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Explosions in complex geometries - a

comparison of several approaches

Martin Larcher, Folco Casadei

Abstract

For the design and calculation of structures loaded by air blast

waves, especially from inside the structure, assumptions on the applied

load are needed. This paper presents several simulation methods for

the air blast loading of structures and their ability to be used for

complex geometries. Experimental-analytical pressure-time functions

of spherical load conditions applied to the structure by disregarding

the air are not applicable in such cases because they do not account

for reflections, shadowing and channelling effects. Fluid calculations,

which model also the solid explosive, are very expensive due to the

extremely small elements for the explosive and the air nearby.

This paper therefore presents a review of a well-known simula-

tion method, which uses a balloon with compressed air instead of

the explosive. A procedure is developed which makes it possible to

determine the overpressure of such a balloon for a given size of the

explosive more accurately than before. The pressure-time function

and the impulse-distance function of calculations using this method

show good correspondence with experimental-analytical data. The

functioning of the method is verified against experimental results.

1 Introduction

Safety-sensitive buildings have to be designed against extreme dynamic loads.
In addition to loads due to earthquakes and the impact of vehicles, making
these structures resistant to air blast loads e.g. from terrorist attacks, be-
comes more and more important.

There are several risks for buildings and other engineering structures
loaded by explosions. Usually it takes a relatively big charge to damage a
complete structure in such a way as to cause progressive collapse. However,
the load whereby people are injured by the blast wave or by flying debris is
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much smaller. In the case of an explosion inside a train station, for example,
the most fragile part is the glazing. The glass failure occurs depending on
the type of material used (e.g. annealed or safety glass) and results in flying
debris, but also in a relief surface for the air blast wave.

To design buildings and other structures against air blast waves, the
loading resulting from such waves needs to be known. In most cases, the
behaviour of structures under air blast load is computed by the finite ele-
ment method. The loading should therefore be compatible with this method.
Several methods can be found in the literature.

The behaviour in the explosive and in the surrounding air can be cal-
culated by the well-known Jones-Wilkins-Lee (JWL) equation (see Lee et
al. [1] and for the parameters of the equation Dobratz and Crawford [2]).
Liu et al. [3] present a work using smooth particle hydrodynamics (SPH)
to determine the pressure inside an explosive. More often used are arbitrary
Lagrangian Eulerian (ALE) meshes (Cendón et al. [4], Alia and Souli [5]).
Fluid calculations are very much influenced by the element size, as shown by
Cendón et al. [4].

The influence of air blast waves on structures is for example investigated
experimentally by Langdon and Schleyer [6] and by Gram et al. [7] with
a blast simulator. Numerical investigations are presented by Langdon and
Schleyer [8], Luccioni et al. [9]. The design of buildings against air blast
waves is discussed by Smith and Rose [10]; the influence of a protective
barrier on the blast wave is described by Zhou and Hao [11].

The present work concerns mainly the mid- and far-field where the ge-
ometry of the charge has small influence. Several blast models and tools are
available to calculate the pressure at a given distance from the charge for
spherical and hemispherical conditions (see Section 2.2).

The behaviour of air blast waves in complex geometries like cities is in-
vestigated by Smith and Rose [12]. Their paper shows that shielding and
channelling has to be considered in urban city streets. This can be done
for simple geometries using several charts. For more complex geometries nu-
merical investigations should be used instead (see e.g. Remennikov and Rose
[13]). Experimental data for explosions between buildings are given by Smith
et al. [14] and Fairlie [15]. The interaction with the buildings in combination
with a damage criterion is shown by Luccioni et al. [16].

This work presents several simulation methods for the air affected by ex-
plosions inside large, complex structures. The first part of the work describes
the pressure behaviour of an air blast wave and compiles a set of equations
from the literature, which can describe the pressure of a spherical air blast
wave. Several simulation methods are then presented and compared on the
basis of the calculation time and of their capability to simulate the real be-
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Figure 1: Pressure-time curve for a free air blast wave, approximation: dashed
line

haviour inside complex structures. This is done using two experiments with
different geometries.

2 Air Blast Waves

Air blast waves result from a rapid release of energy. Here, the air blast
waves investigated result from the detonation of a solid explosive. Other
phenomena such as the combustion of gas/air mixtures can also result in an
air blast wave. Most of the models presented are also applicable to other
types of detonation using an equivalent of the released energy.

2.1 Behaviour of Air Blast Waves

The pressure magnitude of a spherical air blast wave arriving at a certain
point depends on the distance and on the size of the charge. An idealised
form of a pressure-time function at a certain distance from the explosive is
shown in Figure 1.

The main characteristics of a free field air blast wave are the following:

• The shock wave of the air blast arrives at the point under consideration
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at the arrival time ta. This period is defined as the time from the
beginning of the explosion including the time of the detonation itself.

• The pressure attains its maximum (peak overpressure pmax) very
fast (extremely short rise time). The pressure then starts decreasing
until it reaches the reference pressure p0, which in most cases is the
atmospheric pressure.

• The duration of the positive phase td is the time taken to reach
this reference pressure. After this point the pressure drops below the
reference pressure to the maximum negative pressure pmin; then
it rises again up to the atmospheric value. The duration of the
negative phase is denoted as tn.

• The overpressure impulse (positive impulse) is the integral of the over-
pressure curve over the positive phase td.

The idealised (free air blast) form of the pressure wave in Figure 1 can
be greatly altered by the morphology of the medium encountered along its
propagation. Reflections depend on the geometry, the size and the angle
of incidence. The situation is much more complicated if there are several
reflection boundaries, as happens between buildings.

All parameters of the pressure-time curve are usually written in terms of
the scaled distance:

Z =
d

3
√
M

(1)

where M is the mass of the explosive charge in kg of equivalent TNT and d
the distance from the centre of the charge in m.

2.2 Experimental, Analytical and Numerical Data

A widely used way of describing the form of an air blast wave is the so-
called modified Friedlander equation (see e.g. Baker [17]), which proposes a
function for the positive phase of the air blast wave. The pressure p at time
t can be calculated with:

p(t) = p0 + pmax

(

1−
t

td

)

−

bt

td

(2)

The slope of the pressure-time function can be adapted with the form param-
eter b, which can be taken from Baker et al. [18]. All parameters of Equation
(2) can be taken from several diagrams and equations (e.g. Baker [17], Kin-
ney and Graham [19], Kingery and Bulmash [20]). Also widely used is the
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software CONWEP [21], which provides the results of US Army Manual TM
5-855-1 [22].

Kingery and Bulmash [20] present equations for the peak overpressure, the
duration of the positive phase, the positive impulse, and the arrival time. All
these values are available for incident and reflected waves for spherical (free
field) as well as for hemispherical conditions. In this paper these functions
are used. For the negative peak pressure a diagram proposed by Drake et al.
[23] is used.

The above pressure-time curve can be used for a simulation method which
uses a load-time function (see Section 3.3). In addition, this equation can
be compared with numerical results. The expression of the impulse for the
positive part is also used to fit the balloon method (see Section 3.5).

3 Numerical Investigations

All numerical calculations presented are performed with EUROPLEXUS (see
[24]), an explicit finite element code for non-linear dynamic analysis devel-
oped in collaboration between the French Atomic Energy Commission (CEA)
and the Joint Research Centre (JRC) of the European Commission. The
main focus of EUROPLEXUS is on fluid-structure interaction in fast dy-
namics.

3.1 Material Laws

The present investigations do not use full-fledged fluid-structure interaction
(except the last example in Section 4.3). The reflected pressure is in fact
calculated by neglecting the deformability of the structure, i.e. by assuming
infinitely rigid structural boundaries. Two materials are used for the cal-
culations: the ideal gas equation for the air and the JWL equation for the
explosive.

3.1.1 Ideal Gas Equation for Air

The pressure p of the air follows the ideal gas equation:

p = ρ(γ − 1)eint (3)

The heat capacity ratio γ (assumed here as constant) is set to 1.35, whereas
the density of the air at normal atmospheric pressure (p0 = 105 Pa) is ρ0 =
1.3 kg/m3, which leads to a specific internal energy at atmospheric pressure
of eint,0 = 2.1978 · 105 J/kg.
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Absorbing material is used to impose non-reflecting boundary conditions
along open fluid boundaries, which allows to cut the air model at locations
where reflections do not have to be considered. The model consists simply in
applying a fictitious external pressure p = −ρcvn, where ρ is the density of
the material at the boundary, c its sound speed and vn the normal component
of the particle velocity at the boundary.

3.1.2 JWL Equation for Explosive

The explosive is modelled with the Jones-Wilkins-Lee (JWL) equation of
state, which provides a good approximation of the pressure release from
an explosive material. The pressure p can be calculated with the following
formula:

p = A(1−
ω

R1ρ̄
) e−R1ρ̄ + B(1−

ω

R2ρ̄
) e−R2ρ̄ + ω ρ eint (4)

where ω = γ − 1. A, B, R1, and R2 are constants depending on the kind
of explosive and are given in Table 1. eint is the specific internal energy at
atmospheric pressure. The quantity ρ̄ is the relative density, defined as:

ρ̄ =
ρsol
ρ

=
V

Vsol

(5)

where ρsol is the density of the explosive in solid state, ρ is the current
density and V is the volume. The first and second terms in (4) describe
the behaviour during the detonation, whereas the behaviour of the air after
the energy release is represented by the last term, which corresponds to the
perfect gas law (3).

The parameters for the JWL equation can be found, for example, in
Dobratz and Crawford [2]. The values used for TNT and C4 explosives are
shown in Table 1. The release of pressure is combined with an ignition law,
which uses the detonation velocity vdet.

3.2 Finite Elements (FE) – Finite Volumes (FV)

In this work calculations are performed using the finite element method as
well as using the finite volume method. All calculations use Eulerian meshes
since the deformation of structures is not considered (except in Section 4.3,
where ALE is used). An explicit time integration scheme is used.

The finite volumes (for the implementation used, see Galon [25]) use a
second-order approach for the flux in order to improve the calculation of
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Unit TNT C4
A Pa 3.738 · 1011 5.98155 · 1011

B Pa 3.747 · 109 0.13750 · 1011

eint,0 J/kg 3.68 · 106 5.4341 · 106

R1 - 4.15 4.5
R2 - 0.90 1.5
ω - 0.35 0.32
ρsol kg/m3 1630 1601
vdet m/s 6930 8500

Table 1: JWL parameters for some explosive materials (from [2])

shock discontinuity with respect to the first-order approach typically used in
finite elements.

The oscillations occurring after a shock wave are a disadvantage of second-
order approaches. There are several possibilities to reduce these oscillations
after a shock front. Often used in fast-dynamic numerical simulations is the
classical artificial viscosity (see e.g. Benson [26]). A pseudo-viscous pressure
term is built from the velocity, the density and the sound speed and is then
added to fluid pressure.

Another possibility to reduce the oscillations is to use special flux limiters
developed for finite volumes. The limitation is achieved by using special rules
for the combination of the first- and of the second-order approaches. Several
examples are given in Galon [25]. The limiter proposed by Dubois [27] is
used for the present calculations. Flux Corrected Transport (FCT, see Boris
and Book [28]), which is used by AUTODYN [29], is a similar limitation.

3.3 Simulation Methods

There are several methods of numerical modelling that can be used in order
to load a structure with an air blast wave. These methods differ in the
number of finite elements (or finite volumes) used and, accordingly, in the
calculation time.

• The solid TNT model describes the mechanical behaviour of the (ini-
tially solid) explosive with a material law, e.g. the JWL equation (4).
A fine mesh is essential to obtain realistic results. The size of the ele-
ments in the region around the explosive should be much smaller than
the size of the explosive charge. These calculations are therefore very
expensive. To reduce the computation time, spatial partitioning (see

7



Casadei and Halleux [30]) can be used, which reduces the calculation
time for models with a large spectrum of element sizes.

• The computational explosion and blast assessment model proposed by
Clutter and Stahl [31] is also a solid TNT model that uses only one
element for the explosive. This is possible using several special meth-
ods in combination with the Becker-Kistiakowsky-Wilson EOS for the
explosive.

• 1D to 3D mapping. This method is used, for example, in AUTODYN
(see remapping manual [32] and Birnbaum et al. [33]), and is also a
solid TNT model. A 1D calculation is used until the air blast wave
reaches a surface. Then the values of the density, energy, velocity, and
pressure are mapped onto a 3D mesh. Rose and Smith [34] map the
1D model to 2D when the wave arrives at the first surface and map
the 2D model to 3D when the wave arrives at a second surface with
another direction. This method is a combination of the solid TNT and
of the control volume methods. The calculation time should therefore
be shorter than for the solid TNT model. This method is provided only
by some numerical codes.

• Compressed balloon method (phenomenological model). The pres-
sure-time function resulting from a compressed balloon can approxi-
mately match the curve of an air blast wave. The amount of compres-
sion can be calibrated with the maximum pressure or the impulse. The
calculation time is smaller than for the solid TNT model. This method
is described in detail later on.

• Control volume. A volume around the explosive is loaded by a
pressure-time curve. This curve can be taken, for example, from Kingery
and Bulmash [20]. An initial velocity has to be applied to the air parti-
cles. The air inside the control volume can be removed. This leads to a
reflection at the surfaces of the control volume, which can be neglected
if the control volume is small. In contrast, the air inside the control
volume can also be modelled. Then, the applied pressure wave is also
produced inside the control volume, which results in a reflection inside
the control volume. This method should be therefore validated through
comparisons with calculations using the solid TNT model. The com-
putation time is similar to that of the compressed balloon approach.
The method is suitable for Eulerian calculations far away from the ex-
plosive (planar blast loads), where the control volume transforms into
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p(t)

TNT

p(t)Control
volume

Compressed
balloon

Pressure-time function Solid TNT

Control volumeCompressed balloon

Figure 2: Simulation methods

a surface of the air which is subjected to a pressure-time function. This
procedure is used, for example, by Børvik et al. [35].

• Load-time function (phenomenological model). This is only usable
for an estimation of the behaviour of a structure loaded by an air blast
wave. The structure is loaded by a load-time function built with the
pressure-time function presented in Chapter 2. The calculation is rel-
atively inexpensive. Alternatively, the pressure-time function can be
determined by means of a fluid pre-calculation with fixed boundaries
for the structure. The structure is then loaded by the pressures result-
ing from this fluid calculation.

The choice among these methods depends on the scope of the analysis. Fig-
ure 2 sketches four of the above described methods for the simulation of an
air blast wave. The differences between the methods are summarised in Table
2.
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Method air/structure reflections,
channelling

calculation
time

Solid TNT air and structure considered very long
Mapping air and structure considered medium
Compressed balloon air and structure considered medium
Control volume air and structure (considered) medium
Load-time function only structure not consid-

ered
short

Table 2: Comparison of various simulation methods

3.4 Solid TNT Model

First, the solid TNT model is tested for its capacity to simulate air blast
waves. A rectangular parallelepiped model with dimensions 2.2 x 0.6 x 0.6 m
is used to compare the experimental results of Kingery with numerical results.
The element size of the tetrahedral elements is chosen as 0.005, 0.0067, and
0.01 m respectively. Three symmetry surfaces are used to calculate only one
eighth of the model (i.e. 1.1 x 0.3 x 0.3 m). The other three surfaces of
the parallelepiped are defined as absorbing boundaries. The corresponding
mass of the explosive (TNT) in the 1/8 model is 1.6 kg. One eighth of the
charge is modelled as a sphere by setting the elements inside a sphere of
0.062 cm radius as explosive (’spherical’ charge). The pressure is recorded
at the following measuring points: P1(0.5/0.1/0.1), distance 0.52m from the
charge centre and P2(0.9/0.1/0.1), distance 0.91m.

Figures 3 and 4 show that the solution using finite elements results in
smaller pressures and in an additional time lag compared with the experi-
mental results. The time lag and the difference between the numerical and
experimental pressures increase with the distance. The finite element model
can represent the impulse for the intermediate and for the fine mesh investi-
gated (see Table 3). For finite element calculations, this effect increases with
the distance from the charge. The influence of the element sizes is observable
but small. Also a cubical charge instead of the spherical one has, apart from
a time lag, only a small influence on the pressure time curve.

The cubic charge overestimates the impulse for longer distances due to a
non-perfectly spherical air blast wave.

To summarize, the finite element as well as the finite volume solution
can be limited used far away from the explosive. The finite volume solu-
tion shows a better description of the wave and also over a longer distance.
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Figure 3: Solid TNT model, finite element and finite volume approach, results
at measuring point P1 (distance 0.52 m)

The calculation time for solid TNT models is long. The calculation time is
compared with other simulation methods in Section 4.2.

3.5 Compressed Balloon Method

The computational effort required by solid TNT models is very large. In ad-
dition, the results of this model depend very often on the size of the elements.
The models which use a pressure-time function, in contrast, are sometimes
not realistic due to the fact that these models do not consider reflections,
street channelling and shadowing.

The idea of the balloon method is to use a region (balloon) with com-
pressed air of initial size much bigger than the size of the solid explosive.
This method goes back to Brode [36]. He proposes to use a balloon filled by
gas at an initial pressure of:

pBrode =
ETNT(γ − 1)

Vbal

+ p0 (6)

where ETNT is the total initial energy of the charge, Vbal the volume of the
balloon, p0 the atmospheric air pressure, and γ the heat capacity ratio of the

11



2.5E+6

2.0E+6

Kingery P2

1.5E+6

[P
a

]

FV, coarse mesh, spherical charge

1.0E+6P
re

ss
u

re
 

5.0E+5

0.0E+0

0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009 0.001

Time [s]

FE, coarse mesh, cubic charge

FE, coarse mesh, spherical charge

FE, intermediate mesh, spherical charge

FE, fine mesh, spherical charge

0.05

0.25

0.05 0.45

P1 P2

0.40

0.1

0.3
0.20

solid TNT

[m]

Figure 4: Solid TNT model, finite element and finite volume approach, results
at measuring point P2 (distance 0.91 m)

gas in the balloon. In the literature (see e.g. Baker et al. [18]) it is customary
to relate the energy of the charge (ETNT, expressed in J) to the mass of the
charge MTNT expressed in equivalent TNT kilograms, by assuming that 1 kg
of TNT releases 4.52 · 106 J of energy, so that:

ETNT = MTNT · 4.52 · 106 (7)

Brode’s equation (6) is used by several authors, e.g. Ritzel and Matthews
[37] or Omang et al. [38], to calculate the far-field behaviour of an air blast
wave in an easy and effective way.

Trelat [39] presents a similar experimental method that can be used to
reproduce an air blast wave using balloons filled with burnable gas. The
difference in the air blast characteristics (peak pressure and impulse) be-
tween the air blast wave resulting from the ignition of the gas and from solid
explosive detonation can be fitted with a special equation (see [39]).
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Model pmax,1 pmax,2 i1 i2
Kingery 5.94E6 2.35E6 132.8 102.4
FE, coarse mesh, spherical charge 3.13E6 8.52E5 116.4 98.6
FE, intermediate mesh, spherical charge 3.54E6 9.47E5 131.8 106.9
FE, fine mesh, spherical charge 3.74E6 1.04E6 137.0 108.3
FE, coarse mesh, cubic charge 3.86E6 9.93E5 120.2 128.9
FV, coarse mesh, spherical charge 3.59E6 1.35E6 137.5 -

Table 3: Comparison of maximum pressures and impulses for different meshes

3.5.1 Development of the Balloon Method

Several calculations using a compressed balloon are done in this work to test
how accurately the release of pressure from the balloon can represent the
air blast waves resulting from a real explosion. For our first investigation,
3D spherical balloons are used (see Figure 5). The balloon is the red zone
shown in the Figure. The surrounding air, shown in blue on the Figure, is
meshed by projecting the balloon surface radially and absorbing boundary
conditions are imposed along the external envelope of the model. Thanks to
symmetry conditions only one eighth of the model is meshed. The model uses
40 elements in the circumferential direction (for one eighth of the sphere),
and a total of 104,000 brick elements. Three different geometries are used
with different sizes of the balloon radius (Rb = 0.5, 1.0, 5.0m) and of the
corresponding air radius (Rair = 5, 10, 50m, respectively).

The computed results (in particular the maximum pressure and the im-
pulse) are then compared with the experimental values resulting from a real
explosion. The impulse is the most important parameter as concerns air blast
wave effects on a structure. A comparison of the computed impulse vs. the
experimental values of Kingery and Bulmash [20] is presented in Figure 6, as
a function of the scaled distance defined by Equation (1). For the simulation
shown in this Figure a value of Rb = 0.5 m and Rair = 5 m is used. The
assumed mass of the charge is Mbal = 3.28 kg TNT equivalent, and from
Equation (6) this gives an initial balloon pressure of 107 Pa.

The comparison between the impulse using Kingery’s equations and the
balloon model (Figure 6) shows that the latter is too small, but has the same
shape over a broad range of scaled distances, except in a small region immedi-
ately adjacent to the balloon. This trend is observed in all calculations done
with the geometry parameters given. Furthermore, there is no dependency
on the element size. The comparison of pressures shows that the peak pres-
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compressed balloon

balloon

Rb

Rair

air air

Figure 5: Compressed balloon model

sure of the compressed balloon method is similar to Kingery’s experimental
data (see Figure 7), again if one neglects the region immediately adjacent to
the balloon.

The idea is now to introduce a correction factor αbal, depending upon the
mass of the charge, in order to obtain the right impulse. The easiest way to
obtain this correction is to scale down the experimental curve from Kingery
(which has an analytical expression) so that it best fits the balloon impulse
computed numerically. In the chosen example, this occurs for a charge of
approximately Mfit = 2.5 kg TNT (instead of Mbal = 3.28 kg), as shown by
the dashed line in Figure 6.

In order to generalize this result, several calculations are performed, all
using a compressed balloon of 0.5 m radius, but with different values of the
initial pressure. To each of the computed impulse vs. scaled-distance curves,
a corresponding experimental curve from Kingery is best fitted. The resulting
values of TNT equivalent charges Mfit are represented by the lower curve in
Figure 8, as a function of the over-pressure.

Note that, to allow later on the determination of the correction factor
αbal, the charge masses in Figure 8 are not plotted vs. the initial balloon
over-pressure pBrode(Mbal) − p0, but rather vs. a “best fitted” initial over-
pressure pfit, obtained from Brode’s equation (6) as follows:

pfit = pBrode(Mfit)− p0 =
Efit(γ − 1)

Vbal

(8)

where Efit = Mfit ·4.52·10
6 according to Equation (7). For the above example
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Figure 6: Comparison of the impulse of the balloon method against the experi-
mental values of Kingery and Bulmash [20] for Rb = 0.5m, Rair = 5.0m, initial
balloon pressure 107 Pa

the best fitting charge is Mfit = 2.5 kg TNT, and this results into pfit =
7.55 · 106 Pa.

The equivalent TNT charge of the balloon Mbal is represented by the
upper curve in Figure 8. The two energy curves in this Figure show similar
behaviour in the logarithmic scale used for the over-pressure so that, by
computing the ratio between them, we obtain the scaling factor αbal as a
function of pfit for this particular geometry (Rb = 0.5 m and Rair = 5.0 m),
see the red curve in Figure 9. The same procedure is then repeated for the
other values of the balloon radius, namely Rb = 1.0 m and Rb = 5.0 m,
showing very little dependency of results upon the balloon radius, see the
blue and yellow curves in Figure 9, respectively.

All these curves are very close to one another and approximately linear,
except perhaps for very low values of the initial balloon pressure, see comment
below. They can be fitted quite accurately by the following linear expression,
also plotted in Figure 9:

αbal = −0.2205 log(pfit) + 2.265 (9)

where pfit indicates the best-fit over-pressure in the balloon and must be
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expressed in Pa (see Equation (8)).

3.5.2 Algorithm to compute the initial balloon conditions

To summarize, the following procedure can then be used to obtain the initial
pressure of the balloon pbal for a given TNT equivalent mass M (in kg) and
a given balloon volume Vbal (in m3):

1. Calculation of the nominal energy of the explosive charge (ETNT, in J)
with Equation (7):

ETNT = M · 4.52 · 106 (10)

2. Calculation of the over-pressure in the balloon in Pa with Brode’s for-
mula Equation (6):

pTNT = pBrode − p0 =
ETNT

Vbal

(γ − 1) (11)

3. Calculation of the dimensionless scaling factor αbal with Equation (9):

αbal = −0.2205 log(pTNT) + 2.265 (12)
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Figure 8: Charge mass vs. pfit for Rb = 0.5m, Rair = 5.0m

4. The initial pressure in the balloon can be calculated with:

pbal =
pTNT

αbal

+ p0 (13)

5. A square root factor fbal is calculated in order to distribute the scaling
αbal “in equal parts” to the internal energy and to the density of the
balloon gas (see discussion below):

fbal =

√

pbal
p0

(14)

6. Finally, the values of the internal specific energy eint,bal and of the
density ρbal of the balloon can be calculated by multiplying the values
for the uncompressed air ρ0 and eint,0 by the factor fbal:

ρbal = ρ0 · fbal (15)

eint,bal = eint,0 · fbal
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The use of the factor fbal deserves some explanation. The initial pressure
of the balloon results typically from the perfect gas Equation (3) and is
the combination of the higher internal energy (temperature) and the higher
density of the balloon gas, with respect to atmospheric values. Therefore, for
a given pressure of the balloon, only one of these two quantities is independent
while the other one results from the equation of state. So in principle one can
arbitrarily decide how to “distribute” the scaling factor αbal between ρ and
eint. Numerical tests have shown that in practice there is no influence of the
chosen distribution rule on results, in particular as concerns the computed
impulses. Therefore, it is proposed to adopt the square root factor as given
above in Equations (14) and (15).

With this simple procedure it is possible to calculate the initial state of the
balloon gas for a given balloon size and a given charge. While the proposed
procedure is applicable in general in any computer code, it should be noted
that the coefficients appearing in Equation (12) have been calibrated for the
specific Finite Volume model used in our code. If a different numerical model
(e.g. Finite Elements) or a different computer code is used, the calibration
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should of course be checked. For example, when using the Finite Element
model for fluids also available in our code, slightly different values of the
coefficients in the expression of αbal (12) have to be used to obtain the best
possible results with the proposed simple balloon model.

3.5.3 Limitations of the Compressed Balloon Method

The proposed procedure raises the question, whether there are limitations on
the size of the balloon or on the ratio of the initial balloon pressure versus
the atmospheric pressure (pressure ratio pbal/p0).

The curve of αbal (see Figure 9) has some limits. Clearly, values smaller
than 0.0 cannot be used, because they would result in negative pressure.
But, even using values of αbal less than 0.5 represents an extrapolation of
the numerical data shown in Figure 9. These values should therefore be used
with care (a warning is issued by the code). In addition, if the value of αbal

is relatively small, a small change of αbal results in a large change of the
overpressure. Also in that case accuracy is relatively low.

Values of αbal larger than 1.0 are also dangerous, because none of the
computed points in Figure 9 is above 1.0, at least for our own numerical
model. Therefore, also in this case a warning is issued in our implementation.

It is observable in Figure 6 that the distance to any structure should be
at least twice the radius of the balloon.

3.5.4 Influence of the Balloon Size (or Pressure Ratio)

Several calculations are performed to determine the influence of the balloon
size (or pressure ratio) on the pressure-time curve. The geometry shown in
Figure 10 is used. The charge has a mass of 16 g; the size of the balloon
varies between 0.04 m and 0.2 m. The size of the cube-shaped finite volumes
is chosen as 2 cm. Spherical conditions are used. The pressure-time curves
are compared at two locations. The first point has a distance of 0.4 m (scaled
distance of 1.59m/kg1/3) and the second point a distance of 0.8 m (scaled
distance of 3.17m/kg1/3) from the centre of the explosive.

The calculations with small initial balloon pressures (pbal/p0 = 5.2) show
that these models cannot reach a good agreement with the Friedlander equa-
tion (2) using Kingery’s parameters (see Figure 11). The values of αbal in
such cases are almost 1.0 or higher. Therefore, it is recommended that only
balloons with pressure ratios pbal/p0 higher than about 50 are used. If this
condition is not met, the initial size of the balloon should be adjusted.
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3.5.5 Influence of the Mesh Size (Convergence Study)

A convergence study is carried out to determine the influence of the size of
the finite volumes. The model presented in Figure 5 is changed in such a
way that the finite volumes are built by respecting an optimal aspect ratio,
as shown in the inset of Figure 12. The size of the finite volumes can then
be easily varied by changing the number of elements in the circumferential
direction (or “segments”, see Figure 12).

The computed impulses for different numbers of segments are shown in
Figure 12, as a function of distance from the charge scaled to a charge of
2.5 kg TNT, to allow direct comparison of the various results. The radius
of all balloons is set to Rb = 0.5m; the radius of the complete model is
set to Rair = 5.0m. The overpressure inside the balloon is set to 107 Pa
(pbal/p0 = 100).

The impulse-distance curves of models with more than 6 segments show
very similar behaviour. All these curves result in a similar mass of the ex-
plosive charge by fitting them with the results from Kingery. Only the curve
with 4 segments is not usable.

Because of this good correspondence of the results for several mesh sizes,
the influence of the mesh on the impulse is quite small. While the impulse is
represented well even by relatively coarse meshes, the peak pressure depends
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much more on the mesh size. The model of Section 3.5.4, see Figure 10 is
used with a size of the balloon of 10 cm and different finite volume sizes using
a regular mesh. The resulting pressure-time functions are shown in Figure
13. For this geometry an element size smaller than 2 cm is recommended,
which corresponds to at least 5 elements in the balloon region along each
spatial direction, which has also be shown in the first experiment.

4 Comparison with Experiments and Appli-

cation Examples

The compressed balloon method is used to simulate several air blasts with
different geometries. The results are compared with solid TNT models and
with Kingery’s experimental curves.
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4.1 Explosion Experiment

The experiment presented by Alia and Souli [5] involves an explosion of 227
g C4 under spherical conditions, corresponding to 268 g TNT (see Cusatis
et al. [40]). The explosive is placed at a distance of 1.22 m from a rigid wall.
The pressure wave is reflected by this wall. The pressure is measured above
the explosive at a distance of 1.52 m from the charge. The geometry of the
numerical models is presented in Figure 14.

Five different numerical simulations of this experiment are performed:
two with the solid TNT model and the others with the balloon method.

Due to the fact that the wave reflected by the wall hits the pressure gauge
after a relatively long time, the wall is neglected in the numerical model with
solid TNT. With this simplification, the model can be built much smaller
(0.4×0.4×2.0 m, “small model” in Figure 14) than the numerical model used
e.g. by Coussin [41]. Absorbing elements replace the ignored air. All models
use symmetry conditions; only one eighth of the geometry is built.

The solid TNT model is meshed with cube finite volumes with a second-
order approach in both space and time. The centre of the explosive is built
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as a cube with 7 (coarse mesh) or 10 (fine mesh) finite volumes along each
direction. Around this cube, the mesh is generated in a similar way to the
model in Section 3.5.1. This leads to a spherical charge. The space between
the spherical charge and a bigger cubic box around the charge (see Figure
14) is also filled with cubic volumes and is defined as air using the ideal gas
law. The explosive is modelled by the JWL equation and the parameters
shown in Table 1.

For the calculations with the balloon method, two different balloon sizes
are used: one with a volume of 1.0 · 10−3 m3 (corresponding pressure 9.44 ·
107 Pa), and the other one with a volume of 2.8 ·10−3 m3 (corresponding pres-
sure 2.74·107 Pa). Both models are built with larger dimensions (1.2×0.8×2.0
m, “full model”), thus taking also into account the reflection at the wall.

The experimental result obtained by Alia is shown in Figure 15, where
it is compared with Kingery’s pressure-time curve, which describes the peak
pressure and the positive impulse very well. The pressure wave in the exper-
iment is slower than the wave in Kingery’s model. A reason could be that
Kingery’s experimental data is developed for TNT and not for C4. The ex-
perimental result of Alia shows also the reflection of the air blast wave at the
wall, arriving at the gauge point 5.2 ms after the detonation of the charge.
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The solid TNT model also shows a time shift which, however, is smaller
than for Kingery’s equation. The positive impulse is similar to the experi-
mental one. However, the pressure drop in the negative phase is much faster
than in Alia’s experiment. The difference between the two meshes is observ-
able but small, while the difference in the calculation time is dramatic (1.75
h to 19.6 h).

The impulse and the pressure-time curve of the compressed balloon method
(full model) are similar to the experiment, if one disregards the time shift.
The compressed balloon method with higher overpressure (smaller volume of
the balloon) shows a larger time shift of the pressure wave than the model
with the smaller overpressure. The pressure-time curve is shifted in Figure
16 to allow better comparison of the different parts of the curve. Compar-
ison with the results of Coussin’s finite volume calculations [41] shows that
the compressed balloon method has the same behaviour but is much faster
(about 1.3 h on a current desktop PC) in contrast with Coussin’s finite vol-
ume solution (about 46 h on a similar processor, but with 8 times more
memory).
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It can be seen, that the numerical solution follows in most parts Alia’s
experimental curve. If one neglects the time shift (which can also be seen
in Kingery’s equation), the compressed balloon method can represent the
pressure-time curve very well. The reflection at the wall is fairly well repre-
sented, both in the arrival time and in the pressure magnitude.

It can be concluded that the compressed balloon method can be used to
calculate this type of problems. The time shift in the numerical solutions
could be partly due to the different kind of explosives. In any case, the shift
has very little influence on the behaviour of the structure.

4.2 Urban Environment Experiment

Experiments with a detonation in an urban environment are used to verify
the compressed balloon method in more complex geometries. Experimental
tests with a scaled model (1:50) are carried out by Feng [42] and presented
by Fairlie [15]. A charge with a size of 8 g TNT is located midway between
two concrete blocks with dimensions of 2.0×0.15×0.16 m (see Figure 17).
There are also two concrete blocks at the ends of this ‘street’ with a size of
0.3×0.3×0.3 m. The pressure-time functions are recorded at one point at

25



0.0E+0

5.0E+4

1.0E+5

1.5E+5

2.0E+5

2.5E+5

1E-3 2E-3 3E-3 4E-3 5E-3 6E-3 7E-3

Time [s]

P
re

s
s
u

re
[P

a
]

Experiment

Balloon method: time shift 0.5 ms (V =8e-3 m )bal

3

FV solid TNT from Coussin
R

e
fl
e
c
ti
o
n

fr
o
m

th
e

w
a
ll

Reflection from the stand
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the end of the street and at another point around the corner of the building
at the end of the street (see Figure 17).

One solid TNT model and two different compressed balloon models are
used to calculate the development of the air blast wave in this geometry. All
models use two symmetry conditions. The solid TNT model is built with
tetrahedral finite volumes (second-order approach for the flux). The element
size inside the explosive is chosen as 0.002 m, then it increases up to 0.02 m
in the rest of the model. About 130,000 elements are used.

The first compressed balloon model is built with cube finite volumes with
a constant element size of 0.01 m corresponding to about 126,000 elements.
The other model uses about 179,000 tetrahedral finite volumes with a maxi-
mum size of 0.02 m. The balloon volume of both models is set to 9.6·10−5 m3,
which corresponds to a pressure in the balloon of 5.44 · 107 Pa.

Figure 18 shows the development of the air blast wave by using the com-
pressed balloon method (tetrahedral finite volumes). The air blast wave is
reflected at 1.57 ms. The comparison between the numerical and the exper-
imental results (Figure 19) at gauge location 1 shows that the pressure-time
curve resulting from the solid TNT model underestimates the impulse as
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well as the peak pressure. The finite volume model results in a fairly good
pressure-time function. Both compressed balloon models show a good de-
scription of the pressure-time curve. The time shift of the tetrahedral finite
volumes is bigger than when cube finite volumes are used.

The numerical results of the compressed balloon methods for the second
gauge location (see Figure 20 show also a good correspondence with the
experimental result, apart from the time shift. The pressure-time function
of the finite volume solid TNT model underestimates the positive impulse.
The pressure-time function proposed by Kingery cannot be used because
Kingery neglects any street channelling effect and thus predicts much smaller
pressures.

There is also a big difference in the calculation time. The solid TNT
calculation needs approximately 7.2 h on a current desktop PC. Thanks to
a much more regular mesh, the calculation time of the compressed balloon
method is much smaller: 1.2 h with tetrahedral finite volumes and 0.6 h with
cube finite volumes.

4.3 Calculations of a Metro Line Carriage

The compressed balloon method is also used to determine the influence of a
detonation inside a metro line carriage.

In the past, most trains carriages were built with a substructure made
from steel. Onto this substructure metal sheets are welded. Such design is
very heavy and expensive to construct. The thickness of the metal sheets
is in the order between 3 and 12 mm. Several current trains are built from
extruded aluminium since weight can be reduced dramatically using this
material and productivity can be increased.

The geometrical representation of the train carriage investigated is ob-
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Figure 18: Urban Environment Model, compressed balloon method, t = 0.0;
0.24; 0.57; 1.59 ms

tained from on-site 3D laser scannings by the JRC 3D Reconstructor soft-
ware (see Boström et al. [43]) and is shown in Figure 21. The length of the
model is 14.7 m, the width of the train is 2.68 m, the height is 2.14 m.

An aluminum sheet of 3 mm thickness is welded on a frame structure. The
aluminum sheet is modelled using quadrilateral shell elements. A Lagrangian
formulation for all solid material is used. An erosion criterion is used for the
aluminium sheets with a Van Mises failure limit of 245 · 106 Pa. The cross
section of the frame structure tentatively has the standard profile IPE80.
These profiles are placed near the doors and at the upper border of the
carriage. The floor of all trains is considered rigid since it is a very stiff
construction and since in most terrorist attacks the reported displacements
and failure of the floor were small.

Laminated safety glass is used for the windows (for the simulation method
see Larcher [44]). Since the failure of the laminated glass can not be rep-
resented with the element sizes used for the calculations, a displacement
criterion of 30 % of the span of the windows is used. Reaching this limit, the
border of the window is eroded so that the air can escape.

A charge of 10 kg TNT is located in the centre of the train. The diameter
of the balloon is chosen to 0.7 m. The mesh size of the fluid mesh is set to
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Figure 19: Urban Environment Model – results of several methods, gauge
location 1

0.1 m, the mesh size of the structural part is set to a maximum of 0.1 m.
Non-conforming fluid-structure interaction is used to allow calculation of the
fluid even after failure and erosion of parts of the structure.

The development of the pressure, the displacements, and the failure of the
structure are presented in Figure 22. The air blast wave resulting from the
compressed balloon destroys the structure immediately around the explosive.
At t = 13 ms all windows are failed due to reaching the failure criterion. The
extremities of the carriage are also destroyed due to the channelling effect
and the reflection of the wave at the closed ends. The reflection leads to
higher peak pressures and impulses at the ends than in the other parts of the
tube. In comparison to the terrorist attack in Madrid near Atocha station,
where a charge of 8 to 12 kg was used, the failure of the structure is similar,
even though the frame structure of the real train carriages involved is not
known in detail. Using fluid-structure interaction the risk inside the train
can also be calculated using the impulse and the pressure (see Larcher et al.
[45]).
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5 Conclusion

This paper presents several methods for simulating air blast waves, which
can also be used inside complex structures. Developments are done to bet-
ter fit the compressed balloon method to experimental data. This method
allows a relatively fast calculation by taking into account reflections, shad-
owing and channelling. The overpressure of such a balloon can be calculated
by simple equations presented in this paper. Several models with different
balloon sizes, different element sizes and different geometries have shown that
the compressed balloon method produces representative impulses and peak
pressures. The limitation of the pressure ratio inside the balloon is discussed.

The compressed balloon method is only a phenomenological model. The
method cannot therefore represent all kinds of possibilities. The pressure in
the region nearby the balloon is not very accurate. The distance between the
balloon and the structure should be large enough.

The implementation of the compressed balloon method in existing codes,
which deal with fluid-structure interactions, is quite simple. The “real” ex-
plosive charge and part of the surrounding air inside a structure (balloon
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Figure 21: Structure of the single train carriage investigated

region) is replaced by air at a higher pressure. The remaining procedure is
the same as using a solid TNT model. Experience has shown that the results
of fluid calculations in several codes differ. The results of the compressed
balloon method should therefore also be checked for other codes.
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