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Study of blast wave overpressures using the 
computational fluid dynamics

Estudo das sobrepressões da onda de choque de uma 
explosão utilizando a fluidodinâmica computacional

Abstract  

Resumo

The threats of bomb attacks by criminal organizations and accidental events involving chemical explosives are a danger to the people and build-
ings. Due the severity of these issues and the need of data required for a safety design, more research is required about explosions and shock 
waves. This paper presents an assessment of blast wave overpressures using computational fluid dynamics software. Analyses of phenomena 
as reflection of shock waves and channeling effects are done and a comparison between numerical results and analytical predictions has been 
executed, based on the simulation of several models. The results of this paper suggest that the common analytical predictions aren’t accurate 
enough for an overpressure analysis in small stand-off distances and that poorly designed buildings may increase the shock wave overpressures 
due multiple blast wave reflections, increasing the destructive potential of the explosions.

Keywords: blasts, blasts waves, computacional fluid dynamics.

Ameaças de ataques com bomba por parte de organizações criminosas e acidentes envolvendo explosivos químicos representam um perigo 
real às estruturas e a seus usuários. A gravidade destes problemas e a necessidade de informações que auxiliem a elaboração de projetos mais 
seguros demandam pesquisas relacionadas às explosões. Este trabalho faz uma avaliação das sobrepressões de ondas de choque oriundas da 
detonação de explosivos à base de TNT, utilizando a fluidodinâmica computacional. Pela simulação de diferentes modelos foi possível verificar 
fenômenos como reflexões de ondas de choque e efeitos de canalização e realizar a comparação dos resultados de sobrepressão de onda com 
predições analíticas. Os resultados indicam que as técnicas de predição são pouco acuradas na análise de estruturas muito próximas do ponto 
de detonação e que ambientes mal projetados podem favorecer o fenômeno das múltiplas reflexões de onda, aumentando o potencial destrutivo 
da explosão.

Palavras-chave: explosões, ondas de choque, fluidodinâmica computacional.
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1. Introduction

Shock waves and explosion phenomena, especially from high explo-
sives, are useful for mining and for military applications. However, explo-
sions might represent a severe risk for civilian structures and their users.
A blast is a complex and nonlinear phenomenon that demand sev-
eral analytical studies associated with numerical and experimental 
analysis. The main objective of these studies is the definition of 
fundamental controlling factors and blast parameters.
Recent researches about explosion receive important support from 
current computational resources. The blast experiments might 
be complex and expensive, for example, experiments based on 
elaborated urban environment or models involving high mass of 
explosives are uneconomical. The numerical development enable 
advanced structural modeling capabilities, facilitate the setup of 
large scale models and optimized building layouts.
The main objective of protective construction is to improve people 
and general contents survival probability after a blast event against 
a facility [1]. These constructions need sufficient ductility and re-
dundancy to prevent progressive collapse [2]. Another important 
factor in a protective construction is the façade response to the 
blast loading that significantly affect the structure behavior [3]. 
A suitable internal layout of a protective building might facilitate the 
escape of hot gases from an internal explosion and prevent chan-
neling effect due successive shock wave reflections. On the other 
hand, the global behavior of a given construction with adjacent build-
ings and the analysis of their structural geometries and construction 
materials may provide important information for designers to con-
cept suitable strategies to mitigate damages from an explosion.
This paper presents a study of the explosions wherein numerical 
simulations based on computational fluid dynamics (CFD) were 
developed. The computational software Autodyn from Ansys ® 
Workbench version 15 from 2014 [4] was used in this research. 
The simulated models are constituted by two close buildings under 
an external explosion. Several environment conditions as different 
level of openings, internal layouts and the presence of obstacles 
between the explosion and the buildings were considered in the 
analysis. A study of the channeling effect was conducted too. 
The results for shock wave overpressure were compared with em-
pirical predictions of several authors, for example, Kinney [5]. The 

results enabled a comprehensive analysis of shock waves propa-
gation in complex environment and their interaction with rigid sur-
faces. The shock wave reflections influence on the resulting over-
pressures was analyzed.

2. The explosions and their  
 basic parameters

An explosion is summarily defined as rapid and sudden release of 
large amount of energy [6] wherein a violent expansion of the hot 
gases from the epicenter create a layer of compressed air, the shock 
wave [7]. Despite the high applicability on military operations, de-
molitions and mining, the explosions may represent a severe risk 
to the civilian structures and people when produced by accidents or 
criminal organizations. The explosions can be classified in nuclear, 
mechanical and chemical. The chemical explosions are related with 
high explosives (HE) that are a group of solid explosives able to 
produce shock waves when detonated in open air or underwater 
pressure pulses [8]. The properties and the effects of explosion of 
high explosives are more known than nuclear blast effects due the 
simplicity involved on the production and the utilization.
The type and quantity of explosive detonated are related with the mag-
nitude of an explosion. An equivalence with TNT’s energy may be used 
to evaluate the explosive power (Table 1) and that factor is largely uti-
lized to determine proper masses of different kind of explosives in TNT.
The parameters of a shock wave produced by an explosion can 
be suitable plotted in a graph, the pressure-time history (Figure 1). 
From the Figure 1:
Ta or Arrival time is the time when the shock wave reach the analy-
sis point.
Td+ or duration time of positive phase is the time between the ar-
rival time (Ta) and the time when negative phase starts.
Td- or duration time of negative phase, starts when the positive 
phase of the shock wave ends and still be counted until the stabili-
zation of ambient pressure.
Pmáx or P or peak value of pressure is the highest value of pressure 
in positive phase of shock wave. Pmáx occur at the arrival time (Ta).
P- or under pressure is the lowest value of under pressure in the 
negative phase of shock wave.

Table 1
Explosives and their TNT equivalency [9]

Explosive TNT Factor

TNT 1,00

Torpex 1,20

PETN 1,66

RDX 1,60

HBX-3 1,02

Nitroglicerina 1,50

Pólvora 0,55

C4 1,18

Figure 1
Blast wave pressure – time history
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Po or ambient pressure is the reference standard pressure.
The overpressure (∆P) is a pressure above standard atmospheric 
pressure. It can be measured by peak value of pressure (Pmáx) 
minus atmospheric pressure (Po).
The scaled distance is a dimensional distance parameter used to 
estimate blast effects in a given distance of the explosion. 
The scaled distance “Z” (Equation 1) is defined by the relation-
ship between the distance “R” from an explosive charge with 
mass “W”.  The values of “R” and “W” are measured in meters 
and kilograms, respectively.

(1)

The explosive charge shape has a great influence in the definition 
of the shock front, this influence is very important in the analy-
sis of close range explosions. Despite this, the use of spherical 
shaped explosives is common in the researches. In this case, the 
shock waves expand radially in the air from the detonation point.
It is important to have previous knowledge about the shock wave 
behavior to evaluate the blast loading on a structure. To do so, 
there are important properties to consider in a shock wave analy-
sis, such as the arrival time, the incident overpressure and the 
duration time of the positive phase.
Several researchers developed semi empirical formulations to 
estimate the overpressures of shock wave from a given distance 
to the detonation point. These formulations have low accuracy in 
some cases due the simplifications used in his development, but 
it still largely applicable in many problems.
Brode apud Mays and Smith [8] introduced the equations 2 and 3 
to evaluate the overpressure (∆P) in bar.

(2)

(3)

The equation 2 is applicable to evaluate overpressures in short 
distances wherein the overpressures is high (∆P > 10 bar). On 
the other hand, the equation 3 is applicable to medium and far 
distances wherein the overpressures are low (0,1 < ∆P < 10 bar).
Henrych apud Smith and Hetherington [7], based in experimental 
and numerical data, introduced the equations 4, 5 and 6 to esti-
mate shock wave overpressures in bar.

(4)

(5)

(6)

The equation 4 is used to measure shock wave overpressure in 
close field (0,05 ≤ Z ≤ 0,3 m/kg1/3). The equations 5 and 6 are ap-
plicable to 0,3 ≤ Z ≤ 1 m/kg1/3 and 1≤ Z ≤ 10 m/kg1/3, respectively.
Newmark and Hansen apud Ngo et al. [6] introduced the Equa-
tion 7 to measure the shock wave overpressure in bar. That equa-
tion is similar to equations presented before, but is directly related 
with the charge mass (W) and standoff distance (R) instead of the 
scaled distance (Z).

(7)

Kinney and Graham [5] introduced an equation to predict the 
shock wave overpressure in bar (Equation 8). Unlike the pre-
vious proposals, Equation 8 consider atmospheric pressure in  
the formula.

(8)

The Equation 9 was developed by Mills apud Ngo et al. [6]. This 
equation can be used to determine the overpressure of shock 
wave in kPa.

(9)

The predictions of the shock wave overpressure of an explosion 
in the near field has lower accuracy than medium and far field 
due the high complexity involved in the formation of the shock 
wave and the expanding gases behavior in the first milliseconds 
of the explosion.

3. Numerical analysis

3.1 Software

On this paper the numerical simulations are developed in Au-
todyn, a hydrocode from Ansys® Workbench version 15 from 
2014 [4].
The Autodyn is a hydrocode developed to analyze systems 
under intense or very fast loadings. This software is based in 
computational fluid dynamics that use explicit time integration to 
solve the equations of motion, this enable the modeling of prob-
lems involving impacts, explosions, fragmentation and several 
nonlinear dynamics problems.
The Autodyn allows modeling and simulating complex problems 
about explosions that could be uneconomical, unsafe or invi-
able to be done by blast experiments. The software enables the 
study of phenomena as channeling of the shock wave, Mach 
wave, measurement of the shock wave overpressure in com-
plex environments, data related to negative phase and consid-
erations about thermodynamics effects. Some of these phenom-
ena weren’t considered in semi empirical predictions presented 
earlier due their complexity.
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3.2 Numerical simulations

The primary goal of the simulations developed in this work is the 
analysis of the blast overpressures in various environments using 
the computational fluid dynamics. Three groups of simulations 
were developed.
In the first group, explosions in a free air were modeled using 
1D models. The results for the shock wave overpressure were 
measured with gauges positioned in the model, henceforth this 
results were compared with the semi empirical predictions pre-
sented earlier in this work.
In the second group of simulations, the channeling effect was 
analyzed in 2D models. In these models, rigid obstacles were 
positioned to confine the explosion in order to canalize the en-
ergy. The analysis of the increment in the overpressure value 
due the multiple shock wave reflections has been executed, by 
positioning virtual gauges to measure them.
In the third group an urban environment has been modeled us-
ing 3D models. In that scenario, the overpressures of the shock 
wave from an explosion were studied. The models developed in 
these groups have some differences to enable the evaluation 
of different parameters, for example, the presence of obstacles 
between the explosion and the structures, positioning of the ex-
plosion and different internal layouts. The results for shock wave 
overpressure were collected by gauges and has been analyzed.
Quadrilateral elements have been used to modeling the simula-
tions of the first (1D) and second (2D) groups, and volume ele-
ments has been used to modeling the simulations of the third 
group (3D).
The models simulated share some similarities, for example, has 
been used Lagrangian mesh to model solids and Eulerian mesh 
to model fluids.
The Lagrangian meshes are meshes based in Lagrangian meth-
ods. In that case the modeled numerical mesh is enabled to 
move and distorts following the material motion.
The Eulerian mesh is a fixed mesh wherein the material flows 
through it. That mesh has a high computational cost to be pro-
cessed due the large number of elements required to achieve 
accurate results [10]. The fluid-structure interaction can be 

achieved enabling the Euler-Lagrange coupling.
The remapping technique can be used to obtain computational 
time savings, as a good way to increase computational effi-
ciency. This technique is based on a remap of the 1D analysis 
results in a 3D mesh.
The boundary conditions used in the borders of air model allows 
the representation of unlimited air medium. The buildings simu-
lated in third group were modeled as rigid and were assumed as 
resting on a rigid ground. That assumptions enable an overall 
analysis of shock wave and a several gains of computational 
efficiency avoiding excessive deformations or fragmentation of 
the Lagrangian elements.
The Table 2 presents the properties of materials used in the 
simulations.

3.3 1º Group: The measurement of shock wave 
 overpressures from an explosion of spherical 
 TNT charge in free air - 1D

The most simplified models to study blast waves consist in a 
detonation of spherical charge of TNT in free air in standard 
conditions.
This first group of simulations were developed to involve this 
simplified conditions enabling a suitable comparative analysis 
with semi empirical models. Several meshes sizes were used in 
these simulations.
The simulated models consist of a wedge formed by a combi-
nation of quadrangular elements filled with air (Figure 2). The 
charge of TNT was positioned in the center of model. The mesh-
es sizes used were 5 mm, 10 mm, 20 mm and 50 mm.
A 1kg TNT charge was detonated and the pressures was being 
measured at standoff distances 2,0 m, 2,5 m, 2,9 m, 3,3 m, 3,7 
m, 4,0 m, 4,7 m, 5,0 m, 5,3 m, 5,9 m, 6,2 m, 6,7 m and 7,0 m.
The air was considered in standard conditions.

3.4 2º Group: The analysis of channeling effect - 2D

The channeling effect occurs due complex environments geom-
etries that can confine and canalize the energy of the explosion. 

Table 2
Material properties

Ar TNT Concrete

Equation of State Ideal gas Jones-Wilkins-Lee Polinomial (Mie-Gruneisen)

Specific heat 717,6 j/kgK – -

Reference density 0,001225 g/cm³ 1,63 g/cm³ 2,50 g/cm³

Reference temperature 288,2 K – –

Detonation velocity – 6,93.10³m/s –

Pressure – 2,1.107kPa –

Energy – 6,0.108KJ/m³ –

Strength model – – RHT concrete

Failure model – – RHT concrete
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This effect may increase the shock wave overpressures. 
In this group of simulations, four models were simulated (Figure 3) 
to allow a comprehensive analysis of the channeling effect influ-
ence in the shock wave overpressures value.
The 2D models simulated consist of a combination of quadrangu-
lar elements filled with air. Two rigid obstacles were positioned in 
this models in order to confine the explosion. A 50kg TNT charge 
was detonated (Figure 4) and the pressures were being mea-
sured by gauges 1, 2 and 3 at standoff distances 2 m, 4 m and 8 
m, respectively.
In this models were used Eulerian mesh to model explosion envi-
ronment and Lagrangian mesh to define the obstacles.
Large numerical models involving explosions may be modeled us-
ing mesh size of 500 mm in order to achieve a certain degree of 

accuracy and a good computational efficiency [11]. However, in 
this case, a mesh size of 50 mm was used.

3.5 3º Group: Measurement of blast wave 
 overpressures in an urban environment- 3D

The real scaled experiments involving explosions in an urban en-
vironment may be very complex or uneconomical. In this case, the 

Figure 2
I) Shock wave propagating along the wedge element and gauges positioning; II) Mesh size detail

Figure 3
I) Obstacles at 2 m from explosion; II) Obstacles 
at 4 m from explosion; III) Obstacles at 6 m from 
explosion; IV) Obstacles at 8 m from explosion

Figure 4
Mesh size of 50mm and gauges positioning along 
the model
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numerical approach may be a good way to avoid operational 
problems and develop a reliable study.
The fundamental objective of this work is the analysis of the 
shock wave propagation and its interaction with rigid buildings. 
This enable the evaluation of overpressure history inside or out-
side the buildings.
Rigid concrete elements were used to model the edifications. 
This concept was utilized to develop six models, but a seventh 
model considering a free air blast was developed to allow a 
comprehensive comparative study.
Figure 5 shows the simulated models.

A 100kg TNT charges has been detonated in all models except 
in the model C) wherein detonated a 10kg TNT charge.
The models a) and b) have the same geometry and layout, but 
the positioning of the TNT charge is different.
The models a), c) and d) have many similarities, but in the mod-
el c) was used a 10kg TNT charge. Another difference is the 
obstacle between the explosion and the buildings modeled in 
d) model.
The models e) and f) are identical with a) except the level of the 
openings of the buildings and the internal layout, respectively.
Figure 6 shows the positioning of the gauges at the 500mm over 
the ground. The mesh size of the buildings and the rigid soil 
surface are shown, too.
Lagrangian elements were used to mesh the solids and the Eu-
lerian mesh to model the fluids. The standard ambient condi-
tions were used in the models.
The boundary conditions used in the models enables the 
structures and the soil to have rigid behavior. These assump-
tions allow an overall analysis of shock wave overpressures 
distribution and a gain of computational efficiency avoiding 
excessive deformations or fragmentation of the Lagrangian 
elements.
A mesh size of 500 mm may be used to simulate urban environ-
ments with good accuracy [11]. But in this work a mesh size of 
50mm was used.

4. Results and discussion

4.1 Results from the 1º Group (1D)

The results obtained from the 1D models were compared with 
the results from empirical formulas presented earlier and were 
plotted in Figure 7.
The mesh sizes of 5 mm and 10 mm presented similar re-
sults with the Henrych and Brode predictions. The results for 
blast overpressures start an asymptotic convergence to large 

Figure 5
Simulated models a), b), c), d) and f)

Figure 6
I) Gauges positioning; II) Mesh detail and rigid soil surface illustration
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scaled distances. On the other hand, results from short standoff  
distances (Z < 2 m/kg1/3) were less accurate.
The results obtained from the mesh sizes of 5 mm and 10 mm dif-
fer of 6%. The convergence of these meshes starts at 2,5 m/kg1/3.

4.2 Results from 2º Group (2D)

Figure 8 presents the results obtained from this group of simulations.

The successive peaks of shock wave overpressure are more fre-
quently when the confinement is more accentuated. Therefore, a 
high level of confinement may increase the number of shock wave 
reflections.
The gauges 1 and 2 show the highest overpressures values due 
the channeling effect. That effect increased more than 300% the 
magnitude of the shock wave overpressure.
The case I presented the highest level of confinement. In that case, 
the shock wave reached the gauge 3 more fast than other cases. 
Thus, the channeling has an important influence in directing explo-
sive energy.
The confinement area may be defined as the region between the 
obstacles. The Figure 9 shows the plot of the maximum overpres-
sure vs confinement area. 
This graph shows the relationship between the level of confine-
ment and the increases of the overpressure value. The correct de-
sign of internal layouts of the structures can be useful to mitigate 
destructive effects from an explosion. Thus, the channeling effect 
of the shock wave must be analyzed and avoided during the de-
sign process of protective buildings, this is a dangerous phenom-
enon and cannot be neglected.

4.3 Results from 3º group (3D)

Table 3 shows the results of shock wave overpressure and arrival 
time from sensors 1, 2, 3, 4 and 5 for each simulation.
These results show that the presence of obstacle between the 
explosion and the buildings retained and dissipated an important 
parcel of blast wave energy. Consequently, it mitigated the incident 
overpressures in the buildings. However, in this case, the pres-
sures measured by the gauge 4 were increased due the redirec-
tion of the blast energy. Therefore, the obstacles should be posi-
tioned wisely, they may redirect the explosion energy increasing 
the shock wave overpressure in the surroundings.
The case c) used the smallest TNT charge but the shock wave 
overpressure generated was high enough to severely damage the 
building [12].
The case b) an internal blast was simulated, and its results indicat-
ed a different behavior of shock wave overpressures distribution in 
the model. The location of the explosion in a confined environment 
increased the overpressures inside the building.
Considering an external explosion, a lower level of openings pro-
tected the internal environments of the buildings from blast wave 
overpressures. This result was expected.
The case f) presented slightly lower internal overpressures than 
case a) due the changes in internal layout
Table 4 presents a comparison between the simulations results 

and semi empirical predictions. An analysis of these results show 
that semi empirical predictions aren’t accurate enough to evalu-
ate shock wave overpressures in complex urban environments.  

Figure 7
Comparison between the prediction methods and 
the numerical results of shock wave overpressures

Figure 8
Blast wave pressure - time history from a 50 kg TNT charge

Figure 9
Blast wave overpressure vs confinement area
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Semi empirical predictions may not consider important effects as 
ground reflection of Mach reflection.

5. Conclusions

In this work, the numerical simulations developed showed useful 
results to study the shock waves overpressures, an important dam-
age mechanism of an explosion. That’s why protective buildings 
designers require several information about it to create reliable 
projects. Therefore, the numerical approach of computational fluid 
dynamics emerges as a useful and efficiently tool to solve highly 
nonlinear problems involving explosives.
The first group of simulations (1D) showed similar results with the 
semi empirical predictions. In this case, in the numerical model 
was avoided shock wave reflections to achieve a good approach 
with the predictions. The meshes sizes of 5mm and 10mm present-
ed similar results, and the convergence was observed in medium 
and far scaled distances.
The positioning of the explosive and the buildings geometry has 
a fundamental influence on the distribution of shock wave over-
pressures along the model. A high opening level of the façades 
promote the shock wave penetration into the rooms that result in 
increased overpressures inside the building. In this case, an opti-

mized internal layouts design can be used to decrease the over-
pressure in internal environments.
The use of narrow corridors in the buildings may promote the oc-
currence of the channeling effect of the blast wave that increase 
the shock overpressures.
The channeling effect is a complex phenomenon that can be occur 
inside of the buildings or affect entire buildings in urban environ-
ments. Many cities have a complex distribution of their buildings, 
the proximity of tall buildings and the absence of open areas may 
difficult the dispersion of the blast energy, the shock waves can 
engulf entire buildings and reflect many times between nearby fa-
çades increasing their destructive effect.
A different distribution of the shock wave overpressures was ob-
served during the internal explosions analysis. That results illus-
trates the high risk involved in the confinement of the explosion 
that can increase severely the overpressures value due the chan-
neling effect. The right way to avoid or minimize this effect is the 
use of free spaces between the structures and suitable internal 
design avoiding narrow or dead end corridors.
Debris and fire may be a consequences of an explosion. But nu-
merical analysis involving these aspects need to be executed sep-
arately due the high computational work demanded by this kind 
of simulation. The explosion may launch debris and fragments at 

Table 3
Results of the shock wave overpressures and the arrival time

Table 4
Comparison between numerical results and semi empirical predictions

Simulation Gauge 1 Gauge 2 Gauge 3 Gauge 4 Gauge 5

Free air blast  
(without obstacles)

∆P (kPa)        
Ta (ms)

2754
0,99

1226
2,95

543
5,41

636
4,84

717
4,17

a)
∆P (kPa)        
Ta (ms)

2754
0,99

425
3,29

340
10,89

684
4,86

336
6,99

b)
∆P (kPa)        
Ta (ms)

570
4,83

973
4,19

15731
0,82

–
–

40
9,36

c)
∆P (kPa)        
Ta (ms)

1333
1,51

116
6,00

50
12,31

150
9,02

104
10,96

d)
∆P (kPa)        
Ta (ms)

224
3,16

121
8,85

65
14,41

1017
4,31

272
6,47

e)
∆P (kPa)        
Ta (ms)

–
–

72
7,46

162
9,54

–
–

250
7,17

f)
∆P (kPa)        
Ta (ms)

–
–

130
8,05

363
9,60

–
–

655
6,90

Method (kPa) Gauge 1 Gauge 2 Gauge 4

Kinney e Graham 2848 562 303

Newmark e Hansen 3079 514 262

Mills 8067 822 385

Free air (without obstacles) 2754 1226 636

Case a) 2754 425 684
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high velocities dealing a considerable amount of damage to sur-
rounding structural elements. Therefore, the design of protective 
structures need to be based in a deep analysis of fundamental 
damages mechanisms involved in an explosion event.
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