and fracture strain 
The two ends of the tension test specimen are clamped to a servo-hydraulic testing 
machine (Dartec M1000/RK, 250 kN). The free length of the clamped specimen is 
about 130 mm. An extensometer (Epsilon Technology Corp.) with a 50 mm gauge 
length centrally positioned on the specimen is used to monitor the elongation. 
Both the tensile force and the elongation are stored for post-processing. The DSP 
equipment consists of one CCD-camera and white-light illumination of the test 
object, with the camera connected to the ARAMIS system. The stored images are 
synchronised in time with the measured force and displacement provided by the 
testing machine and the extensometer. The test specimens for the tensile tests 



Paper V 
 

Björn Zakrisson –Doctoral Thesis 
13 

were prior to testing prepared with a white base colour and a black dots using 
spray paint in order to provide the speckle pattern. The test specimen is loaded in 
its longitudinal direction by the testing machine using a prescribed displacement 
at a constant rate of about 0.085 mm/s, while the frame rate of the camera is 2 
frames per second (for the majority of the tests). After fracture of the specimen, 
the camera images of the speckle pattern are processed using the ARAMIS 
software. The first image, just prior to loading, determines the undeformed state. 
As the specimen is stretched, also out-of-plane displacements will occur, 
especially towards the end of the test when necking occurs at the centre. However, 
measurements using white light speckles are only moderately affected by out-of-
plane displacements [26]. Sub images are created by the software based on the 
speckle pattern, where in this work one sub image is based on 32x32 pixels. An 
overlap of the sub images by 16x16 pixels are further used in order to calculate 
the plastic strain field, assuming elastic strains to be negligible. Hence, the 
localised strain determined by the ARAMIS system corresponds to a length scale 
of 16-32 pixels, which in the present setup corresponds to 0.137-0.273 mm. 

 

Figure 4. Method of determining the fracture strain. The left image shows the evaluated 
strain field, the right image shows force- and strain versus displacement where the vertical 
line shows current position. The x-symbols indicate when the DSP images were taken. 

 
A test using the LTU geometry is shown in Figure 4, where the strain field in 

the DSP image is shown to the left, and the force- and strain versus displacement 
is shown to the right. The x-labels indicate when the DSP images were taken, and 
the vertical line shows the current position corresponding to the DSP image to the 
left. When the force curve shows a significant drop, fracture is assumed to occur. 
As shown in Figure 4, the image often misses the precise instant of fracture, hence 
the actual strain at the position of fracture is unknown. Therefore, a linear 
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extrapolation based on the maximum strain from the last two images prior to 
fracture to the position of fracture based on the force-displacement curve 
determines the fracture strain.  

In Table 4, the type of tensile tests with a label, specimen thickness, t, fracture 
strain, f, force at fracture strain, Ff, and displacement at fracture strain, df, are 
given. As an example, the labelling of the straight tensile test specimen is “S-00-
L1”. The first letters indicate the type, where S – Straight, SH – Shear, U – 
Uniaxial, LTU – LTU and PS – Plane strain. The second two digits indicate the 
angle in degrees of loading direction deviating from the steel manufacturing 
rolling direction, i.e. 00 is along and 90 is transverse the rolling direction, 
respectively. The following letter L or W indicate the cut method using laser or 
water, respectively, while the last digit is a running number for repeated tests. 
Further, an average value with the scatter of results is given for all tests of each 
type, and is named for example Save corresponding to the straight specimen type.  

Based on the presented fracture strains in Table 4, the only general trend that 
can be deduced is that the water cut specimens show a slightly lower fracture 
strain than laser cut specimens. For both the Straight and the LTU specimens, no 
apparent difference in fracture strain is observed between the laser cut specimens 
along compared to transverse the rolling direction. The Uniaxial specimen shows 
a slightly lower fracture strain along compared to transverse the rolling direction, 
while the opposite is shown for the Plane strain specimen. The largest and 
smallest scatter in the measured fracture strain is shown for the Plane strain and 
the Straight specimens, respectively. Since no general trend in anisotropy is 
shown based on the fracture strain, the average values presented in Table 4 are 
used further on in this paper. 
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Table 4. Tensile tests. In the label column, -00 and -90 stands for along and transverse rolling 
direction, while –L and –W stands for laser cutting or water cutting, respectively. 

Type Label 
Initial 

thickness Fracture strain Force at f 
Displacement at 

f 
t0 (mm) f (-) Ff (kN) df (mm) 

Straight 

S-00-L1 3.88 0.844 29.9 6.551 
S-00-L2 3.89 0.884 30.0 6.302 
S-90-L1 3.89 0.872 29.7 6.409 
S-90-L2 3.94 0.875 30.6 6.118 

Save 3.90± 0.04 0.869± 0.015 30.0± 0.5 6.345± 0.206 
0.02 0.025 0.3 0.227 

Sheara 

SH-00-W1 3.97 0.953 11.6 2.672 
SH-00-W2 3.87 1.022 11.1 2.815 

SHave 3.92± 0.05 0.988± 0.035 11.3± 0.2 2.744± 0.071 
0.05 0.035 0.2 0.071 

Uniaxial 

U-00-L1 3.89 0.945 57.9 2.394 
U-00-L2 3.96 1.038 58.1 2.520 
U-90-L1 3.89 1.044 57.5 2.494 
U-90-L2 3.89 0.964 58.6 2.429 
U-90-W1 3.90 0.980 55.1 2.614 
U-90-W2 3.95 0.945 57.9 2.633 

Uave 3.91± 0.05 0.985± 0.060 57.5± 1.1 2.514± 0.119 
0.03 0.048 2.4 0.120 

LTU 

LTU-00-L1 3.85 0.646 39.1 2.781 
LTU-00-L2 3.86 0.667 38.9 2.867 
LTU-90-L1 3.90 0.682 42.0 2.851 
LTU-90-L2 3.91 0.614 42.6 2.784 
LTU-90-W1 4.00 0.599 41.7 2.792 
LTU-90-W2 3.99 0.610 42.0 2.764 

LTUave 3.92± 0.08 0.636± 0.045 41.1± 1.5 2.807± 0.061 
0.07 0.037 2.1 0.043 

Plane 
strain 

PS-00-L1 3.85 0.504 54.7 2.301 
PS-00-L2 3.86 0.607 54.7 2.353 
PS-90-L1 3.92 0.487 59.0 2.160 
PS-90-L2 3.85 0.549 56.8 2.207 
PS-90-W1 4.10 0.441 62.5 2.105 
PS-90-W2 4.07 0.497 60.8 2.181 

PSave 3.94± 0.16 0.514± 0.093 58.1± 4.4 2.218± 0.135 
0.09 0.073 3.4 0.113 

a Only 2 of 6 tests were successful. 
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4.4 Material parameter estimation 

Up to the point of necking, i.e. when the maximum force is reached, the force-

displacement data from the Straight specimen tension test can be converted to true 

stress, σtrue, and true strain, εtrue, respectively. The true stress is defined by the 

current force, Fi, divided by the current area, Ai, which by assuming 

incompressibility can be written as  
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where A0 and l0 is the initial specimen area and gauge length, respectively, and li 

is the current gauge length. The true strain is defined by 
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Figure 5. True stress plotted against true strain for the Straight tensile specimen together 

with model data from Børvik et al. [23]. 

 

Using Eqs (8-9), the σtrue - εtrue curve can be determined from the Straight 

specimen measurements of Fi and li. The σtrue - εtrue for an average of all Straight 

specimens is shown up to the point of necking in Figure 5 together with the 

corresponding curve using the model data given in Table 3 based on ref. [23]. It is 

clear that the model data does not correlate well with the measured data in this 
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region. In this work, it is of interest to find the location of the fracture position 
over a large area undergoing plastic deformation, and to evaluate how well 
fracture can be predicted in a blast loading event. Hence, the prediction of the 
necking position needs to be estimated with a greater accuracy than shown in 
Figure 5. The material parameter estimation procedure is here based on an inverse 
approach, see e.g. [27,28]. Thus, the finite element (FE) method is employed to 
solve the equations of motion of the tensile test model, the direct problem. 
Estimation of constitutive parameters is carried out through the solution of an 
inverse problem. The parameters are estimated by minimising the so-called 
objective function. In this case the objective function is founded on the difference 
between force data from the experiment and the corresponding computed data, 
compared at the same displacement.  
 

4.4.1 Inverse modelling 
The solution of the direct problem for a set of constitutive parameters together 
with the measurement data gives the necessary input to the optimisation problem. 
The objective function is expressed as the sum of differences between the 
computed and measured response in a least-square sense such as, 
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where xk is the set of k=1,..,p parameters to be evaluated, exp

iF   is the 
experimentally measured force data, num

iF  is the corresponding numerically 
computed data and M is the total number of evaluation points.  

In this work, an in-house programming system (INVSYS) has been used for 
solving the inverse problem [31,32]. It is based on a polytope optimisation method 
(subplex) which traces the minima through so-called direct searching. The 
constrained problem is solved as a sequence of unconstrained problems by adding 
penalty functions to the objective function [28].  
 

4.4.2 Optimisation of hardening function 
The Straight specimen was chosen for inverse modelling to find the hardening 
function. An average force-displacement curve based on the four tests is used as 
reference for the objective function. The direct problem is solved using the FE 
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program LS-DYNA, SMP, V971 R6.1.1, using explicit time integration, 
paralleled using a total of 8 cpu’s. The actual time of the tensile test is simulated, 
where mass scaling is used in order to increase the time step to reach acceptable 
solver run times. Prior to the optimisation procedure, different sets of mass scaling 
was tested and compared, to control that no extensive artificial increase in the 
kinetic energy is introduced due to the additional mass. Only the quasi-static Voce 
hardening part of Eq. (4) is evaluated, i.e.  
 
 eqeqy RQRQA 2211 exp1exp1 , (11) 
 
leaving 5 parameters free to be determined in the optimisation; the yield stress A, 
the primary Voce hardening parameters Q1 and R1 along with the secondary Voce 
hardening Q2 and R2. The initial yield stress is limited in the optimisation to vary 
between 825-840 MPa, based on the true stress shown in Figure 5. Furthermore, 
the values for Young’s modulus and Poisson’s ratio are taken from Table 3. The 
element length is chosen to 0.25 mm, in order to capture necking and to correlate 
with the sub-image size used in the measurements to determine the fracture strain 
with DSP. In order to further decrease the simulation time of the direct problem, 
only a quarter model of the straight tensile specimen is modelled (with half 
thickness and half width), see Figure 6. Only the free length of the specimen is 
modelled, i.e. the part of the specimen being clamped in the tensile test is omitted. 
Appropriate boundary conditions are given on each symmetry plane. One end of 
the specimen is fixed and the other end controlled with a prescribed motion X(t) 
based on the actual tensile test. The displacement of two positions each 25 mm 
from the centre is stored, d(x,t), and used together with the reaction force to create 
the force-displacement data used in the object function to compare against the 
corresponding experimental data. The experimental data is reduced to 177 equally 
spaced discrete points. Interpolation is used in the numerical data to create force 
values at identical positions as the experimental data. Convergence was found 
after a total of 292 evaluated simulations. The optimisation problem becomes 
 
 )(min

5 kx
x
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subjected to 
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Figure 6. Quarter symmetry model of the Straight tensile specimen. The left end is fixed, 
while a prescribed motion, X(t), is applied on the right end. The displacement at the centre, 
d(x,t), is stored. 
 
The initial guess and the final values in Eq. (12) are shown in Table 5. The initial 
values for the primary hardening was chosen higher than the secondary hardening, 
but still with the intention of the need of the secondary hardening in order to 
capture the necking point. The initial guess is however a result of previous 
preliminary optimisations using larger element sizes, which explains why the 
initial guess is quite detailed and close to the final optima. 
 
Table 5. Optimisation of the Voce hardening model for Weldox 700E using INVSYS, based 
on tensile test simulation using 0.25 mm element length. 
 A (MPa) Q1 (MPa) R1 (-) Q2 (MPa) R2 (-) 
Initial guess 826.0 150.3 21.4 209.9 0.4567 
Optimisation 826.5 155.1 19.2 235.6 0.4337 
 

4.4.3 Validation of material parameters 
In this section, the optimised material parameters presented in Table 5 are 
validated by numerical simulations of all the tested specimen geometries 
compared to each experimental data. The mesh distribution with the smallest 
element length 0.25 mm for all geometries is shown in Figure 7. In contrast to the 
quarter symmetry model used in the optimisation, no symmetry is used in these 
models to homogenously resolve the strain field across the width and thickness. In 
order to capture the actual plane stress state on the surface, a very thin shell 
element with thickness 0.001 mm was tied to the surface of each specimen solid 
mesh. The material of the shell mesh was the same as the solid mesh. This 
technique of capturing the actual plane stress state on the surface was adopted 
from Gruben et al. [14]. 
 

d(x,t) 

X(t) 
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Figure 7. Mesh distribution at the centre 
for all tensile specimen geometries with 
smallest element length 0.25x0.25 mm. The 
arrows indicate the element position used 
for evaluation of plastic strain. 
 

Figure 8. Validation of hardening function by 
comparing measured and simulated force-
displacement (F-d) relation. Solid lines 
represent tests where stars indicate the 
fracture point, dashed lines represents 
numerical simulation. 

 
The force versus displacement relation for each geometry is shown in Figure 8. 
The average of the experiments corresponds to solid lines, which can only be 
drawn until the smallest df in Table 4. The stars correspond to the average Ff and 
df from Table 4. The dashed lines are the numerical simulations up to the 
measured fracture strain of the surface element shown in Figure 7. Good 
agreement is shown for the Shear and Straight specimens, while a slight overshoot 
are shown for the Uniaxial, LTU and Plane strain geometries.  
 

4.4.4 Fracture model parameters 
The triaxial stress is generally not constant during the loading up to fracture, 
where a deviation often appears after necking. The fracture parameters in [25] 
were derived using the initial triaxial stress state as proposed by Bridgeman. 
Børvik et al. [33] investigated the stress triaxiality in the centre of axisymmetric 
tensile bars numerically, and compared the histories of fracture strain versus 
triaxiality to experimental values based on the initial value using Bridgeman’s 
analysis. They found that the fracture surface based on the initial triaxiality tended 
to give conservative estimates of the ductility of the material, since the final value 
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in general increased from the initial value, especially at low triaxialities. It is 
common to complement the measurements with numerical simulations to find the 
stress triaxiality, e.g. see [12,14,15], and often an average value is used as 
 

 
f

eqeq
f

ave d
0

1 , (14) 

 
where the fracture strain f correspond to the measurement from the specimen. In 
Section 4.3, the fracture strain was determined in a state of plane stress, i.e. on the 
surface of the tensile specimens. Both the strain and the stress triaxiality is 
however likely to differ in the centre of the specimen compared to the surface. 
The strain and stress triaxiality are given in Table 6 for the surface element and 
the corresponding centre element of the tensile specimen geometries shown in 
Figure 7, except the Straight geometry. The values for the centre element 
correspond to the same time as the surface shell element reaches the measured 
fracture strain. Further, the triaxiality is the average value according to Eq. (14). It 
is shown that the strain at the centre element is higher compared to the surface 
element for all geometries except the Shear specimen. The largest divergence is 
shown for the Plane strain, where the strain in the centre is almost twice as high as 
on the surface. The stress triaxiality for the Uniaxial specimen is close to the 
theoretical uniaxial triaxiality of 1/3. The average triaxiality stress on the surface 
of the Plane strain specimen is close to the theoretical plane strain stress triaxiality 
of 31 . In the centre, the average triaxiality stress is closer to equi-biaxial (2/3). 
 
 
Table 6. Simulation results for the different specimen geometries. The plastic strain  and 
average stress triaxiality ave is given for the centre element and the surface element at the 
time the surface element reaches the measured fracture strain. 

Specimen 

Centre solid element Surface shell element 

Strain Average 
triaxiality Fracture strain Average 

triaxiality 
 ave f ave 

Shear (SH) 0.969 0.045 0.988 0.013 
Uniaxial (U) 1.304 0.388 0.985 0.334 
LTU 0.989 0.607 0.636 0.453 
Plane strain (PS) 1.097 0.658 0.514 0.552 
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Based on the results for the surface shell elements in Table 6, a two-surface 
fracture model is created. Fracture surface 1 (FS1) includes the Uniaxial, LTU and 
Plane strain specimens, while Fracture surface 2 (FS2) includes the Shear and 
Uniaxial specimens. Fracture surface 1 is constructed using the isothermal quasi-
static part of Eq. (6), i.e. 
 
 avef DDD 321 exp . (15) 
 
The optimisation program INVSYS is used to determine the parameters D1-D3 
corresponding to the f and ave at the surface shell element for the Uniaxial, LTU 
and Plane strain geometry from Table 6. The objective function consists in this 
case of the least square difference between the measured surface fracture strain 
and the calculated using Eq. (15), evaluated at ave corresponding to each tensile 
specimen. The initial guess for each parameter is taken from [25]. Further, since 
the Shear test and the Uniaxial test resulted in very similar fracture strain, a 
second fracture surface in addition to Eq. (15) is introduced as a cut-off fracture 
strain independent of triaxial stress. The cut-off strain, f,cut, is taken as 0.987, i.e. 
the average fracture strain between the Shear and Uniaxial tests. The optimised 
values representing Fracture surface 1 for D1-D3 together with the strain cut-off 
representing Fracture surface 2 are presented in Table 7. In this work, an element 
is deleted when the damage D first reaches unity based on either Fracture surface 
1 or 2 according to  
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Table 7. Material parameters for the fracture model. 
Fracture surface 1 Fracture surface 2 
D1 D2 D3 f,cut 
0.410 7.910 -7.850 0.987 
 
The fracture surfaces are shown in Figure 9 together with the strain evolution and 
average triaxiality of the surface element for the different tensile specimens. The 
largest variation in the evolution of triaxial stress up to fracture is shown for the 
LTU specimen. 
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Figure 9. The fracture surfaces are represented by bold black lines. The evolution of the 
plastic strain, , and stress triaxiality, , of the selected element from the numerical 
simulations is shown as solid lines, where the star indicates the measured fracture strain 
position. Each corresponding average of triaxial stress, ave, is shown as a dashed line. 
 

5. Finite Element model of blast experiment 
The explicit FE code LS-DYNA V971 R6.1.0 [18] was used for the calculations. 
All numerical simulations based on the models described in this section were 
performed on a Linux SMP cluster with 8 Gb of available memory. Only one core 
was used on a 2.8 GHz dual core AMD Opteron 2220 processor, with double 
precision. The steel materials are represented with a mesh that deforms with the 
material (Lagrangian reference frame). A spatial mesh fixed in space is used to 
describe the gaseous materials air and the explosive, where the material flows 
across the element boundaries (Eulerian reference frame). A multi-material option 
is included in the Eulerian elements, where one element may contain several 
materials with tracked interfaces. For the material transport, the 2nd order accurate 
van Leer method is used. An area weighted formulation with hourglass control is 
used both for the Eulerian and Lagrangian axisymmetric 2D elements. The 
functionality of mapping results from an initial high-resolution Eulerian model to 
a subsequent coarser model is used, which is an effective way of preserving the 
spatial resolution of the blast without significantly increasing the computation 
time [9]. 
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5.1 Choice of Eulerian mesh 
In the work by Zakrisson et al. in [9], a numerical convergence study regarding 
the mesh distribution of the Eulerian domain was performed. A 0.75 kg 
cylindrically shaped explosive was detonated at a 0.25 m stand-off between the 
explosive and a rigid surface. The maximum specific impulse was evaluated 
radially on a rigid surface, so the specific impulse distribution could be plotted 
against the radius of the rigid surface. The computation was carried out in two 
stages. First, an initial simulation was performed in 2D axisymmetry using very 
small elements, until the shock wave reached the rigid surface. The result from the 
initial 2D simulation was thereafter mapped into a coarser 3D domain, where the 
computation continued. The results were individually evaluated using three 
models in 2D, each mapped into three models in 3D, all with different uniform 
mesh sizes. An initial uniform element length of 0.5 mm in 2D was shown 
adequate, followed by mapping of the results into a 3D model with element length 
of 4 mm. Finally, a biased mesh distribution in the 3D domain was tested with the 
smallest element of equal length but totally only about 10% as many elements as 
the model with the corresponding uniform mesh size. The biased model had 
smaller element length towards the axis of symmetry and the rigid surface. The 
model with the biased mesh showed equal specific impulse distribution as for the 
uniform model, but with a substantial reduction in computation time without 
significant reduction in accuracy.  

The main differences between the conditions in [9] compared to the air blast 
experiments presented in Section 2 is that the explosive weight in this work is 
0.375 kg and the SoD varies between 0.09-0.29 m. Further, the blast experiments 
presented in this work allows a pure 2D axisymmetric approach, hence the 
subsequent model does not have to be modelled in 3D. Based on the above 
mentioned approach and the difference in conditions, an initial 2D model with 
uniform mesh size of 0.25 mm was chosen for this work. The result is thereafter 
mapped into a biased model with smallest and largest element length 0.5 mm and 
1.5 mm, respectively. This approach reduces the computational time almost 50 
times compared to using the initial high-resolution model alone, without 
significantly reducing the accuracy.  
  

5.2 Air blast model 
The blast load is simulated in an Eulerian gas domain with fluid-structure 
interaction in order to transfer the blast load to the Lagrangian structure. The 
model of the structural Lagrangian parts is identical for all simulation cases, while 
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a slight deviation in model size exists for the Eulerian domain depending on the 
stand-off distance in the simulation case. The material data for air and the 
explosive is given in Section 3.1. For all numerical simulations, the target plate 
Weldox 700E is modelled with the modified JC model using Voce hardening with 
parameters given in Table 5, complemented with parameters from Table 3 (with 
parameters B and n set to zero). The fracture model with material parameters 
given in Table 7 is used for all simulations, where the strain rate and temperature 
effects on the fracture strain are assumed negligible.  
 

 
Figure 10. FE model showing dimensions and mesh for the Eulerian domain, along with 
mesh for the rig, target plate and plate holder in enlarged region at the rig radius to the 
right. The distance Y varies with the simulation cases, and number of elements follows 
linearly. 
 
As motivated in Section 5.1, an initial map file with a uniform mesh of 
Le=0.25 mm is used in all simulations. The initial Eulerian domain size is 
225x390 mm, large enough to cover the stand-off distance up to 290 mm. A total 
of about 1.4 106 elements are used. Hence, the same model with the explosive 
positioned at SoD 290 mm is used to create an individual map file for each stand-
off at different times, tmap. The results from the map file forms the initial 
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calculations in a subsequent coarser Eulerian mesh. The model is shown in Figure 
10, both for the subsequent Eulerian domain and the Lagrangian domain with the 
plate holder, target plate and rig. No boundary conditions are used on the Eulerian 
domain, i.e. outflow is allowed on all edges except the symmetry axis. In the 
Euler mesh, equal number of elements is used along a distance as the length of the 
edge in mm. A bias distribution is used, with a three times smaller element length 
closer to the axis of symmetry and the initial position of the target plate compared 
to the outer edges. The distance Y in Figure 10 varies between different 
simulation cases, and is given in Table 8. The case names in the table correspond 
to the type of the target plate followed by the stand-off distance, SoD, in mm. The 
solid target plate corresponds to S, while Ø3 and Ø10 corresponds to the hole 
diameter in mm of the perforated target plates. Further, the total number of 
elements in the Eulerian domain is given in the table, together with tmap. 
 
Table 8. Simulation cases with complementing dimension of Euler domain and map time. 

Name 
Hole 

diameter 
Stand-off 
distance 

Upper model 
size  

(see Figure 10) 

Total 
number of 
elements 
in model 

Simulated 
time for 
map file 

Ø (mm) SoD (mm) Y (mm) tmap ( s) 
S-90 -     90.0 190    69750 19.5 
S-110 -     110.3 190    69750 23.9 
S-140 -     142.0 190    69750 31.0 
Ø3-160      3.12     162.2 230    78750 35.7 
Ø3-180      3.10     182.3 230    78750 40.5 
Ø10-270 10.14     274.0 340    103500 63.0 
Ø10-290 10.13     293.5 340    103500 67.8 
 

The target plate is modelled with quadrilateral elements with uniform side 
length of 0.25 mm in order to correspond to the length scale used in the fracture 
strain measurements and the material parameter optimisations. The radial length 
of the plate is 275 mm. Only the surface of the rig is modelled, with one 
quadrilateral element along the thickness with element length 0.1 mm to allow a 
straight contact boundary against the plate. The plate holder is modelled with 
quadrilateral elements with a nominal element length of 1 mm. In total, the target 
plate, plate holder and rig consists of 17600, 2437 and 1583 elements, 
respectively. In the experiment described in Section 2, the plate holder clamps the 
plate against the rig. A simplification is here made due to the use of the 
axisymmetric model. The rig and plate holder are modelled as an elastic steel 
material, with a fully fixed boundary condition in space and may thus be 
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considered as rigid. The plate is modelled with the nominal thickness of 4 mm and 
is positioned in between the rig and plate holder. With support from the 
experimental observations, a fixed boundary condition was applied on the edge of 
the target plate. The contact definition between two Lagrangian parts used in this 
work is based on a penalty method. A friction model based on the Coulomb 
formulation is included in the contact algorithm [34]. The rig radius was coated 
with oil prior to the explosive loading as described in section 2. Hence, 
frictionless contact is applied between the bottom surface of the target plate and 
the surface of the rig radius. A friction coefficient of =0.2 is used between the 
surfaces clamping the plate. The contact coupling between the gaseous materials 
in the Eulerian domain to the target plate and plate holder in the Lagrangian 
domain is defined with a fluid-structure interaction (FSI) algorithm. A penalty 
based FSI is used in this work, where the penalty pressure for the fluid is linearly 
tabulated against penetrated distance into the structure. 

After the maximum dynamic displacement of the plate, max, has been reached, 
the blast loading continues for yet another 0.2 ms. The Eulerian parts and the FSI 
coupling are then deactivated in order to reduce solver time, and the calculation 
continues up to 3 ms for the residual plate deformation, res, to converge. At the 
chosen time for deactivation, the FSI coupling force is approaching zero but still 
contributes to the impulsive loading. However, since the plate deformations and 
not total impulse transfer is of primary interest in this study, the main blast effect 
contributes to the max dynamic displacement, while the residual deformation is 
mostly due to elastic springback. This is further supported by work of Bonorchis 
and Nurick [35], and is therefore deemed accurate enough in the current work. 
The residual deformation is determined by taking the average vertical 
displacement from the time of max to the simulation end time. In all simulations, 
tend=3000 s. A similar approach of determining res has been used in past work 
[9,24]. The bottom node at the centre of the plate determines max, while res is 
determined from the top node at the centre, in accordance to the measuring 
procedure in the experiments. 
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6 Numerical predictions of air blast experiment 
Results from the numerical simulations are presented in this section, where 
comparisons between the numerical and the experimental results are treated in the 
following subsections. A summary of the numerical results are given in Table 9. 
The results in the table include the maximum dynamic and residual deformation, 

max and res, respectively, and the maximum damage value D is given at the 
simulation end time tend. Further, the table shows the time when the first element 
fractures at t1 and when full through thickness fracture occurs at tfull, followed by 
the total number of fractured elements at tend. The table separates the fracture 
surfaces 1 and 2 both regarding the columns for Damage and Fractured elements 
at tend. Recall from Section 4.4.4 that FS1 is dependent of triaxiality stress while 
FS2 is a cut-off independent of triaxiality stress. The damage value D corresponds 
either to FS1 or FS2 according to Eq. (16), where an element is removed when 
D=1 based on either DFS1 or DFS2. 
 
Table 9. Deformation results for non-fractured target plates. 

Name 

Deformation Damage Time for 
fracture Fractured elements 

at tend 
max 

(mm) 
res 

(mm) 

Frac. 
surf. 1 

DFS1(tend) 

Frac. 
surf. 2 

DFS2(tend) 

t1( f)  
( s) 

tfull( f)  
( s) Frac. 

surf. 1 
Frac. 

surf. 2 
S-90 - - 1 - 128 140 1479 0 
S-110a 78.0 76.8 1a - 151 180 1169 0 
S-140 63.1 60.9 0.96 0.54 - - 0 0 
Ø3-160 56.6 53.8 1 1 501 - 18 6 
Ø3-180 51.3 48.5 0.99 1 739 - 0 6 
Ø10-270 43.8 41.8 0.66 0.83 - - 0 0 
Ø10-290 43.4 41.8 0.61 0.72 - - 0 0 
a Fracture model deactivated for deformation results. 
 
The results of structural deformation are used to validate the modelling approach 
along with the material parameters for the steel hardening, while the fracture limit 
is used to validate the fracture model. The simulation case of the solid plate at 
SoD 110 mm, S-110, predicted fracture in the simulation. The corresponding 
experiments fractured in only one out of four tests. In order to be able to compare 
the simulation to the non-fractured steel plates from the experiments, the fracture 
model was deactivated for the S-110 case. This was, as noted in Table 9, here 
done by modifying the parameter D1 in Fracture surface 1 to a high value. It is 
shown in Table 9 that only case S-90 and S-110 experiences complete through- 
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Figure 11. Residual deformation modes of solid target plates. Experimental to the left, 

numerical at the simulation end time 3 ms to the right. 

 

 

 
 

Figure 12. Deformation histories at the 

plate centre showing max dynamic (δmax) 

and residual (δres) deformation. 

 

Figure 13. Plastic strain for selected cases 

shown at time for each case maximum 

deformation. 

SoD 90 mm 

central cap 

≈80 mm 

Experiment        Simulation 

SoD-142 mm 

δres=60.9 mm 

SoD-110.3 mm 

δres=76.8 mm 

SoD-90 mm 

δres=65.0 mm 

δres=75.8 mm 
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thickness fracture, and the Ø10 cases appears to be far from fracture. Both Ø3 at 
160 mm and 180 mm nominal stand-off experiences fracture, and are also the only 
cases where fracture surface 2 is reached. Based on the damage values in Table 9, 
fracture surface 1 determines fracture for solid target plate, while fracture surface 
2 determines fracture for perforated target plates. 

The residual deformation modes for the solid target plate are compared in 
Figure 11 against cross-section cuts of selected target plates from the experiments. 
In the figure, the central cap of the fractured plate in the S-90 simulation is moved 
relative to the plate. The cap from the experiment is also shown as a reference.In 
Figure 12, deformation histories of the plate mid-point are shown for the four 
simulation cases corresponding to the experimental cases where no fracture was 
observed. The bottom node of the target plate determines max, while the top node 
is used to determine res. The maximum displacement of the top node is greater 
compared to the bottom node. This is due to the material thinning of the target 
plate. The residual deformation is determined by taking the average value of the 
top node motion from the time t( max) to tend. Further, t( max) differs in Ø10-290 
compared to the other cases. A deformation plot at t( max) for the cases are 
illustrated in Figure 13, where the plastic strain is visualised. It is shown that the 
deformation mode of case Ø10-290 appears in a linear cone shape, while Ø3-180 
and S-140 deform with a global dome. The S-110 case deforms with an inflection 
point (change in curvature) closer to the centre, where an inner dome is 
superimposed on a global dome.  
 

6.1 Non-fractured target plates 
A comparison of the dynamic and residual deformation normalised against the 
initial plate thickness is shown in Figure 14 for the cases presented in Table 9, 
plotted against the corresponding experimental values from Table 1. Of the 
presented simulations, the solid target plate at stand-off 110 mm correlates best to 
the experimental values, with a deviation between 0.5-1.9 %. The simulation at 
SoD 140 mm results in an underestimation of 6.9-7.5%. Only residual 
deformation is available for the perforated target plates to compare the simulation 
cases against the experiments. The cases with Ø3 mm and Ø10 mm central hole 
underestimate the corresponding experiments with 5.4% and 7%, respectively. 
The residual profile of an experiment at SoD 140 mm was measured using a 
coordinate measurement machine (CMM) [16]. The comparison of the residual 
profile between the case S-140 and the corresponding experiment is shown in 
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Figure 15, which further illustrates the underestimation of the measured response 
closer to the centre of the plate at the specific stand-off. 

The relative thickness reduction, t/t0, along the radial direction is shown at the 
stand-off distances 110 and 140 mm in Figure 16, both for selected experiments 
and the corresponding numerical simulation. The radial direction rx is 
perpendicular from the circular plate axis, and gives the position on the plate top 
surface. The corresponding thickness is then the shortest distance to the bottom 
surface. The experiments show similar tendency at both stand-offs but of different 
magnitude, with thinner material at rx=40 mm compared to the centre and a 
localisation effect where the plate is bent over the rig radius at rx=110 mm. The 
simulation at 110 mm stand-off show a similar tendency, but the difference 
between the centre and rx=40 mm is not as large as in the corresponding 
experimental observation. At SoD 140 mm, no localised thinning is observed in 
the simulation at rx=40 mm, where the thinnest material is located at the centre. 
However, the thinning at the rig radius is observed in the numerical simulations at 
both stand-offs.  
 

 
  

Figure 14. Max dynamic ( max) and residual 
( res) deformation normalised against plate 
thickness for the non-fractured target plates, 
with corresponding experimental values. 
 

Figure 15. Comparison between numerical 
(solid) and experimental (dashed) residual 
profile at SoD 140 mm after springback. 
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Figure 16. Relative thickness reduction, t/t0, measured in radial direction rx from axis of 
symmetry. Numerical results are compared against measurements at stand-off 110 mm and 
140 mm. 
 

6.2 Fractured target plates 
The fracture behaviour of the target plate is investigated by numerical simulations 
of the cases where fracture was observed in the experiments. The simulation 
cases, with additional information in Table 9, are S-90, S-110, Ø3-160 and Ø10-
270. The deformed modes at fracture are shown at selected times in Figure 17, 
where the fringe of damage corresponding to fracture surface 1 is visualised. 
Complete fracture is observed for S-90, resulting in capping of the target plate at 
the centre. The post-fracture deformation of case S-90 at the end time is also 
shown together with a corresponding experiment in Figure 11. The cap radius is 
about 40 mm in the test and about 32 mm at the simulation end time. For the case 
S-110 in Figure 17, complete fracture occurs first at the plate centre at 180 s, but 
at 190 s complete capping is observed at a radius about 28 mm. No complete 
through-thickness fracture occurred for the centrally perforated plate Ø3-160. A 
total of 24 elements were however deleted, where 6 elements fractured due to the 
plastic strain cut-off. No elements at all fractured for the simulation case Ø10-270. 
Typical fracture patterns for the corresponding experiments are shown in Figure 2.  
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Figure 17. The simulation cases corresponding to the blast experiments where fracture 
occurs. Damage fringe plots corresponding to Fracture surface 1. Damage levels below 0.5 
are white. No fracture occurs at Ø10-270 simulation. 
 
 

t = 510 μs 

t = 3000 μs t = 3000 μs 

t = 140 μs t = 190 μs 

S-90 S-110 

Ø3-160 Ø10-270 
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Figure 18. Strain evolution plotted against stress triaxiality up to fracture for an element 
corresponding to blast simulation cases S-90 and Ø3-160, respectively. 
 
The strain evolution versus triaxiality stress for the element at the bottom of the 
plate centre is shown in Figure 18 for the cases S-90 and Ø3-160, together with 
the two fracture surfaces. It is clear that the dominating triaxial stress up to 
fracture for the solid target plate is equi-biaxial ( =0.667), while the perforated 
plate experience primarily uniaxial stress state ( =±0.333). The oscillation 
between positive and negative triaxialities for the perforated target plate 
corresponds to elastic springback. It is observed that for Ø3-160, FS1 is reached 
before fracture occurs at FS2. When the element is removed due to damage in 
Eq. (16), the damage according to the two fracture surfaces are DFS1=0.90 and 
DFS2=1.0, respectively. Damage according to FS1 does not accumulate much 
when the triaxiality stress is lower than 0.333. Hence, Fracture surface 2 is needed 
to correctly predict fracture for Ø3-160 if fracture occurs under elastic springback. 
 

6.3 Effect of strain rate and temperature on fracture 
Recall that the fracture strain model in Eq. (6) has an option to include 
independent scaling of the fracture strain due to strain rate and temperature, 
respectively. No such characterisation has been included in this work. However, 
Dey et al. [25] presented fracture characterisation of Weldox 700E using 
axisymmetric tensile specimens, and found the constants D4=-0.0013 (using 

005.00 s-1) and D5=1.333. For the simulation case S-110, the maximum strain 



Paper V 
 

Björn Zakrisson –Doctoral Thesis 
35 

rate at the plate centre is 5550 s-1, and the temperature increases with 150�C. The 
independent scaling nature of the strain rate and temperature in Eq. (6) makes it 
possible to investigate the effect in the observed conditions in the blast problem, 
such as 
 

982.0
005.0

555011
0013.0

0

4D

eq  (17a) 

135.1
2931800

150333.111 *
5TD . (17b) 

 
The scaling of the fracture strain due to the strain rate may thus be considered 
negligible in the present application. Regarding the temperature scaling, the 
fracture strain should always increase with increasing temperature according to 
the model data. However, if the work by Dey et al. in [25] is studied in detail, it 
can be seen that the fracture strain actually drops with increased temperature from 
room temperature up to 200�C, followed by a great increase in fracture strain with 
increasing temperature up to 500 �C. Therefore, in order not to significantly 
overestimate the fracture strain in the temperature regime of the present 
application, it is justified to omit the temperature term from Eq. (6). The major 
benefit of this is that D1-D3 according to Eq. (15) and the cut-off strain are 
sufficient in the fracture modelling for the blast loading scenarios used in this 
work.  
 

7 Discussion and Conclusions 
In the present work, experimental and numerical results of clamped circular steel 
plates blast loaded to fracture are presented. A total of 0.375 kg of the plastic 
explosive m/46 was used in cylindrical shape with a diameter to height ratio of 3. 
The stand-off distance between the explosive and target plate was varied until 
fracture was observed. Two tested target plate geometries was perforated with a 
central circular hole of either 3 mm or 10 mm in diameter, while one target plate 
geometry was kept unperforated (solid). The experiment was designed and 
performed in order for rotational symmetry, frictionless contact on the rig inner 
boundary and fixed edge boundary condition of the steel plate to be motivated for 
use in numerical simulations. The corresponding numerical simulations were 
performed using a fully coupled approach to describe the blast load together with 
a material characterisation to describe localisation and fracture. 
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The material characterisations of the steel material includes the plastic 
hardening and fracture strain. The plastic hardening was determined using inverse 
modelling with FE calculations of a straight specimen tensile test, with the 
measured force-displacement used as reference. The localised fracture strain was 
determined in a plane stress state and small length scale based on optical field 
measurements using DSP. The tests ranged from pure shear to plane strain, 
covering the domain of stress triaxiality from about zero to 0.55, based on 
numerical simulations performed in similar length scale (element side length). 
The plastic hardening was validated by simulating the test specimens and 
comparing the measured and calculated force-displacement response. A slight 
overshoot in force was shown for the numerical predictions of the specimens 
between uniaxial and plane strain geometries, but judged to be in reasonable 
agreement to the measurements. Based on the measured fracture strain and 
average stress triaxiality determined from calculations, two fracture surfaces were 
created. One fracture surface was formed using the isothermal quasi-static part of 
the Johnson-Cook fracture model, valid from uniaxial to plane strain triaxiality. 
The second fracture surface formed a cut-off at an equivalent fracture strain valid 
between pure shear and uniaxial stress state. It was found that the temperature and 
strain rate dependence to the Johnson-Cook fracture model can be omitted in the 
range experienced in the present work. Hence the two-surface fracture model was 
applied in the numerical simulations of the blast experiments up to fracture.  

The mid-point plate deformations of the numerical simulations compared well 
against the corresponding experimental measurements, with an overall agreement 
within 7.5%. The best agreement was shown for the solid target plate at the SoD 
closest to fracture, 110 mm. The largest deviation from the measurements was 
shown for the residual deformation of the solid target plate at SoD 140 mm and 
the perforated plate with diameter 10 mm at SoD 290 mm. The measurements of 
the relative thickness reduction of the solid target plates at SoD 110 mm and 140 
mm showed a minimum close to 30-40 mm from the plate centre, and a local 
minimum at the location of the plate being in contact with the rig boundary. The 
best correlation between the numerical simulation and the experiment was shown 
at SoD 110 mm, with equal trend of minima close to the plate centre but not as 
large difference as observed in the experiment. The equal comparison at the 
slightly larger stand-off 140 mm did not capture the minima away from the centre. 
The simulations at both stand-offs however captured the local minima at the 
location of the rig boundary contact. The numerical model thus captures 
localisation and necking of the target plate reasonably well, especially at larger 
deformations.  
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The fracture model showed good results compared to the experimental 
observations at the smallest stand-off distance 90 mm, with capping about 30-40 
mm from the plate centre. The location of the cap fracture was also in agreement 
with the position for the measured maximum thickness reduction, observed for the 
target plates without fracture at the slightly larger stand-off 110 mm. Complete 
through thickness fracture also occurred at the SoD 110 mm, which slightly 
deviated from the experimental results. One experiment out of four actually 
fractured by capping at SoD 110 mm, but the initial thickness of the target plate 
was the smallest of the performed tests at the corresponding SoD. It is thus clear 
that the target plate is close to fracture at stand-off 110 mm. The solid target plates 
in the simulations are dominated by an equi-biaxial stress state, which is just 
outside the range of characterised stress triaxialities in this work. The centrally 
perforated target plates are dominated by a uniaxial stress state, which is on the 
other hand well characterised in the fracture model. Even though, the simulation 
of the perforated target plates with 3 mm or 10 mm in diameter did not predict 
complete through thickness fracture at equal stand-off distances as the 
experiments. Further, the fractured elements of the perforated target plate 
occurred under elastic springback conditions. Giving the ideal symmetry of a 2D 
axisymmetric model, a fracture of an element indicates circumferential fracture, in 
contrast to the observed fracture modes in the experiments with cracks in the plate 
radial direction.  

One reason for deviation between the experimental and numerical results may 
be attributed to the plastic hardening, even though an inverse modelling based on 
a straight specimen was performed. The validation of the plastic hardening to 
other specimen geometries showed a slight overshoot in the force-displacement 
response. The effect from the overshoot is likely to generate a stiffer material 
response and shows a deviation from the measured necking positions. This may 
contribute to explaining the deviation between simulation results and the 
measurements regarding the material thinning close to the plate centre. The good 
agreement of local thinning at the rig boundary supports the choice of a rigid 
boundary condition in the calculations. The rigid boundary condition of the plate 
edge in the simulations is however an ideal restraint, likely to restrict the plate 
mid-point deformations more compared to the assumed rigid boundary condition 
using stop pins in the experiments. This may contribute to the deviation between 
the comparisons of deformations, even though the effect is likely to be of lower 
order. On the other hand, the surface condition on the rig boundary is assumed to 
be frictionless in the simulations, since an oil coating was applied in the 
experiments in order to reduce the friction. Furthermore, it is likely that the 
current fracture model slightly underestimates the actual fracture strain in equi-
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biaxial stress state, which is just outside the characterised regime. This may be the 
reason for the model resulting in the unexpected fracture at stand-off 110 mm.  

The major contribution of this work is that steel plates blast loaded up to 
fracture have been simulated using a fully coupled continuum mechanics 
approach for the blast load, and compared against experiments. The blast 
experiments were carried out using different plate geometries resulting in different 
stress triaxialities at fracture, for validation of the fracture model. A fracture 
model where the fracture strain is dependent on stress triaxiality alone has been 
shown sufficient, with fracture strain characterisations in a plane stress state. At 
the closer stand-off distances investigated in this work, the modelling approach 
and fracture model has shown to be suitable for design purposes, since the 
deformations and fracture indications are both reasonable and conservative.  
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Numerical investigation of normal shock reflection in air
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Abstract When a shock wave propagates in air, it
is common and in many applications often accurate

enough to approximate air as a perfect gas. Air de-
viate however from perfect gas behaviour at high shock
pressures. This work studies the normal shock reflec-

tion in air using both a perfect- and real gas approach.
The real gas is modelled using the perfect gas equation
of state, but is adjusted to fit the real gas Hugoniot
path for air. When air is modelled as a perfect gas, it

is well known that the maximum shock reflection can
approach 8 at high overpressures. For the real gas ap-
proach, the shock reflection can be as high as 14. The

current work is carried out using numerical methods.

Keywords Hugoniot · normal reflection · reflection
coefficient · shock · real gas · air

1 Introduction

Historically, much theoretical, numerical and experi-
mental work regarding shock waves in air has been per-

formed, see e.g. [1]−[2]. A more historic background
about the development of the theory of shock waves is
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given by Salas [3]. The air pressure p is often repre-
sented by a perfect gas law such as

p = (γ − 1)eρ, (1)

where γ is the ratio of the specific heats at constant
pressure and volume, respectively, ρ is the density and
e is the internal energy per unit reference mass. It is

common to choose γ to be constant, i.e. γ = γ0, where
γ0 = 1.4 for air at atmospheric conditions and sea level
altitude. Depending on the application, the results us-
ing the assumption of a constant γ may deviate greatly

from measured data. Deal [4] presented experimental
data for the Hugoniot of air (Hugoniot meaning all the
admissible material states behind a shock front). The

experimentally determined ratio between the shocked
and initial density is up to 1.6 times larger for the mea-
sured range of shock pressures compared to an analyt-

ical Hugoniot with constant γ0 = 1.4. Liang et al. [5]
used curve fits for air up to high pressures and tempera-
tures to compute the real gas effect to the air Hugoniot
during the shock process. Simulations of different sce-

narios were studied, independently using the real gas
approach or a perfect gas with γ0 = 1.4. A good match
was achieved using the real gas approach, while the

perfect gas approach deviated compared to the exper-
iments. Porzel [6] also showed the importance of using
a real gas effect of air. He used for instance a curve fit

for γ in Eq. (1) to follow the real gas Hugoniot path for
air, in order to more accurately correlate to the fireball
expansion originating from a nuclear explosion.

The ratio between the reflected overpressure and

the incident overpressure is termed the reflection co-
efficient, commonly labelled Λ. Using a constant γ0 =
1.4 for air, the reflection factor can be analytically de-

termined to approach an asymptote of 8 as the inci-
dent shock pressure approaches very large values. Need-
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ham [7] explains the physical process which air and its
constituents go through when subjected to high pres-
sures and temperatures, thus leading to a pressure (or
energy) dependant ratio of specific heats varying be-

tween 1.17 and 1.66. Further, Needham assumes a con-
stant gamma but varies it between the lower and upper
bound to visualize the effect on the reflection factor.

The smaller the value of γ0 is, the higher the reflection
factor becomes and vice versa.

This work investigates the effect on the normal shock
reflection coefficient when air is modelled as a real gas
(RG), following the Hugoniot path based on literature
data. The results are compared to air modelled as a

calorically perfect gas (PG) with a constant ratio of
specific heats and available data from the literature.
Further, a numerical subroutine is implemented into a

commercial finite element (FE) code to more accurately
approach the RG behaviour of the Hugoniot path of air.

2 Shock Wave Theory

In order to derive the Hugoniot, the conservation laws
for mass, momentum and energy across the shock front

is needed in addition to the material specific equation
of state (EOS). Consider a planar shock front moving in
a non-viscous flow of a fluid under adiabatic conditions.

The particle velocity up moves into a fluid initially at
rest as illustrated to the left in Fig. 1; see Baker [1].
The conservation laws across the shock front relates
the speed of the discontinuity Us, i.e. the shock speed,

and the particle veclocity up behind the shock front, to
the density ρ, pressure p and energy e. Indicies ”0” and
”s” corresponds to the states in front of and behind the

shock front, respectively. The conservation laws across
the shock for mass, momentum and energy, respectively,
is given as

ρ0Us = ρs(Us − up), (2)

(ps − p0) = ρ0Usup, (3)

(es − e0) =
1

2
(ps + p0)

(
1

ρ0
− 1

ρs

)
. (4)

For a polytropic process, the behaviour of a perfect gas
can be represented by Eq. (1). Assuming the irreversible
adiabatic process across a shock wave front, then Eq.

(1) inserted in Eq. (4) give the Hugoniot for a perfect
gas as

η =
ρs
ρ0

=
(γ0 + 1) + (γ0 − 1)ξ−1

(γ0 − 1) + (γ0 + 1)ξ−1
, (5)

where ξ = ps/p0 is the relative pressure. It follows from
Eq. (5) that for γ0=1.4, η → 6 as ξ → ∞. In order to

Fig. 1 To the left; an incident shock wave travels into undis-
turbed medium prior to rigid wall reflection. To the right;
the reflected shock wave bounces back into already shocked
medium.

Table 1 Shock overpressure ratio ξ with corresponding pa-
rameter k [6].

ξ(−) k(−) ξ(−) k(−) ξ(−) k(−) ξ(−) k(−)

1 1.400 80 1.302 500 1.184 3000 1.232
4.5 1.400 90 1.292 600 1.179 4000 1.240
20 1.372 100 1.283 700 1.179 5000 1.245
40 1.345 150 1.245 800 1.183 6000 1.249
50 1.332 200 1.222 900 1.190 10000 1.250
60 1.321 300 1.202 1000 1.200 20000 1.241
70 1.311 400 1.191 2000 1.221 40000 1.255

describe the case for RG, the nomenclature to the left
in Fig. 1 is used in Eq. (1). For the undisturbed air,
γ0 = 1.4. Behind the shock, γ is replaced by ks, which

here represents the approach to fit Eq. (1) to the RG
Hugoniot. In this sence, the RG Hugoniot analogously
to Eq. (5) becomes

η =
(γ0 − 1)

(ks − 1)

[
(ks + 1) + (ks − 1)ξ−1

(γ0 − 1) + (γ0 + 1)ξ−1

]
, (6)

where the Hugoniot characteristics of ξ versus k for air
is given by Porzel [6], see Table 1.

When a shock wave impinges a rigid wall at zero

angle of incident it bounces back in the opposite di-
rection. This is recognized as normal reflection, see [1].
Three different states can be identified in this process;
the undisturbed, the shocked and the reflected state.

These states are here labelled by indices ”0”, ”s” and
”r”, respectively, see Fig. 1. The incident shock wave
moves into undisturbed medium at atmospheric con-

ditions. The reflected wave however bounces back into
an already shocked state, i.e. a much denser medium
than the incident wave. This effect can give rise to a re-
flected peak pressure considerably higher than the inci-

dent peak pressure. At the time of the normal reflection,
the particle velocity up immediately following the shock
front is equal but of opposite direction, see Fig. 1. For

the incident wave the fluid particle velocity up is given
by Eq. (2) as

up =

(
1− ρ0

ρs

)
Us. (7)
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The RG Hugoniot Equation (6) inserted in Eq. (7) gives
the shock velocity

Us =
(ks + 1)(γ0 − 1)ps + (ks − 1)(γ0 − 1)p0

(γ0 − 1)ps − (ks − 1)p0

up
2
, (8)

which together with Eq. (3) gives the fluid particle ve-
locity in terms of the shock pressure,

u2p =
2(ps − p0)[(γ0 − 1)ps − (ks − 1)p0]

ρ0(γ0 − 1)[(ks + 1)ps + (ks − 1)p0]
. (9)

The material properties are given by γ0 for the undis-
turbed gas and by ks for the shocked gas. By utilis-

ing these results, the reflected shock parameters Ur, pr
and kr can be determined in a similar manner simply
by exchanging 0 → s and s → r in Eq. (3) and Eqs.
(8−9). Since the magnitude of the particle velocity in

the reflected state is equal to the incident state, Eq. (3)
written in the form of the reflected state yields

pr = ps + ρsUrup. (10)

To simplify the analysis at this stage, assume γ0 to be
valid irrespective the state of the gas, i.e. kr = ks = γ0.
Eq. (10) may then be solved analytically as

pr = ps
(3γ0 − 1)ps − (γ0 − 1)p0
(γ0 − 1)ps + (γ0 + 1)p0

. (11)

Thus, the reflected pressure pr can be found as a func-
tion of the incident pressure ps. The intensification of
the incident overpressure through the reflected over-
pressure is determined by the reflection coefficient Λ.

With γ0 = 1.4 in Eq. (11), Λ reaches an asymptote of
8 times the incident shock pressure ps according to Eq.
(12) as

Λ(γ0, ks, kr = 1.4) =
p+r
p+s

=
pr − p0
ps − p0

=
8 + 6ξ−1

1 + 6ξ−1
. (12)

The case when kr 6= ks 6= γ0 is more complicated, where
Eq. (10) becomes

pr = f(p0, ps, ρ0, ρs, γo, ks, kr). (13)

Since the initial states and the pressure dependence of
k are known (see Table 1), the reflected pressure can be
computed by means of iteration to the matching kr.

3 Numerical method

The numerical software used here is the general purpose
explicit FE code LS-DYNA, v971 R4 [8]. The EOS com-

monly used in FE codes to model air is linear in internal
energy according to Eq. (14) as

p = (k − 1)
ρ0
ρ
Ev, (14)

where Ev is the internal energy per unit reference vol-
ume and k is the ratio of the specific heat capacities at
constant pressure and volume, respectively. Eq. (14) is
equal to Eq. (1) but written in form of the relative vol-

ume. In order to adapt the EOS to include the effect of
the shock pressure dependent material parameter k in-
stead of usually γ0 = 1.4, a user defined subroutine has

been implemented. The current value for k correspond-
ing to the shock overpressure ratio ξ in each time step
in the numerical subroutine is found by linear interpo-

lation using the values in Table 1. The EOS subroutine
is entered two times with the new η, first to update
the bulk modulus, and the second time to update the
pressure and internal energy. The bulk modulus is up-

dated based on the pressure from the previous time
step, so the value of k can easily be found by interpo-
lation in the table. The new pressure however depends

on k, both initially unknown and iteration has to be
made within the subroutine loop to find k. Based on
the pressure from the previous timestep, the value of k
is found and the pressure is updated. If the difference

between the old and the new pressure is greater than
0.5p0, the procedure is repeated and k is updated based
on the recently updated pressure. When convergence is

reached, the accuracy for the new pressure based on
the corresponding k is assumed sufficient and the en-
ergy is finally updated. A similar root finding numerical

routine is also performed in MATLAB as a stand-alone
comparison to the FE simulations.

4 Finite Element model

An FE model representing a 1D shock tube is here used
to determine the shock parameters. The model for eval-
uating the reflected or incident shock consists of 1000 or

2000 3D hexagonal Lagrange elements respectively, us-
ing uniform initial element length of 1 mm. A constant
particle velocity, up, is applied on one end of the shock

tube model, with the other end fixed. For the reflected
shock, the variables are evaluated at the opposite end of
the model from where up is applied. The incident shock
wave is evaluated at equal distance from where up is

applied as for the reflected shock model, but the shock
wave is allowed to continue. For the simulation cases,
the particle velocities varies from 500 m/s to 8000 m/s

for both the incident and reflected shock tube models,
in order to cover the minimum point of k at ξ ≈ 700 in
Table 1. In order to satisfy p0 = 0.1 MPa in Eq. (14),
the initial values are taken as ρ0 = 1.169 kg/m3 and

ev0 = 0.25 MPa [9].
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Fig. 2 a). Air Hugoniot showing relative shock pressure, ξ, versus relative shock density, η. b). Normal shock reflection
coefficient Λ versus relative shock pressure, ξ.

5 Results

In this section, the results termed ”FE” corresponds to
the approach using LS-DYNA, while the results termed
”Num.” corresponds to the numerical approach using a
stand-alone numerical routine with MATLAB.

In Fig. 2a), the FE results corresponding to the
Hugoniot calculations are illustrated, compared both to

an analytical PG and RG literature data. Good agree-
ment is shown for the FE results to both comparisons.
The PG compression reaches an expected asymptotic

limit of η = 6 as ξ → ∞, while the literature values
continue to compress up to η ≈ 12 at ξ ≈ 700. Above
ξ = 700, the compression decays. This is in analogy to
the variation of k in Table 1, which is expected since

these tabulated data represents the input for ξ(k) to
the FE simulations. It is shown that the RG and the
PG Hugoniot starts to deviate from each other at about

η = 5.

The reflection coefficient Λ is shown in Fig. 2b),

plotted against the relative shock pressure. Both the
analytical and FE results for PG correlate well to each
other and approaches Λ = 8 as ξ → ∞ as expected.
The numerical and FE results for RG using data from

Table 1 compares well to each other, and yields a max-
imum reflection of Λ ≈ 14.5 at ξ ≈ 700. The literature
data from Kingery and Bulmash [2] is also illustrated as

reference, and slightly overshoots the ξ(k)-based curves
up to ξ ≈ 150, and then drops below.

6 Discussion and Conclusion

An approach to capture the reflection coefficient of a

normal shock in air, Λ, is presented. The work focuses
on using a real gas fit to the Hugoniot path at the

shocked states. This has been validated to literature
data and a perfect gas assumption with γ0 = 1.4 as con-
stant. An iterative routine has been implemented into a

commercial FE code for the real gas calculations, which
is compared to a similar stand-alone numerical iterative
routine. When assuming γ0 = 1.4 to determine Λ, the
expected maximum reflection of 8 is found, while the

real gas effect yields maximum values of up to Λ ≈ 14.
This work demonstrates that it is important to in-

clude the real gas effects in the calculations to the Hugo-

niot when the normally reflected shock pressure in air is
investigated. The approach used here can with advan-
tage be used in shock wave application analysis where

the shock reflection is of interest and the shock pres-
sures are high.
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